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Abstract 

The rotary kiln process for iron ore pelletizing is one of the main methods to upgrade 

crude iron ore. The mining company LKAB runs four Grate-Kiln production sites in 

northern Sweden, where a grate and a rotary kiln are combined to thermally indurate 

the iron ore pellets. The high temperature needed for the process is provided by 

combustion of coal with a high amount of extremely preheated air, what creates an 

atmosphere inside the furnace of which the present theoretical understanding is low. 

So far, the high amount of excess air (λ = 5-6) made standard NOx mitigation 

strategies in the rotary kiln unsuitable. Environmental issues and need for fuel 

flexibility has enticed LKAB to carry out experimental campaigns in a test facility to 

characterize the combustion process. The results of the experimental campaign of 

2013 and previous campaigns are reviewed in the present work. The measurement 

results were evaluated through gas-phase chemistry modelling with a detailed 

chemical reaction scheme.  The evaluation of the 2013 experimental campaign 

suggests measurement problems of the temperature and the combustion behaviour 

inside the test furnace. Gas and oil flames showed to combust almost instantaneously 

within the first centimetres after the burner. Biomass and coal combusted significantly 

slower, but also had the highest reaction intensity close to the burner inlet. Measured 

exhaust NOx levels could not be achieved in the model with the measured temperature 

and modelling results proposed peak temperatures more than 500°C above the 

measured temperature inside the kiln for oil and gas combustion. For oil and gas it 

was found that thermal-NOx is the major contributor to the NOx formation inside the 

pilot scale kiln. The lower NOx emissions for coal and biomass were explained by 

lower temperatures inside the kiln and the relation fuel-N and thermal-N. Modelling 

fuel bound nitrogen for the solid fuels showed that the NOx is formed there in similar 

amounts via both the fuel-NO and thermal-NO formation route. By comparing the 

high NOx levels of the experimental to the lower levels in the full scale plant, it was 

concluded that the NOx formation differs between them, as in the experimental one 

significantly higher temperature prevail for all fuels. This showed that this facility 

does not resemble the actual kiln adequately. 

Key words: NOx formation, Iron ore pelletizing, high temperature combustion, gas-

phase chemistry combustion modelling, gas, oil and coal combustion 
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1. Introduction 

1.1.  Background  

The demand for iron ore has become an indicator for the economic development of 

countries around the globe. Especially the developing countries’ demand for iron ore 

continues unabated and the global steel production hits new records annually [1]. 

Thus, it is foreseen that the iron ore mining and processing in Kiruna, northern 

Sweden, will be economically feasible for the coming decades.  

The state owned company Luossavaara-Kiirunavaara Aktiebolag (LKAB) is 

processing the iron ore after extraction on-site in the Kiruna area to iron ore pellets. 

The thermal part of the process, where iron ore is sintered to pellets, requires very 

high temperatures and has to be carried out in special kilns. One of the equipment 

options is a combination of a straight grate and a rotary kiln, where the pellets are 

heated, dried and oxidized by extremely preheated air and the combustion of coal. 

The emission of carbon dioxide (CO2) from the use of coal in the iron ore processing, 

because of its contribution to global warming, is of current concern for the iron-

producing industry. This is why LKAB and Chalmers University of Technology have 

an on-going research project that aims to increase the fuel flexibility in the iron 

production to decrease fuel costs and emissions of CO2. The choice of fuel has a 

major impact on the combustion situation and, with it, the formation of other 

important pollutants, like nitrogen oxides (NOx).   

The emission of NOx is a source of acid rain and smog [2], which is the reason why 

the formation of nitrogen oxides is a focus point during the research in LKAB’s rotary 

kilns. In this kind of large scale facility, both primary measures, like adjustments in 

the combustion process and burner configuration, and secondary measures, like 

SNCRs and SCRs facilities, can be applied to decrease the NOx exhaust to desired 

levels. Primary measures have usually an economical advantage over secondary ones 

as they do not need extensive new equipment and/or have no additional consumption 

of substances.  

The burner configuration in a rotary kiln for iron ore production is relatively unique, 

with extreme air excess and air preheating, and the fundamental knowledge about its 

combustion behaviour is therefore limited. As NOx formation depends heavily on the 

combustion situation, this fundamental knowledge about the reaction conditions is 

needed to optimize the operation of the LKAB rotary kiln for low NOx levels, without 

compromising the conditions required for pellet production. 

Within the next years, the combustion and heat transfer conditions related to choice of 

fuel in rotary kilns is investigated during the research cooperation of LKAB and 

Chalmers University of Technology; processes which will be influenced by the 

combustion conditions and the burner arrangement. The iron making process itself 

may also influence the emission formation and the radiative heat transfer conditions 

by means of for example heat release in the production process as mentioned above. 

For a better understanding of the combustion inside kilns experiments are performed 

and evaluated and models of the operation are derived. During fall 2013 a first 

measurement campaign dedicated to fuel flexibility was performed in LKABs  

400 kWth experimental test facility that resembles the conditions in the full scale 

rotary kiln, called KK2. The campaign generated experimental data on NOx formation 

and flame radiation from different fuels, including coal, gas and biomass. Together 
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with field data from LKAB’s production facilities from previous measurement 

campaigns during the years 2008-2012 these measurements are the basis of the 

evaluation of combustion, emission formation and heat transfer issues of interest in 

the rotary kiln.  

1.2.  Aim and scope 

The purpose of this work is to characterize the NOx formation in rotary kilns by 

evaluating the experimental data from the measurement campaign in 2013 in the 

rotary kiln test facility, the Experimental Combustion Furnace ECF.  

Furthermore modelling is carried out to give a deeper insight in the combustion 

chemistry of the fuels investigated. The aim is to map the NOx formation during the 

combustion with different fuels and temperature conditions in the rotary kiln. The 

results from the ECF are applied to discuss also the emission formation in the full 

scale unit. 

With the help of the experimental evaluation and the modelling work, focus areas and 

improvements should be proposed for the upcoming experimental campaign during 

2014 as well as for the continued modelling work of the process.  

 



 
3 

2. Iron ore processing 

There are several alternatives and routes to process and use mined iron ore and which 

route is chosen depends on a variety of factors, for example the needed quality, the 

grade of the mined iron ore or its later purpose in the steel industry. As indicated in 

Figure 2-1, three main refined products can be found in the iron ore industry, the 

rather unprocessed lump ore, the iron ore sinter and the iron ore pellets.  

Despite its long history, the iron ore pelletizing did not become commercial before the 

Second World War, The development of the pelletizing process was mainly driven by 

the desire of using lower grade iron ore resources and the pelletizing enriches the iron 

content to the requirements in blast furnaces [3].   

The iron ore that is mined by LKAB in the world’s two largest underground iron ore 

mines in Kiruna and Malmberget 
 
[4]

 
is mostly processed to pellets, despite the fact 

that the iron ore from the iron ore body in Kiruna has unlike most other resources in 

the world high iron ore content [5]. The reason for  still using this more intensive 

processing route is that it is much easier to transport the iron after the pelletizing 

process compared to shipping the lump iron directly. Furthermore iron ore pellets 

have proven to be fortunate in the steelmaking process due to increased permeability 

for air compared to normal sinter. The possible pathways of iron or processing are 

shown in Figure 2-1.  

 

Beneficiation

Crushing 
Screening

Sintering

Sized lump

Grinding

Iron ore Preparation

Low grade High grade

Concentrate

Pelletizing

Additives

Tailing

Oxide pellets

Additives

Sinter

Direct reduction

Gas Iron

Blast furnace

Sponge iron Pig iron
 

Figure 2-1: Iron ore processing pathways [3]. Highlighted green are the processes taking 

place at LKAB sites in Kiruna described in this work. Also sintering of the fines takes place in 

Kiruna, but on a much smaller scale (blue). 

Presented in the Figure 2-1, the iron ore from Kiruna is crushed and sorted directly 

after mining. Then the iron ore is concentrated and phosphorus is removed before fed 

into the pelletizing drums. Into the drums additives, like binders and substances for 
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the later processing, are added. In this process the so called green pellets are formed. 

The last step of processing is the thermal treatment of the green pellets, where the 

green pellets are fed towards a combination of a straight grate and rotary kiln sintering 

unit, together called the Grate-Kiln thermal process. In this process at first the ore is 

preheated and parts of it oxidized in the travelling grate and then moving further to the 

rotary kiln where the different layers of pellets are mixed and nearly completely 

oxidized at very high temperatures. This work focused on the combustion inside the 

Grate-Kiln processing step, which is further described below. 

As regards the completeness, it has to be mentioned that small parts of the iron ore 

mined in Malmberget is processed to fines shown by the blue boxes in Figure 2-1. 

The other iron ore from Malmberget is also transformed into pellets but in a single 

straight grate process without a rotary kiln. The processed iron pellets and fines are 

transported to the harbours in Narvik, Norway and Lulea, Sweden, where it is shipped 

to LKAB’s customers around the world [6].  

2.1.  Grate-Kiln process 

The Grate-Kiln process is illustrated in Figure 2-2. The green pellets enter the drying 

stage and pass through the processes of drying and dehydration on the travelling grate. 

The heat is added by both updraft and downdraft air. The heaters are arranged to 

facilitate the dehydration by dispatching the evaporated water and minimize thermal 

exposure to the travelling grate. The oxidation starts before the rotary kiln, but is 

distributed unevenly within the pellet layer. The upper pellets are oxidized to a higher 

extend than the pellets lying closer to the grate.  

The green pellets have to be thermally processed to withstand the forces that will act 

on them during transportation. The resilience of the pellets is a key design factor for 

both the green and the final pellets, i.e. the height of pellets bed entering the travelling 

grate is limited so that the weight of the upper layers does not crush the pellets below. 

But too strong green pellets are disadvantageous during oxidization and therefore the 

green pellet quality is steadily measured. 

The uneven distribution of oxidization leads to the need of mixing the pellet layers to 

provide a homogenous quality of the pellets. This mixing can be achieved in the 

rotating kiln. Inside the kiln the pellets are heated up to the necessary 1250°C to 

1300°C for oxidization. Fuel is combusted via an annular burner and with extremely 

preheated air of 1150°C that is inserted above and below the burner to reach the 

required temperatures in the pellet bed [7]. To provide more than 1250°C in the bed, it 

can be assumed that the combustion zone reaches a significantly higher temperature. 

The preheated air stems from cooling demand of the finished pellets. It is fed 

completely back into the system and corresponds to around six times the air amount 

that would be actually needed for complete combustion of the fuel. This environment 

of extreme oxygen abundance is needed to convert the pellets during their oxidation 

processes. The oxidation of the pellets itself provides around 60% of the total energy 

demand. 

Exiting the kiln, the pellets just fall down into the circular cooler where they are 

exposed to the cooling air, but the oxidation continues even in the cooler. After 

enormous amounts of air have cooled them down sufficiently to around 200°C, they 

can be discharged safely [8]. The cooling air is fed as combustion air to the burner but 

also to the preheating of the pellets.  
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Figure 2-2: Functioning of the Grate-Kiln process from Meyer [3]. The green pellets run through the 

three different parts of the Grate-Kiln combination and leave as finished pellets. 
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3. Theory 

This work mainly focuses on the evaluation of the NOx formation inside the 

Experimental Combustion Furnace. NOx can be traced mainly to three different 

formation mechanisms that will be described within this chapter. Afterwards the 

background of the NOx modelling with a detailed chemical reaction scheme is 

explained. 

3.1.  NOx formation  

During the combustion process pollutants like sulphur dioxide SO2 and nitrogen 

oxides, like NO and N2O may form. The formation of these pollutants is undebated a 

cause for smog and ozone in cities and furthermore, nitrogen oxides can be a reason 

for acid rain [2].  

The formation of nitrogen oxides may be divided into three main mechanisms. The 

first one is the release of nitrogen from the fuel itself, thus called fuel-N. The second 

mechanism, thermal-NO formation, as the name is implying is triggered by very high 

temperatures that cause nitrogen in the air to react. The last mechanism often 

described is the prompt-NO, which includes the formation of NOx from the nitrogen 

in the air by the attack of hydrocarbon radicals. Warnatz et al. describe also a fourth 

mechanism in lean combustion conditions similar to the thermal nitrogen oxide 

formation, the N2O mechanism [2]. There additionally other molecules are present 

why it is classified as a so called third body reaction. 

FUEL-NO 

For the generation of NO from fuel, there must be nitrogen present in the fuel. 

Therefore this aspect can be disregarded for the fuel oil and gas and is mainly 

important for the NOx formation during solid fuel combustion. 

Fuel-N is released during the devolatilization mostly in the form of NH3 and HCN 
 
[9] 

that will react further to NO or N2 depending on the combustion situation. The fuel-N 

released during devolatilization is called volatile-N. The nitrogen remaining in the 

particles in the coal is called char-N and can also react towards NOx. A simplified 

pathway for fuel-NO is thereby shown in Figure 3-1. Whether the intermediate 

species react further to NO or N2 is thereby dependent on different parameters, like 

oxygen presence and the temperature [10].  

Fuel nitrogen
HCN, HNCO, NCO, 

CN
NH3, NH2, NH, N

NO

N2

 

Figure 3-1: Pathways for fuel-N from Gardiner [11]. The final conversion to N2 or NO is dependent 

on the combustion environment inside the furnace. 
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THERMAL-NO 

Reviewing different literature about thermal-NO formation, it is steadily referred to 

the extended Zeldovich mechanism from 1946 [12]. As stated there, three main 

reactions are responsible for the formation of NOx emissions. The reactions show the 

importance of oxygen, which has to be present to form NOx emissions. 

O + N2     ↔  NO + N       (1) 

N + O2       ↔  NO + O       (2) 

N + OH  ↔ NO + H       (3) 

The reactions can occur in both directions and are mainly dependent on the 

concentrations of O2 and the temperature. In the literature it is mentioned mostly that 

below 1700-1800 K this formation mechanism is insignificant. Hence, strategies to 

avoid thermal-NO focus mainly to reduce the O2 concentration and diminish 

temperature peaks over 1700K [11].  

PROMPT-NO 

The last of the three most important NOx formation pathways was first discovered by 

Fenimore [13], who tried to find an explanation of the formation of NOx which could 

not be explained by the thermal-NOx mechanism. He found out that NOx is formed 

early during combustion when the necessary temperatures for thermal-NO are not 

met. The reason for this formation is the attack of hydrocarbon radicals on nitrogen of 

the combustion air. The main reaction for prompt-NO formation is given in Gardiner 

[11] as:  

CH + N2  ↔ HCN + N       (4) 

The same intermediate substance like in fuel-NO, the hydrogen cyanide, is formed as 

well as a nitrogen radical, that can both react further to NO as indicated in Figure 3-1. 

3.2.  NOx Modelling 

Reaction mechanism 

The main reactions of NOx formation were described, but it has to be noticed, that the 

global combustion and formation mechanisms take place via a vast amount of 

chemical reactions and intermediate products. This is the reason why detailed 

chemical reaction schemes are developed in various research groups that cover the 

NOx formation in more detail than the global reactions from the chapter before. 

The set of equations used in this work was latest revised by Mendiara and Glarborg 

[14] and goes back to the work of Miller in 1981 et al. with the title "A Chemical 

Kinetic Model for the Selective Reduction of Ammonia" [15]. The earlier mechanism 

was extended and validated in different environments and consists now of over 700 

chemical reactions. To mention some research work that was done to establish this set 

of equations Skreiberg et al. [16], can be named, who examined the reaction path of 

ammonia or Dagaut et al. [17], who checked the hydrogen cyanide chemistry for solid 

fuel combustion. A more detailed description and evolution for the used mechanism 

can be found in various theses within the department [18]. 

Reactor model 

The set of equations is then implemented into a reactor model that suits best to the 

conditions in the furnace. Two simplistic reactor models are commonly used in the 
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field of combustion engineering, the 0-dimensional Continuously Stirred Reactor 

(CSR) and the 1-dimensional Plug Flow Reactor (PFR). The CSR model is not 

applicable here, as it approximates the chemical reactions over a control volume at a 

steady temperature, whereas a detailed analysis of the chemistry at different 

temperatures inside the reactor is the main aim of this work. This is why a PFR model 

is applied that can “follow the progress of combustion in a system” [19]. In the PFR 

shown in Figure 3-2, the chemical reactions are calculated at different distances x 

from the reactor inlet.  

 

CXY (0)

CXY (x)

CXY (L)

x0 L  

Figure 3-2: Plug flow reactor model [19].  

Combustion modelling 

The focus in this work is the formation of NOx in the furnace, so the combustion itself 

is modelled with methane as fuel. The simplistic stoichiometric reaction therefore is:  

CH4 + 2 O2 → CO2 + 2 H2O        (5) 

Taking all species, that is the nitrogen and excess oxygen in the combustion air, into 

account that will be present during combustion, the overall reaction is: 

CH4 + 2 λ (O2 + 3.76 N2) → CO2 + 2 H2O + 2 (λ – 1) O2 + 7.52 λ N2  (6) 

It was described that enormous amounts of air enters the Grate-Kiln because of the 

recuperation of the heat in the cooler. With that air a high value of lambda is reached. 

Looking at reaction (6) it becomes clear that with the high values of lambda, the 

molar amount of fuel becomes small compared to nitrogen and oxygen and in this 

way the nitrogen chemistry becomes predominant. 
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4. Methodology 

This work is divided into two parts. The first part is an evaluation of an experimental 

campaign denoted towards NOx formation, but is not included in this paper.  This part 

also includes a review of key findings from earlier experimental campaigns. The 

experimental setup is explained within the methodology chapter. This evaluation and 

its results will be the framework for the second part, the modelling work, which tries 

to explain in detail the NOx formation and its underlying chemistry inside the ECF.  

4.1.  Previous experimental campaigns 

Before the 2013 measurement campaign, other measurement campaigns solely 

denoted to NOx reduction techniques were carried out in the time 2007-2012. The 

experimental campaigns were conducted in different combustion furnaces, on lab 

scale, in the pilot scale furnace ECF as well as the full scale rotary kiln KK2. The 

main findings of these campaigns are included to support the evaluation of the recent 

campaign. 

4.2.  General experimental setup 

To investigate combustion and reaction behaviour during Grate-Kiln combustion in 

the pelletizing plant, a downscaled test unit resembling the kiln was deployed in the 

year 2007. This experimental furnace is called Experimental Combustion Furnace 

(ECF) and is placed in Luleå, Sweden. The furnace has a total length of around 12 

meters and 0.8 m inner diameter. The main combustion air is fed above and below the 

burner as showed in Figure 4-1. The fuel is inserted with a central mounted burner. 

In difference to the real KK2, the ECF is not rotating to facilitate the measurements 

that can be carried out at different ports along side of the reactor. Measurement tools, 

like temperature probes and a gas composition analyser can be inserted directly into 

the combustion. It is thus possible to create a radial profile inside the furnace of the 

gas composition and temperature. 

The inlet conditions (fuel, air amount and temperature) were measured as well as the 

outlet condition and composition of the gases leaving the furnace after 12 m. To 

create a profile from the temperature and the species, data points along the furnace 

cross section were recorded.  

AIR

200

700

1200

1700

Port 1 Port 2 Port 3 Port 4

AIR

Burner

 

Figure 4-1: Outside side view of the ECF. The measurement ports and their distance to the centrally 

mounted burner are indicated. Below and above the burner, the inlets for the secondary air are 

sketched. 
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4.3.  Measurement technique 

For the measurements at the ports shown in Figure 4-1, a measurement probe 

presented in Figure 4-2 was inserted into the ports. Starting at 0 cm from the wall the 

probe moved towards the middle at 40 cm and the last data was taken at the opposite 

wall at 80 cm. The relevant species CO, CO2, O2, NOx and SO2 plus the temperatures 

were measured inside the furnace and at the furnace outlet, to create a radial profile 

inside the furnace and also get the outlet condition of the values. These measurements 

are the basis for an interpretation of combustion chemistry during the campaign.  

A crucial factor in conduction temperature measurements with the suction probe is 

thereby the gas inlet velocity. Heitor and Moreira describe effects that can arise when 

suction pyrometers are not used properly and the probe inlet velocity is too low [20]. 

In their work, for a real flame temperature of 1000°C a 230°C lower temperature was 

measured due a faulty inlet velocity.  

Measurements of the radiative heat transfer, which took place at the same time and is 

not part of this thesis, showed that the radiation intensity points at temperature peaks 

above 1800°C for the solid as well as the liquid and gaseous fuels.  
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Figure 4-2: Sampling with a measurement probe inside the furnace. 

4.4.  Experimental campaign 2013 

The 2013 campaign was dedicated towards different research needs with respect to 

fuel flexibility. Two aspects that were examined during the campaign and are not part 

of this thesis are the heat radiation of different fuels inside the combustion furnace 

and the examination of slag built-up inside the ECF. The main topic of this thesis is 

dedicated to the measurements of the formed nitrogen oxides during the combustion 

inside the furnace. The basic experimental order was the following: 

a) A fuel was introduced to the furnace and fired for about 6 hours to reach a 

steady combustion state. 

b) Then the composition and temperature of the gases and inside the furnace was 

measured at the different ports. 

c) After that, the radiative heat transfer was measured inside the furnace at 

different ports. 

d) The formation of slag was examined at last. 

e) The fuel was changed and process a-d) were started again. 
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For the coal measurements, all the measurements were carried out at port 1, 2 and 4 as 

presented in Figure 4-1. For the natural gas and oil combustion, only port 2 and 4 

were used. Furthermore at port 1 only positions inside and close to the flame were 

measured. 

Concluding, in the various research projects the same fuels and fuel blends were 

examined for the different research purposes. A complete list of the examined fuels is 

given in Table 4-1, where also the different burners used in the experiments are 

indicated. During the coal firing and the first biomass co-firing, with the letters C)-E) 

in the Table, the reference burner was used, which injected a pure stream of coal or a 

premix of the fuels. For the other co-firings F)-K), a burner was used that injected the 

fuels separately, originally called “kombibrännare” or combined burner. All the solid 

fuels were milled before combustion. The evolving biomass particles were much 

coarser than the milled coal. 

Table 4-1: The fuels used in the experimental campaign are shown in chronological order of the 

experiments. The percentage of the composition represents the part of the fuel effect in kW. 

Type Name Composition 

(fuel effect) 

Burner 

A 
Oil Eldningsolja 5 - 

Heavy fuel oil 

100% Oil Oil burner 

B 
Gas Natural Gas 100% NG Gas burner 

C 
Coal Coal 1  100% Coal Reference axial 

burner 

D 
Coal Coal 2  100% Coal Reference axial 

burner 

E 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 1 

70% Coal/30% 

Biomass 

Reference axial 

burner 

F 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 1 

90% Coal/10% 

Biomass 

Turbojet 

Kombiburner 

G 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 1 

70% Coal/30% 

Biomass 

Turbojet 

Kombiburner 

H 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 2 

90% Coal/10% 

Biomass 

Turbojet 

Kombiburner 

I 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 2 

70% Coal/30% 

Biomass 

Turbojet 

Kombiburner 

J 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 3 

90% Coal/10% 

Biomass 

Turbojet 

Kombiburner 

K 
Coal-Biomass-Co-

Firing 

Coal 1 and 

Biomass 3 

70% Coal/30% 

Biomass 

Turbojet 

Kombiburner 
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Inlet conditions 

The inlet conditions of the experiments are presented in Table 4-1. They were 

extracted from the data sheets and are generally valid for all the fuels described. All 

the fuels were injected to amount for a fuel input of 400 kW and the same amount of 

combustion air was always inserted.  

Table 4-2: General inlet conditions for all fuels. 

Fuel input 400 kW 

Temperature fuel 25°C (Oil: 90°C) 

Combustion air above 1180 m
3
n/h 

Combustion air below 1030 m
3
n/h 

Temperature combustion air 1070 - 1100°C 

Air to fuel ratio λ 5-6 
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4.5.  CHEMKIN simulations 

Modelling of the gas-phase NOx formation inside the furnace was used to interpret the 

experiments and analyse the chemical reactions taking place as well as the overall 

combustion situation. The experimental data from the ECF was utilized as input data 

for the modelling work. The furnace was modelled as a plug flow reactor (PFR) 

shown schematically in Figure 4-3. The combustion and nitrogen chemistry was 

described by the detailed chemical reaction scheme proposed by Mendiara and 

Glarborg [14].   

With the help of a simplified mixing and temperature data, the detailed reaction 

scheme calculates the underlying chemical reactions inside the ECF. The furnace 

demonstrated in Figure 4-3 could be interpreted as a reacting zone that is extending 

from a small area where only parts of the injected air is mixed with the fuel and later 

the combustion gases, towards the complete flow towards the outlet. The numbers 

indicate the measurements, which were used as input data. This approach has been 

previously used by for example Normann [18].  

Oxidizer

Fuel

3 4

 
Figure 4-3: Experimental data at different positions 1, 2, 3 and 4 to be used for developing a mixing 

profile of fuel and oxidizer. The white area is modelled whereas the oxidizer enters the modelled zone 

during the course of the furnace. 

Mixing conditions for the simulations 

The idea of using a mixing profile is to implement effects of mixing without knowing 

the detailed mixing behaviour and fluid flow, what would require comprehensive 

analysis of the flow with CFD tools. From the experimental results, a main 

combustion zone where the combustion species CO, O2 CO2 and NOx are present in 

higher concentrations. Also a higher temperature than in the outer zone is found there. 

Hence, the main combustion zone and the measured species O2, CO2 and NOx inside 

are basis of the development of the mixing profile. For the modelling of natural gas 

and oil combustion, the mixing profile shown in Figure 4-4 was used. This profile was 

derived to match the measured species from the experimental data. Delaying effects 

during solid fuel combustion and with it the fuel-N release needed different fuel and 

oxidizer mixing profiles described in the section further below and in Figure 4-9. 
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Figure 4-4: Mixing profile used for modelling based on experimental species concentrations during oil 

and gas combustion. The combustion air amount totals 740 g/s. 

Temperature data for the simulations 

After having developed the mixing behaviour inside the reactor, temperature 

information has to be fed into the model to receive accurate simulation results of the 

NOx formation inside the furnace. Four approaches to determine the temperature 

profile of the ECF has been used throughout the investigation.  

A) Measured temperature profiles 

The temperature profiles measured during the experiments were directly used in the 

chemical reaction modelling. The measured profiles are shown in Figure 4-5. Also the 

coal and co-firing profiles where examined to clarify whether the reactions follow a 

simplistic gas-phase modelling approach. 

 
Figure 4-5: Measured temperature profiles used for the simulations and validation of the measurement 

results. 

B) Adiabatic combustion simulations 

An adiabatic combustion temperature profile was used as a theoretical maximum and 

to create a picture of a possible shape of the temperature distribution inside the 

furnace. For this simulation, only the inlet temperatures and a mixing behavior of fuel 

and oxidizer have to be inserted and from there the resulting temperature conditions 

can be calculated. 

Oil 
Gas 

Coal 1 

Coal 1 and Biomass 1 
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C) Energy balances 

Another temperature profile was determined combining the adiabatic results and 

energy observations. This approach included an energy balance over the furnace to 

see how much energy is lost to the walls. Now, similar to adiabatic combustion 

simulation, a simulation can be set up, but with taking the losses from the combustion 

zone to the walls into account. 

The energy balance was based on the measured temperatures to average the enthalpy 

of the gases at the ports. Even though the temperatures at the ports might not be 

totally accurate, the inlet and outlet enthalpy levels are specified accurately and hence 

the overall heat losses will give a realistic picture of the situation. Over the whole 

furnace the composition was measured on a dry basis and hence the total enthalpies 

were calculated on a basis of N2, O2 and CO2 [21].  

In Figure 4-6, a general overview with all the energy related processes is shown. Air 

and fuel are injected with certain energy to the furnace and the fuel is combusted to 

add additional heat to the inlet enthalpy level. With the temperature and species data 

from the flue gases, the enthalpy levels at different distances from the burner can be 

calculated. The differences between the ports can be assumed to be convective and 

radiative heat losses. The amount of energy lost between two measurement locations 

is denoted as ΔH in the Figure 4-6 and is the basis of the applied heat losses in the 

simulations. 

 

Figure 4-6: Schematic view of the furnace with the inlet streams and the main phenomena having an 

effect on the energy level inside. 

D) Fitting of the temperature profile to the measurement data 

The final temperature profile was derived by fitting the calculated NOx emissions to 

the measured. An idealized temperature profile shown in Figure 4-7 was used to cover 

the temperature situation in the furnace. The peak temperature and its position were 

changed in a way that the detailed chemical reaction scheme results in the measured 

NOx levels. 

The fitting will help to interpret the validity of the measurement results and give 

insight how the experimental setup can be improved for the upcoming campaigns. 
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Figure 4-7: Idealized temperature profile shape used for fitting and sensitivity analysis. 

Sensitivity analyses of the gas-phase NOx formation inside the ECF 

Having established a model that covers the measured NOx formation inside the 

furnace, a sensitivity analysis is carried out on how the NOx formation varies by 

changing the parameters shown in Table 4-3. The examined parameters evolved 

during the previous modelling work, where the results seemed strongly depended on 

them.  

First an analysis of the influence of the peak temperature and the position of the peak 

is conducted. Their values are changed separately in an idealized temperature profile 

shown in Figure 4-7. 

Table 4-3: Sensitivity analysis parameters of the gas-phase model for NOx formation. 

Parameter Range 

Temperature 1500 – 2300 °C 

Peak position 15-30 cm from burner inlet 

Mixing 12,5 – 150% of previous mixing 

Then for the purpose of indentifying the influence of the mixing behaviour, a new 

mixing value at 35 cm from the burner inlet is generated. In Figure 4-8 it is shown 

how this new value is changed from the basic mixing presented in Figure 4-4. With an 

adiabatic combustion approach it was investigated, which effects the new mixing has 

on the position of the main combustion. 

These new mixing enviroments are applied at two different modelling approaches. 

The first one involves a fixed temperature at 2100°C and a fixed peak location at  

30 cm from the burner location, comparable to Figure 4-7. For the second approach, 

the information how the position of the combustion changes with the new mixing 

applied. That means that then the temperature peak position is arranged according to 

these results, while keeping the peak temperature also at 2050°C. 

 

Peak position 
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Figure 4-8: Changed mixing behavior for the sensitivity analysis from 12.5 to 150% of the previously 

used mixing rate at the distance of 35cm from the burner inlet. 

Modelling the influence of fuel-NO formation inside the furnace 

When calculating the molar nitrogen content of the coals one can find 0.87 mol-% for 

the coal 1 and around 1.5 mol-% for the Russian Energy coal. With a molar flow of 

the first coal of 1.5 mol/s and an air flow of 25.4 mol/s and the assumption that all 

fuel-N is transferred to NOx, a total of 517 ppm (at 17% excess O2) of NOx can 

theoretically be generated via the fuel-NO route. Having in mind that the Coal 2 has 

higher nitrogen content than the Coal 1 and the co-firing blends have at least 70% 

Coal 1 content, it can be said that all the NOx generated with solid fuel combustion at 

around 250 ppm can have its origin in fuel-N.  Because the solids have a nitrogen 

component in contrast to liquid and the gaseous fuel experiments, the presence of 

fuel-bound nitrogen is examined only for them. Therefore in the simulation of the 

influence of fuel-N, a percentage of HCN is added to the fuel [10].  

A) Adding a HCN compound to the fuel 

In a first approach, to the model with the temperature and mixing profile from before, 

a fuel-N compound of 0.87 mol-% (resembling the coal 1) and 1.5 mol-% (resembling 

the Coal 2) is added. The influence of this fuel-N on the resulting exhaust levels of 

NOx is investigated by using the mixing profile from Figure 4-4 and different 

temperature levels in an idealized temperature profile shown in Figure 4-7. 

B) Sensitivity of the conversion of HCN to NOx 

To investigate whether the previous modelling approach of adding HCN to the fuel 

can cover the fuel-N release sufficiently a sensitivity analysis was carried out with 

parameters that portray the behavior seen during the solid fuel combustion. In Figure 

4-9 new mixing profiles of fuel and oxidizer demonstrate the implementation of 

delayed burn-up effects and changed mixing behavior.  
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Figure 4-9: Accounting for fuel and oxidizer mixing behavior for solid fuels. 

Different solid fuel combustion effects are also implemented by new temperature 

profiles used in a sensitivity analysis showed in Figure 4-10. There a slightly 

decreasing slope for co-firing and a more constant slope for coal combustion are 

plotted. These results are compared against the simplistic approach of only adding a 

fuel-N component and it is checked, which of the new approaches cover the 

experimental observations more accurately. 

 

Figure 4-10: Temperature profiles used for the sensitivity analysis of solid fuels. 

With the new oxidizer and fuel mixing behavior, different temperature profiles and 

varying amounts of nitrogen in the fuel, the combustion chemistry was modelled and 

a sensitivity analysis carried out. Table 4-4 gives a general overview how the 

parameters were changed. The results are compared to a base case that was set at 0.87 

mol-% fuel nitrogen, linear fuel injection and the reference mixing from Figure 4-9 

and the temperature profile Tcoal 1800°C from Figure 4-10. In the graphs it will also be 

checked how the modelling results reflect the measurement results of the solid fuel 

combustion. From this information a possible share of fuel nitrogen contribution to 

the NOx exhaust levels inside the ECF will be elaborated and compared to the full 

scale KK2. 
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Table 4-4: Sensitivity analysis parameters for the fuel-N release investigation. 

Parameter Range 

Fuel-N 0 mol-%, 0.87 mol-%, 1.5 mol-% 

Temperature 4 different profiles (peaks at 1700°C – 1900°C) 

 
Mixing Slower and faster mixing 

Fuel injection Linear injection and more intensive start 

 

Model simplifications 

In Table 4-5 the assumptions that were made to simplify the modelling work are 

described. Most of the assumptions have to be made, because the detailed chemical 

combustion mechanism does not cover the combustion of long chain hydrocarbons 

and coal. Furthermore the detailed mixing and flow behaviour inside the kiln are not 

fully known and also not easily measureable and thus have to be approximated by 

profiles that comply with the situation between two data points.  

Table 4-5: Assumptions to simplify the modelling. 

Assumption Grounds for assumption 

Natural gas is modelled as 

methane. 

Natural gas consists mainly of methane and the other short 

hydrocarbons are considered to decompose fast in shorter 

chained. The fast decomposition of hydrocarbons is 

described by Gardiner [11].  

Oil is modelled as methane. Due to high temperatures, an immediate evaporation can be 

assumed. Gardiner describes the burn up of oil as beginning 

with a fast decomposition in smaller hydrocarbons and then 

can be compared to methane combustion [11].  

Fuel-N is modelled as HCN. In a variety of investigations it was found out that fuel-N 

devolatilizes mainly via NH3 and HCN [10]. Van der Lans et 

al. summarize that fuel-N in the conditions of high 

temperatures and high λ, the dominant released species is 

HCN. 

Coal combustion is examined 

with a gas-phase modelling 

approach and methane 

combustion. 

Heterogeneous reactions are difficult to model and are still 

not fully understood [18]. But according to
 
Warnatz et al. 

[2], volatiles are mainly CH4, H2, CO, HCN, which react 

fast. Furthermore char takes place via oxidization by gas-

phase CO2 and O2 to CO, which also combusts similar to 

methane. 
 

Devolatilization effects are 

modelled as fuel input profile. 

Even though the volatiles and char might combust fast, 

devolatilization takes place over a longer course and thus it 

will be modelled as a continuous injection of fuel. 

Mixing of fuel and oxidizer is 

represented via a mixing 

profile of the air. 

Difficulties arise explaining kiln aerodynamics precisely, 

because the exact description of the kiln would require 

thorough measurements inside the kiln.  
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5. Modelling NOx formation  

The modelling work described in the following part is used to investigate the levels of 

NOx measured and explain differences in combustion phenomena with the help of the 

detailed combustion mechanism.  

5.1.  Gas-phase chemistry analysis of experiments 

The experimental results showed a similar behaviour of oil and gas during their 

combustion in the ECF, especially when it comes to the NOx formation. Coal and 

biomass showed similar outlet levels, but differed in their speed of combustion. The 

question raised before was how the NOx levels of gas and oil can be so much higher 

compared to the lower emissions for the solid fuels. This is especially a contradicting 

result, when taking the complete lack of fuel-N into account in natural gas and the 

very low nitrogen bound in the oil compared to the high amount in coal. 

A) Modeled NOx formation with the measured temperatures as methane 

combustion 

The measured temperature profiles were at first tested in the modelling. The 

simulations with the all the measured profiles resulted in NOx outlet concentrations 

fewer than 10 ppm throughout the fuels.  

From these modeling results it can be derived that the measured temperatures were 

too low for the corresponding NOx levels, because the simulation and real results 

deviate by the order of a hundred. It is also possible that other effects, like the fuel-

NO formation, that are not covered by the methane combustion model take place for 

the oil, coal and biomass. But generally it can be derived that the modeling with the 

measured temperatures does not cover the NOx formation found in the kiln. 

It has to be mentioned that the simplistic mixing profile used was not able to result in 

the species measured for coal flames, because this profile indicates a lack of oxidizer 

and hence mixing in the beginning, whereas the experimental results for the coals 

indicate the constant presence of oxygen. The mixing and the temperatures used could 

also not resemble the combustion of biomass co-firing flames as they showed 

measurable carbon monoxide concentrations throughout the reactor, which were not 

to occur with the rapid methane combustion modelling approach.  

B) Adiabatic combustion model of oil and natural gas 

As the measured temperature profiles do not give a simple solution of the events 

leading to the exhaust composition, the NOx formation needs to be explained in a 

more detailed way. To begin with analysing the combustion speed, an adiabatic 

calculation of the combustion situation is carried out. By feeding the mixing 

behaviour and the inlet conditions of the gases into a simulation, a first impression of 

both the heating of the fuel and ignition as well as the slope of the temperature profile 

described in Figure 7-1 is gathered. Adiabatic combustion is assuming that no heat 

losses occur during the process, what is certainly not the case, but will be covered 

later.  

The temperature peak here is at 2350°C and the position of the peak occurs 22 cm 

after the burner inlet. Furthermore, the temperature drops sharply afterwards, mostly 

due to the mixing with more and more combustion air at the temperature of 1100°C.  
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Figure 5-1: Adiabatic flame temperature for the furnace mixing conditions. 

Analysis of the reactivity during adiabatic combustion 

Related to the model before, the corresponding species during adiabatic combustion 

are shown in Figure 7-2, where both the CO and the CO2 concentration climax at  

40 cm the latest. This says that the combustion is completed in this distance very short 

after the burner inlet. The O2 concentration first rises until the ignition of the fuel 

starts and all the present oxygen is consumed. The fuel is combusted completely at 

around 40 cm; the oxygen concentration is converging towards the outlet conditions. 

Concluding, the simulation with adiabatic conditions states that there is a very fast 

combustion of the natural gas close to the burner inlet, which is completed after a very 

short distance inside the furnace.  

 

Figure 5-2: Concentrations of CO, CO2 and O2 in different burner distances for an adiabatic 

combustion situation. 
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C) Heat losses 

The heat losses were first calculated via an energy balance over the whole furnace and 

later also between the different measurement locations inside the ECF. To facilitate 

the calculations there, the temperatures of 1400°C for port 2 and 1300°C for port 4 

were used for calculations with oil and natural gas. These temperatures were well 

within the temperatures measured in this main combustion zone.  

The balance over the whole furnace accounted for heat losses of 0.30 kJ/cm s. The 

more complex results for the calculations of the different ports are shown in Tables 7-

1 and 7-2. One can see that also this point of view shows high similarity of oil and gas 

combustion and so only the oil calculation was used.  

Table 5-1: Heat losses from the furnace for oil combustion. 

Heat loss  Amount [kW] Distance [cm] Heat loss per unit length [kW/cm] 

ΔHin,port 2 91.1 70 1.38 

ΔHport2,port4 93.6 170 0.93 

ΔHport4,out  185.0 

 

~1200 0.18 

 

Table 5-2: Heat losses from the furnace for natural gas combustion. 

Heat loss  Amount [kW] Distance [cm] Heat loss per unit length [kW/cm] 

ΔHin,port 2 96.6 70 1.4 

ΔHport2,port4 93.1 170 0.9 

ΔHport4,out  184.0 ~1200 0.18 

Both the constant and the varying heat losses were fed into the modelling to convert 

the adiabatic combustion into non-adiabatic with heat losses and see what effects that 

has on the slope of the temperature.  

Two different shapes of the heat loss distribution were applied in Figure 7-3. A 

constant heat loss in the left Figure and the heat losses, which are linked to the 

temperature data from the measurements, in the right Figure. The constant heat loss 

did not change the peak temperature significantly compared to the calculations 

without any heat losses. Hence, one can say that the first approach may not cover the 

radiative heat losses from the flame to the wall at the burner inlet. This is the reason 

for a very high peak temperature, before the flame is cooled down to the same levels 

as in the second case. On the contrary, the high heat loss from the beginning in the 

second plot may give rise to the assumption that the ignition is delayed too much. The 

temperature peak drops thereby to 1950°C.  
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Figure 5-3:Temperature profiles with different heat loss distributions, A) constant heat losses between 

inlet and outlet, B) heat losses linked to the temperature measurements. 

NOx formation during combustion 

The two temperature profiles found with the heat losses were then examined for their 

resulting NOx levels and compared to the measurement data from the natural gas and 

oil fuels shown in Figure 7-5. The plotted experimental data was averaged over the 

main combustion zone to equal the modelling approach with the mixing profile. The 

distance at 400 cm describes the outlet conditions. 

The lower model meaning a low temperature peak leads to low NOx formation and an 

exhaust of 260 ppm. The higher model with the 2350°C peak seems to capture the 

formation pattern quite accurate, but a lot too high. The temperature reaches there the 

same peak as in the adiabatic model. The main NOx formation takes place before the 

70 cm measurement point and presumably in the temperature peak, whose position 

was found during the adiabatic analysis. The low NOx formation for the flame of 

1950°C gives rise to the assumption that the actual temperature in the flame was 

higher than this value, but lower than 2350°C.  

D) Fitting the model to the experimental data 

With the information from the adiabatic calculations, a simplified temperature profile 

inside the furnace was developed and fitted to results of the measured NOx levels in 

port 2 and 4. Different positions of the peak and peak temperatures can cause the 

found NOx concentration. 

Figure 7-4 shows the results of possible peak temperatures in relation of the peak 

location to reach the measured NOx levels. The plot says that for the creation of 

1200 ppm at port 2, 800 ppm at port 4 and an outlet of around 650 ppm, these 

temperatures have to prevail in front of a certain distance of the burner. The NOx 

formation of the fitted temperature profile is shown with the other modelling results in 

Figure 7-5. 
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Figure 5-4: Results of fitting the peak temperature and peak location to the measured NOx levels. 

 

 

Figure 5-5: Comparison of NOx generation of the simulation results with the measurements. A)-D) 

indicate the different temperature profiles used in the modelling from the section above. 

NOx chemistry in the ECF 

Figure 7-6 presents NOx chemistry inside the furnace with the fitted temperature 

profile described above with a peak temperature of 2095°C, 25 cm away from the 

burner inlet. At the onset of the combustion at around 5-10 cm from the burner inlet, 

the hydrocarbon radicals present are consumed extremly fast. The formation of NOx 

through that route has, thus, a neglectable impact on total NOx formation.  

Simulations with lower temperature peaks gave NOx formation of 5 ppm for 1600°C 

which can be seen as the part of formed prompt-NO during the combustion.  

The thermal-NO formation peaks shortly after the temperature and is the major source 

of NOx. The short delay of the formation peak relative to the temperature peak could 

be explained by that in the high temperature region first radicals are generated that 

react further to NOx. In this region also the amount of oxygen is low, because not 

enough oxidizer has mixed into the combustion zone yet. In the Figure 7-6 no NOx is 
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formed after 50 cm anymore. The temperature is around 1800°C at this distance and 

the of activity of the thermal-NO mechanism declines.  

 

 

Figure 5-6: Thermal and Non-Thermal-NO formation rates for 2095°C peak at 25 cm. (The scale of 

the distance was reduced). 

5.2.  Summary of the gas-phase chemistry modelling 

The modeling results show clearly that the measured temperatures do not comply with 

the measured concentrations. Simulations with the experimental temperatures 

produced much lower NOx concentrations than measured. With temperatures profiles 

estimated from the overall heat balance, the combustion experiments with oil and gas 

were well represtented by the simulations with methane. As expected the combustion 

of biomass has a different combustion process than the one seen with methane. 

Observations of adiabatic combustion and the combustion chemistry showed a very 

fast combustion of oil and gas within the first 15 cm - 40 cm after the burner inlet, 

where no measurements were taken. The modeling results show temperature levels 

over 2050°C that are necessary to produce the measured NOx exhaust. Thermal 

formation of NOx totally dominates the NOx formation for the combustion of oil and 

gas. 

During the course of the modeling work it was found out that the temperature, the 

mixing pattern and temperature peak location have a major impact on the formation of 

nitrogen oxides and are therefore subject of a sensitivity analysis. 
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5.3.  Sensitivity analysis for gas-phase chemistry  

Sensitivity of the NOx formation for different temperature peaks 

The peak temperatures and the peak location are diametrically important to NOx outlet 

concentrations. In accordance with the modeling results before, the peak is most 

probably occuring in some distance after 20 cm from the burner inlet. The next 

modeling analysis is therefore dedicated to the effects of the temperature levels for 4 

different peak locations of 20 cm, 25 cm, 30 cm and 35 cm.  

In Figure 7-7, the results for the temperature sensitivity are plotted for the 4 different 

peak locations. It is shown that the peak location has some effect for the exhaust NOx 

concentration, especially the hotter the peak temperature gets in the range above 

2000°C. But what can be seen more clearly is the decisive influence of the 

temperature on the NOx formation. Considerable amounts of NOx can only be 

generated if the combustion gases stay above temperatures of 1900°C for a sufficient 

long time. The formation itself accelerates exponentially above this temperature. 

 

 

Figure 5-7: NOx exhaust concentration for different temperature peak locations in relation to the 

temperature in the peak. 

Sensitivity of the NOx formation related to the mixing behavior 

A sensitivity analysis of the mixing behaviour between the inlet and the first 

measurementp positions (70 cm) is carried out. This region turned out to be crucial to 

the NOx formation inside the furnace. With the new mixing behaviour at 35 cm 

distance of the burner new adiabatic calculations of the furnace were conducted. The 

adiabatic calculations did not change the peak temperatures, thus, the NOx formation 

was basically the same for all new mixing behaviours at 2350°C. In all the adiabatic 

cases around 2600-2800 ppm of NOx were formed. Just the position of the 

temperature peak and with it the thermal-NO peak changed from 13 cm after the 

burner inlet for 150% mixing of air to 43 cm for 12.5% mixing. 

The approach with the adiabatic temperatures did not result in any hints of how a 

different mixing pattern is influencing the NOx outlet conditions, but it showed that 
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the main combustion zone will move closer or away from the burner inlet. To 

examine this effect, two cases were tested. The first one involves a fixed temperature 

profile with a peak of 2100°C and only the mixing is changed. The second test case 

has also a peak temperature of 2100°C but the position of the peak is arranged from 

the results of the adiabatic calculations. For faster mixing (150% of reference) the 

combustion moves to 13 cm from the inlet. For slower mixing the peak moves to  

43 cm.  

The results of the two approaches are shown in Figure 7-8. Assuming a fixed peak 

and a fixed temperature, a different mixing could provide enormous potential to 

mitigate NOx according to the simulation results. In the fixed temperature case, the 

potential shows up to be 90% lower NOx levels when reducing the mixing by 87.5%. 

The later case included the effects of lower mixing on the temperature peak. This is 

assumed to resemble the reality more likely, but then also shows lesser NOx reduction, 

maxing at around 50%. 

The result of the fixed peak location shows that the amount of oxidizer and with it the 

present oxygen in the peak is a key factor for thermal-NO generation. The lesser 

amount of oxygen present at this point, the lesser the NOx formation. In reality it can 

be assumed that a worse mixing will also slow the reaction and therefore the peak will 

occur later, where again more oxygen is present. So for the more realistic varied peak, 

the NOx mitigation potential is lower. For the modelling itself it means that the exact 

mixing information is not that important for the stability of the results, as long as the 

peak position is arranged to fit chemical reactions inside the furnace.  

For the sake of completeness it has to mentioned that the temperature was kept at 

2100°C for the different mixing behaviours. A worse mixing will possibly also lead to 

a lower peak temperature, so that the mitigation effect could be bigger than the results 

shown here. 

 

Figure 5-8: NOx generated considering different mixing patterns at 2100°C peak temperature. For the 

first graph, the peak position was varied according to the adiabatic calculation results. The second 

graph shows the influence of mixing with a fixed temperature peak.  
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5.4.  Impact of fuel nitrogen on NOx formation 

During the combustion of coal and the biomass co-firing it was discovered that the 

combustion is not restricted by the mixing rate of oxidizer and fuel, but more the 

combustion of the particles itself was the limiting process for the reaction velocity. 

The steady built up of NOx could not be explained with the methane combustion 

model.  

Sensitivity analysis of the impact of fuel nitrogen 

In Table 7-3 the differences in the simulations by adding 0.87 mol-% and 1.5 mol-% 

of HCN as a devolatilization source of Fuel-N to the methane combustion model are 

presented. Generally, the difference is around 30 ppm. It seems that for higher 

temperatures, larger amounts of HCN follow the route towards NO. From the 

simulations of both 0.87 mol-% and 1.5 mol-% it is found out there is not a certain 

percentage of HCN converted to NOx, because the NOx yields only slightly differ.  

Table 5-3: Effects of adding fuel-N in the form of HCN compared to a case without Fuel-N. Methane 

combustion and temperature peak at 25 cm from the burner inlet. NOx measured at 17.2% O2. In this 

table, the NOx levels of the pilot and full scale units fired with and without fuel-N are indicated as ECF 

and KK2 respectively. 

HCN 0 mol-% HCN 0.87mol-% HCN 1.5 mol-% 

Temperature NOx [ppm] NOx [ppm] NOx [ppm] 

1500°C 3 31 37 

1600°C 4 32 36 

1700°C 10 37 42 

1800°C 29 59 64 

1900°C 93 125 130 

2000°C 273 315 323 

2100°C 740 784 790 

2200°C 1544 1610 1623 

In these simulations with fuel-N, still the major part of the NOx that is formed in the 

ECF has to be generated via the thermal-NO route, because only 30-65 ppm of the 

280 ppm for coal 1 could be connected to the fuel-N contribution. The conversion rate 

of fuel-N to NOx ranges from 5.8% at 1500°C to 13.5% at 2100°C.  

At the full scale KK2, it can be assumed that around 70 ppm of nitrogen oxides are 

linked to the conversion of fuel-N to NOx, from the difference of oil and coal 

combustion there. Assuming that the combustion of oil causes slightly higher peak 

temperatures than coal there, even 90-100 ppm of NOx via the fuel-NO route are 

probable for the coal. In Table 7-3 it is shown that higher temperatures promote the 

formation of NOx from fuel bound nitrogen. Taking this into account, it seems more 

realistic that more than 100 ppm of the 280 ppm in the ECF stems from the fuel-NO 

route. 

 

 

 

ECFoil + ECFgas 

ECFcoal + ECFbio 

KK2oil 

 

KK2coal 
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Reaction path analysis of Fuel-N 

The comparison of the fuel-N modelling results with the full scale unit was 

contradicting, so that the chemical analysis of the modelling with HCN was examined 

in more depth in Figure 7-9. There one can see that the HCN is consumed fast while 

moving towards the peak location and is fully converted before 20 cm. Thereby only 

around 7% of the HCN is converted to NOx. Conversion rates for fuel bound nitrogen 

to NOx are usually found above 20%.  [9] This together with the comparison with the 

full scale indicates that modelling with HCN from the beginning will convert bigger 

parts of it towards N2 than can be expected in reality. 

The chemical modelling of the solid particle combustion as a methane flame deviates 

also too much from the measurements of the species CO and CO2 inside the furnace. 

From the measurements, the fuel-N can be assumed to be released over a longer 

period of time, during the particle burn-up and not entirely from the beginning as 

shown in Figure 7-9. Furthermore, with the whole fuel modelled as inserted from the 

beginning, the combustion will lead to a period of time, where no oxygen is present, 

what was not measured for the coal and only for a small part of the co-firing 

experiments.  

 

Figure 5-9: Modelled species for solid particle combustion as a methane flame with 0.87mol-% HCN 

added. Simplified mixing and temperature profiles as shown before with 1900°C peak temperature at 

25 cm distance from the burner. 

Gas-phase modelling approach to cover fuel-N release 

From the chemical analysis it becomes quite clear that the approach used sophistically 

for oil and gas shows some serious drawbacks for the coal and co-firing combustion. 

For the solid fuels a new modelling environment has to be created to cover the effects 

seen during the experiments, which were: 

- NOx was measured already at 20 cm distance for both burners, what supposed 

the early presence of oxygen in the combustion zone. When all fuel is 

modelled from the beginning, an oxygen lean situation would be created that 

was not present in reality 

- CO was measured throughout all ports, which indicates an ongoing fuel burn-

up, whereas the methane modelling proposing instantaneous burn-up. 
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- Constant NOx built-up for the coal burner indicates high temperatures over a 

longer period than before and/or the ongoing release of Fuel-N.  

- Built-up of CO2 throughout the furnace. 

The described phenomena showed to be not able to model with the assumption that all 

fuel is inserted at the beginning, because this would lead to complete absence of 

oxygen in the first part of the furnace. In this oxygen lean situation, the formation of 

NOx is strongly limited, what contradicts the measurement results. 

With new mixing profiles and a continuous fuel injection, the measured O2 and CO2 

concentration from the experiments are fairly well represented by the model. Figures 

7-10 and 7.-11 show the chemical species of the modelling with the changed 

modelling environment. The first case for the coal is now able to represent the effect 

of continuous combustion and a NOx formation that is increasing towards port 2. CO2 

is formed throughout the furnace, but because of the big amounts of air mixed into the 

combustion zone, the levels are constant. 

 

Figure 5-10: Modelling result for a coal temperature profile at 1700°C, continuous fuel injection and a 

simplified oxidizer mixing. 0.87 mol% HCN as Fuel-N added. 

The co-firing experiment in Figure 7-11 was modelled with a fuel injection that is 

more intensive in the beginning, but continuous over a long distance in the reactor. 

With this the very high CO2 levels in the beginning can be reproduced, but also the 

early NOx built-up effect is gained. Both approaches lead to a conversion rate of fuel-

N to nitrogen oxides of over 20% or a contribution of more than 100 ppm. This is due 

to the fact that this time not all the HCN is reacting in a high temperature and oxygen 

lean environment, which is found close to the burner inlet in the approach before.  
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Figure 5-11: Modelling result for a co-firing temperature profile at 1800°C, continuous fuel injection 

with stronger injection in the beginning and a simplified oxidizer mixing. 0.87 mol% HCN as Fuel-N 

added. 

 

5.5.  Sensitivity analysis of the fuel-NO contribution  

Proving that the new modelling approaches cover the chemistry inside the kiln more 

accurately, a sensitivity analysis is carried out to see the influence of each single 

parameter on the model. Within the sensitivity analysis, added Fuel-N, different 

temperature levels, different fuel injection and oxidizer mixing patterns are varied, to 

see which modelling results finally compare to the measurement results. 

Fuel-N contribution to NOx formation 

In Figure 7-12, a linear fuel injection into the furnace was used to cover the effect of 

an ongoing release of volatiles and burn-up of fuel. For the used temperature profile, 

the NOx originating from the 0.87 mol-% HCN, which was used to model the fuel-N 

compound, was then around 130 ppm. For 1.5 mol-%, around 230 ppm of fuel-NO 

was formed more compared to the case without any fuel-N contribution. This 

corresponds to a fuel-N conversion rate for both HCN concentrations of 27%. In this 

modelling approach, the fuel-NOx accounts for around 50% of the total NOx created.  

Modelling the fuel-N without the influence of the thermal-NO route (below 1500°C) 

gave an outlet concentration of 140 ppm. This shows that the fuel-N contribution is 

quite independent of the temperature situation at the general conditions inside the 

ECF. Comparing the simplistic approach with all the fuel modelled from the 

beginning and the ramped injection of the fuel, the position inside the furnace and the 

combustion conditions there determine which amount of fuel-N is later forming NOx 

or N2.  
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Figure 5-12: Influence of fuel-N on total NOx formation. Fuel-N modelled as HCN compound in fuel. 

Thermal NO influence on total NOx levels 

In the gas-phase modelling the thermal-NOx formation was rising exponentially with 

the temperature, when crossing the border of around 1800°C. The same conclusion 

can be drawn from the modelling of the solid fuels. The rise of 100°C in temperature 

will double the NOx formation as can be seen in Figure 7-13. The thermal-NO 

formation is still the key criteria for lower overall NOx emissions. 

 

  

Figure 5-13: Influence of different temperature levels on total NOx formation. 

The influence of the fuel injection pattern to the furnace 

It was described that the combustion during the co-firing was more intense close to 

the burner than the combustion with the reference burner. To examine this effect, the 

fuel release was modelled with two different fuel release behaviors. In Figure 7-14 it 

can be proven that an early release of the fuel will lower the overall NOx emissions. 

This has already been seen before, when the complete fuel was inserted in the 

beginning of the modelling.  
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The high amount of fuel is reducing the oxygen present during the time when HCN is 

converted and therefore the route towards N2 instead of NOx is more promoted, the 

earlier the fuel is released in the furnace. 

 

 

Figure 5-14: Influence of difference fuel release profiles on the total NOx formation. 

Influence of the mixing behavior 

Varying the speed in which the oxygen is mixed into the main combustion zone 

showed no big influence on the total NOx levels during the combustion at 1800°C, 

unlike detected for the gas-phase modelling at 2050°C. In Figure 7-15 it seems more 

like a certain amount of NOx is generated that is just diluted at different speeds by 

differing the mixing behaviors. It has to be noted that still all the mixing patterns 

account for continuous oxygen rich conditions, because the fuel is inserted gradually. 

For the modelling this means that the amount of NOx formed is quite independent 

from the mixing behavior and so the size of the modelled combustion zone is arranged 

by the mixing pattern. 

 

Figure 5-15: Influence of the oxidizer mixing on the total NOx formation. 
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5.6.  Summary of the modelling work on fuel nitrogen 

Adding a usual fuel-N devolatilization component, HCN, to the methane increased the 

NOx formation by around 30 ppm. The HCN to N2 conversion was in this case 

surprisingly fast and at a distance of 20 cm more than 90% of the HCN was converted 

to N2 and less than 10% HCN was later found as NOx.  

A gradual injection of fuel into the main combustion zone, simulating the release of 

volatile nitrogen gave more reasonable results with respect to in-furnace NOx, O2 and 

CO2 concentrations. Because solid fuels can be described better with a continuous 

combustion than with an instantaneous one like gas and oil, this injection pattern was 

used thereafter. 

With the new injection pattern of fuel, it was found out that the timing of the release 

of the HCN compound is of high significance for lowering NOx emissions. An early 

release will promote the conversion of HCN to N2. The reason for this occurrence 

could be both the lower concentration of oxygen and the higher temperatures during 

the early time in the reactor.  

The mixing of oxygen has in this approach only a minor influence on the NOx 

exhaust, because almost throughout the furnace there is an abundance of oxygen. But 

as before, the temperature is the key factor in avoiding NOx emissions. The detailed 

chemical reaction mechanism also indicates a promotion of the conversion of fuel-N 

to NOx at higher temperatures. 

In summary, the modelling results show that between 10%, for fast combustion, to 

30%, for the ramped combustion, of the fuel bound nitrogen is later found as NOx. 

This corresponds to 50 – 150 ppm of fuel-NOx contribution. In the ECF a total of 

around 250 ppm was found, so the corresponding share is 20% - 60%. In the 

KK2, 100-125 ppm total NOx emissions are found. Hence, the fuel bound nitrogen 

can contribute to 50-100% of the total NOx emissions there. Assuming that especially 

the first modelling approach with the whole HCN modelled from the beginning 

underestimates the importance of fuel-N, the fuel NOx contribution is considered to be 

higher for both plants than 20% and 50% respectively. 

In Table 8-1, the results for the furnaces are summarized. The results show clearly 

that the combustion situation is different in the ECF compared to the KK2 unit. The 

combustion is several hundred degrees hotter in the pilot scale ECF leading to other 

NOx formation behavior than in the full scale kiln. 

Table 5-4: Comparison of the different furnaces according to their NOx formation. 

Parameter ECF coal/BM ECF gas/oil KK2 coal KK2 oil 

Peak temperature 1700 – 1850 °C 2050 – 2180°C <1700°C ~ 1850°C 

Total NOx  ~250 ppm ~680 ppm 100 – 125 ppm 50 – 115 ppm 

Fuel-NOx of total 

NOx 

 

30-60% 0% 70-100% 0% 
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6. Conclusions 

In this work, the formation of nitrogen oxides in a rotary kiln test facility was 

examined. For this purpose, the data of an experimental campaign was evaluated and 

the nitrogen chemistry inside the furnace modelled. 

The experimental evaluation revealed problems with the position of the main 

combustion zone and the measured temperatures. In Table 8-1 it is shown that coal 

and biomass led generally to lower NOx formation than oil and gas inside the ECF. 

The full scale plant KK2 instead exhausts considerably lower emissions for both oil 

and coal, but in contrast to the ECF, the oil causes even lower NOx formation there 

than coal. 

Because the real temperatures in the kiln remained not totally clear after the 

measurement campaign, the contribution of thermal-NO to the total concentration can 

only be examined accurately for oil and gas, because there it is by far the major 

contributor. The gas-phase modelling for these two fuels revealed that peak 

temperatures of over 2000°C had to be present inside the experimental furnace to 

cause the measured NOx levels, but only around 1500°C were measured.  

The sensitivity analysis of the gas-phase chemistry showed that the NOx formation in 

the kiln is highly dependent on the temperature in the furnace. Mixing of fuel and 

oxidizer as well as the position of the temperature peak, have minor influence on the 

formation. 

For solid fuel combustion the quantity of NOx formation that can be traced to fuel-N 

was investigated. In a sensitivity analysis it was shown that the fuel-NOx accounts for 

roughly the half of the NOx emissions and considerable amounts are formed via the 

thermal-NOx route in the ECF. This is in contrast with the full scale KK2 plant, where 

NOx from the fuel bound nitrogen prevails. The conversion of fuel-N to NOx is 

strongly dependent on the time, when the nitrogen is released. 
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7. Proposals for future campaigns 

The main aim of this work was to elaborate proposals to improve the oncoming 

measurement campaigns and their research outcome.  

7.1.  Improving the measurement quality 

The main problems seen within the campaign were the temperature measurements, 

which were found to be too low to meet the other measurements data and the position 

of the flame. So the first thing to improve is the arrangement of the temperature probe, 

especially its gas inlet velocity, so that it can measure sufficiently in this high 

temperature environment. With correct temperature measurements, more accurate 

estimates of the thermal-NO formation can be conducted.  

The shifted position of the flame poses also a possible source of error for the correct 

modelling of the NOx formation. The oil, gas and coal reference burner have to be 

investigated if they are creating the shifted flame. A possible examination could 

consist of mounting the burners in different angles compared to the former installation 

to investigate if the burners create the defect. It can also be possible that the air inlets 

create the flame shift and therefore the investigation of a reduced or increased flow 

through the air hoods could shed light if this effect creates the fluctuations. 

The missing measurements for oil and gas combustion at port 1 are a major drawback 

not only for the modelling of the two fuels but also to draw conclusions for the overall 

gas-phase modelling of the ECF. It was shown that the combustion is very fast inside 

the ECF close to the burner. Hence the measurements at port 2 could only capture the 

outcome of the combustion. But for the later examination of heterogeneous reaction 

paths, the detailed knowledge about the gas-phase reactions at this point is 

indispensable. 

7.2.  Comparing NOx formation in full scale and pilot scale 

The KK2 unit produces exhaust levels of around 110 ppm during the combustion of 

coal and to some extend lower emissions for oil. In the ECF the effect was opposite, 

because oil and gas released 2.5 times higher emission of NOx than coal. Generally, 

the ECF produced distinctly higher levels for all fuels ranging from 215 ppm to 

680 ppm. The measurement campaigns during the ULNOX project pointed at a 

limited comparability of the two furnaces and also this work comes to the conclusion 

that the combustion situation inside both differs sharply. 

The difference between coal and oil in the KK2 is described by the contribution of 

fuel-N from the coal. NOx formed during the combustion of oil can mainly be linked 

to thermal-NO formation. The somewhat higher peak temperatures occurring for oil 

are overcompensated by the fuel-NO.  

In the ECF instead, the main contribution is triggered by the high temperatures that 

must beat the temperatures in the KK2 by at least 100°C to generate the measured 

NOx exhaust levels. A more precise specification of the difference fails not only by 

the lack of correct measurement data of the ECF, but also a detailed examination of 

the flame and combustion situation inside the KK2 is missing. 

To get information from experiments at the ECF that can be applied also at full scale, 

the shape of the flame and its peak temperature is a key factor. The flow situation is 

shown to be of minor importance. Therefore extensive temperature measurements are 
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necessary inside the full scale kiln. But also correct temperature measurements inside 

the ECF could facilitate the examination of different fuels with their fuel-N release 

and speed of combustion. 

7.3.  Future modelling of the NOx formation 

As soon as the temperature measurements are accurate they can be included as input 

factors into the modelling work and then give precise information of the thermal-NO 

formation. A modelling approach should investigate how far the gas-phase chemistry 

is independent of the presence of fuel-N in the furnace. With information of the 

interaction of thermal and fuel generated NOx, first precise evaluation of thermal-NO 

for solid fuels can be derived and afterwards the fuel-NO contribution estimated 

accurately. Also a more detailed analysis of the heterogeneous NOx formation 

mechanisms can be carried out to check how the particles interact with the gases. 

Knowing where and how much fuel-NO is formed will help to develop models that 

can predict the outcome of several mitigation strategies. The major drawback so far is 

the lack of knowledge of how the fuel-N path is influenced by the high amount of 

oxidizer present and the very high temperatures. 

When thinking about the KK2 it could be beneficial to have a simplistic gas-phase 

model of the chemical reactions inside it as well, to have a reference to compare the 

results. Therefore the oil combustion could be examined and directly compared to the 

same situation in the ECF. This information could then help, to make the ECF more 

comparable to the full scale unit.  
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