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Abstract 

In this thesis, two-stage combustion of biomass was experimentally/numerically 
investigated in a multifuel reactor. The following emissions issues have been the main 
focus of the work: 

1- NOx and N2O 

2- Unburnt species (CO and CxHy) 

3- Corrosion related emissions 

The study had a focus on two-stage combustion in order to reduce pollutant emissions 
(primarily NOx emissions). It is well known that pollutant emissions are very dependent 
on the process conditions such as temperature, reactant concentrations and residence 
times. On the other hand, emissions are also dependent on the fuel properties (moisture 
content, volatiles, alkali content, etc.). A detailed study of the important parameters 
with suitable biomass fuels in order to optimize the various process conditions was 
performed. 

Different experimental studies were carried out on biomass fuels in order to study the 
effect of fuel properties and combustion parameters on pollutant emissions. Process 
conditions typical for biomass combustion processes were studied. Advanced experimental 
equipment was used in these studies. The experiments showed the effects of staged air 
combustion, compared to non-staged combustion, on the emission levels clearly. A NOx 
reduction of up to 85% was reached with staged air combustion using demolition wood as 
fuel. An optimum primary excess air ratio of 0.8−0.95 was found as a minimizing 
parameter for the NOx emissions for staged air combustion. Air staging had, however, a 
negative effect on N2O emissions. Even though the trends showed a very small reduction 
in the NOx level as temperature increased for non-staged combustion, the effect of 
temperature was not significant for NOx and CxHy, neither in staged air combustion or 
non-staged combustion, while it had a great influence on the N2O and CO emissions, 
with decreasing levels with increasing temperature. Furthermore, flue gas recirculation 
(FGR) was used in combination with staged combustion to obtain an enhanced NOx 
reduction. 

The fate of the main corrosive compounds, in particular chlorine, was determined in an 
experimental campaign using fuel mixtures. The corrosion risk associated with three fuel 
mixtures was quite different. Grot (Norwegian term used for tree’s tops and branches) 
was found to be a poor corrosion-reduction additive and could not serve as an alternative 
fuel for co-firing with straw. Peat was found to reduce the corrosive compounds only at 
high peat additions (50 wt%). Sewage sludge was the best alternative for corrosion 
reduction as 10 wt% addition almost eliminated chlorine from the fly ash. 
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Numerical studies were also performed to estimate the emission level in the flue gas using 
a comprehensive mechanism in a configuration which simulated two-stage combustion of 
biomass. Furthermore, a reduction of the comprehensive chemical mechanism was 
performed since the mechanism is still complex and needs very long computational time 
and powerful hardware resources. The selected detailed mechanism in this study contains 
81 species and 703 elementary reactions. Necessity analysis was used to determine which 
species and reactions that are of less importance for the predictability of the final result 
and, hence, can be discarded. For validation, numerical results using the derived reduced 
mechanism were compared with the results obtained with the original detailed 
mechanism. The reduced mechanism contains 35 species and 198 reactions, corresponding 
to 72% reduction in the number of reactions and, therefore, improving the computational 
time considerably. Yet the model based on the reduced mechanism predicts correctly 
concentrations of NOx and CO that are essentially identical to those of the complete 
mechanism in the range of reaction conditions of interest. The modeling conditions are 
selected in a way to mimic values in the different ranges of temperature, excess air ratio 
and residence time, since these variables are the main affecting parameters on NOx 
emission. 

  



vii 
 

 

Preface 

This thesis is submitted to the Norwegian University of Science and Technology (NTNU) 
for partial fulfillment of the requirements for the degree of philosophiae doctor.  

This doctoral work has been performed at the Department of Energy and Process 
Engineering, NTNU, Trondheim, with Prof. Terese Løvås as main supervisor and with 
co-supervisor Dr. Øyvind Skreiberg. 

This doctoral work was performed as part of the KRAV project (Enabling Small Scale 
Biomass CHP in Norway) financed by The Research Council of Norway, SINTEF Energy 
Research, Agder Energi, Eidsiva Bioenergi, Solør Bioenergi Holding, Statkraft Varme 
(former Trondheim Energi Fjernvarme), and Vardar. Some parts of this research work 
were also performed under the financial support of the Bioenergy Innovation Centre 
(CenBio), which is funded by the Research Council of Norway, a number of industry 
partners, and 7 R&D institutes. 

  



viii     
 

 

  



ix 
 

 

Author’s Contribution 

The papers are co-authored. The author of the thesis has performed the following work 
for the presented papers: 

Paper I. Performing the experiments, fuel analysis, calibration, data collection, 
data treatment and analysis (except for ELPI measurements), writing 
paper with interpretation of the results and discussion. 

Paper II. Performing the experiments, calibration, data collection, data treatment of 
the experimental results and analysis, writing paper with interpretation of 
the results and discussion. 

Paper III. Participating in performing the experiments, data treatment and analysis, 
co-authoring the paper and revision of the paper with interpretation of the 
results and discussion. 

Paper IV. Performing the experiments, calibration, data collection, data treatment 
and analysis, writing paper with interpretation of the results and 
discussion. 

Paper V. Performing the experiments, fuel analysis, calibration, data collection, 
data treatment and analysis, writing paper with interpretation of the 
results and discussion. 

Paper VI. Modeling, data treatment, analysis and writing paper with interpretation 
of the results and discussion. 

Paper VII. Modeling, data treatment, analysis and writing paper with interpretation 
of the results and discussion, presented the paper at the 18th European 
Biomass Conference and Exhibition 2010 in Lyon, France. 

Paper VIII. Performing the experiments, sampling device calibration, data treatment 
and analysis, co-authoring the paper and revision of the paper with 
interpretation of the results and discussion. 

Paper IX. Co-writing the paper and revision of the paper, participate on the 
modeling. 

The contribution of co-authors in papers I-VII was mainly in the form of supervising and 
quality control of the papers. Wilson Musinguzi and Franziska Goile were participating 
on the experimental setup for Paper I and VIII. Dušan Todorović and Alexandra 
Skreiberg were helping to perform the experiments for Paper III. Paper VIII writing part 
is performed jointly with Roger Khalil. The last paper is mainly written by Michaël 
Becidan. 

  



x     
 

 

 

  



xi 
 

 

Acknowledgements 

I want first to thank my main supervisor, Professor Terese Løvås, for all the hope she has 
put on me. She has always encouraged me. She has enlightened me through her wide 
knowledge of combustion and chemical mechanisms and her deep intuitions about where 
it should go and what is necessary to get there. It was a great pleasure for me to conduct 
this thesis under her supervision. 

I also want to thank warmly my co-supervisor, Dr. Øyvind Skreiberg, for all the 
delightful discussions and for sharing his vast knowledge of research work. He has taught 
me how good experimental combustion work is done. I appreciate all his contributions of 
time, ideas, and funding to make my PhD experience productive and stimulating. 

I thank Professor Johan Einar Hustad for giving me the opportunity to start my PhD at 
NTNU. Thanks also to Professor Ivar Ståle Ertesvåg for his lectures in 2009, which gave 
me tools that turned out to be essential in my research. Thanks also to Roger A. Khalil, 
Willy G. Horrigmo, Dušan Todorović, Judit Sandquist, and Michaël Becidan for their 
contribution to different parts of this thesis.  

I would also like to thank my office-mates and colleagues from the Department of Energy 
and Process Engineering; Behrouz, Hamid, Dhruv, Dhandapani, Amlaku, and Alexis. In 
addition, I thank the administrative staff in our department for being so helpful. 

Thanks also to my family in Tabas-Iran, especially my mother and my father. 

Last but not least, I wish to express my special appreciation to my wife, Atefeh. Without 
her I would be a very different person today, and it would have been certainly much 
harder to finish a PhD. I thank her for spiritual support and her patience in taking care 
of our daughter, Hania. 

 

Trondheim, Norway 

June 2012 

Ehsan Houshfar 

 

  



xii     
 

 

 

  



xiii 
 

 

Table of Contents 

Dedication ..................................................................................................................... iii 

Abstract .......................................................................................................................... v 

Preface .......................................................................................................................... vii 

Author’s Contribution ................................................................................................... ix 

Acknowledgements......................................................................................................... xi 

Table of Contents ........................................................................................................ xiii 

List of Figures ............................................................................................................. xvii 

List of Tables ............................................................................................................... xix 

Nomenclature ............................................................................................................... xxi 

Chapter 1 Overview of the Thesis .................................................................. 1 

1.1 Motivation and methodology .................................................................................... 1 

1.2 Thesis organization ................................................................................................... 2 

1.3 Publications .............................................................................................................. 3 
1.3.1 Journal publications ......................................................................................... 3 
1.3.2 Conference papers ............................................................................................ 4 
1.3.3 Conference presentations .................................................................................. 5 

Chapter 2 Introduction ................................................................................... 7 

2.1 Background ............................................................................................................... 7 

2.2 What is biomass? ...................................................................................................... 9 

2.3 Biomass conversion ................................................................................................. 11 
2.3.1 Pyrolysis ......................................................................................................... 12 
2.3.2 Gasification .................................................................................................... 13 
2.3.3 Combustion .................................................................................................... 16 
2.3.4 Biomass in CHP systems ................................................................................ 17 

2.3.4.1 Norwegian resources ....................................................................................... 17 
2.3.5 Reactor types ................................................................................................. 18 

2.3.5.1 Grate combustion ........................................................................................... 18 
2.3.5.2 Fluidized bed reactor ..................................................................................... 19 
2.3.5.3 Pulverized fuel combustion ............................................................................ 20 

2.4 Emissions and environmental problems .................................................................. 21 
2.4.1 CO .................................................................................................................. 22 



xiv     
 

 

2.4.2 Nitrogen: N .................................................................................................... 23 
2.4.2.1 NOx ................................................................................................................ 23 
2.4.2.2 N2O ................................................................................................................ 23 

2.4.3 Chlorine: Cl .................................................................................................... 23 
2.4.4 Sulfur: S ......................................................................................................... 24 
2.4.5 Calcium: Ca ................................................................................................... 24 
2.4.6 Potassium: K and Sodium: Na ....................................................................... 24 
2.4.7 Silicon: Si ....................................................................................................... 25 
2.4.8 Zinc: Zn and Cadmium: Cd............................................................................ 25 
2.4.9 Other problems .............................................................................................. 25 

2.5 Emission reduction measures .................................................................................. 25 

Chapter 3 Literature Review ........................................................................ 27 

3.1 Introduction ............................................................................................................ 27 

3.2 NOx emissions ......................................................................................................... 27 
3.2.1 NOx formation mechanisms ............................................................................ 28 

3.2.1.1 Thermal NOx ................................................................................................. 28 
3.2.1.2 Prompt NOx ................................................................................................... 29 
3.2.1.3 N2O intermediate mechanism ......................................................................... 30 
3.2.1.4 Fuel-N conversion .......................................................................................... 30 

3.2.2 Staged combustion ......................................................................................... 31 
3.2.3 Flue gas recirculation ..................................................................................... 33 

3.3 Ash related problems .............................................................................................. 35 

Chapter 4 Experimental Approach ............................................................... 43 

4.1 Multifuel reactor setup ............................................................................................ 43 

4.2 Sampling and measurements ................................................................................... 46 
4.2.1 Data treatment .............................................................................................. 48 

4.3 Fuels ....................................................................................................................... 50 

4.4 Experimental procedure .......................................................................................... 54 

Chapter 5 Modeling ...................................................................................... 57 

5.1 Reactor model ......................................................................................................... 57 

5.2 Mechanism reduction .............................................................................................. 60 
5.2.1 Reaction flow analysis .................................................................................... 60 
5.2.2 Sensitivity analysis ......................................................................................... 61 
5.2.3 Necessity analysis ........................................................................................... 62 



xv 
 

 

5.2.4 Lifetime analysis.............................................................................................63

5.3 Methodology ........................................................................................................... 63 

Chapter 6 Conclusions and Further Work .................................................... 67 

6.1 Concluding remarks ................................................................................................ 67 
6.1.1 NOx reduction ................................................................................................. 67 

6.1.1.1 Fuel mixing and air ratio: Paper I, Paper III, and Paper IV .......................... 67 
6.1.1.2 Temperature effect: Paper II .......................................................................... 68 
6.1.1.3 Modeling and mechanism reduction: Paper VI and Paper VII ....................... 69 

6.1.2 Ash related problems ...................................................................................... 70 
6.1.2.1 Fuel mixing: Paper VIII ................................................................................. 70 
6.1.2.2 Thermodynamics modeling: Paper IX ............................................................ 71 

6.2 Recommendations for future work .......................................................................... 72 

Bibliography ................................................................................................. 75 

 ......................................................................................................... 89 Paper I

 ........................................................................................................ 90 Paper II

 ....................................................................................................... 91 Paper III

 ....................................................................................................... 92 Paper IV

 ........................................................................................................ 93 Paper V

 ....................................................................................................... 94 Paper VI

 ..................................................................................................... 95 Paper VII

 .................................................................................................... 96 Paper VIII

 ....................................................................................................... 97 Paper IX
 
  

97 

111 

125

149

161

177 

185

197 



xvi     
 

 

 
  



xvii 
 

 

List of Figures 

Figure 2-1: World population growth and global primary energy requirements (three 
scenarios). ....................................................................................................... 8 

Figure 2-2: World primary energy demand by fuel type [IEA report 2009]. .................... 9 
Figure 2-3: Biomass structure. ....................................................................................... 10 
Figure 2-4: Photosynthesis process and CO2 absorption by plants. ............................... 11 
Figure 2-5: Thermochemical conversion of biomass. ...................................................... 12 
Figure 2-6: Simplified schematic of the gasification process. .......................................... 14 
Figure 2-7: Fluidized bed reactors [Warnecke 2000]. ...................................................... 20 
Figure 3-1: Simplified fuel nitrogen conversion diagram. ............................................... 30 
Figure 3-2: Sketch of the staged air combustion concept. .............................................. 32 
Figure 3-3: Flow of selected elements through an MSW combustor. ............................. 36 
Figure 3-4: Corrosion mechanism by alkali chlorides and HCl. ...................................... 37 
Figure 4-1: Schematic drawing of the multifuel reactor (the sizes are given in mm). .... 44 
Figure 4-2: The design of two grates and ash bin. ......................................................... 45 
Figure 4-3: The multifuel reactor. .................................................................................. 46 
Figure 4-4: Schematic diagram of the sampling line. ..................................................... 47 
Figure 4-5: Some samples of the fuels and mixtures. ..................................................... 51 
Figure 5-1: Reactors setup for staged combustion. ........................................................ 59 
Figure 5-2: A sample reaction flow path diagram for nitrogen. ..................................... 60 
 
  



xviii     
 

 

 
  



xix 
 

 

List of Tables 

Table 2-1: Typical prices for bulk purchase of fuels at domestic or small commercial 
scale (prices as of February 2012) ................................................................ 11 

Table 2-2: Typical product yields from pyrolysis of dry wood. ...................................... 13 
Table 4-1: Proximate analysis of fuel pellets (wt%). ...................................................... 52 
Table 4-2: Ultimate analysis of fuel pellets (wt% dry ash free basis). ............................ 53 
Table 4-3: Main Elements in Ash (wt%, db; Zn and Pb are in mg/kg (db)). ................ 54 
Table 5-1: Pyrolysis gas composition. ............................................................................ 58 
Table 5-2: Pyrolysis gas composition (vol%). ................................................................. 64 
 
  



xx     
 

 

 
 
  



xxi 
 

 

Nomenclature 

Latin letters 

AR   Arrhenius coefficient 
Bi   Binary value for necessity of species i (0 or 1) 
ci   Concentration of species i 

,
a
i jc   Flow rate of element a by consumption from species i to species j 

Ii   Necessity of species i 
Ii,0   Initial necessity value 
Na   Number of atoms 
NR  Total number of reactions involving element a 
Ns   Number of species 

a
in   Number of a atoms in species i 

,
a
i jp   Flow rate of element a by production of species i from species j 

R  Reaction number 
rR(t)  Reaction rate 
Sr  Sensitivity of reaction 
Ss   Sensitivity of species 

,
s
j iS   Species sensitivity of species i 

t   Time 
tf  Final reaction time 

iRv   Left hand side coefficient of species i in reaction R 
iRv   Right hand side coefficient of species i in reaction R 

Y  Target variable 
 
 
Greek letters 

i   Error term for species concentration 
a
Rn   Total flow of atom a in reaction R 

  Excess air ratio 

i    Concentration source term for species i 

  Equivalence ratio 



xxii     
 

 

 
Abbreviations 

AS  Air staging 
BFB  Bubbling fluidized bed 
CCS  Carbon capture and storage 
CEMS  Continuous emissions monitoring system 

CFB  Circulating fluidized bed 
CFD  Computational fluid dynamics 

CHP  Combined heat and power 
CS  Combined staged 
CW  Coffee waste 
DME  Dimethyl ether 
DW  Demolition wood 
ELPI  Electrical low pressure impactor 

FB  Fluidized bed 
FC  Fixed carbon 

FGR  Flue gas recirculation 
FS  Fuel staging 
FTIR  Fourier Transform Infra-Red 
GC  Gas chromatograph 
GDP  Gross domestic products 
GG  Branches and tops (grot) 
GHG  Greenhouse gas 
HHV  High heating value 

IC  Internal combustion 

IEA  International Energy Agency 
IPCC  Intergovernmental Panel on Climate Change 
LCA  Life cycle assessment 
LPG  Liquefied petroleum gas 
MSW  Municipal solid waste 
NDIR  Non-dispersive infrared 

NOx  Nitrogen oxides (NO+NO2) 
PAH  Polycyclic aromatic hydrocarbons 



xxiii 
 

 

PCCD  Polychlorinated dibenzo-p-dioxins 
PCDF  Polychlorinated dibenzofurans 
PFR  Plug flow reactor 
PLS  Partial least square 
PM  Particulate matter 
PSR  Perfectly stirred reactor 
SCR  Selective catalytic reduction 
SNCR  Selective non-catalytic reduction 
SS  Sewage sludge 
TCD  Thermal conductivity detectors 
TFN  Total fixed nitrogen 
UNDP  United Nations Development Programme 
VM  Volatile matters 
WCOT  Wall-coated open-tubular 
WEC  World Energy Council 
WGS  Water-gas-shift 

WP  Wood pellets 
 
  



xxiv     
 

 

 
 
 



 

Chapter 1        
             
Overview of the Thesis 

This chapter provides an introduction to the research work presented in this thesis. It 
begins with a description of the research background and explains the motivation for 
pursuing this work. In addition, it provides an overview of the approach taken as well as 
of the results obtained. Finally, it introduces the structure of the thesis and a list of 
publications. 

1.1 Motivation and methodology 

Since 1950, world population has more than doubled and is believed to increase by 40% 
by 2050 [Royal Dutch Shell plc 2008]. It is also known that increase in population and 
GDP will directly affect energy demand, i.e. more population and GDP, more energy 
needed. Therefore, the world needs more energy resources while at the same time 
environmental problems should be resolved in the energy production systems. 

On the other hand, global warming as a result of carbon dioxide release to the 
atmosphere caused considerable interest to investigate renewable energies instead of using 
fossil fuels. One of the most interesting energy carriers in this regard is solid biomass 
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fuels, as a comparably quick response to the problem, while nuclear and solar energy are 
more long term solutions. 

However, the combustion of biomass is associated with some environmental problems 
such as nitrogen oxides emissions (NOx=NO+NO2), nitrous oxide (N2O), ash related 
problems, PAH, etc. NOx emissions, which are one of the main reasons of acid rain, 
photochemical smog, global warming and depletion of stratospheric ozone, should be 
studied carefully in order to be lowered. 

The main contribution of this thesis is the application of two-stage combustion of 
biomass in a one of a kind multifuel reactor in order to study the effects on two 
important processes; 1) NOx and N2O formation and reduction, 2) ash related issues in 
biomass fired boilers. This has been done by identification of the optimal combustion 
process variables to minimize NOx formation; and reduce ash deposition and corrosion on 
boiler tubes by selection of the best fuel mixtures. Advanced measurement and sampling 
devices were used to monitor the mentioned emissions. 

For the NOx reduction case, as the main focus of this work, different operational 
conditions and a wide range of biomass fuels were studied. Fuels with very low nitrogen 
content, e.g. wood, and fuels with high nitrogen content, like sewage sludge, were 
pelletized and fed to the reactor in original type or mixed with each other. Excess air 
ratio was optimized to reach a minimum NOx emission. Temperature was also varied in 
the desired range of industrial plants. The effect of fuel mixtures on corrosion related 
problems and alkali release was also studied simultaneously. Implementation of the 
obtained optimum parameters is recommended in practice. 

An idealized model of the case was also simulated using ideal reactors in DARS©. The 
effects of temperature, residence time and excess air ratio were studied. Finally, a 
reduced mechanism was developed from the detailed chemistry by means of necessity 
analysis which combines sensitivity analysis and reaction flow analysis. 

1.2 Thesis organization 

An introduction to the subject is given in Chapter 2. Biomass, conversion processes, 
emissions and other environmental problems are briefly described. In addition, NOx 
emissions and techniques for reduction of pollutants, especially NOx, are introduced.  

A critical and extensive literature review is included in Chapter 3 to support the work. 

In Chapter 4, the experimental section of the thesis, including the multifuel reactor 
setup, test procedure, fuels composition, experimental matrix, and sampling devices are 
described in detail. Pellet preparation and blending are also described in this chapter. 
The experiments are presented in two parts: NOx reduction and corrosion abatement.  
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Chapter 5 contains a brief introduction to the modeling part of the thesis. The model for 
two-stage combustion is described in more detail. The mechanism reduction methods, 
particularly necessity analysis, are introduced and the conditions, under which the 
mechanisms were developed, are introduced. 

In the last chapter (Chapter 6), conclusions of the thesis and recommendations for future 
work are given. 

1.3 Publications 

1.3.1 Journal publications 

1. Ehsan Houshfar, Judit Sandquist, Wilson Musinguzi, Roger Antoine Khalil, 
Michaël Becidan, Øyvind Skreiberg, Franziska Goile, Terese Løvås, Lars Sørum. 
COMBUSTION PROPERTIES OF NORWEGIAN BIOMASS: WOOD CHIPS 
AND FOREST RESIDUES. 
Applied Mechanics and Materials, 110−116, pp. 4564−4568, 2012. 
[DOI: 10.4028/www.scientific.net/AMM.110-116.4564] 

2. Ehsan Houshfar, Øyvind Skreiberg, Terese Løvås, Dušan Todorović, Lars 
Sørum. 
EFFECT OF EXCESS AIR RATIO AND TEMPERATURE ON NOx 
EMISSION FROM GRATE COMBUSTION OF BIOMASS IN THE STAGED 
AIR COMBUSTION SCENARIO. 
Energy & Fuels, 25 (10), pp. 4643–4654, 2011. 
[DOI: 10.1021/ef200714d] 

3. Ehsan Houshfar, Øyvind Skreiberg, Dušan Todorović, Alexandra Skreiberg, 
Terese Løvås, Aleksandar Jovović, Lars Sørum. 
NOx EMISSION REDUCTION BY STAGED COMBUSTION IN GRATE 
COMBUSTION OF BIOMASS FUELS AND FUEL MIXTURES. 
Fuel, In Press, 2012. 
[DOI: 10.1016/j.fuel.2012.03.044] 

4. Ehsan Houshfar, Terese Løvås, Øyvind Skreiberg. 
EXPERIMENTAL INVESTIGATION ON NOx REDUCTION BY PRIMARY 
MEASURES IN BIOMASS COMBUSTION: STRAW, PEAT, SEWAGE 
SLUDGE, FOREST RESIDUES, AND WOOD PELLETS 
Energies, 5 (2), pp. 270−290, 2012. 
[DOI: 10.3390/en5020270] 
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5. Ehsan Houshfar, Roger Antoine Khalil, Terese Løvås, Øyvind Skreiberg. 
ENHANCED NOx REDUCTION BY COMBINED STAGED AIR AND FLUE 
GAS RECIRCULATION IN BIOMASS GRATE COMBUSTION. 
Energy & Fuels, 26 (5), pp. 3003–3011, 2012. 

 [DOI: 10.1021/ef300199g] 

6. Ehsan Houshfar, Øyvind Skreiberg, Peter Glarborg, Terese Løvås. 
REDUCED CHEMICAL KINETICS MECHANISMS FOR NOx EMISSION 
PREDICTION IN BIOMASS COMBUSTION. 
International Journal of Chemical Kinetics, 44 (4), pp. 219–231, 2012. 
[DOI: 10.1002/kin.20716] 

7. Roger Antoine Khalil, Ehsan Houshfar, Wilson Musinguzi, Michaël Becidan, 
Øyvind Skreiberg, Franziska Goile, Terese Løvås, Lars Sørum. 
EXPERIMENTAL INVESTIGATION ON CORROSION ABATEMENT IN 
STRAW COMBUSTION BY FUEL-MIXING. 
Energy & Fuels, 25 (6), pp. 2687–2695, 2011. 
[DOI: 10.1021/ef200232r] 

8. Michaël Becidan, Ehsan Houshfar, Roger Antoine Khalil, Øyvind Skreiberg, 
Terese Løvås, Lars Sørum. 
OPTIMAL MIXTURES TO REDUCE THE FORMATION OF CORROSIVE 
COMPOUNDS DURING STRAW COMBUSTION: A THERMODYNAMIC 
ANALYSIS. 
Energy & Fuels, 25 (7), pp. 3223–3234, 2011. 
[DOI: 10.1021/ef2002475] 

 

1.3.2 Conference papers 

1. Ehsan Houshfar, Terese Løvås, Øyvind Skreiberg. 
DETAILED CHEMICAL KINETICS MODELING OF NOx REDUCTION IN 
COMBINED STAGED FUEL AND STAGED AIR COMBUSTION OF 
BIOMASS. 
18th European Biomass Conference & Exhibition (EU BC&E), Lyon, France, May 
3−7, 2010. 
[DOI: 10.5071/18thEUBCE2010-VP2.4.4] 

2. Ehsan Houshfar, Øyvind Skreiberg, Peter Glarborg, Terese Løvås.  
A REDUCED CHEMICAL KINETICS MECHANISM FOR NOx EMISSION 
PREDICTION IN BIOMASS COMBUSTION. 
7th International Conference on Chemical Kinetics (ICCK 2011), MIT, 
Cambridge, Massachusetts, USA, July 10−14, 2011. 
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EMISSION CONTROL THROUGH PRIMARY MEASURES IN BIOMASS 
COMBUSTION. 
The Renewable Energy Research Conference (RERC 2010), Trondheim, Norway, 
June 7−8, 2010. 

2. Ehsan Houshfar, Terese Løvås, Øyvind Skreiberg. 
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EMISSIONS. 
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3. Ehsan Houshfar, Øyvind Skreiberg, Terese Løvås. 
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Chapter 2        
             
Introduction 

2.1 Background 

There is an increasing demand for energy production and energy consumers want it to be 
secure and affordable, while at the same time the energy producer should think about 
climate change. This is one of the greatest challenges in the world for the 21st century, 
and is called the energy challenge. According to different studies, almost a third of the 
world population do not have access to a clean and convenient energy service, while the 
population growth and need for more energy due to development, will make the case 
worse, as shown in Figure 2-1 [UNDP 2000]. This figure shows that the global population 
is expected to be doubled by 2100. Hence, supplying a reliable and sustainable energy is 
essential for global growth and development in the coming decades. The three scenarios 
shown in Figure 2-1 are known as Case A, B, and C. Case A is a scenario with high 
economic growth throughout the world. A middle-course reference case (B) is based on 
the direction in which the world is headed. Case C is the ecologically driven scenario with 
high growth in developing countries (towards being rich and ‘green’). Driving forces for 
energy production are supply security, demand pressure, environmental problems, and 
political issues. According to the mentioned concerns, the World Energy Council 
introduced 3-A’s for the future energy policy [WEC 2007]: 

Accessibility to modern and affordable energy for all; 
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Availability in terms of continuity of supply and quality and reliability of service; 

Acceptability in terms of social and environmental goals. 

The increasing demand for energy in the world increases the consumption of fuels. As a 
result, access to the conventional fossil fuels is becoming more and more difficult and an 
increasing trend for the price of oil would be a disaster for the economic recovery. The 
peaks in oil price are generally related to the countries’ concern for energy availability. 
Apart from economic aspects, the main problem is that fossil fuels are non-renewable. 
They are limited in supply and will one day be depleted. 

The global interest in “alternative energy” or “renewable energy” sources is due to the 
mentioned problems in addition to the environmental issues of fossil fuels. Alternative 
energy is basically a type of energy produced from a source other than our conventional 
fossil fuels, i.e., oil, natural gas, and coal. Renewable energy is by now known as: solar 
energy, wind power, bioenergy, tidal and wave power, geothermal energy, and 
hydropower. Hence, not all alternative energy sources are renewable. 

 

 

Figure 2-1: World population growth and global primary energy requirements (three 
scenarios). 

According to the IEA’s world energy outlook, the total energy consumption in the world 
will increase by a rate of 1.5% per year until 2030. Figure 2-2 shows the share of 
different types of energy resources in this scenario [IEA report 2009]. Fossil fuels such as 
coal, oil and gas produce huge amounts of CO2, the major greenhouse gas, when they are 
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used in electricity or heat production processes. The best alternative energy resources to 
replace the fossil fuels are renewable energy carriers such as zero-carbon fuels. When 
renewable energy sources are used to produce heat and power they produce little or no 
carbon dioxide. For this reason they are often referred to as being 'zero carbon'. Nuclear 
power is another zero carbon source of electricity, but it is not a source of renewable 
energy as there are finite resources of the uranium and plutonium that are used as the 
fuel. Figure 2-2 demonstrates that in the IEA scenario, the demand for fossil fuels peaks 
by 2020, and zero-carbon fuels make up a third of the world's primary sources of energy 
by 2030. Biomass, which already has a large percentage of the total renewable energy 
sources, is expected to have a strong growth in the coming decades within three key 
sectors: heat and power generation, transportation biofuels, and other bio-products. 

 

 

Figure 2-2: World primary energy demand by fuel type [IEA report 2009]. 

The term “bioenergy” is generally used for the energy extracted from biomass resources 
for the industrial or residential applications, or the extracted liquid fuel, biofuel, to be 
used in the transportation sector.  

2.2 What is biomass? 

Biomass is a collective term used for materials obtained from plant sources or biological 
materials. It should be noted that fossil fuels such as coal, oil and natural gas are also 
derived from biological materials; however, these materials absorbed CO2 from the 
atmosphere many millions of years ago. Therefore, the difference between biomass and 
e.g. coal comes from the formation time scale, and this is the reason why some fuels, e.g. 
peat, are hardly regarded as biomass since they are formed in a medium time scale, in 
between biomass formation and fossil fuels formation.  
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Biomass is a carbon based fuel and contains mainly carbon, hydrogen, and oxygen. Small 
amounts of nitrogen, sulphur, alkali, chlorine, and heavy metals can also be found in the 
biomass structure. Commonly, the rough chemical formula of biomass is CHmOn, where m

1.2−1.7 and n 0.5−0.7, typically. Since the term biomass covers an extremely broad 
range of materials, different characteristics and behaviour are also expected for different 
types. 

Environmentally, biomass fuels are known as almost CO2-neutral, even though in the 
conversion process, the carbon will be converted mainly to CO2. It is known that many 
issues should be considered in order to call a fuel CO2 neutral. However, for biomass, 
many LCA assessments show that biomass can be regarded as an almost CO2-neutral 
fuel. The reason is that the carbon cycle for plants is a closed cycle and there is no net 
addition to the carbon cycle and the total free carbon is constant in the process. The 
released carbon from the conversion process is needed for the photosynthesis process for 
plant growth and, hence, the carbon comes back to the plant structure. The 
photosynthesis reaction illustrated in Figure 2-4 can be simply shown as: 

 H2O + CO2 + “sunlight energy” → CHmOn (wood structure) + O2 (2-1) 

All biomass fuels are basically categorized in four groups: 

1. Wood and agricultural products: including material taken from forest and farm, 
energy crops which are low cost, high yield and low maintenance crops grown for 
energy applications activities or from wood processing, residues from agriculture 
harvesting or processing, etc. 

2. Solid waste: including industrial waste, municipal solid waste (MSW), … 

3. Landfill gas and biogas: based on fungi and bacteria activities, 

4. Alcohol fuels: obtained from the fermentation of sugars, cellulose and starches 
found in plants or any organic material. 

The chemical elements in the biomass structures, as shown in Figure 2-3, are found in 
different components, mainly cellulose, hemicellulose and lignin. This complex structure 
makes the chemical reactions and related kinetics very complicated. 

 

Figure 2-3: Biomass structure. 
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Figure 2-4: Photosynthesis process and CO2 absorption by plants. 

There are many advantages using biomass as an energy source. Apart from the economic 
and business aspects, it contains less carbon compared to coal and the produced CO2 also 
comes back to the plant growth cycle, as mentioned earlier. Use of biomass is largely 
accepted since it has been used for heating purposes by humans for thousands of years. 
Additionally, almost all over the world some sources of biomass are available and easily 
accessible at relatively cheap prices. Table 2-1 shows typical energy prices for wood 
compared to conventional fossil fuels [Biomass Energy Centre 2012]. 

Table 2-1: Typical prices for bulk purchase of fuels at domestic or small commercial 
scale (prices as of February 2012) 

Fuel Price per unit kWh per unit pence per kWh 

Wood chips (30% MC) £100 per tonne 3,500 kWh/t 2.9p/kWh 

Wood pellets £200 per tonne 4,800 kWh/t 4.2p/kWh 

Natural gas 7.6p/kWh 1 4.8p/kWh 

Heating oil 60p per liter 10 kWh/L 6.0p/kWh 

LPG (bulk) 50p per liter 6.6 kWh/L 7.6p/kWh 

Electricity 14.5p/kWh 1 14.5p/kWh 

2.3 Biomass conversion 

Three main conversion pathways are known for biomass conversion: biological, thermal, 
and physical. All these techniques are designed to produce fuels, heat and power, or 
useful chemical components. Biological conversion includes anaerobic digestion and 
fermentation in order to produce methane or ethanol. These processes are generally slow 
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and it takes very long time to convert the biomass to the final fuel. Physical processes 
are done subject to heating and at high pressure to convert solid fuel to gas/liquid fuels 
by breaking the bonds of biomass organic matters and reform the intermediates into 
syngas or hydrocarbon fuels. 

 

 

Figure 2-5: Thermochemical conversion of biomass. 

Thermal conversion, or thermochemical conversion, is the most common biomass 
conversion path. It is basically categorized into three groups: pyrolysis, gasification, and 
combustion (see Figure 2-5). The process is mainly regulated by the amount of air 
needed for the process, i.e. the amount of air or oxidant introduced to the process versus 
the stoichiometric condition. All these processes are fast compared to biological 
conversion. In the next section, each of the mentioned thermal conversion processes is 
explained in more detail. 

2.3.1 Pyrolysis 
The first process is pyrolysis, which happens in an atmosphere without externally 
supplied oxygen. It means that the excess air ratio in the reaction zone is zero. 

Two types of pyrolysis are generally used: fast pyrolysis and slow pyrolysis. The term is 
defined based on heating rate, even though the definition of heating range for slow and 
fast pyrolysis is rather arbitrary in the literature. Sometimes a third type is also 
introduced as intermediate pyrolysis where the heating rate is somewhere between fast 
and slow pyrolysis. Each of these has different chemical and physical characteristics, 
which finally results in various product distributions, i.e. yield of bio-oil, biochar and 
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gases. Table 2-2 shows typical product distributions for pyrolysis of wood in different 
modes [IEA task 2012]. Furthermore, changing biomass type, temperature, heating rate, 
and residence time make it difficult to define general process characteristics for pyrolysis 
[Mohan et al. 2006]. 

Fast pyrolysis is also known as flash pyrolysis. The hot vapour residence time in this 
process is a few seconds or less. Fast pyrolysis is a high-temperature process. This process 
needs a very high heating rate, e.g. 1000 °C/s or even 10,000 °C/s. Valuable fuels, 
chemicals, and petrochemicals can be produced from this process if a carbon-based fuel is 
used.  

Products of a fast pyrolysis process are mainly vapours, aerosols, and char. The vapours 
and aerosols are cooled and condensed to be converted to a dark liquid, called bio-oil. 
The heating value of this liquid is around half of conventional fuel oil [IEA task 2012]. 
Derived fuel from fast pyrolysis can substitute for diesel and fuel oil in many applications 
such as boilers and furnaces, in order to produce electricity and heat. 

The gas residence time in slow pyrolysis is around 5−30 min [Bridgwater 1990]. Since the 
residence time is higher compared to flash pyrolysis, gas phase species or volatiles react 
with each other while tar and char particles are being formed. 

The conventional way of biomass pyrolysis over thousands of years has been slow 
pyrolysis and the main goal has been to produce charcoal. The temperature in this 
process is in the order of ~500 °C. However, slow pyrolysis produces more solid char 
which has lower value than valuable chemicals and fuels that can be used in industrial or 
transportation sectors. Therefore, for higher yield of liquid or gas fuels, usually, fast 
pyrolysis is suggested.  

Table 2-2: Typical product yields from pyrolysis of dry wood. 

Mode Temperature Heating rate 
Vapour 

residence 
time 

Yield 

Char Liquid Gas 

Slow (conventional) ~400−600 °C 5-80 K/min 5−30 min 35% 30% 35% 

Intermediate ~500 °C  ~ 10−30 s 25% 50% 25% 

Fast ~500 °C 103-104 K/s ~ 1 s 12% 75% 13% 

2.3.2 Gasification 
Gasification can be considered a subsequent process to pyrolysis. Likewise, there is a 
complicated chemistry and reaction kinetics behind a gasification process. The excess air 
ratio in gasification is kept lower than the stoichiometric condition to prevent complete 
burnout of intermediate species. Figure 2-6 shows a simplified diagram of biomass 
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gasification. Gasification is done in two different ways: with steam or pure oxygen which 
results in a medium heating value gas; and with air that produces a low heating value 
gas [Fossum 2002; Bridgwater 2003]. Almost 1 3  of the stoichiometric air is needed for a 
gasification process, i.e. 0.33 . The process starts with thermal decomposition of 
biomass particles through pyrolysis reactions into gas species, liquid tar, and solid char. 
Subsequently the vapor phase is thermally converted to gas and char. Afterwards char 
particles are being gasified by means of steam or CO2. Finally, all the three phases (gas, 
vapor, and char) are oxidized partially to obtain producer gas. The final product gas, 
producer gas, is composed of valuable and non-valuable gases. 

1. Combustible gases: CO, H2, CH4 

2. Byproducts: H2O (steam), CO2, N2 

Combustible product gases from the gasification process are comparable to the syngas 
(synthesis gas) produced from steam reforming of natural gas, coal, and other 
hydrocarbon fuels. Hence, it can be implemented in a Fischer–Tropsch process to produce 
diesel. By using other catalytic processes, producer gas can be converted to methane, 
methanol, or dimethyl ether (DME). 

 

Figure 2-6: Simplified schematic of the gasification process. 

The reaction sequence for a gasification process can be summarized as below: 

 
Oxidation 
The oxidation reactions for the carbon and hydrogen content of biomass in presence of 
oxidant (O2, air, O2/CO2, etc.) takes place at a temperature of 700−2000 °C. 

 C + O2 → CO2 + heat (2-2) 

 C + ½ O2 → CO + heat (2-3) 

Steam is also formed by reaction of fuel hydrogen content with oxygen: 
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 H2 + ½ O2 → H2O + heat (2-4) 

All the oxidation reactions are exothermic and provide the necessary energy for drying 
and other endothermic processes. 

 

Reduction 
In absence of oxygen, reduction reactions take place and valuable gases are produced 
according to the following reactions. These reactions are endothermic, or slightly 
exothermic. 

 CO2 + C + heat → 2 CO (2-5) 

 H2O + C + heat → CO + H2 (2-6) 

Reaction (2-5) is known as the Boudouard reaction and is the most important reaction in 
the reduction process. The next reaction, (2-6), is the water-gas reaction and is important 
in formation of producer gas.  

The last two reactions in the reduction step are the well-known water-gas-shift (WGS) 
reaction, 

 CO2 + H2 → CO + H2O + heat (2-7) 

And the methanisation reaction: 

  C + 2 H2 → CH4 + heat (2-8) 

The concentration of the final desirable products, CO and H2, is controlled by the 
abovementioned reactions. For instance, the water-gas reaction and water-gas shift 
reaction are closely linked and play an important role for the 2CO H  ratio, an important 
parameter for further processing of the producer gas. 

 

Side reactions 
Since oxygen is available in the gasification zone, some part of the producer gas may 
react with non-reacted oxygen and form final combustion products. This is unavoidable 
in a real system; however, the goal is to minimize these reactions, even though the 
released heat from these reactions is beneficial for the reduction process. 

 CO + ½ O2 → CO2 + heat (2-9) 

 H2 + ½ O2 → H2O + heat (2-10) 
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2.3.3 Combustion 
Millions of years ago, humans started to make fire in order to produce heat to stay warm, 
cook, and make light. Later, the same technology and concept led to power production 
from a combustion process. Combustion is the chemical reaction between a fuel and an 
oxidant resulting in complete burnout, i.e. heat production. Hence, the process is an 
overall exothermic set of reactions. The energy stored in the chemical bonds of a fuel are 
converted to heat energy and can be used in a power plant to produce steam needed for a 
turbine that finally produce electricity and heat. 

In case of biomass, combustion means burning of organic materials. Wood is the most 
widely used fuel for burning, however, there is an increasing interest in other biomass 
types such as bark, tops and branches, straw, sawdust, waste wood or demolition wood, 
and energy crops (such as poplar and willow) to be used as feedstock.  

The products from the biomass combustion are formed from the reaction of oxygen in the 
oxidant and fuel elements. Carbon forms carbon dioxide and hydrogen reacts with O2 to 
form water vapor. The combustion of a typical biomass fuel with air as oxidant can be 
written as: 

 CHmOn + λΨ (0.21 O2 + 0.79 N2) → CO2 + a H2O + b O2 + c N2 (2-11) 

where λ is the excess air ratio and Ψ is the stoichiometric coefficient, calculated based on 
the full burnout condition, i.e. λ=1 and b=0. It should be noted that minor elements, 
such as nitrogen, sulfur, and chlorine are not listed in the above reaction. The 
stoichiometric coefficient is given by: 

 Ψ = 
1

4 2
0.21

m n
 (2-12) 

The constants a, b, and c are also calculated based on the biomass composition: 

 
2
ma , 1 1

4 2
m nb , 

1
4 20.79

0.21

m n

c  (2-13) 

Reaction (2-11) is valid for 1, since for lower excess air ratios unburnt species like 
CO, CH4, and H2 will be formed in high quantities. 

Use of combustion technology is especially economical near the biomass source, e.g. for 
farms or cities with simple access to forest resources. Having access to the resources along 
with adequate storage place can make biomass combustion very attractive. However, 
continuous feeding which is a challenge in small scale applications is required for a stove. 
Additionally, many combustion systems need the feed to be in a special size and 
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specification, meaning that a pretreatment of the feedstock is also required. With newer 
technologies the challenge of feeding system in conventional wood stoves can be avoided. 
For example new “pellet stoves” [Boman et al. 2011] with an electrically driven auger can 
be fed with raw feedstock in large size and work for a whole day without being tended. 

2.3.4 Biomass in CHP systems 
There are large quantities of waste heat in the operation of a conventional power plant or 
generator. The waste heat recovery can be applied to the cooling circuits and the exhaust 
gases. This waste heat is useful for industrial processes or space heating, and increases 
the overall efficiency of the process. Combined heat and power (CHP) or co-generation is 
the production of useful thermal energy and electricity from the same primary fuel. 
Different technologies are known for CHP systems, but all are based upon an efficient, 
integrated system that combines electricity production and heat recovery to increase the 
plant efficiency. CHP plants generally convert 75-80% of the fuel energy into useful 
energy, by using the heat output from the electricity production for heating or industrial 
applications. In the most modern CHP plants, efficiencies of 90% or more can be reached 
[IPCC 2007]. Another benefit of CHP plants is that they reduce network losses due to 
being located near the end user, especially in case of small scale applications. 

Small scale CHP applications are generally defined as small power plants not using steam 
turbines as a driver technology, for instance power plants using internal combustion 
engines with typically less than 1 MW electrical capacity, and emerging technologies as 
fuel cells, micro-turbines and Stirling engines [ClimateTechWiki 2012]. Research on small 
scale CHP aims to produce modular units, which can be installed and relocated easily. 
This is beneficial in places with limited technical support. 

Research on small scale CHP applications in Norway is started to enable utilizing 
biomass as the feedstock in CHP systems with the least environmental impact [KRAV 
2008]. Research is required on feasibility studies, optimum reactor designs, minimized 
emission levels, and higher efficiencies working at the lowest possible cost. 

2.3.4.1 Norwegian resources 
Application of biomass CHP in Norway, due to the availability of resources all over the 
country, is of high importance. The current energy production based on biomass in 
Norway is about 14 TWh, which is almost 10% of the stationary energy consumption 
[Trømborg et al. 2008]. Out of this, about one-half is produced and used in forest 
industries.  

Electricity prices have been relatively low in Norway and central heating facilities are 
almost nonexistent over the country. This is probably the reason why energy from 
biomass has a significantly lower share in Norway compared to Sweden and Finland. 
Wood stoves are the main application of bioenergy in households. However, low end-user 
prices of electricity prevent the use of refined, solid biofuels in heat production. On the 
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other hand, harvest levels in Norwegian forests are much below annual growth, implying 
that forest biomass resources steadily accumulate. Decreasing wood prices combined with 
increasing prices of oil have improved the interest for solid biofuels in the heat market. 

2.3.5 Reactor types 
Even though combustion of biomass is clearly a proven technology, the reactor setup and 
design issues related to solid fuels combustion systems need special attention. Different 
technologies have been developed over the last decades for biomass combustion, aiming 
for a better efficiency and lower cost. At the same time, new regulations on emissions 
have forced the reactors to work with a certain pollutants limit, along with a higher 
standard regulation on safety issues.  

There are three main technologies for performing combustion: over a grate, by 
fluidization, and in a pulverized fuel system. Below each of the reactor types are briefly 
introduced. 

2.3.5.1 Grate combustion 
Fixed bed reactors are the very early design and the most common type among other 
reactor configurations. However, they are seldom being used any more in new large-scale 
boilers, due to higher investment costs, higher emissions and limited availability for 
multifuel use. On the other hand, for small and medium size boilers, <20 MW fuel input, 
grate combustion is yet a competitive solution with small investment and low emission 
levels. In addition, grate combustion can be used in a CHP system where excess heat can 
be sold to a district heating network or utilized as process steam. They operate with 
generally a long residence time on the grate and due to low gas velocity, which results in 
high carbon conversion. The fuel is fed to the reactor and remains on the grate which can 
be fixed or even moving.  

Normally, a complete combustion process includes a reactor, gas cooling, and gas 
cleaning. Solid fuel particles or pellets fall onto the grate/fuel bed and the gas moves 
either up or down. The reactor is commonly composed of a main section where the air 
and burned gases flows through, a fuel feeding system, and an ash removal unit.  

According to the grate design in the reactor, grate furnaces are categorized in different 
groups: fixed grate, moving grate, travelling grate, vibrating grate, and rotating grate 
[Berndes et al. 2008]. 

Air staging or two-stage combustion, is generally described as the introduction of overfire 
air into the furnace. Internal air staging is generally one of the design features of low NOx 
burners. In an air staged combustion system, a portion of the combustion air is diverted 
from the burners to overfire air ports above the burners. The objective is to form a fuel 
rich flame zone followed by a region where the residual char is burned out. The effect of 
fuel rich conditions on NOx formation is very sensitive to the air amount. After fuel is fed 
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to the reactor, volatiles and char are formed, each containing bound nitrogen. Oxygen 
rich conditions drive the competition towards NOx formation, while fuel rich conditions, 
e.g. staged combustion, drive the reactions to form N2 [Cremer et al. 2003]. Application 
of air staging to a grate furnace needs small modifications to the reactor and hence is an 
effective technique for NOx reduction. To obtain a maximum reduction, however, it is 
very important to have separate primary and secondary combustion zones and effectively 
control gasification and oxidation or final burnout processes of fuel gases. Furthermore, 
good mixing of air and fuel is important in staged combustion. This is due to the fact 
that if the mixing condition is not effective, higher amount of excess air will be required 
for a complete combustion. Higher excess air ratio in the reactor, on the other hand, is 
proportional to lower overall efficiency of the plant. Therefore, design of the air injection 
nozzles, especially in the secondary zone where the final burnout should be taking place, 
is very important to achieve a high turbulence inside the reactor, giving higher efficiency. 
This can be achieved through higher air feed velocity, using air nozzles, or by modifying 
the flue gas path inside the reactor. 

Grate combustion is in general inexpensive regarding operating cost and has low level of 
particulates in the flue gas. Additionally, slagging problems are easier to control 
compared to fluidized bed combustion. However, the fuel and air mixture is not as 
homogenous as in fluidized bed combustion, resulting in inhomogeneous combustion 
conditions at some parts of the grate. 

2.3.5.2 Fluidized bed reactor 
Fluidization is an important technology for many chemical engineering applications since 
it gives very good heat and mass transfer characteristics. The bed in the fluidized bed 
(FB) is generally composed of non-reactive materials such as sand. Air is blown from the 
bottom of the reactor, under the sand particles, and it lifts the bed material. This creates 
a two-phase flow pattern. Biomass is fed from a place above the sand bed and when it 
falls down to the bed, it mixes with sand materials and again is being lifted. This gives a 
high heat transfer rate because of good mixing conditions. These reactors were first used 
for coal applications and later biomass was successfully applied as a feedstock. 
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Figure 2-7: Fluidized bed reactors [Warnecke 2000]. 

Figure 2-7 shows two main configurations of fluidized bed reactors: bubbling fluidized 
bed (BFB), and circulating fluidized bed (CFB). The air flow velocity and gas path is 
different in BFB and CFB. The gas velocity in BFB is generally lower than in CFB; 
hence the solid particles are not being transferred out of the bubbling reactor. However, 
in CFB reactors, due to higher gas velocity, recycling of bed materials is necessary. This 
implies that CFB requires huge mechanical cyclones to capture and recycle the large 
amount of bed material, which requires a tall boiler. BFB boilers are offered up to 100 
MW and CFB units up to 400-600 MW. Two-stage combustion is also a common 
measure of emission reduction in FB combustion. 
There are a lot of advantages for fluidized bed compared to fixed bed reactors. FB 
reactors have a very wide operating range regarding fuel composition, e.g. fuels with high 
ash content can be fed to FB reactors, if the ash is not getting sticky at low 
temperatures. In addition, due to the good mixing conditions, the temperature profiles 
along the reactor are uniform and hence the formation of hot spots with high 
temperatures is generally avoided. Since the temperature is relatively lower than in a 
grate reactor, use of problematic fuels with low ash melting temperatures, e.g. straw, are 
also allowed in advanced BFB reactors. The operation cost of a FB reactor is in general 
high, while necessary maintenance is lower than for fixed bed reactors because there are 
not too many mechanical parts inside the reactor [Berndes et al. 2008]. 

2.3.5.3 Pulverized fuel combustion 
Pulverized fuel (PF) combustion was invented in 1920 and has been a universal choice 
for coal power plants until 1990. It is mainly used for large scale industrial applications, 
since in small scale applications PF combustion is not feasible. Still, a majority of coal-
fired power station boilers and many large industrial water-tube boilers use pulverized 
fuel technology. Nowadays, PF combustion technology is well developed and over 90% of 
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the total power production from coal is obtained in pulverized fuel plants. PF reactors 
have many advantages over other reactor types, e.g., ability to use various types of fuels 
with different qualities (multifuel), quick responses to changes in load, use of high pre-
heat air temperatures etc. However, using 100% biomass as the feedstock may result in 
some problems in the pulverized systems if biomass contains a substantial amount of 
moisture. Also, the alkali content of biomass is responsible for corrosion issues. Due to 
these problems, co-firing plants have been introduced to burn biomass and coal together 
and prevent disadvantages of both fuels. Normally 10-25% biomass is used as the 
supplementary fuel in PF combustion plants. 

The size of fuel particles needs to be very fine. The solid fuel (coal, biomass, or peat) is 
ground (pulverized) to a fine powder, so that less than 2% is +300 micrometer ( m) and 
70-75% is below 75 micrometer. The size distribution is very important and quite 
important for the combustion conditions. Very fine particles are wasting grinding mill 
power, while too coarse particles do not burn out completely in the combustion chamber 
and results in higher levels of unburnt species. 

The pulverized fuel together with the combustion air is fed into the combustion chamber 
via burner nozzles. Necessary air may be divided in primary, secondary, and tertiary air 
(staged air combustion). By proper air staging, low NOx emissions can be achieved. 
Combustion takes place at temperatures from 1300-1700 °C, depending largely on fuel 
composition [IEA Clean Coal Centre 2012]. Fuel residence time is typically 2-5 s inside 
the reactor, and the particles must be small enough for complete combustion. 

2.4 Emissions and environmental problems 

Global warming as a result of greenhouse gases (GHG) is one of the major concerns 
among researchers, politicians, and the public in general. The main emission for global 
warming is carbon dioxide (CO2), while other emission gases like CH4 and N2O also 
contribute. The major source of CO2 is related to power production, i.e. combustion of 
fossil fuels in power plants.  

Approximately 130% increase is expected for the CO2 level in the atmosphere by the end 
of 2050, which will increase the earth temperature with about 6 °C [IEA report 2008]. 
United Nations Intergovernmental Panel on Climate Change (IPCC) concluded that if 
energy demand/production continues with the current trend, global CO2 emissions in 
2050 should be reduced at least 50% compared to the base year, 2000 [IEA report 2010], 
in order to keep the temperature rise between 2.0 °C and 2.4 °C. 

Having fossil fuels as the dominant source of energy, we should try to reduce the CO2 
level at the same time. This can be achieved with e.g.: 

1. CO2 capturing technologies (CCS) 
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2. Renewable energy such as hydropower, wind, and bioenergy 

3. CO2 negative technologies; e.g. biomass combustion combined with CCS 

Biomass as a renewable source of energy has a lot of environmental advantages over 
other solid fuels. However, almost all biomass fuels contain some amount of sulfur, 
nitrogen, and chlorine. Growing plants for use as biomass fuels may also help keep 
carbon dioxide levels balanced. Plants remove carbon dioxide from the atmosphere when 
they grow, store carbon in their structure and release oxygen. 

As mentioned earlier, combustion of biomass results in formation of CO2, which is 
necessary for plants growth. Hence, biomass is also known as almost CO2-free or carbon 
neutral fuel. If carbon capture and storage technology is implemented in a biomass 
combustion plant, the net CO2 level for the cycle will be negative. Biomass combustion is 
the only energy system capable of doing this, i.e. provide a carbon negative system. 

Although having a CO2 neutral cycle, burning biomass will result in different types of 
other pollutants, mainly classified into two groups:  

1. unburnt emissions; and  

2. combustion related pollutants.  

Unburnt emissions are a result of incomplete combustion, due to temperature effects, 
mixing and residence time; forming CO, HC, tar, PAH, and unburnt char particles [Khan 
et al. 2009]. The second type of pollutants originates from the initial fuel composition 
such as nitrogen, sulfur and ash elements. It includes PM, NOx, N2O, SOx, HCl and heavy 
metals [Khan et al. 2009]. Ash deposition and corrosion is also influenced directly by fuel 
composition. 

Different reviews have been carried out on aspects of biomass environmental problems 
[Berndes et al. 2008]. Below different emissions based on the relevant elements in biomass 
are introduced.  

2.4.1 CO 
Emission of CO is due to incomplete combustion, affected by different parameters. 
Therefore, in general, an excess air ratio of less than one, or supply of too little oxygen to 
the combustion zone will be a condition for the formation of carbon monoxide. When air 
and fuel are not perfectly mixed, zones with low concentration of oxygen will be present, 
resulting in formation of CO instead of complete burnout of CO. In addition, a sufficient 
residence time is needed for complete combustion, otherwise CO formation rather than 
CO2 [Laryea-Goldsmith 2010] will result.  

Since CO is an intermediate species for CO2 formation, and temperature is an important 
parameter in this reaction chemistry, zones with low temperatures favor formation of 
CO, while at higher temperatures the reactions proceed faster toward complete oxidation.  
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On the other hand, reaction of CO with other gaseous species is an important factor. For 
example, HCl in the flue gas has a direct relation with the CO emission level, affected by 
the presence of radicals and catalytic reactions in presence of those species [Wei et al. 
2004]. Higher NOx emissions also gives a higher CO level, while combined NOx and HCl 
result in a higher CO due to a considerable decrease in CO oxidation in presence of these 
gases [Roesler et al. 1995]. Likewise, it has also been shown that SO2 in the presence of 
NO prevents CO oxidation by reducing the concentration of free radicals [Glarborg et al. 
1996]. 

2.4.2 Nitrogen: N 

2.4.2.1 NOx 
Nitrogen oxides (NOx=NO+NO2) are a minor part of the combustion products in the 
combustion of all biomass fuels containing nitrogen. NOx has both a negative effect on 
the climate (indirect effect on greenhouse gas through ozone formation, acid rain, 
vegetation damage, smog formation, etc.) and human health (to respiratory system, when 
reacting with ammonia and other compounds to form small particles which can penetrate 
deeply into sensitive parts of the lungs). The major part of NOx emissions is coming from 
fuel-N content and the share of other mechanisms, mainly thermal NOx, which originate 
from air nitrogen content, is very low, as the temperature in biomass combustion systems 
is not so high. Different classes of biomass have a range of nitrogen content of 0−2.5 wt% 
while special types such as sewage sludge may contain up to 7 wt%. Primary measures 
(fuel staging, air staging, fuel mixing) can be used to lower the NOx emissions from fuels 
with low nitrogen content [Houshfar et al. 2010b; Houshfar et al. 2012d], while from fuels 
with high nitrogen content, secondary measures such as SNCR or SCR should also be 
applied to satisfy local or international regulations. This will be discussed in more detail 
in the next chapter. 

2.4.2.2 N2O 
Nitrous oxide is also a minor product from combustion of biomass, from nitrogen in the 
fuel. This emission is a greenhouse gas and was recently shown to be the most important 
ozone-depleting substance [Ravishankara et al. 2009]. N2O has an indirect effect on 
health through O3 depletion. However, the emission level of N2O is usually very low in 
biomass combustion systems.  

A detailed discussion on N-emissions will be given in the following chapters. 

2.4.3 Chlorine: Cl 
Each biomass having Cl in the composition will produce hydrogen chloride (HCl) in the 
combustion process, which is toxic and has negative effects on the human respiratory 
system. HCl is a strong acid, therefore contributing to acid rain and vegetation damage, 
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but has not high corrosion risk in pipes and other materials in boilers and reactors. Fuel 
leaching [Dayton et al. 1999], automatic cleaning of parts, tubes coating and change of 
reactor materials are methods to reduce the effect of corrosion from Cl. To regulate the 
environmental effect of HCl, sorption (dry or in activated carbon) and scrubbers can also 
be applied. The major part of Cl in the fuel may be converted to salts such as KCl and 
NaCl for alkali-rich fuels, which are highly corrosive when condensing on superheater 
tubes or on fly ash particles depositing on superheater tubes. Some Cl can also remain in 
the bottom ash or will be released as fly ash, which is discussed later. 

2.4.4 Sulfur: S 
The sulfur content of biomass is relatively low compared to other fuels. However, sulfur 
oxides (SOx, mainly SO2) and alkali sulfates are formed from biomass fuel sulfur 
oxidation, and contribute to aerosol and smog formation, vegetation damage, acid rain 
and corrosion; in addition to the dangerous effect on humans by asthmatic effect and 
damage to the respiratory system. The sulfur retention in ash or release to the gas phase 
highly depends on the temperature and presence of other mineral compounds [Knudsen et 
al. 2004; Lang et al. 2006]. Sulfur containing components may enhance chlorine corrosion 
at high temperatures and some methods as described for Cl should be applied to avoid 
corrosion from sulfur. Injection of lime or limestone is a technique to reduce the SO2 
emission, while co-combustion of biomass and coal is an alternative for coal fired boilers.  

2.4.5 Calcium: Ca 
Ca has a relatively high melting point which increases the melting temperature of ash, 
and therefore reduces ash sintering on the grate or in the reactor. However, the ratio 
between Ca and potassium is more important where a low Ca/K ratio can lead to a 
reduced melting point [Steenari et al. 2009]. In such cases, necessary control equipment 
should be used to reduce the temperature in the combustion system. 

2.4.6 Potassium: K and Sodium: Na 
K is the major alkali metal in biomass fuels and Na is an important element with respect 
to corrosion. Due to their low melting point, formation of components from K and Na 
cause problems in the combustion systems such as sintering in addition to aerosol 
formation, agglomeration, deposition, corrosion, slagging and fouling. To avoid such 
problems, it is important to use dust precipitation, fuel leaching, coatings and cleaning. 
As mentioned before, alkali chlorides (KCl and NaCl) are corrosive components formed 
by reaction of Cl and K or Na. Sulfation of gaseous KCl is one of the methods to reduce 
the corrosion problems from KCl [Kassman et al. 2010]. A recent study shows that 
sewage sludge can act as a controller for corrosion when co-combusted with high 
potassium content biomass fuels [Elled et al. 2010]. 
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2.4.7 Silicon: Si 
This element is commonly the main ash forming element and deserves special attention 
in biomass combustion. Fuels such as straw contain more silicon, which is a problematic 
element causing ash deposition in the system at high or moderate temperatures. In case 
of high concentration of alkali, formation of alkali silicates will lead to ash melting at low 
temperatures, e.g. less than 700 °C, hence resulting in deposition problems [Khan et al. 
2009]. Agglomeration in fluidized bed boilers is also a result of silica, alkali and chlorine. 

2.4.8 Zinc: Zn and Cadmium: Cd 
Zn and Cd are important heavy metals in the ash composition due to sustainability of 
ash (ash utilization and recycling) and particulate emissions. Heavy metals are toxic and 
accumulate in the food chain. Ash treatment and fractional heavy metal separation is 
used to regulate the amount of these elements in the ash composition while dust 
precipitation and treatment of condensates reduce the particulates. 

2.4.9 Other problems 
Emissions such as PM are affected by a series of the discussed elements in the fuel. PM 
contains normally alkali salts like potassium chloride and potassium sulfates; thus the 
initial fuel composition, especially the percentage of potassium, chloride and sulfur is very 
important for creation of PM emissions. 

2.5 Emission reduction measures 

To control and reduce the mentioned emissions, two different methods are normally 
being applied to combustion systems:  

– primary measures and  

– secondary measures,  

where primary measures look for the reduction or prevention of these pollutants 
formation before the fuel is fed to the reactor or in the combustion chamber, while 
secondary measures reduce emissions with methods such as SCR after creation of the 
pollutants.  

In the previous section, some reduction techniques were presented for different elements. 
For example, a well-known primary measure to reduce NOx in biomass combustion 
reactors is staged combustion; either staged air or staged fuel. Another primary measure 
is to change the elemental composition of biomass by mixing different kinds of biomass 
together to make it unproblematic [Salour et al. 1993; Steenari and Lindqvist 1999; 
Pettersson et al. 2008] or co-firing of risky biomass with non-problematic fuels to reduce 
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corrosion [Spliethoff et al. 2000; Lundholm et al. 2005; Davidsson et al. 2007a; Aho et al. 
2010; Munir et al. 2010]. Fuel mixing can also result in a reduction in the fuel cost 
[Obernberger 1998]. 

 
  



 

Chapter 3         
            
Literature Review 

3.1 Introduction 

In this chapter, a comprehensive review is offered to give an overview of the relevant and 
important literature in the main research area, two-stage combustion of biomass and NOx 
emissions. First the important points of current knowledge on NOx reduction are 
reviewed. Thereafter, relevant works on ash related problems for combustion of 
problematic fuels are presented. This review is a survey of articles, books, conference 
papers, reports, and theses. 

3.2 NOxx emissions 

For energy production, the most common energy carriers are solid fuels (coal, biomass, 
wastes, etc.). However, it is a concern that combustion of biomass will lead to high levels 
of nitrogen oxides emissions (NOx; collective term for NO and NO2) from oxidation of 
nitrogen in the fuel (fuel nitrogen) or potentially oxidation of air nitrogen content. NOx 
emissions are contributing to environmental problems such as acid rain, photochemical 
smog formation and ozone formation in urban areas [Seinfeld 1986; Tariq and Purvis 
1996]. Additionally NOx participate in the chain reactions of ozone removal from the 
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stratosphere, which in turn results in more ultraviolet radiation to the earth [Johnston 
1992; Warnatz et al. 2006]. Also nitrous oxide (N2O) may be formed, having a strong 
greenhouse gas effect. 

3.2.1 NOx formation mechanisms 
The formation of NOx happens through four main routes: 

1. Thermal mechanism (Zeldovich) 

2. Prompt mechanism (Fenimore) 

3. Nitrous oxide mechanism (N2O intermediate) 

4. Fuel nitrogen conversion (Fuel-N mechanism) 

The first three mechanisms are mainly contributing to the conversion of air nitrogen to 
NOx. Theoretical and experimental studies have shown that these three mechanisms are 
contributing much less to NOx formation in biomass combustion than fuel-N conversion. 

3.2.1.1 Thermal NOx 
NOx emission formation from the thermal or Zeldovich mechanism is dominant at high 
temperatures and at a wide range of excess air ratios. The set of chemical reactions for 
this highly temperature dependent mechanism can be written as: 

 O + N2 → NO + N (3-1) 

 N + O2 → NO + O (3-2) 

At fuel rich conditions and an excess air ratio of close to one, a third reaction is also 
important, which in combination with the above two reactions is known as the extended 
Zeldovich mechanism. 

 N + OH → NO + H (3-3) 

The Zeldovich mechanism is predominant at temperatures higher than 1500 °C [Tariq 
and Purvis 1996; Wünning and Wünning 1997], while the temperatures during biomass 
combustion are typically lower. 

The temperature limit for thermal NOx formation to be important is dependent on the O, 
O2 and OH levels and the residence time and in practice means thus typically 
temperatures above 1400 °C, and is independent of the combustion system and fuel type. 
According to the literature, thermal NOx formation in different biomass combustion 
systems starts at temperatures above 1400 °C and in circulating fluidized bed combustors 
it becomes relevant at temperatures above 1500 K [Salzmann and Nussbaumer 2001; 
Mahmoudi et al. 2010]. 
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Paper II [Houshfar et al. 2011b] investigated the effect of temperature on NOx formation 
in biomass combustion. A very small effect of temperature demonstrates that at the 
investigated temperature range, thermal NOx has still a minor share to the total NOx in 
biomass reactor. 

3.2.1.2 Prompt NOx 
The second NOx formation mechanism was first identified by Fenimore [Fenimore 1971] 
and was termed “prompt NOx”. It is well known that prompt NOx formation is significant 
at special combustion conditions and is almost independent of temperature: 

fuel-rich conditions, 

short residence times. 

The abovementioned conditions may happen in surface burners, gas turbines, and staged 
combustion systems [Barnes et al. 1988]. Since the reaction chain is connected to 
hydrocarbons, the Fenimore mechanism is generally relevant for hydrocarbon fuels. 
However, in biomass combustion prompt NOx contribution to the total NOx is very low 
due to fuel lean conditions, relatively long residence times and less CH radicals 
production. 

The chemical reactions for prompt NOx are very complex, but a simple reaction chain can 
be introduced as below [Turns 1996]: 

 CH + N2 → HCN + N (3-4) 

 N + O2 → NO + O (3-5) 

 HCN + OH → CN + H2O (3-6) 

 CN + O2 → NO + CO (3-7) 

The major hydrocarbon radical contribute to prompt NOx is CH (Equation (3-4)), and 
also CH2, via 

 CH2 + N2 → HCN + NH (3-8) 

Amine and cyano compounds formed from the above reactions can react to form NO 
[Strahle 1993]. 

In conclusion, contributions from the prompt mechanism are mainly found for fuel rich 
conditions and depend on the CH radicals concentration. These conditions are favored in 
fossil fuels combustion applications but not in biomass combustion. 
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3.2.1.3 N2O intermediate mechanism 
The nitrous oxide mechanism was first proposed by Malte et al. [Malte and Pratt 1975]. 
It is of relative importance in very fuel lean, high pressure, and low temperature 
conditions [Turns 1996]. Therefore, this mechanism can be dominant in gas turbines, 
compression-ignition engines, and systems operated in flameless mode (where fuel and 
oxygen are highly diluted in inert gases to prevent peak temperatures in the combustion 
zone). The elementary reactions involved are: 

 O + N2 + M → N2O + M (3-9) 

 H + N2O → NO + NH (3-10) 

 O + N2O → 2 NO (3-11) 

where N2O formed in the first reaction (involving a third body) react with O and H 
radicals to form NO. Due to the presence of a third body in reaction (3-9), elevated 
pressures are needed for this mechanism and therefore, this mechanism is not very 
important in common biomass combustion systems that normally work at atmospheric 
pressure. 

3.2.1.4 Fuel-N conversion 
It has been shown that more than 80−90% of NOx emissions in pulverized coal 
combustion systems are coming from fuel-N conversion, the remaining emissions being a 
result of the thermal mechanism [Glarborg et al. 2003]. In biomass combustion systems, 
fuel-N conversion is even more dominant due to the unfavorable temperature conditions 
in typical biomass furnaces for other than fuel-N conversion. A simplified reaction path 
diagram for NOx formation and reduction in biomass combustion is presented in 
Figure 3-1. 

 

Figure 3-1: Simplified fuel nitrogen conversion diagram. 
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The combustion of biomass is normally carried out in grate or fluidized bed combustors, 
with relatively low temperature, which increase the importance of fuel-NOx, while 
pressurized combustion and high temperature in coal combustion can enhance the other 
NOx formation mechanisms. Hence, the other mechanisms can be neglected from further 
studies of such biomass fired systems. As a conclusion, one should concentrate on fuel-N 
conversion in order to effectively control NOx formation in biomass combustion. 

3.2.2 Staged combustion 
In general, the parameters that affect NOx formation and reduction are residence time, 
temperature, excess air ratio, fuel-N content, and mixing condition [Kolb et al. 1989; 
Skreiberg et al. 1997; Jenkins et al. 1998; Houshfar et al. 2011b]. Temperature has the 
least influence on NOx formation as mentioned earlier due to the relatively low 
temperature range of typical biomass combustion [Houshfar et al. 2011b]. Note that it is 
proved that reburning during oxy-combustion is more sensitive to temperature [Normann 
et al. 2011].  

Important species and intermediates for NOx formation and reduction are ammonia 
(NH3), hydrogen cyanide (HCN), NO and HNCO in biomass combustion systems 
[Hämäläinen et al. 1994; Sørum et al. 2001; Hansson et al. 2004; Skreiberg et al. 2004b; 
Becidan et al. 2007a]. Also, NOx precursors, i.e. NH3 and HCN, are very sensitive to 
temperature and the HCN/NH3 ratio increases with increasing temperature [Hansson et 
al. 2004; Becidan et al. 2007a; Ren et al. 2010]. 

One of the most important and widely used measures to reduce NOx in solid fuels 
combustion is staged combustion. The concepts of air staging, fuel staging, advanced 
reburning and combined staging originate from the 1970’s and 1980’s by the groups 
involving, e.g.,  Wendt and Pershing [Wendt et al. 1973; Pershing and Berkau 1974; 
Wendt et al. 1979; Kramlich et al. 1982; Wendt et al. 1987; Chen et al. 1988; Mereb and 
Wendt 1994]. Staged combustion, including staged air combustion and staged fuel 
combustion, can give a NOx reduction in the range of 50−80% [Kicherer et al. 1994; 
Salzmann and Nussbaumer 2001; Nussbaumer 2003; Zabetta et al. 2005; Houshfar et al. 
2010a; Houshfar et al. 2011a; Houshfar et al. 2011b; Houshfar et al. 2012a; Houshfar et 
al. 2012b; Houshfar et al. 2012c; Houshfar et al. 2012d].  

A principal diagram of staged air combustion is shown in Figure 3-2. The purpose of 
staged air combustion is to add primary air at a less than stoichiometric ratio, in order to 
devolatilize the volatile fraction of the fuel, resulting in a fuel gas consisting mainly of 
CO, H2, CxHy, H2O, CO2 and N2; and also small amounts of NH3, HCN and NOx from the 
fuel nitrogen content. If sufficient oxygen exists in the first stage, the fuel nitrogen 
intermediates will be converted to NOx (mainly NO) but shortage of oxygen will cause 
NO to act as an oxidant for CO, CH4, HCN and NHi (with i=0, 1, 2, 3) in the reduction 
zone, hence reduce the nitrogen in NO and NHi to molecular nitrogen, i.e. N2, in reactions 
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such as [Kilpinen and Hupa 1991; Kilpinen et al. 1992; Nussbaumer 2003; Skreiberg et al. 
2004b]: 

 NO + NH2 → N2 + H2O (3-12) 

 NO + CO → ½ N2 + CO2 (3-13) 

The effects of CO, CH4, and H2 on HCN and NH3 oxidation have been studied at 
600−1000 °C, showing that CO significantly promotes the NO and N2O formation 
through HCN oxidation [Wargadalam et al. 2000]. 

 

 

Figure 3-2: Sketch of the staged air combustion concept. 

NH3 and HCN form in the pyrolysis stage of combustion depending on the temperature 
and fuel type, where ammonia is believed to be the most important N-species in the 
combustion of biomass, while HCN is more important for high-rank coals [Hämäläinen et 
al. 1994; Hansson et al. 2004; Becidan et al. 2007a]. Ammonia that is formed in this stage 
is converted to NHi radicals. At fuel lean combustion, these radicals will be converted to 
NO, while at fuel rich conditions, N2 will be the main product [Nussbaumer 1996]. 
Thereafter sufficient air is added in the second stage to ensure a good burnout and low 
emission levels from incomplete combustion. 

The effect of excess air ratio, residence time and temperature has previously been studied 
for a single wood particle in batch combustion, showing dependency of the NO level with 
excess air ratio and temperature simultaneously [Skreiberg et al. 1997]. Also, previous 
work showed the effect of fuel type and co-combustion of biomass with natural gas on 
NO emissions when using two-stage combustion [Lin et al. 2009]. Fuel-N content and the 
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conversion rate of NOx precursors (NH3 and HCN) to NOx have been experimentally and 
numerically investigated for different solid biomass [Sørum et al. 2001; Johansson et al. 
2004; Dagaut et al. 2008; Stubenberger et al. 2008]. 

Skreiberg et al. [Skreiberg et al. 1997; Skreiberg et al. 2004a] showed that the primary 
excess air ratio, number of air stages, temperature, and residence time all affect the NOx 
reduction level. However, the most important variable is the primary excess air ratio. 
Generally, increasing the excess air ratio increases the NOx emission level. Yet an 
optimum primary excess air ratio exists. Increasing the number of air stages will decrease 
the potential fuel-N to NOx conversion, but the effect of additional air stages may be very 
small. Temperature can decrease, increase, or has no effect on the NOx emission level, 
depending on the temperature range applied to the reactor, and finally there is an 
optimum/sufficient residence time for optimum fuel-N conversion to N2. Large and 
modern grate fired boilers are generally operated with an appropriate excess air ratio, 
and consequently under favorable combustion conditions, which result in low levels of 
unburnt emissions [Johansson et al. 2004]. 

Fuel staging (and reburning) uses the principal of NO reduction in the second stage by 
adding more fuel or even a different fuel, e.g., more of the same solid fuel for fuel staging 
or hydrocarbons, such as natural gas, for reburning. In the first stage, NOx is formed 
because of lean combustion. In the second fuel stage, NO reduction occurs at reducing 
conditions, where air is added for complete combustion. Low NOx levels can be achieved 
by fuel staging at lower temperatures than what is needed for air staging and the 
secondary fuel properties affect the NOx emission level (better efficiency with smaller 
particle size and higher amount of volatile matter) [Kicherer et al. 1994; Salzmann and 
Nussbaumer 2001]. 

Combined staged (CS) technology [Zabetta et al. 2005] is a method of NOx reduction 
including reburning, staged air combustion (AS), staged fuel combustion (FS) and 
selective non-catalytic reduction (SNCR) [Wendt et al. 1973; Pershing and Berkau 1974; 
Chen et al. 1988]. Combined staged technology starts to reduce NOx emissions where the 
other methods are not sufficient. Studies showed that CS is more effective for NOx 
reduction, especially in the temperature range of 1000−1400 °C [Zabetta et al. 2005]. For 
temperatures below 850 °C, higher N2O, lower NOx and slightly higher CO emissions are 
reported for co-combustion of coal and woody biomass [Svoboda et al. 2003]. 

3.2.3 Flue gas recirculation 
Another technique of primary measures for NOx reduction in biomass combustion is flue 
gas recirculation (FGR) which basically increases the total mass flux of the gases and 
decreases the temperature and the partial pressure of oxygen in the mixture [Bauer et al. 
2010]. It is proposed that in fixed-bed combustion of straw, the effect of FGR on NO 
reduction could be considerable [Zhou et al.]. 
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The NOx reduction through FGR is achieved in three steps:  

1. the recirculated flue gas acts as an inert gas, containing mainly CO2, H2O, a low 
level of O2, and N2. When mixed with the combustion air, it lowers the 
temperature in the flame region and hence reduces the thermal NOx formation;  

2. by mixing the flue gas with the combustion air, the oxygen availability in the 
reaction zone is reduced, which consequently affects the NOx formation chemistry;  

3. by increasing the residence time as a result of recirculating NOx emissions to the 
reactor and let it go through the combustion zone for a second time.  

In a real FGR process, the high concentration of CO2 affect the formation of H/O/OH 
radicals, which are critical for NOx emissions [Normann et al. 2010]. In addition to the 
FGR effects on actual residence time and the radical formation mechanisms, higher CO2 
concentration in the inlet oxidant may result in enhanced char nitrogen conversion 
[Hosoda et al. 1998]. The primary source of NOx formation from oil and natural gas 
combustion is thermal NOx since these fuels have lower or no nitrogen content and higher 
combustion temperature. Biomass, on the other hand, contains considerable amounts of 
fuel nitrogen which promotes the formation of fuel NOx during combustion. It is, 
therefore, important to understand that, in general, FGR in biomass combustion systems 
may not be as effective as in technologies applying natural gas or oil burners. However, it 
has been proven that air staging and flue gas recirculation are effective NOx reduction 
methods for high N-content fuels [Anuar and Keener 1995]. 

Oxygen enrichment in the inlet air is studied mostly in coal combustion and co-
combustion systems [Luo et al. 2009; Nimmo et al. 2010; Kazanc et al. 2011]. Recent 
investigations have also been carried out for O2/CO2 as oxidant rather than using oxygen 
enriched air [Liu et al. 2011]. This study showed that in coal combustion, the fuel-N to 
NO conversion factor decreased with an increasing CO2 concentration in the presence of 
coal. They also stated that due to the interaction of fuel-N with recycled NO, the 
conversion ratio decreased with an increasing NO concentration in the recycled gas and 
the global conversion factor depends on the excess air ratio, findings which are consistent 
with the present investigation. Reburning of recirculated NO from the flue gas is also 
studied using propane in a burner to avoid fuel-N and heterogeneous effects [Kühnemuth 
et al. 2011]. Those experiments showed that the reduction by reburning is lower in oxy-
fuel (high O2 concentration in the inlet oxidant) compared to air combustion, and 
applying FGR in oxy-fuel combustion increased the total NO reduction. Combustion of 
different types of coal in an electrically heated combustor under a recycling ratio of 
0−0.4 showed a recycled-NO reduction of 60−80% at excess air ratio of <0.7 while the 
reduction was less at low recycling ratio [Hayashi et al. 2002; Hu et al. 2003]. Effects of 
CO2 concentration, recycled NOx, and interaction between fuel-N and recycled NOx on 
NOx emission are studied in coal combustion with recycled CO2 showing 50−80% 
reduction of recycled NO in the furnace [Okazaki and Ando 1997]. 
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Due to the higher nitrogen content of waste fuels, many studies have also been done in 
waste combustion plants. [Bianchini et al. 2009] performed a study in a fluidized bed 
reactor with 60% recirculation of hot flue gas. Their study included temperature effect 
and showed that NOx emissions can be reduced up to 30% in waste-to-energy plants 
using FGR. A NOx reduction of up to 20% was also achieved for a waste incineration 
plant using about 25% FGR ratio [Liuzzo et al. 2007]. Investigations on high temperature 
air combustion in incineration of solid waste also showed that NOx emission significantly 
decreased as a result of decreased oxygen concentration by FGR, with an overall range of 
NOx reduction of 28−38% [Suvarnakuta et al. 2010]. 

3.3 Ash related problems 

Although concerns for climate change and global warming are of great importance for the 
world, the economics of bioenergy plants pushes the energy producers to look for cheaper 
alternatives as feedstock. Therefore, use of herbaceous and agricultural biomass, energy 
crops, waste wood, municipal solid waste, etc. instead of wood has increased recently; 
since the price of virgin wood may be so high, making the energy production unfeasible, 
especially if the plant is located far from the biomass source which imply high 
transportation cost (taking into account the low energy density of biomass). However, 
cheap biomass fuels result in serious difficulties in the combustion system. Herbaceous 
biomass and wastes normally have higher ash content and higher amount of problematic 
elements compared to wood. Straw has lower carbon content and higher Cl and N 
content. Potassium, that is a low melting alkali is significantly higher in straw, which 
intensify problems such as fouling, agglomeration, slagging and corrosion [Nielsen et al. 
1999]. The combination of chlorine and potassium in a herbaceous fuel decrease the ash 
melting temperature considerably, making the combustion condition worse [Yin et al. 
2008]. The chlorine content in biomass is in the range of 0.01−0.9% and normally is 
highest in animal biomass and straw and decreases in the order: grass, herbaceous and 
agricultural biomass, residues and wood [Vassilev et al. 2010]. Sewage sludge and MSW 
have high amounts of ash, up to 50 wt%, which causes problems for ash collecting. In 
addition, existence of large amounts of heavy metals in the ash composition makes ash 
problematic due to sustainability (ash utilization and recycling) and particulate 
emissions. Figure 3-3 shows the flow of main ash elements in a combustor. Heavy metals 
are toxic and accumulate in the food chain. Ash treatment and fractional heavy metal 
separation is used to regulate the amount of these elements in the ash composition while 
dust precipitation and treatment of condensates can reduce the particulates [Van Gerven 
et al. 2007]. 

Formation of hydrogen chloride (HCl), Cl2 or alkali chlorides (KCl and NaCl) in the 
combustion process [Nielsen et al. 2000] is unavoidable from any biomass having Cl in 
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the composition. During the combustion of straw, almost 80% of the total Cl released is 
retained in the ash, while in the case of wood combustion it is lower. Alkali metals and Si 
contents of the biomass can react with Cl, therefore the higher amount of those elements, 
the higher the integration of Cl in the ash. Hence, straw combustion will lead to higher 
levels of HCl and salts, i.e. alkali chlorides.  

 
Figure 3-3: Flow of selected elements through an MSW combustor.  

Red columns represent gaseous emissions including fly ash 
material, and blue columns represent share of elements in bottom 
ash. Adapted from [Brunner and Mönch 1986]. 

 

The most important issue of Cl is the corrosive behavior of HCl, NaCl and KCl on the 
metal parts of the boiler and furnace. However, environmental effects of HCl emission 
and chlorine containing particulates (alkali chlorides: KCl, NaCl and Zn-Pb chlorides: 
ZnCl2, PbCl2) should be taken into account as well as the effect of HCl on the formation 
of polychlorinated dibenzo-p-dioxins (PCCDs) and polychlorinated dibenzofurans 
(PCDFs) which are toxic environmental pollutants [Riedl et al. 1999]. The importance of 
Zn and Pb is because of their effect in the promotion of corrosion by Cl components. Zn 
and Pb chlorides increase the formation of low-temperature eutectics and, therefore, 
speed up corrosive reactions [Becidan et al. 2010]. In the boiler section of the biomass 
combustion plants, especially in the heating tubes, the corrosion problem is more due to 
the subsequent cooling of the flue gas; a large part of the Cl condenses at lower 
temperatures as alkali chloride salts on the heat exchanger surfaces or on fly ash particles 
in the flue gas [Davidsson et al. 2008]. Particulate matters, PM emissions, are affected by 

0

25

50

75

100

Carbon Sulfur Chlorine Zinc Cadmium Mercury

2

34

13

51

12
4

98

66

87

49

88
96

%
 o

f 
to

ta
l

Bottom ash Gaseous emissions +  fly ash



Ash related problems 37 

 

 

a series of elements in the fuel. PM contain normally alkali salts like potassium chloride 
and potassium sulfates; thus the initial fuel composition, especially the percentage of 
potassium, chloride and sulfur is really important for creation of dust emissions. 

The mechanism for the corrosion process of Cl containing species can be explained by 
different reaction chains. The alkali chlorides condense on the surfaces and react with the 
sulfur dioxide of the flue gas to form alkali sulfates and gaseous chlorine according to the 
following sulfation reactions [Nielsen et al. 2000]. 

 2 NaCl + SO2 + O2 → Na2SO4 + Cl2 (g) (3-14)

 2 KCl + SO2 → K2SO4 + Cl2 (g) (3-15) 

On the iron surface, Cl2 can diffuse to the interface to react with Fe and form ferrous 
chloride. For the stability of FeCl2, the oxygen partial pressure should be close to zero. 
However, FeCl2 has a high steam pressure, and therefore, will partly evaporate in the flue 
gas direction due to the higher oxygen partial pressure. The ferrous chloride will react 
with oxygen and form iron oxides according to oxidation reactions such as (3 FeCl2 + 
2O2 = Fe3O4 + 3Cl2). The formed Cl2 can again react with the iron surface to intensify 
the corrosion cycle [Riedl et al. 1999]. A simple schematic illustration of the mechanism 
is shown in Figure 3-4. 

 

 

Figure 3-4: Corrosion mechanism by alkali chlorides and HCl. 
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materials are different methods to reduce the effect of corrosion from Cl. To regulate the 
environmental effect of HCl, sorption (dry or in activated carbon) and scrubbers (using 
limestone) can also be applied [Obernberger et al. 2006].  

In addition, a simple primary measure is to change the elemental composition of biomass 
by mixing different kinds of biomass together to make it unproblematic [Salour et al. 
1993; Steenari and Lindqvist 1999; Pettersson et al. 2008] or co-firing of risky biomass 
with the non-problematic fuels [Spliethoff et al. 2000; Lundholm et al. 2005; Davidsson et 
al. 2007a; Aho et al. 2010; Munir et al. 2010]. Blending can also result in a reduction to 
the price [Obernberger 1998]. Fuel mixing is normally used for the capture of alkalis in 
the bottom ash. The other approach is to capture the alkali chlorides in the combustion 
reactor using additives. Capturing of alkali metals with additives to form species with 
high melting points will decrease the risk of agglomeration and deposition, hence reduce 
corrosion problems. Different ash elements are able to capture alkalis. A series of 
additives has been suggested and studied by researchers, mainly including Al and Si in 
the structure. Bauxite, kaolinite, calcite, emathlite, dolomite, diatomaceous earth, fly ash 
from coal, kaolin, limestone and calcium oxide are some well-known additives to capture 
alkalis in biomass combustion reactors, and kaolin is proposed to be the best absorbent 
to capture potassium [Davidsson et al. 2007b; Bartels et al. 2008; Vamvuka et al. 2008; 
Boström et al. 2009]. Kaolin (Al2O3·2SiO2·H2O) reacts with the potassium in the 
deposits and forms silicate minerals like potash mica or potassium aluminum silicates 
which all have high melting point. However, it should be noted that reactions between 
alkali chlorides and additives like aluminum silicates may result in the release of HCl 
from solid material in the bed and freeboard [Coda et al. 2001]. The reaction mechanism 
is according the following reactions: 

 Al2O3·2SiO2·2H2O(s) → Al2O3·2SiO2(s) + 2H2O(g) (3-16) 

 Al2O3·2SiO2(s) + 2MCl + H2O(g) → M2O·Al2O3·2SiO2(s)  + 2HCl(g) (3-17) 

Addition of S to the combustion process has a positive effect on capturing alkali 
chlorides, and therefore, to decrease corrosion effects. In fact, sulfur as an additive to the 
furnace shifts alkalis from chlorides to sulfates. The reaction between SO2 and alkali 
chlorides is too slow while the sulfation reaction of alkali chlorides with SO3 is fast 
enough in the gas phase, and produces alkali sulfates and HCl. Anyhow HCl is less 
corrosive and is not sticky. Therefore, it can be removed from the flue gas by secondary 
measures in the gas cleaning step using equipment like scrubbers. The formation rate of 
SO3 in the oxidation reaction of SO2 and decomposition of aluminum sulfate is the 
limiting parameter for the sulfation reactions [Davidsson et al. 2008; Kassman et al. 
2010]. 

Phosphorus can also be a helpful agent by capturing potassium in ash and formation of 
phosphates. During straw combustion, potassium has been found to be taken up by mono 
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calcium phosphate. High concentration of phosphorus in biomass fuels such as sewage 
sludge, in turn, promotes the formation of phosphates and prevents formation of 
corrosive deposit [Elled et al. 2010]. However, a high amount of P in the biomass 
composition will interfere with the sulfur capture, if the aim is to decrease the amount of 
SOx emissions in the combustion process [Elled et al. 2006]. 

Several chemical elements are known to prevent Cl from reaching and depositing on heat-
exchange surfaces. The main known beneficial elements include Al and Si (mainly as 
aluminosilicates) and S (mainly as sulfates). The main modes of action of aluminosilicates 
and sulfur are presented in reactions (3-18) and (3-19) where M represents Na or K [Aho 
et al. 2010; Elled et al. 2010]. 

 Al2O3·x SiO2(s) + 2 MCl(g) + H2O(g) → M2O·Al2O3·x SiO2(s) +        
2 HCl(g) (chemisorption) 

(3-18) 

 SO3(g) + 2 MCl(g) + H2O(g) → 2 HCl(g) + M2SO4(s) (sulfation) (3-19) 

Reaction (3-19) requires the formation of SO3, the key component of fast sulfation. SO3 
can originate from the oxidation of sulfur or the decomposition of sulfates, with the latter 
being more effective. 

A third (physical and not chemical) route is also possible, where alkali and/or Cl are 
bound to the additive ash by van der Waals forces (i.e., absorption). 

Furthermore, compounds such as Al, Si, Ca, P, Fe, and more generally “reactive” (i.e., 
available for reactions) ash compounds [Pommer et al. 2009] are expected to affect alkali 
chemistries, but the mechanisms involved, either physical or chemical, are not clear 
[Pettersson 2008]. The overall picture of corrosion reduction in real systems is therefore 
complex to describe in detail. 

The corrosion reduction processes are either sequestrating alkali or alkali chlorides or 
forming alkali sulfates. Cl is either physically (by capture) or chemically (by forming 
HCl) prevented from depositing (by condensation as vapor or impaction as part of 
particles/aerosols). 

The aforementioned elements may be introduced in the combustion system using 
dedicated additives, but an innovative solution is co-combustion of biomasses with high 
corrosion propensities with additional biomass fuels containing high concentrations of 
aluminosilicates and/or sulfur and/or other ash compounds. This will often be cheaper 
and allows for safe and sound disposal of the secondary fuels. Such materials include 
peat, sludge (sewage, pulp, digested, raw, etc.), and coal ash. 

Different indicators have been used in the literature to quantify corrosion and deposition 
potential in biomass fired systems. For example having a high S/Cl ratio, results in 
sulfates domination and low amount of KCl in deposits. When the S/Cl ratio is low, KCl 
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dominates. An S/Cl ratio of about 4−6 may decrease the mass flow of Cl in the fine fly 
ash to about one fourth of the original value, and strongly decrease Cl deposition and 
risk of corrosion, whereas values lower than 2 are considered as high corrosion risk [Aho 
et al. 2010; Kassman et al. 2010]. The excess of sulfur compared to alkalis is illustrated 
by the ratio 2S/(K+Na), where the higher values are proposed to give lower corrosion 
due to alkali sulfation. The importance of the (Al+Si)/(K+Na) ratio is connected to the 
reactions of alkali with aluminum silicates; e.g. addition of sewage sludge increases this 
ratio [Åmand et al. 2006; Davidsson et al. 2007a]. Chloride–sulfate molar ratio 
(Cl+2S)/(K+Na), 2S/(2Ca+K+Na), Cl/(K+Na), (Al+Si)/Cl and 2Ca/(2S+Cl) are also 
among the commonly used deposition indices [Yin et al. 2008]. At high (Cl+2S)/(K+Na) 
ratio, higher amount of gaseous HCl and SO2 emissions will be produced, thereby the 
chlorine content will go towards HCl production instead of alkali chloride species [Tissari 
et al. 2008]. The minimum suggested value for the (Al+Si)/Cl molar ratio is 8−10 to 
avoid chlorine in deposits where Al2(SiO3)3 formation becomes more important than 
sulfation for the reduction of Cl concentration in deposits and fouling rate [Aho and 
Silvennoinen 2004]. 

Straw is an agricultural byproduct from grains and oilseed crops. Straw is a high 
chlorine-, high potassium-, and high silica-containing biomass. The composition of straw 
makes it a fuel with both high corrosion and high deposition propensities. Extensive 
experience from Denmark confirms these challenges, but it does not prevent this country 
from combusting more than 1 million tons of straw annually in large straw-fired boilers 
and also farm plants, to produce about 5 TWh bioenergy [FVM 2008]. In the meantime, 
straw is almost completely unused for energy purposes in Norway and is often considered 
a waste. The annual potential for bioenergy from straw in Norway has been evaluated to 
2.5 TWh [KanEnergi 2007]. Despite its challenges, straw is of interest because it is 
readily available and cheap because it is considered a largely useless residue today. 

Sludge is a semi-solid mixture of particles and water left from industrial wastewater (in 
the pulp and paper industry, for example) or sewage treatment. About 100,000 tons of 
sewage sludge (total solids) recovered from treatment plants were reported as “disposed 
of” in 2008 in Norway [Berge and Mellem 2009; Climate and Pollution Agency 2011]. 
While more than 80% are used for soil improvement, it is unclear how much (if any) is 
used to produce energy in thermal systems today. Even though biogas collection from the 
anaerobic fermentation of sewage sludge and its further use for energy production (CHP) 
is currently happening, no sewage sludge was combusted in Norway as of 2005 because of 
high costs and because the authorities have been restrictive in authorizing sewage sludge 
combustion because it is considered to be a valuable fertilizing agent (especially 
concerning the recycling of phosphorus) [Nedland 2005]. However, the current fate of the 
remaining 20% (given as unknown, other, landfilling, or cover material in landfill sites) 
may be considered less sound than combustion with energy recovery, especially when 
sewage sludge is considered a valuable corrosion-fighting additive. 
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Peat is an accumulation of partially decayed vegetal matter rich in humus and carbon 
[Uhlig and Fjelldal 2005; Teknisk Ukeblad 2011]. Its formation rate is slow, but it may 
still be exploited in a sustainable manner. Peat briquettes and pellets can be combusted 
in wood-burning stoves. The total Norwegian resources are evaluated to 5000 million 
cubic meters of raw peat [Uhlig and Fjelldal 2005; Teknisk Ukeblad 2011], equivalent to 
700 million tons of crude oil or 300 million tons of coal. This corresponds to a total 
energetic value of 8000 TWh (for comparison, the net domestic end-use of energy in 
Norway in 2005 was 225 TWh, with half of it being electricity). Its annual growth (in 
Norway) is evaluated to an energy potential of 4–8 TWh. Contrary to countries such as 
Finland, these peat resources are almost completely unexploited today and, hence, offer a 
large energetic reservoir. 

Peat, sludge, and straw are used in the present study in mixture form to investigate 
alkali release and the effect of blending with regard to the alkali content. This is reported 
in Paper VIII and Paper IX. The sewage sludge addition was very effective at reducing 
the alkali chlorides. The grot addition was deemed to have an insignificant effect on 
reducing the alkali chloride concentration in the flue gas. Peat was found to contribute to 
a reduced corrosion environment only when highly supplemented to straw. 
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Chapter 4        
                
Experimental Approach 

This chapter describes how the experiments were carried out. The measurement and 
sampling devices are introduced. 

Experimental procedure, the composition of fuels (ultimate and proximate analyses), and 
the relevant standards for characterization are explained thereafter. 

4.1 Multifuel reactor setup 

Multifuel reactors are flexible reactors for fuel testing. They are designed to be as flexible 
as possible with respect both to fuels and reaction conditions. The features of the reactor 
used in this study are as follows, and will be explained further: 

Gas type and amount selection 
Gas mixing 
Gas preheating to desired temperature (up to 1300 °C) 
Preheated secondary (tertiary) gas addition 
Combustion, gasification or pyrolysis  
4 temperature zones in the reactor 
Computer regulated temperature programs both in the reactors and preheaters  
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Continuous fuel feed 
Continuous ash removal from the grate 
Bottom ash sampling 
Fly ash sampling 
Flue gas analysis: GC, FTIR, conventional analyzers 
Data logging: temperatures, gas flows, flue gas composition 
Inspection hole 

The reactor is shown in Figure 4-1. It is installed vertically and has a total height of 2 m. 
The inner diameter is 100 mm. The reactor is made of ceramic material (alumina based) 
and has two reactor tube sections, each 1 m high. 

 

Figure 4-1: Schematic drawing of the multifuel reactor (the sizes are given in mm).
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A rotating grate, with two grate levels, is placed 0.4 m from the bottom of the reactor, 
which means that the combustion zone is 1.6 m high. The two grate levels are 10 cm 
apart and there are rotating blades on each level that moves the unburnt fuel particles 
on the grates and from the upper grate to the second grate and from the second grate to 
the ash bin, through a slot in the grates. The rotational speed of the blades is about 3 
min per revolution. This means that the residence time of each pellet on the grates is up 
to about 6 minutes, totally. This ensures complete burnout of the particles/char at the 
lower grate and that the ashes can be collected in the bottom of the reactor, i.e. in the 
ash bin. The grates and the ash bin are shown in Figure 4-2. 

 

Figure 4-2: The design of two grates and ash bin. 

A view glass is located just above of the upper grate to be able to see the combustion 
zone from the outside. The residence time of the fuel in the reactor is high and the gas in 
the reactor has very low flow velocity (0.04−0.07 m/s). The secondary combustion zone 
ensures a residence time of several seconds, and is therefore in fact comparable to 
conventional combustion systems. According to the given reactor dimensions and 
velocity, the residence time for the primary zone (90 cm) is 13−23 sec and for the 
secondary zone (70 cm) 10−18 s, giving a total residence time of 23−41 sec. The outer 
surface of the reactor is insulated, and the reactor heating system has an effect of 16 kW, 
composed of four identical electric heaters with a height of 0.5 m. 
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Figure 4-3: The multifuel reactor.

The reactor can be heated up to 1300 °C, and the fuel feeding rate can be up to 500 g/h. 
A pneumatic-vibration based feeding system is installed to ensure automatic fuel feeding 
at a set rate. Pellets are fed by a water-cooled moving piston into the reactor and 
immediately fall down on the upper grate. Air can be fed to the reactor in three stages 
(below the lower grate, above the upper grate (two inlets) and at one level higher up 
(two inlets)), up to 120 Nl/min, totally. Five preheaters are installed, one for each air 
inlet stream, to heat the feeding air to the reactor temperature before entering the 
reactor. The air flow rate is controlled by mass flow controllers via a PC. 

4.2 Sampling and measurements 

As shown in Figure 4-4, gas is extracted in four places to carry out analysis and further 
measurements. The flue gas composition is measured by means of three gas analyzers. In 
case of staged air combustion, a gas chromatograph (GC) is used to measure the gases in 
the primary section. The GC is sampling between the first and the second combustion 
stage and is a Varian CP-4900 Micro-GC. Sampling for the GC is made through an 8 
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mm diameter stainless steel probe and the gas is passed through an ice bath to ensure 
removal of water, particles and tars, in addition to reducing the temperature to an 
acceptable level for the GC. The sampling condition is non-condensing gas of 0−40 °C 
and the maximum sample pressure is 200 kPa. The GC is equipped with two dual-
channel micro-machined thermal conductivity detectors (TCD), with a detection limit of 
1 ppm for WCOT (wall-coated open-tubular) columns. The WCOT column is a column 
in which the liquid stationary phase is coated on the essentially unmodified smooth inner 
wall of the tube. The sample flow rate is 1 l/min and the sampling time interval is 2 
minutes. Argon and helium are used in two columns, 10 m and 20 m long, respectively. 
The first column measures CH4, CO2, C2H2+C2H4 and C2H6 while the second column 
measures H2, O2, N2, CH4 and CO. 

Figure 4-4: Schematic diagram of the sampling line. 

A Horiba multi-species gas analyzer PG-250 is sampling from the top of the reactor. It is 
capable of measuring five components; NOx, SO2, CO, CO2 and O2, with the same 
methods used by permanent CEMS (continuous emissions monitoring system). These 
include pneumatic NDIR (non-dispersive infrared) for CO and SO2; pyrosensor NDIR for 
CO2; chemiluminescence (cross-flow modulation) for NOx; and a galvanic cell for O2 
measurements. A vacuum pump is used to extract the sample gas at a flow rate of 0.4 
l/min from the top of the reactor and passes it through a silica gel box and a filter to 
remove moisture and particles. The response time (T90) of the analyzer is less than 45 sec 
for NOx, CO, O2 and CO2 and less than 240 sec for SO2. The Horiba analyzer is equipped 
with a drain separator unit (DS-200) and an electronic cooler unit. 

Two FTIR analyzers (Fourier Transform Infrared spectroscopy) are also used to measure 
the gas composition in the exhaust gas. They do sampling at the same point, which 
allows for comparing different measurements for these species: H2O, CO2, CO, NO, N2O, 
NO2, SO2, NH3, HCl, HF, CH4, C2H6 and C3H8. The Gasmet DX-4000 FTIR analyzer 
incorporates a spectrometer, a temperature controlled sample cell and signal processing 
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electronics. The sample cell is heated up to 180 °C which ensures that the sample stays 
in gaseous phase even with high concentrations of condensable hydrocarbons. The 
measurement time is typically 60 sec and the spectrometer resolution is 4 cm-1 at a scan 
frequency of 10 scans/s. The sample cell has a multi-pass fixed path length of 5 m and a 
volume of 0.4 l. To measure O2, an optional oxygen sensor, based on a ZrO2 cell, is 
attached to the analyzer. In total it can measure C2H4, C6H14, CHOH, HCN and O2 in 
addition to the abovementioned 13 gases.  

A Bomem MB 9100 FTIR analyzer is also used, to measure common mutual species and 
C4H10. The measurement time is typically 80 sec. A large cell, operating at 176 °C and 
equipped with a 1 cm-1 spectral resolution detector, was handling the analyses. Generally 
FTIR measurements of NO may introduce significant uncertainties. However, the NOx 
emissions reported in the results part are based on the Horiba analyzer, which is using 
chemiluminescence technique. The N2O measurements were made by the FTIR analyzers, 
and the reported values were measured by the Gasmet FTIR. The Bomem FTIR showed 
N2O values close to the values measured by the Gasmet FTIR. 

The temperatures at different levels in the reactor are measured by means of 
thermocouples and are monitored continuously to control and protect the furnace 
operation. These thermocouples are used to set and control the temperatures of the air 
preheaters and the reactor wall heaters during heat-up and during experiments. 

Bottom ash collected in the ash bin, is removed manually after each test. Unburned 
carbon in the bottom ash was measured after each experiment by weighting the ash 
before and after exposing it to a temperature of 550 °C for a period of 20 hours. The 
chemical composition of the bottom ash was determined by the ICP-AES and ICP-SFMS 
methods. The particle sizes and size distribution of the flue gas samples were measured 
by a 12 stage electrical low-pressure impactor (ELPI) in the range of 0.03-10 µm and 
were collected on aluminum plates. The plates were covered by a thin layer of Vaseline 
to provide a sticky surface. The chemical analyses of the samples were made by energy-
dispersive X-ray analysis connected to a scanning electron microscope, SEM/EDX. The 
total mass of the particles on each plate was around 10-100 µg and the detected elements 
by the analysis were C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe, Zn and Pb. However, the 
signals for several of the measured elements were interfacing with the matrix, as 
discussed in [Backman et al. 2011], therefore, the results of C, O and Al are excluded. 

4.2.1 Data treatment 
Since the fuels were fed as pellets of different sizes and the position of the pellets on the 
grate after feeding varied, natural variations in primary and secondary excess air ratios 
are achieved. Consequently, the mentioned situation makes it possible to experimentally 
derive the effect of primary excess air ratio on the NOx reduction potential by staged air 
combustion. It should be noted that data treatment has been carried out in a cautious 
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manner to avoid non-reliable data. Significant transient effects are effectively eliminated 
by a filtering procedure while treating the experimental data. 

All experiments were checked with respect to carbon and hydrogen balance using both 
the Horiba analyzer and the Gasmet FTIR. Data points which: 

1. did not satisfy a maximum deviation between the calculated and measured levels of 
CO2 and  

2. were clearly influenced by fast transient conditions  

were removed from the results. This is because these data points were not reliable or not 
representative respectively for a close to continuous and constant combustion process. 

The data treatment for the FTIR to measure the nitrogen intermediate species present as 
minor compounds in a gas stream containing a wide variety of compounds, were checked 
manually. The sample line for this FTIR was cooled down in order to remove all 
compounds that could potentially harm the instrument due to condensation. For that 
reason all of the tars and most of the water were removed. NH3 was checked in the 
spectral range 1180−1100 cm-1 and at a distinctive peak that should be located at 1626 
cm-1. Two different methods were developed for the prediction of NO: the measurement 
of the height of an undisturbed peak at the wave length 1875.6 cm-1 and the use of a PLS 
(Partial Least Square) model in the region of 1916−1895 cm-1. The PLS model was 
compensated for interferences from CH4, C2H4 and H2O. Both methods were developed 
using NO levels generated by mixing a calibration gas containing NO (in N2) with N2 
purity of 5.0. NO was calibrated for the range 0–350 ppm. Both methods yielded a NO 
concentration that was within a window of 5 % compared to each other. For the 
calculations used in this work, the data from the PLS model was used. The challenging 
work was however to develop a method for HCN. HCN in the FTIR spectrum is present 
in the narrow wavelength range of 3400−3200 cm-1. This range also absorbs C2H2 and 
H2O and no single peak can be used for the prediction of HCN. A PLS model was 
developed for HCN prediction in the range 3382−3350 cm-1 which also included the 
compensation of the above mentioned compounds. HCN was calibrated by using spectra 
with concentrations of 0−350 ppm. The quality of the model was checked by measuring 
the height of a single peak after the spectra was subtracted manually for the interference 
caused by C2H2 and H2O. In order to do so, the prediction of the interfering compounds 
was performed prior to HCN. The subtraction was made using a function in the software 
that was provided with the FTIR. This process is time consuming and was only 
performed on selected spectra to make sure that the PLS model was performing 
satisfactorily. The difference between the two methods was similar in magnitude to the 
NO prediction. 
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4.3 Fuels 

The biomasses that have been used for this work are selected from a wide range of 
different categories: demolition wood, straw, sewage sludge, peat, tops and branches, and 
wood pellets. The received biomass is pelletized with a pellet machine to get a similar 
shape and composition for all the experimental runs. Figure 4-5 shows the final pellets 
from some of the fuels and sewage sludge in its original shape. To ensure a homogeneous 
distribution, a large volume of fuel samples was shredded to sawdust size, followed by 
thorough mixing. Pellets were then made from these fine pieces. Hence, variation in the 
N-content is not regarded as a challenge in these experiments.  

The type of biomass, the origin of it and the pre-treatment technology applied to it, are 
important parameters influencing the ultimate and proximate analysis of the biomass. 
For example drying can reduce the moisture content from 65% in virgin wood down to 
below 10% in wood pellets. 

As mentioned earlier, fuel mixing can be used to regulate some fuel properties: chemically 
and physically. Blending biomass fuels with different physical/elemental properties can 
optimize heating value, moisture content, ash content/composition and the amount of 
volatile matters. Increasing moisture content, decreases heating value, ignition range and 
combustion temperature, and increases flue gas yields while higher volatile content 
results in an increased combustion rate and the combustion process needs to be 
controlled accordingly. To avoid agglomeration, formation of low-melting alkali silicate 
phases should be avoided. A high agglomeration temperature can be reached by reaction 
of alkali with S to form alkali sulfates, instead. In addition, higher content of Al, Si and 
Ca in the fuel and adding silicate minerals to the process is leading to products with high 
melting point.  
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Demolition wood Straw ½ +  Peat ½

  
Sewage sludge WP 1/ 3 +  CW 2/ 3

Figure 4-5: Some samples of the fuels and mixtures. 

The proximate analyses of the present fuels are shown in Table 4-1 where the moisture 
content is measured during each experimental run. Moisture, VM and ash content are 
measured using ASTM E871 (50 g, 103±2 °C, 24 hr), ASTM E872 (1 g, 950 °C, 7 min) 
and ASTM D1102 (2 g, 580−600 °C, 4 hr) standards, respectively and the fixed carbon is 
calculated by difference to 100%. Three samples are analyzed from different parts of the 
pellets to get repeatable analyses, showing that the fuel was homogenous. Volatile 
matters for wood chips, bark and straw are normally in the range of 76−86, 70−77 and 
70−81 wt%, respectively [Berndes et al. 2008], while for the DW it was 75.97%, as shown 
in Table 4-1.  
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Table 4-1: Proximate analysis of fuel pellets (wt%). 

Pellets Ash 
Volatile 
matter 

Fixed 
carbon 

Moisture 
HHV 

(MJ/kg) 
Wood No.1 (WP§) 0.2 85.43 14.37 6.5 20.63 
Demolition wood No.1 (DW§) 3.73 77.27 19 8.1 20.54 
Coffee waste (CW) 5.8 76.17 18.07 17.53 22.2 
            
½ WP§ + ½ DW§ 1.97 81.35 16.69 6.78 20.62 
½ WP§ + ½ CW 3 80.8 16.22 8.76 21.36 
½ DW§ + ½ CW 4.77 76.72 18.54 12.72 21.24 
2/3 WP§ + 1/3 CW 2.07 82.34 15.6 11.35 21.08 
1/3 WP§ + 2/3 CW 3.93 79.26 16.84 8.02 21.55 
1/3 WP§ + 1/3 DW§ + 1/3 CW 3.24 79.62 17.15 24.53 21.04 
            
Demolition Wood No.2 (DW‡) 2.49 75.97 21.54 9.7−15 19.79 
            
Wood No.2 (WP‡) 0.2 85.3 14.5 6.5 20.7 
Branches and Tops (GG) 2.3 77 20.7 9.6 21.8 
Straw 4.9 78.7 16.4 11.7 19.9 
Sewage Sludge (SS) 35.6 56 8.5   21.1 
Peat 10.3 65.4 24.3   22.9 
            
WP‡ + GG 5% 0.4 84.6 15 14.4 20.8 
WP‡ + GG 20% 0.6 83 16.5 14.4 20.9 
WP‡ + GG 50% 1.3 80.7 18 11.8 21.2 
Straw + GG 20% 4.4 77.9 17.7 13.8 20.4 
Straw + GG 50% 3.6 77.5 18.9 11.8 20.9 
Straw + SS 5% 6.3 77.6 16.1 12.8 20 
Straw + SS 10% 7.9 76.6 15.5 15.4 20 
Straw + SS 20% 11.8 73.6 14.6 9.4 20 
Straw + Peat 5% 5.2 77.6 17.1 11.2 20 
Straw + Peat 20% 5.9 77.1 17.1 14.4 20.3 
Straw + Peat 50% 7.4 73.1 19.5 17.1 21.1 

 

Table 4-2 shows the ultimate analysis (dry ash free) of the fuels and mixtures. All the 
samples have been dried in a vacuum exsiccator over phosphorus pentoxide prior to 
analysis. The determination of C/H/N/S is performed using an "EA 1108 CHNS-O" 
elemental analyzer. The method is adjusted for sample amounts of 2 to 10 mg and 
performs with an uncertainty within 0.3 wt% as required for confirmation of assumed 
chemical composition. The operation range covers the content from 100 to 0.1 wt%; 
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sulfur determination is in the concentration range of 1.0 down to at 0.01 wt% and the 
uncertainty is estimated to be 0.02 wt% for C/N/S/Cl. The nitrogen content, which is 
the most important element in this study, is in the range of 0.11−7.02%. The common 
nitrogen range for fuels such as wood, straw, peat, sewage sludge and coal is 0.03−1, 
0.3−1.5, 0.5−2.5, 2.5−6.5 and 0.5−2.5 wt%, respectively [Glarborg et al. 2003]. 

Table 4-2: Ultimate analysis of fuel pellets (wt% dry ash free basis). 

Pellets C H O N S Cl 

Wood No.1 (WP§) 51.22 6.07 42.54 0.14 0.03 0.02 
Demolition wood No.1 (DW§) 50.59 6.09 41.65 1.59 0.075 0.113 
Coffee waste (CW) 52.9 6.47 37.64 2.8 0.187 0.038 
              
½ WP§ + ½ DW§ 50.91 6.08 42.11 0.85 0.052 0.065 
½ WP§ + ½ CW 51.98 6.25 40.33 1.34 0.101 0.028 
½ DW§ + ½ CW 52.01 6.06 39.21 2.58 0.137 0.085 
2/3 WP§ + 1/3 CW 51.93 6.06 40.8 1.14 0.08 0.027 
1/3 WP§ + 2/3 CW 52.79 6.04 38.68 2.35 0.141 0.036 
1/3 WP§ + 1/3 DW§ + 1/3 
CW 51.72 6.07 40.45 1.67 0.097 0.061 

              
Demolition Wood No.2 (DW‡) 48.45 6.37 44.11 1.06 0.02 0.05 
              
Wood No.2 (WP‡) 51.4 6.1 42.4 0.11 0.05 0.02 
Branches and Tops (GG) 53.4 6.2 39.9 0.43 0.12 0.04 
Straw 49.5 6.1 43.6 0.5 0.21 0.1 
Sewage Sludge (SS) 48.9 7.4 34.6 7.02 2.07 0.1 
Peat 56 6.1 35 2.6 0.34 0.02 
              
WP‡ + GG 5% 51.5 6.1 42.3 0.12 0.06 0.02 
WP‡ + GG 20% 51.7 6.1 41.9 0.17 0.07 0.02 
WP‡ + GG 50% 52.3 6.1 41.2 0.27 0.09 0.03 
Straw + GG 20% 50.3 6.2 42.8 0.48 0.2 0.09 
Straw + GG 50% 51.5 6.2 41.7 0.46 0.17 0.07 
Straw + SS 5% 49.5 6.2 43.3 0.72 0.28 0.1 
Straw + SS 10% 49.5 6.2 43 0.94 0.34 0.1 
Straw + SS 20% 49.4 6.3 42.3 1.42 0.47 0.1 
Straw + Peat 5% 49.8 6.1 43.3 0.58 0.22 0.1 
Straw + Peat 20% 50.5 6.1 42.3 0.82 0.23 0.09 
Straw + Peat 50% 52.2 6.1 40 1.39 0.27 0.06 



54 Experimental Approach 

 

 

Table 4-3 shows the composition of the main ash constituents for the different straw 
mixtures with other problematic fuels. 

Table 4-3: Main Elements in Ash (wt%, db; Zn and Pb are in mg/kg (db)). 

  Si Al Ca Fe K Mg Mn Na P Ti Zn Pb 

Straw + GG 20% 1.06 0.01 0.39 0.01 0.7 0.07 0.01 0.02 0.08  - 18.6 0.49 
Straw + GG 50% 0.73 0.01 0.47 0.01 0.55 0.07 0.03 0.02 0.06  - 41.3 0.73 
GG 0.24 0.02 0.65 0.02 0.28 0.05 0.07 0.03 0.05  - 77.3 0.94 
Straw + SS 10% 1.59 0.15 0.64 0.59 0.76 0.12 0.01 0.03 0.44 0.01 85.7 2.45 
Straw + SS 20% 1.82 0.32 0.96 1.24 0.71 0.17 0.01 0.05 0.85 0.03 171 4.52 
Straw + Peat 20% 1.5 0.1 0.52 0.1 0.75 0.09 0.01 0.02 0.1  - 6.7 0.59 
Straw + Peat 50% 1.94 0.38 0.69 0.29 0.52 0.09 0.01 0.07 0.08 0.01 9.14 1.8 

4.4 Experimental procedure 

Experiments are performed for non-staged and staged air combustion. All the 
experiments are performed at a constant temperature of 850 °C, except for the case with 
varying temperature where four different temperatures are selected; 850, 900, 950 and 
1000 °C. During each experiment, the temperature is kept constant for the reactor, and 
primary air and secondary air are kept at the mentioned values. All the sampling devices 
are calibrated each day, before starting the experiments. Also Gasmet FTIR calibration 
was performed daily by means of background spectra. 

Pellets with a diameter of 6 mm and a length of 10−15 mm are fed by the automatic 
feeding system. The fuel feeding rate is set to 400 g/hr. To have a precise composition of 
the fuel, during each run, three different samples at three different times are taken from 
the fuel feeding system to analyze the moisture content. 

The total excess air ratio for non-staged combustion is set to 1.6; however, the variation 
in the fuel feeding rate allows capturing a total excess air ratio range of 1.2−3, making it 
possible to see emission trends as a function of total excess air ratio. Each experiment has 
been carried out for at least two hours at stable operating conditions. 

For the staged air combustion experiments, the total excess air ratio is also set to 1.6, 
while the primary excess air ratio is set to 0.8, which means that 50% of the total air is 
fed at each stage. The air flow has been held constant during the experiments. However, 
the variations in the fuel feeding rate cause natural variations in primary and secondary 
excess air ratios, since the fuel was fed as pellets and, depending on the length of the 
pellets and the position of the pellets on the grate after feeding, natural variations in the 
excess air ratio occurred. Therefore, the mentioned situation makes it possible to 
experimentally derive the effect of variations in the primary excess air ratio on the NOx 
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reduction potential by staged air combustion. Data treatment has been carried out in a 
cautious manner to avoid non-reliable data. Significant transient effects are effectively 
eliminated by a filtering procedure while treating the experimental data. This filtering 
procedure requires that the change in the excess air ratio per second is less than 0.01; 
otherwise, the complete measured dataset at the current time is omitted in the final 
results. 

For studying the effect of fuels and their blends on emissions, particulates, ash related 
problems and corrosion some risky biomass and a series of their mixtures are studied. 
Thermodynamic calculations are used to optimize the fuel mixtures based on the four 
main inorganic elements: Al, Si, Ca and S [Becidan et al. 2011]. The selected biomasses 
are problematic fuels: straw, peat and sewage sludge; where the reference fuel is straw. 
All the experiments are done under air-staged condition to reduce the NOx emission 
primarily.  
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Chapter 5        
             
Modeling 

In this chapter, a brief introduction is given to the modeling approach that has been used 
in this study for biomass combustion, a two-stage model, and reduction of reaction 
mechanisms. 

5.1 Reactor model 

As combustion is the most common way of extracting energy from biomass, modeling and 
simulations of combustors are of great interest for the community. A number of 
investigations have been carried out to characterize the chemical kinetics of the 
combustion process of solid fuels such as coal and biomass [Glarborg et al. 1992; Hori et 
al. 1998; Pedersen et al. 1998; Coda Zabetta et al. 2000; Skreiberg et al. 2004b; Coda 
Zabetta and Hupa 2008; Ranzi et al. 2008; Andersen et al. 2009; Hansen and Glarborg 
2010b]. 

To study the effect of staged air combustion and combined fuel- and air-staging, a 
detailed chemical kinetics mechanism is applied to a reactor model which constitutes of a 
sequence of ideal reactors. The chemical model which is used consists of a comprehensive 
reaction system for the formation of nitrogen oxides in combustion. This includes both 
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the kinetics related to NOx formation via the formation of hydrogen cyanide (HCN) 
[Dagaut et al. 2008], and ammonia chemistry [Skreiberg et al. 2004b] under fuel rich 
conditions and moderate temperatures which is important to capture the situation at the 
second fuel stage. The reactor is modeled by a set of connected ideal 0-D reactors; plug 
flow reactors (PFR) to mimic the combustion chamber and capture the combustion 
zones. Sequences of 0-D models are common in reactor simulations when the main focus 
is on details of the chemical processes rather than the physical processes, such as 
transport and mixing [Løvås et al. 2004]. Simulations are performed for a set of different 
running conditions of the reactor. This includes variations of overall excess air ratio of 
1.0, 1.5, 2.0, 2.5 and 3.0; primary excess air ratio, ranging from 0 to 3.0; the composition 
of the fuel (effect of fuel-N content) with different fuel-N content level of 100, 300 and 
1000 ppm in the pyrolysis gas, and reactor temperature of 700, 850 and 1000 °C. All the 
simulations are done at isothermal conditions. 

The pyrolysis gas composition which is used for the present model, is based on the 
average values from pyrolysis experiments [Chan 1983], and includes seven species 
(excluding fuel-N content) with the molar concentration as stated in Table 5-1. 

Table 5-1: Pyrolysis gas composition. 

Species CO CO2 CH4 C2H2 C2H6 C2H4 H2O 
Vol% 44.74 26.61 8.93 0.16 1.11 2.02 16.43 

 
A small amount of N-species is added to the above stated fuel gas composition. N-species 
in the pyrolysis gas is considered to be a combination of NH3 and HCN. The ratio 
between ammonia and hydrogen cyanide (HCN/NH3) is a function of temperature, 
increasing from 0.3 at 700 °C to 1.0 at 1000 °C [Hansson et al. 2004]. Therefore, the ratio 
for 850 °C is 0.65 assuming a linear variation. 

The kinetics mechanism which is selected for the gas phase reactions inside the reactors 
is an updated version of the mechanisms developed by the combustion group at DTU 
[Mendiara and Glarborg 2009a; Mendiara and Glarborg 2009b; Tian et al. 2009]. It is 
called the master-C/H/O/N mechanism, involving 81 species and 703 reactions (1401 
reactions in total; forward and backward). For modeling of the described reactors and to 
apply the chemical mechanism, the DARS software package is used [DARS 2011].  

Figure 5-1-(A) shows the principle of the air staging scenario. For air staging, a 
combination of two plug flow reactors is used in the modeling. The first reactor has a 
diameter, a length and an inlet gas velocity of 100 mm, 1.5 m and 1.5 m/s, respectively. 
The second reactor has the same diameter as the first, but with a length of 0.5 m and an 
inlet gas velocity of 0.5 m/s. Each reactor has a residence time of 1 sec. 

Similar to staged air combustion, the fuel staging geometry is modeled according to 
Figure 5-1-(B). For combined air- and fuel staging, a combination of three plug flow 
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reactor is used. The first and second reactors have a diameter, a length and an inlet gas 
velocity of 100 mm, 0.75 m and 1.5 m/s, respectively. The third PFR operates with the 
same conditions as the second PFR in the air staging scenario. The second stage for the 
fuel injection accounts for 30% of the total fuel. 

 

 

Figure 5-1: Reactors setup for staged combustion. 

The input for the first reactor is the pyrolysis gas as stated in Table 5-1, adding NH3, 
HCN, and air (21% O2; 79% N2) with an amount which is determined by the primary 
excess air ratio and the overall excess air ratio. Input for the next reactor is the flue gas 
from the previous reactor, plus the amounts of air or fuel (whether the stage is a fuel 
stage or an air stage) remaining of the total amount. 

All results in this study concerning emissions from NOx, CO, CxHy and N2O are reported 
as the corrected values to 11% of O2 in the dry-basis flue gas, to remove the effect of 
various degrees of dilution. Also to have a better view of how much of the initial N in the 
fuel is converted to molecular nitrogen; the TFN/Fuel-N ratio is used. TFN (total fixed 
nitrogen) is the total mass of nitrogen in the flue gas, (all gases coming out from the last 
reactor except for N2), while fuel-N is the total mass of nitrogen in the input gas, 
excluding the N2 content of the air input. 

Discussions on the obtained results from this study are presented in Paper VII. The 
results show good consistency with the reduction level achieved in experiments. 
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5.2 Mechanism reduction 

Studying the combustion of biomass due to its complex composition, having C, H, O, N, 
S, Cl and other minor and trace elements in the chemical composition, needs special 
attention with respect to emissions. The chemical mechanism should contain a wide 
range of species and therefore a large number of reactions to be able to perform a precise 
modeling analysis of biomass combustion reactors. On the other hand, to perform a 
complete CFD analysis, all the phenomena, including fluid flow, heat transfer and 
chemical kinetics should be modeled at the same time. Hence, implementing a complex 
and detailed mechanism into a CFD simulation is not always feasible due to expected 
long computational time and restricted hardware resources. Consequently, simplifying the 
computations by reducing the description of the chemical kinetics without loss of 
accuracy is an important task.  

5.2.1 Reaction flow analysis 
There are several ways to simplify the chemical model. A common procedure is to 
identify the major reaction paths by performing an element flux analysis, referred to as a 
reaction flow analysis [Warnatz et al. 2006]. It can be performed in any reaction system 
easily. In Figure 5-2, thick lines show reactions which are more probable, transferring 
most of the mass from the reactant to the product side. 

 

Figure 5-2: A sample reaction flow path diagram for nitrogen. 

This type of analysis will enable the removal of the minor paths which are deemed not 
important for the reliable prediction of the significant combustion parameters, such as 
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temperature and major emissions. Mass flow of a specific atom from one species to 
another is determined from the following equation during a combustion process, where 
flow of element a from species j to species i is given by ,

a
i jF  [DARS 2011]. This flow is 

integrated over time. 
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t is time, tf is final reaction time, R is reaction number, NR is total number of reactions 
involving element a, rR(t) is reaction rate, a

in  is the number of a atoms in species i, iRv  is 
the left hand side coefficient of species i in reaction R, iRv  is the right hand side 
coefficient of species i in reaction R, and a

Rn  is the total flow of atom a in reaction R; 
calculated by the following formula. 
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where Ns is the total number of species in the mechanism. 

5.2.2 Sensitivity analysis 
In a sensitivity analysis, effects of species and reactions on specified parameters, e.g. 
temperature, are determined. In this way, reactions or species with low sensitivity on the 
target parameter can be ignored.  

Sensitivity of a reaction, Sr, is defined as how much the target variable, Y, is changed 
when we apply 1% change to the Arrhenius coefficient, AR.  
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Sensitivity of a species, Ss, is based on the same concept with 1% change in the 
concentration of species i, ci. 
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where i  is the error term for species concentration. 

 1 ; 1i i i  (5-5) 

A species which is only involved in minor flows can be very important in a short period 
of time. This species would be set as a redundant in the reaction flow analysis, while it 
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has a large effect on the reaction chain. Sensitivity analysis, however, is able to detect 
the importance of these species. 

5.2.3 Necessity analysis 
As explained in the previous sections, flow analysis has some limitations. However, the 
reaction flow analysis is usually combined with a sensitivity analysis to ensure that 
important species involved in only minor reaction flows are indeed kept in the model 
[Tomlin et al. 1997]. Necessity analysis is an improved reduction method, combining 
sensitivity and flow analysis. 

In this method, a number of species such as NOx, CO, and SOx are defined as the target 
species, i.e., species of high importance as combustion products, beside other necessary 
targets such as temperature. The analysis aims at finding which species and reactions are 
necessary for the correct prediction of formation of the defined gases at the defined 
temperature condition. A list of necessary species can also be predefined by the user 
(species such as main reactants and products). This method is especially beneficial when 
the modeling aim is to study emissions from combustion processes [Løvås et al. 2004]. 
The necessity of species i is given by an index Ii, derived from the following equation: 

 , ,max , , ; 1, , 1,a a
i j i j j i j i s aI I p I c I j N a N  (5-6) 

where the initial necessity value is calculated by: 
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Na and Ns are number of atoms and species respectively, ,
s
j iS  is the species sensitivity of 

species i, and Bi is 1 if species i is a user-defined necessary species and is 0 if not.  

,
a
i jp and ,

a
i jc  are the reaction flow parameters and give the flow rate of element a by 

production of species i from species j and consumption from species i to species j, as 
defined below: 
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5.2.4 Lifetime analysis 
A further reduction is possible based on mathematical transformation of the chemical 
system based on a time scale analysis [Tomlin et al. 1997]. The underlying assumption is 
that many chemical reactions occur at time scales much shorter than the physical 
processes governing the system. The identification of reactions that are unimportant for 
both the fast and slow parts of the mechanisms enables that these can be treated in less 
detail by the numerical solver without considerable loss of accuracy, hence saving 
computational time. However, these methods require either a tabulation of the fast 
subspace or a separate treatment of the short lived species in the solver [Tomlin et al. 
1997; Løvås 2002]. The time scale in a life time analysis is defined by; 

 ,

, ,
1

1
R

i
i i k kN

i
i j i j

i j

c
v r

v vc

 
(5-10) 

where i  is concentration source term for species i. Lifetime analysis gives a good basis 
for steady state reduction. 

5.3 Methodology 

A detailed mechanism for biomass volatile oxidation has been the subject for a reaction 
flow and sensitivity analysis in order to generate a strongly reduced skeletal model in the 
last part of this study. The selected detailed mechanism contains 81 species and 703 
elementary reactions. This mechanism includes C, H, O, and N in the structure while S, 
Cl, and the other trace elements are not included in the reaction flows. The mechanism 
has been used for predicting emissions from varying types of biomass sources [Skreiberg 
et al. 2004a; Skreiberg et al. 2004b; Mendiara and Glarborg 2009a; Tian et al. 2009]. It 
has furthermore been modified and extended over a period of time, and the latest version 
has been optimized only recently [Hansen and Glarborg 2010a; Klippenstein et al. 2011]. 
The mechanism is developed for the use in general solid fuel combustion systems, and the 
radical scheme is applicable for fuels ranging from bituminous coal to biomass. It should 
be noted that the present study only considers gas phase reactions as the chemical model 
in question does not include multi-phase reactions (solid to gas). The full treatment of 
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conversion from solid state to gas phase species will require extensive modeling including 
heat and mass transfer between the states, which is outside the scope of this work. 
Furthermore, a major section of the biomass furnace contains only gas phase species in a 
turbulent flow field. Hence, reduced chemical models for this section of the furnace are of 
great importance. Furthermore, to the knowledge of the authors, reduced mechanisms for 
oxidation of biomass volatiles is almost non-existent. 

The modeling is done at a reactor temperature of 700−1400 °C, a residence time of 1, 
0.1, 0.01 and 0.001 s, and an excess air ratio of 0.8−3.3 (equivalence ratio of 0.3 1.2
). For all the simulations isothermal condition is applied to a single PSR. For the model 
input, only the gas phase processes are considered and the primary (pyrolysis) gas is 
taken as the initial fuel mixture with the composition as shown in Table 5-2 [Becidan et 
al. 2007b; Houshfar et al. 2010a]. The values in Table 5-2 are averages for fiberboard 
(composed of spruce and pine) and pine wood pellets based on experimental data from 
the literature. 

Table 5-2: Pyrolysis gas composition (vol%). 

H2 H2O CH4 C2H2 C2H4 C2H6 CO CO2 

14.45 8.22 11.73 0.23 2.88 1.58 39.14 21.77 
 

The total fuel-N content is considered to be 1000 ppm which is typically valid for high 
nitrogen containing fuels, and here the selected gas composition for the model input is 
selected to have almost 2 wt% nitrogen in the original fuel. The HCN/NH3 ratio is 0.65 
based on a study on different types of biomass (whey protein, soya beans, yellow peas, 
shea, and bark) which showed that the HCN/NH3 ratio is not significantly correlated 
with fuel O/N ratio, although it is slightly a function of temperature [Hansson et al. 
2004]. The thermodynamic and transport properties have been taken from the 
CHEMKIN thermodynamic and transport databases [Kee et al. 1986; Kee et al. 1987]. 

H2, N2, H2O, C2H2, C2H4, C2H6, NH3, HCN, CO, CO2, CH4, O2 are assumed as the 
necessary species and the necessity analysis targets are set to NO, NO2, O2, H2O, and 
temperature. The necessity target species are selected so to carefully capture the NOx 
concentration in the flue gas by the reduced mechanism. Since the final results are 
compared at the same flue gas condition (dry flue gas and 11% O2 in the flow) to remove 
the effect of various degrees of dilution, O2 and H2O are also considered as they may have 
a small effect on the final results, and a true comparison of the NOx level can be made for 
all cases. Reaction flow analysis is also used to check the flows of species at different 
conditions. 

Three mechanisms are developed for different temperature ranges. The first reduced 
mechanism contains much fewer reactions and chemical species, i.e., 35 species and 198 
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reactions, corresponding to 72% reduction in the number of reactions and, therefore, 
improving the computational time considerably. Two more reduced mechanisms are also 
proposed for the high and low temperature range with 26 and 52 species, respectively. 
Further results and discussions are presented in Paper VI. 
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Chapter 6        
             
Conclusions and Further Work 

6.1 Concluding remarks 

In this thesis, two-stage combustion technology has been used in a unique reactor setup 
in order to obtain maximum NOx reduction with regard to various operational 
parameters. A detailed chemical kinetics model is then introduced for two-stage 
combustion and finally a reduced mechanism is developed for prediction of NOx emissions 
in biomass combustion. Studies have also been carried out on corrosion related issues for 
high ash content fuels. 

6.1.1 NOxx reduction 

6.1.1.1 Fuel mixing and air ratio: Paper I, Paper III, and Paper IV 
In this set of studies, we investigated NOx, and N2O, emissions for different biomass fuels 
and fuel mixtures thereof as pellets both with and without air staging in a grate fired 
multifuel reactor at a constant reactor set point temperature of 850 °C. The fuels 
investigated are wood, demolition wood, coffee waste, straw, tops and branches, sewage 
sludge, peat, and selected mixtures of these. The unburnt species’ concentration (CO and 
CxHy) was very low in all cases due to the good combustion conditions. 
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A large NOx reduction potential, up to 91% and corresponding to less than 20 ppm NOx 
at 11% O2 for a fuel containing about 3 wt% fuel-N, using air staging was found at the 
optimum primary excess air ratio. However, the reduction level depended on the excess 
air ratio at the first stage. An optimum primary excess air ratio of about 0.9 was found 
for the reactor in the primary zone (fuel rich condition). However, low ash melting 
characteristics of some of the fuels, particularly straw, caused this value to be somewhat 
higher due to sintering on the fuel grate. 

The effect on N2O, however, is adverse at the selected set point temperature and the 
optimum primary excess air ratio for NOx reduction, with an increase in the N2O 
emission level of up to 635%. The NOx emission level increases with increasing fuel-N 
content, while the conversion factor for fuel-N to NOx decreases with increasing fuel-N 
content. Fuel mixing has a positive influence on the NOx emission level, but a negative 
influence on the overall conversion factor for fuel-N to NOx and N2O. The general 
conclusion is that air-staging can be effectively used in a grate combustion reactor in 
order to reduce NOx emissions. Wood pellets with the lowest nitrogen content showed less 
reduction potential, while a blend of peat and sewage sludge, which had high fuel-N 
content, only converted about 2% of the fuel-N to NOx and N2O, the rest being converted 
directly to N2, and a minor part remained in the ash.  

Sewage sludge, having low VM and high ash content, is suggested as a favorable fuel to 
be blended with straw, showing high NOx reduction and low fuel-N conversion. Grot, 
however, with high VM and low ash content, did not show desirable NOx reduction and 
also made the combustion more unstable. The reduction potential for grot and sewage 
sludge mixtures was about 50% and 80%, respectively. 

It is also found that fuel type influences the flue gas composition, especially the SOx and 
NOx levels depending on the fuel S and N levels. Further, higher probability of corrosion 
is expected in a plant fuelling forest residues compared to virgin wood, due to higher 
alkali content of the fuel. Air staging reduces HCl emissions somewhat, but does not have 
a clear effect on SOx. Fuel mixing increases the small particles (aerosols at a range of 
0.04−0.1 µm) emission in staged experiments, a behavior that is not noticed during 
experiments without air staging. 

6.1.1.2 Temperature effect: Paper II 
Experiments are carried out on demolition wood pellets showing that primary excess air 
ratio is the most important parameter which can be optimized for maximum conversion 
of fuel-N to N2, hence reducing the NOx level. The effect of two-stage combustion of 
biomass is significant for reduction of NOx emission levels. Staged air combustion can 
reduce the emission level by 50−75% in average, and up to 85% at the optimum 
conditions. The maximum NOx reduction happens when the primary air is injected at a 
primary excess air ratio of 0.8−0.95 and the total excess air ratio is 1.6−1.9 for staged air 
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combustion. The average N2O level increase for the different temperatures is 75−1660%, 
but with a low amount of N2O at high temperatures. 

The NOx emission level is not affected significantly by the reactor temperature neither in 
non-staged nor staged air combustion when temperatures are kept below 1000 °C in the 
reactor. Yet, the effect of temperature on the N2O level is considerable. As expected, at 
high temperatures, N2O emissions almost disappear. The results point to that the effects 
of moderate temperature and staged air combustion are counteractive for N2O, meaning a 
negative influence on N2O for staged air combustion. Therefore, to minimize N2O 
emissions and reduce emissions of unburnt, temperatures of above 900 °C are beneficial 
for staged air combustion. 

The CxHy emission level is almost independent of the combustion condition (staged air 
combustion or non-staged combustion), and is below 4 ppm at 11% O2 in dry flue gas. 
CO emissions increase for staged air combustion compared to non-staged combustion by 
a factor of about 1.5 at a given temperature. Increasing temperature decreases the CO 
emission level in the whole temperature range of 850−1000 °C. 

6.1.1.3 Modeling and mechanism reduction: Paper VI and Paper VII 
The model based on ideal reactors showed that air- and fuel staging has considerable 
effect on NOx reduction if an optimum primary excess air ratio is selected for the primary 
combustion zone, in agreement with what we have found in the experimental section. A 
NOx reduction of up to 76% is achieved in the best case scenario. It is also shown that 
the potential of NOx reduction is sensitive to other parameters such as: temperature, 
overall excess air ratio and fuel-N content. Increasing fuel-N content increases the NOx 
reduction potential. Higher temperature gives lower emissions of CO and CxHy. 

A set of three reduced mechanisms have been developed for biomass volatile oxidation. 
The chemical kinetics mechanism for biomass combustion is very sensitive to the 
combustion conditions and should be treated carefully in order to get correct results, and 
particularly the given temperature range has to be considered carefully when choosing 
the level of reduction. Furthermore, variations in temperature, excess air ratio, and 
residence time showed large effects on the NOx level. 

The reduced mechanisms have 52 species and 430 reactions, 35 species and 198 reactions, 
and 26 species and 91 reactions (compared with 81 species and 703 reactions in the 
detailed mechanism) applicable for a low, medium and high temperature range, 
respectively. However, even the intermediately reduced mechanism minimized the size of 
the detailed mechanism by almost 70% corresponding almost to the same amount of 
reduction in the time needed for such modeling or simulation works. The reduced 
mechanisms predict concentrations of NOx very close to those of the complete mechanism 
in the range of reaction conditions of interest. In general it is found that for temperatures 
above 800 °C and excess air ratios of above 1.5 the reduced models give acceptable NOx 
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results corresponding to errors less than 10%, although the very low residence time 
conditions have more narrow satisfactory range.  

Additionally, a close to linear relationship is found between the reduction degree and the 
computational savings, which is reasonable taking into account the highly optimized 
solver used in this work and the already short calculation times associated with the PSR. 
Higher computational savings should be expected for less optimized solvers and for CFD 
applications. 

6.1.2 Ash related problems 

6.1.2.1 Fuel mixing: Paper VIII 
Tree tops and branches, sewage sludge, and peat were mixed with straw to abate Cl-
induced corrosion during combustion. The goal was to capture alkali metals in the 
bottom or fly ash, i.e., preventing the formation of corrosive alkali chlorides and 
promoting the formation of noncorrosive gaseous hydrogen chloride. The chemical 
composition of bottom ash and selected sub-micrometer particles in the flue gas were 
analyzed. The relative corrosion risk of the different fuel mixtures was classified on the 
basis of a careful observation of the obtained data. The following conclusions are drawn: 

The different fuel mixtures had a wide variation in the ash composition, which 
made the interpretation of the combustion results possible relative to the type 
and amount of the supplements used.  

Although the heterogeneous fuel was fed in a semi-continuous manner to the 
reactor, the measured combustion parameters showed good control over the 
process, where results were found to be consistent relative to time variation. 

The particle load in the flue gas was strongly influenced by sewage sludge, where 
a 10% addition resulted in a 65% decrease in the particle concentration in the flue 
gas compared to the fuel mixture of straw and 20 wt% grot. The reference 
experiment with pure straw could not be used as a baseline because of sintering 
problems, which rendered this experiment impossible to run in a reliable way. 
Grot, on the other hand, was not good as a fuel additive with straw because the 
aerosol load was influenced negatively at increased addition. Peat had a positive 
effect on decreasing the particle load, although an addition of 50% was needed to 
obtain similar results to the 20% sludge addition.  

The potential of chlorine corrosion could be best predicted through the results of 
the chemical composition of the aerosols. The grot addition was deemed to have 
an insignificant effect on reducing the alkali chloride concentration in the flue gas. 
Peat was found to contribute to a reduced corrosion environment only when 
highly supplemented to straw (50 wt%). The higher zinc concentration at this 
level of peat addition may reduce the overall effect gained in the reduced content 
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of alkali chlorides. The sewage sludge addition was very effective at reducing the 
alkali chlorides at 10% addition and almost eliminating them at 20% addition.  

The chlorine and sulfur distribution were calculated for all of the experiments and 
showed consistency with the other results concerning the corrosion risk, 
emphasizing the quality of the experiments. 

6.1.2.2 Thermodynamics modeling: Paper IX 
Different mixtures of peat and sewage sludge with straw were analyzed 
thermodynamically to obtain a mixture with the lowest formation of corrosive alkali 
chlorides during straw combustion. 

The calculations confirm the corrosive alkali chloride reduction abilities of both biomass 
fuels as reported in the literature but also provide further information especially 
concerning threshold values (addition levels at which virtually no corrosion is predicted 
to happen): straw with 25 wt% sewage sludge or with 75 wt% peat. If straw is to be the 
main fuel, the 75 wt% value for peat is not possible, but if peat is the main fuel, it can be 
said that 25 wt% straw can be co-combusted without the formation of a significant 
amount of corrosive alkali chlorides. Experimental campaigns usually include no more 
than two–three mixtures, and therefore, no accurate threshold value can be proposed. 

The mechanisms responsible for the disappearance of alkali chlorides are also recognized. 
The analyses indicate that the chemical elements preventing the formation of corrosive 
alkali chlorides vary with the additional fuel concentration, an important fact never 
mentioned in the literature to our knowledge. Attempts were made to use fuel molar 
ratios to further discuss these effects, but the complexity of the systems makes it difficult 
to draw clear conclusions. However, the practical implications of such a result are crucial; 
it is likely that, in a real system, local elemental concentrations (together with operating 
parameters, such as temperature and excess air ratio) will vary with time and space 
because of fuel and (fuel and air) distribution heterogeneities. This means that several 
mechanisms will simultaneously be responsible for eliminating corrosive alkali chlorides 
but also that the overall picture is not a static one. This may explain the enduring fact 
that most of the available experimental results are confusing, contradictory, and 
installation-specific. 

S, Ca–S, or Al–Si is known to be the chemical elements reacting with alkalis during co-
combustion of straw with sewage sludge or peat. The fact that some reactions are deemed 
impossible thermodynamically may indicate that the involved chemical compounds are 
only interacting with alkalis through adsorption, a physical process that cannot be 
studied by thermodynamic analysis. Combining experimental and modeling results leads 
to a more accurate and complete picture of the situation. 
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The trends for Pb and Zn chlorides are different from that of alkali chlorides because 
they are predicted to be found in higher concentrations in most mixtures compared to 
the pure fuels. 

6.2 Recommendations for future work 

For future studies the followings are suggested: 

Further research should be done on a wider range of fuels and fuel mixtures, 
including for example different types of waste (hazardous waste, clinical waste, 
and agricultural residues), local Norwegian wood and forest residues, etc. 

Future work should focus on getting more experimental results and measurements 
from the primary zone, especially for nitrogen containing species (NH3, HCN, 
HNCO, and NO). 

It is recommended to carry out experimental campaigns on the effect of oxygen 
enriched atmosphere with O2/N2 and O2/CO2 atmospheres. 

Further improvement to the reactor, in order to modify and optimize the effect of 
the secondary air injection location, can be the scope of future studies. 

An improvement of the grate design, in order to optimize the effect of fuel staging 
on the NOx reduction level is also recommended. 

A complete CFD modeling of the reactor, including reaction kinetics, heat and 
mass transfer, and hydrodynamics could be performed in order to compare the 
real reactor results with the developed model. 

For CFD modeling, a more compact reaction mechanism is desired to be 
developed for a narrow range of operating conditions, i.e. temperature, excess air 
ratio, etc.  

The developed mechanism should be tested and verified for a wider range of 
pyrolysis gas, i.e. to cover more fuels with different compositions. 

To understand the underlying kinetic behavior responsible for these trends, one 
needs to perform a careful reaction path and sensitivity analysis of the chemical 
system for a wide range of conditions, including fuel rich conditions. This could 
be part of future work also including the effect of turbulent mixing in the reactor. 

Thermodynamics modeling: Further work should focus on the influence of 
operating parameters, especially the influence of temperature, excess air ratio, and 
modes of occurrence of key elements. 
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Due to the ash melting problems on the grate with straw mixtures, effect of flue 
gas recirculation should be the focus of further research for the low ash melting 
fuels. 
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ABSTRACT: The combustion of biomass, in this case demolition wood, has been investigated in a grate combustion multifuel
reactor. In this work a temperature range of 850�1000 �C is applied both for staged air combustion and nonstaged combustion
of biomass to investigate the effects of these parameters on the emission levels of NOx, N2O, CO, hydrocarbons (CxHy) and
different other components. The composition of the flue gas is measured by four advanced continuous gas analyzers including
gas chromatograph (GC), two Fourier transform infrared (FTIR) analyzers, and a conventional multispecies gas analyzer with
fast response time. The experiments show the effects of staged air combustion, compared to nonstaged combustion, on the
emission levels clearly. A NOx reduction of up to 85% is reached with staged air combustion. An optimum primary excess air ratio of
0.8�0.95 is found as a minimizing parameter for the NOx emissions for staged air combustion. Air staging has, however, a negative
effect onN2O emissions. Even though the trends show a very small reduction in theNOx level as temperature increases in nonstaged
combustion, the effect of temperature is not significant for NOx and CxHy, neither in staged air combustion or nonstaged
combustion, while it has a great influence on the N2O and CO emissions, with decreasing levels with increasing temperature.

1. INTRODUCTION

Because of environmental problems and a significant decrease
in the reserves of fossil fuels, the interest in using renewable energy
carriers has becomemore and more widespread in recent decades.
Figure 1 shows the share of different energy resources used by end
users in the world in 2008.1 Biomass, which is almost a CO2-
neutral carbon-based renewable energy source, is cheaper to utilize
compared to the other sources of renewable energy, especially in
the case of cofiring and combined heat and power (CHP)
applications.2 Thermal conversion of biomass, including combus-
tion, gasification, and pyrolysis, is the most common method of
extracting energy from biomass. Among the three mentioned
technologies, combustion, which has been used for a long time as a
source of heat for residential purposes, remains the leading
technology also in recent years.
Life cycle analyses show that themost important environmental

issue regarding emissions from wood combustion is NOx,
contributing to almost 40% of the total emissions, including
NOx, PM10, CO2, SOX, NH3, CH4, nonmethane volatile organic
compounds (NMVOC), residues, and others.3 The basis for this
comparison is in relation to expected environmental impact points
(EIP) of the specific emission according to the ecological scarcity
method, applied for heating with wood chips. However, it is evident
that the given data from any LCA analysis depends strongly on the
valuation of the greenhouse gas effect since the ranking changes
significantly as a result of the different CO2 impacts of the fuels.

4 In
this respect, much effort has been done to characterize biomass and
reduce NOx emissions from the combustion of biomass and other
solid fuels.5,6 Two major approaches exist for NOx reduction,
primary measures and secondary measures. The main difference is
that primary measures prevent formation of NOx emissions,

while secondary measures clean these emissions after their forma-
tion. Modifications to fuel properties and the combustion
chamber and improvements to combustion technologies are
examples of primary measures. One of the most important and
widely used measures to reduce NOx in solid fuels combustion is
staged combustion. Staged combustion, including staged air
combustion and staged fuel combustion, can give a NOx reduc-
tion in the range of 50�80%.4,7�10 The purpose of staged air
combustion is to add primary air at a less than stoichiometric
ratio, in order to devolatilize the volatile fraction of the fuel,
resulting in a fuel gas consisting mainly of CO, H2, CxHy, H2O,
CO2, and N2 and also small amounts of NH3, HCN, and NOx
from the fuel nitrogen content. If sufficient oxygen exists in the
first stage, the fuel nitrogen intermediates will be converted to
NOx (mainly NO), but shortage of oxygen will cause NO to act
as an oxidant for CO, CH4, HCN, and NHi (with i = 0, 1, 2, 3) in
the reduction zone, hence to reduce the nitrogen in NO and NHi
to molecular nitrogen, i.e., N2, in reactions such as NO + NH2 =
N2 + H2O or NO + CO = CO2 + 0.5N2.

4,11�13 NH3 and HCN
form in the pyrolysis stage of combustion depending on the
temperature and fuel type, where ammonia is believed to be the
most important N-species in the combustion of biomass, while
HCN is more important for high-rank coals.14�16 Ammonia that
is formed in this stage is converted to radicals of NHi. At high
temperatures and fuel lean combustion, these radicals will be
converted to NO, while at fuel rich conditions, N2 will be the
main product.17 Thereafter sufficient air is added in the second
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stage to ensure a good burnout and low emission levels from
incomplete combustion.
The effect of excess air ratio, residence time, and temperature

has previously been studied for a single wood particle in batch
combustion, showing dependency of the NO level with excess air
ratio and temperature simultaneously.18 Also, previous work
showed the effect of fuel type and cocombustion of biomass
with natural gas on NO emissions when using two-stage
combustion.19 Fuel-N content and the conversion rate of NOx
precursors (NH3 and HCN) to NOx have been experimentally
and numerically investigated for different solid biomass.20�23

Combined staged (CS) technology10 is a method of NOx re-
duction including reburning, staged air combustion (AS), staged
fuel combustion (FS), and selective noncatalytic reduction
(SNCR).24�26 Combined staged technology starts to reduce
NOx emissions where the other methods are not sufficient.
Studies showed that CS is more effective for NOx reduction,
especially in the temperature range of 1000�1400 �C.10 For
temperatures below 850 �C, higher N2O, lower NOx, and slightly
higher CO emissions are reported for cocombustion of coal and
woody biomass.27 Another technique of primary measures for
NOx reduction in biomass combustion is flue gas recirculation
(FGR) which basically increases the total mass flux of the gases
and decreases the temperature and the partial pressure of oxygen
in the mixture.28 It is proposed that in fixed-bed combustion of
straw, the effect of FGR onNO reduction could be considerable.29

The present study aims to investigate the effect of tempera-
ture on the emission level, especially NOx, for a selected type of
biomass, demolition wood (DW). Combustion of DW as a type
of wood residue represents a large source of alternative energy,
in addition to the fact that a waste disposal problem will also be
solved. DW originates frommany sources; therefore, it contains
normally different undesirable components such as metals,
paints, plastics, etc., which will raise the environmental impact
of DW. Especially, the high nitrogen content, compared to
wood, is the focus in this study. A series of experiments have
been carried out for conventional combustion (nonstaged) and
staged air combustion to study the effect of temperature
variations, combustion technology, and excess air ratio. The
work is a part of a wider study which has been carried out in the
same reactor, investigating different operating parameters and
fuels.30

In the next section a brief explanation of the experimental
setup and test procedures is presented and the sampling devices
and methodologies are described. Thereafter, the results are
presented and discussed with respect to different variables, and
finally conclusions are given.

2. EXPERIMENTAL SECTION

2.1. Reactor Specifications. The reactor is shown in Figure 2.
The reactor is installed vertically and has a total height of 2 m. The inner
diameter is 100 mm. The reactor is made of ceramic material (alumina
based) and has two reactor tube sections, each 1m high. A rotating grate,
with two grate levels, is placed 0.4 m from the bottom of the reactor,
which means that the combustion zone is 1.6 m high. The two grate
levels are 10 cm apart and there are rotating blades on each level that
moves the unburnt fuel particles on the grates and from the upper grate
to the second grate and from the second grate to the ash bin through a

Figure 1. Renewable energy share of global final energy consumption, 2008.1.

Figure 2. Schematic drawing of the reactor (the sizes are given in
millimeters).
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slot in the grates. The rotational speed of the blades is about 3 min per
revolution, which means that the residence time of each pellet on the
grates is up to about 6 min, totally. This ensures complete burnout of the
particles/char at the lower grate and that the ashes can be collected in
the bottom of the reactor, i.e., in the ash bin. The grates and the ash bin
are shown in Figure 3. A view glass is located just above of the upper
grate to be able to see the combustion zone from the outside. The
residence time of the fuel in the reactor is high, and the gas in the reactor
has very low flow velocity (0.04�0.07 m/s). The secondary combustion
zone ensures a residence time of several seconds and is hence in fact
comparable to conventional combustion systems. According to the
given reactor dimensions and velocity, the residence time for the primary
zone (90 cm) is 13�23 s and for the secondary zone (70 cm) 10�18 s,
giving a total residence time of 23�41 s. The outer surface of the reactor
is insulated, and the reactor heating system has an effect of 16 kW,
composed of four identical electric heaters with a height of 0.5 m.
The reactor can be heated up to 1300 �C, and the fuel feeding rate

can be up to 0.5 kg/h. A pneumatic-vibration based feeding system is
installed to ensure automatic fuel feeding at a set rate. Pellets are fed by a
water-cooled moving piston into the reactor and immediately fall down
on the upper grate. Air can be fed to the reactor in three stages (below
the lower grate, above the upper grate (two inlets), and at one level
higher up (two inlets)), up to 120 NL/min, totally. Five preheaters are
installed, one for each air inlet stream, to heat the feeding air to the
reactor temperature before entering the reactor. The air flow rate is
controlled by mass flow controllers via a PC.
2.2. Sampling and Measurements. As shown in Figure 4, gas is

extracted in four places to carry out analysis and further measurements.
The flue gas composition is measured bymeans of three gas analyzers. In
case of staged air combustion, a gas chromatograph (GC) is used to
measure the gases in the primary section. The GC is sampling between
the first and the second combustion stage and is a Varian CP-4900
Micro-GC. Sampling for the GC is made through an 8 mm diameter
stainless steel probe, and the gas is passed through an ice bath to ensure
removal of water, particles, and tars, in addition to reducing the
temperature to an acceptable level for the GC. The sampling condition

is noncondensing gas of 0�40 �C and the maximum sample pressure is
200 kPa. The GC is equipped with two dual-channel micromachined
thermal conductivity detectors (TCD), with a detection limit of
1 ppm for WCOT (wall-coated open-tubular) columns. The WCOT
column is a column in which the liquid stationary phase is coated on the
essentially unmodified smooth inner wall of the tube. The sample flow
rate is 1 L/min and the sampling time interval is 2 min. Argon and
helium are used in two columns, 10 and 20m long, respectively. The first
column measures CH4, CO2, C2H2 + C2H4, and C2H6 while the second
column measures H2, O2, N2, CH4, and CO.
A Horiba multispecies gas analyzer PG-250 is sampling from the top

of the reactor. It is capable of measuring five components, NOx, SO2,
CO, CO2, and O2, with the same methods used by a permanent
continuous emissions monitoring system (CEMS). These include
pneumatic nondispersive infrared (NDIR) for CO and SO2, pyrosensor
NDIR for CO2, chemiluminescence (crossflow modulation) for NOx,
and a galvanic cell for O2 measurements. A vacuum pump is used to
extract the sample gas at a flow rate of 0.4 L/min from the top of the
reactor and passes it through a silica gel box and a filter to remove
moisture and particles. The response time (T90) of the analyzer is less
than 45 s for NOx, CO, O2, and CO2 and less than 240 s for SO2. The

Figure 3. Design of two grates and ash bin.

Figure 4. Schematic diagram of the sampling line.
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Horiba analyzer is equipped with a drain separator unit (DS-200) and an
electronic cooler unit.
Two Fourier transform infrared spectroscopy (FTIR) analyzers are

also used to measure the gas composition in the exhaust gas. They do
sampling at the same point, which allows for comparing different
measurements for these species: H2O, CO2, CO, NO, N2O, NO2,
SO2, NH3, HCl, HF, CH4, C2H6, and C3H8. The Gasmet DX-4000
FTIR analyzer incorporates a spectrometer, a temperature controlled
sample cell, and signal processing electronics. The sample cell is heated
up to 180 �C which ensures that the sample stays in the gaseous phase
even with high concentrations of condensable hydrocarbons. The
measurement time is typically 60 s ,and the spectrometer resolution is
4 cm�1 at a scan frequency of 10 scans/s. The sample cell has a multipass
fixed path length of 5 m and a volume of 0.4 L. To measure O2, an
optional oxygen sensor, based on a ZrO2 cell, is attached to the analyzer.
In total it can measure C2H4, C6H14, CHOH, HCN, and O2 in addition
to the above-mentioned 13 gases.
A Bomem MB 9100 FTIR analyzer is also used to measure common

mutual species and C4H10. The measurement time is typically 80 s. A
large cell, operating at 176 �C and equipped with a 1 cm�1 spectral
resolution detector, was handling the analyses. Generally FTIR mea-
surements of NO may introduce significant uncertainties. However, the
NOx emissions reported in the results part are based on the Horiba
analyzer, which is using the chemiluminescence technique. The N2O
measurements were made by the FTIR analyzers, and the reported
values were measured by the Gasmet FTIR. The Bomem FTIR showed
N2O values close to the values measured by the Gasmet FTIR.
The temperatures at different levels in the reactor are measured by

means of thermocouples and are monitored continuously to control and
protect the furnace operation. These thermocouples are used to set and
control the temperatures of the air preheaters and the reactor wall
heaters during heat-up and during the experiment.
2.3. Experimental Procedures. Experiments are performed for

nonstaged and staged air combustion. Four different temperatures are
selected, 850, 900, 950, and 1000 �C. During each experiment, the
temperature is kept constant for the reactor, primary air, and secondary
air at the mentioned values. All the sampling devices are calibrated each
day, before starting the experiments. Also the Gasmet FTIR calibration
was performed daily by means of background spectra.
Pellets with a diameter of 6 mm and a length of 10�15 mm are fed by

the automatic feeding system. The fuel feeding rate is set to 400 g/h. To
have a precise composition of the fuel, during each run, three different
samples at three different times are taken from the fuel feeding system to
analyze the moisture content.
The total excess air ratio for nonstaged combustion is set to 1.6;

however, the variation in the fuel feeding rate allows capturing a total
excess air ratio range of 1.2�3, making it possible to see emission trends
as a function of total excess air ratio. Each experiment has been carried
out for at least 2 h at stable operating conditions.
For the staged air combustion experiments, the total excess air ratio is

also set to 1.6, while the primary excess air ratio is set to 0.8, whichmeans
that 50% of the total air is fed at each stage. The air flow has been held
constant during the experiments. However the variations in the fuel
feeding rate cause natural variations in primary and secondary excess air
ratios, since the fuel was fed as pellets and, depending on the length of
the pellets and the position of the pellets on the grate after feeding,
natural variations in the excess air ratio occurred. Therefore the
mentioned situation makes it possible to experimentally derive the effect
of variations in the primary excess air ratio on the NOx reduction
potential by staged air combustion. Data treatment has been carried out
in a cautious manner to avoid nonreliable data. Significant transient
effects are effectively eliminated by a filtering procedure while treating
the experimental data. This filtering procedure requires that the change
in the excess air ratio per second is less than 0.01; otherwise, the

complete measured data set at the current time is omitted in the final
results.
2.4. Fuel Characteristics. The biomass that has been used for the

present work is classified as demolition wood (DW). The received
biomass is pelletized with a pellet machine to get a similar shape and
composition for all the experimental runs. To ensure a homogeneous
distribution, a large volume of demolition wood was shredded to
sawdust size, followed by thorough mixing. Pellets were then made
from these fine pieces. Hence, variation in the N-content is not regarded
as a challenge in these experiments. The type of biomass, the origin of it,
and the pretreatment technology applied to it are important parameters
influencing the ultimate and proximate analysis of the biomass. For
example, drying can reduce the moisture content from 65% in virgin
wood down to below 10% in wood pellets. The proximate analysis of the
present fuel is shown in Table 1, where themoisture content is measured
during each experimental run. Moisture, VM, and ash content are
measured using ASTM E871 (50 g, 103 ( 2 �C, 24 h), ASTM E872
(1 g, 950 �C, 7 min), and ASTM D1102 (2 g, 580�600 �C, 4 h)
standards, respectively, and the fixed carbon is calculated by the
difference to 100%. Three samples are analyzed from different parts of
the pellets to get repeatable analyses, showing that the fuel was homo-
geneous. Volatile matters for wood chips, bark, and straw are normally in
the range of 76�86, 70�77, and 70�81wt%, respectively,31 while for the
DW it was 75.97%, as shown in Table 1.
Table 2 shows the DW ultimate analysis (dry ash free). All the

samples have been dried in a vacuum exsiccator over phosphorus
pentoxide prior to analysis. The determination of C/H/N/S is per-
formed using the “EA 1108 CHNS-O” by Carlo Erba Instruments
elemental analyzer. Themethod is adjusted for sample amounts of 2�10mg
and performs with an uncertainty within 0.3 wt % as required for
confirmation of assumed chemical composition. The operation range
covers the content from 100 to 0.1 wt %; sulfur determination is in the
concentration range of 1.0 down to 0.01 wt % and the uncertainty is
estimated to be 0.02 wt % for C/N/S/Cl. The nitrogen content, which
is the most important element in this study is 1.06%, while for wood,
straw, peat, sewage sludge, and coal it is 0.03�1, 0.3�1.5, 0.5�2.5,
2.5�6.5, and 0.5�2.5 wt %, respectively.32

3. RESULTS AND DISCUSSION

3.1. Accuracy of the Results and Combustion Quality. In
order to establish the accuracy of the measured results, the total
carbon balance is needed to quantify the measured values
compared to expected analytical values. The carbon balance for
one of the experiments, at 1000 �C for staged air combustion, is
shown in Figure 5. This figure shows the results from the start
time until the end of the experiment. However, it should be noted
that the first and very last section of the data has not been
considered in the final data for further treatment, since these
parts are typical transient periods, outside of the stable run

Table 1. Proximate Analysis of DW Pellets (wt %)

pellets

ash

(dry basis)

volatile

(dry basis)

fixed carbon

(dry basis)

moisture

(wet basis)

demolition wood (DW) 2.49 75.97 21.54 9.68�14.97

Table 2. Ultimate Analysis of DW Pellets (wt % Dry Ash Free
Basis)

pellets C H O N S Cl

demolition wood (DW) 48.45 6.37 44.11 1.06 0.02 0.05
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period. The calculated values for CO2, based on the carbon
content in the fuel and the measured volume percentage of
oxygen and CO in the flue gas, is very close to the measured
values for CO2 for each sampling interval and hence the deviation
is sufficiently close to zero. In the case of a large deviation
between measured and calculated values, the data set is removed
from further treatment, since it could be from an unstable or
transient period. Therefore the carbon balance for the presented

set of results is in good order. All the experiments at the different
temperatures, with and without staging air, show the same good
results for the CO2 deviation. Emission level of CxHy and CO for
both staged and nonstaged combustion is shown in Figure 6. For
CxHy, both staged air combustion and nonstaged combustion
show the same emission level, typically below 4 ppm at 11%O2 in
dry flue gas. Here low values for CxHy and CO emissions,
respectively, below 5 and 50 ppm shows good mixing conditions
and residence times in line with modern industrial scale boilers.33

Emissions of gaseous hydrocarbon compounds and CO are a
result of incomplete combustion. Favorable combustion leads to
small emissions of hydrocarbons because the organic material
burns out. Large emissions of hydrocarbons indicate unsatisfac-
tory combustion conditions and probably soot emissions. Large
boilers are generally operated at an appropriate oxygen concen-
tration, temperature, and residence time and consequently are
under favorable combustion conditions. Particles originating
from incomplete combustion are few or none and can be
decreased in modern boiler types by 180 times,21,34,35 and in
the advanced wood furnaces, CO emissions of 10�20 mg/m3
can be reached, depending on the temperature and selection of
the optimum excess air ratio.4 At 900 and 950 �C, some values up
to 10 ppm CxHy are visible for nonstaged combustion, which
originate from the sets of data from the period where the actual
stable experiment had not been started, which means that in the
stable run, the CxHy for both 900 and 950 �C still is 1 to 3 ppm.
The CxHy emission level is slowly increasing with excess air ratio

Figure 5. CO2 deviation based on calculated and measured values from
the Horiba gas analyzer for one set of the experiments; 1000 �C, staged
air combustion.

Figure 6. (Left) CxHy as ppm corrected to 11%O2 in dry flue gas for staged air combustion and nonstaged combustion as a function of excess air ratio at
the different temperature levels. (Right) Average, minimum, and maximum value of CO as ppm corrected to 11% O2 in dry flue gas for staged air
combustion (S) and nonstaged combustion (NS) at the different temperature levels.
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for both staged air combustion and nonstaged combustion. The
influence of excess air ratio is small, but the CxHy emission level is
a direct function of the excess air ratio, and the minimum CxHy
emission is taking place at the lowest total excess air ratio.
For nonstaged combustion, the temperature has an inverse

effect on the CxHy emission levels. The lowest emissions occur at
850 �C, while at 900, 950, and 1000 �C the temperature has no
effect. For staged air combustion, the effect of temperature is
more visible than for nonstaged combustion. Here the effect of
temperature is still low, but it is clearly possible to observe an
increase in emission levels with increasing temperature in the
lower graph. The observed increase of CxHy may be due to a
higher release of gaseous hydrocarbons from the fuel at higher
temperatures, where the pyrolysis process is intensified by
temperature and the formation of hydrocarbons are increased.36

Detailed experimental and thermodynamic studies on particulate
emissions from this multifuel reactor to investigate particle size
distribution and chemical composition of fly/bottom ash is
extensively discussed recently.37,38 The effect of temperature
on CO is the same as for N2O. As shown in Figure 6, increasing
temperature decreases the CO level, while staged air combustion
has a negative effect on CO. The former effect is due to a more
complete oxidation of CO, forming CO2. However, with air
staging, the low stoichiometric ratio in the first stage cause the
oxidation route to be less effective, so the emission of CO rises.
The staged air combustion results indicate an increase of
99�482% for CO for staged air combustion, while the mean
CO levels are about a factor of two increased.
Emissions of gaseous hydrocarbon compounds and CO are a

result of incomplete combustion. Large emissions of CO indicate
unsatisfactory combustion conditions. In the present case, higher
excess air ratio (more oxygen available) will lead to an almost
complete combustion (heated reactor, i.e., temperature not influ-
enced by the excess air ratio). Consequently, the maximum CO
level corresponds to the lowest excess air ratio or themore fuel rich
condition. In the staged combustion experiments, because of the
under-stoichiometric condition in the first stage, a large amount of
unburnt species (including CO) will be formed in the primary
stage. The burnout of the unburnt species should take place in the
second stage. If necessary air is available in the burnout zone, the
CO level will be very low; if not the CO level will be high. So the
higher deviation for CO emission in the staged combustion is a
result of the variations in secondary excess air ratio, where more
fuel rich conditions in the secondary stage can, combined with not
perfect mixing of fuel gas and secondary air, cause higher fluctua-
tions in the CO level.
3.2. NOx Emissions: Effect of Excess Air Ratio and Air

Staging. Skreiberg et al.39 showed that the fuel-N conversion to
NOx is strongly dependent on the excess air ratio and that it
increases with increasing excess air. However, in this study we
investigate further the effect of temperature on this dependency.
Figure 7 shows the effect of temperature on the NOx emission
level (ppm at 11% O2 in dry flue gas) for both staged air
combustion and nonstaged combustion of DW at 850, 900,
950, and 1000 �C. NO2 was typically below 1 ppm for the staged
and nonstaged experiments which is within the measurement
error ranges for the analyzers (Gasmet and Bomem FTIRs) for
NO2, except for one case at 900 �C for staged-air combustion,
where a NO2 level of up to 3 ppm is measured. Consequently, we
have not found any clear relation between NO2 and temperature
in the investigated temperature range. The upper graph for
nonstaged combustion shows an increasing trend for NOx when

the excess air ratio is increasing. This corresponds with the
findings of Skreiberg et al.39 The NOx level for these cases, at all
temperatures, varies from 75 to 200 ppm at 11% O2 in dry flue
gas. However, this graph also indicates that temperature varia-
tions have almost no effect on the NOx emission level. All the
data for the different temperatures are included, showing that
they are in the same range for the same excess air ratio and
temperature. This indicates that the temperatures are, as ex-
pected, too low for thermal NOx formation. According to the
literature, thermal NOx formation in different biomass combus-
tion systems starts at temperatures above 1400 �C.8,40
The lower graph, which shows the same information for staged

air combustion of DW, is distinctively different from that of
nonstaged combustion. Here an optimum excess air ratio exists
for each combustion temperature. The NOx results are here
plotted as a function of overall excess air ratio while the
corresponding primary excess air ratio (half of the overall excess
air ratio) is given on the upper x-axis for staged combustion. GC
measurements were carried out to analyze the composition of the
primary gas, but they can only provide an indicative value for the
primary excess air ratio and not with a sufficient time resolution.
Themain point is to use total excess air ratio as an indicative value
to show the effect of variations in the primary excess air ratio on
the NOx reduction degree, and this was effectively achieved with
the experimental setup, the measurements carried out, and the
data treatment procedures employed. The NOx emission level is
ranging from 25 to 120 ppm at 11%O2 in dry flue gas. This range
points out that the emission level by staged air combustion of
DW decreases by a factor of 2�4, corresponding to 50�75%
NOx reduction compared to nonstaged combustion. In the
optimum case, i.e., at an excess air ratio of 1.6�1.9, the NOx
reduction is 85%. This corresponds to an optimum primary
excess air ratio of 0.8�0.95. Again, the effect of temperature is
very low, as was the case for nonstaged combustion, and all
temperatures show the same trend. First an increase occurs in the
NOx level with an increasing excess air ratio up to approximately
1.5, and from this point the NOx level is decreasing until the
excess air ratio approaches 2. A further increase in the excess air
ratio will cause the NOx level to start increasing again. This effect
is due to the increase of available air both in the primary and
secondary zone, which causes the first stage not to be in a fuel-
rich condition, as was explained in the Introduction. This will
increase the TFN/Fuel-N ratio, hence lowering the NOx reduc-
tion potential, where total fixed nitrogen (TFN) is the total mass
of nitrogen in the flue gas (all N containing gases coming out
from the reactor except for N2), and Fuel-N is the total mass of
nitrogen in the fuel.41 The concentration of NH3 and HCN was
very low in the flue gas after a long residence time, typically below
1 ppm, which was within the measurement error range of the
analyzers for these species.
Figure 8 shows the effect of temperature on N2O emissions at

different excess air ratios. The upper graph clearly shows that in
the case of nonstaged combustion, the N2O emission level is not
a function of the excess air ratio. However, the effect of
temperature on the N2O emission level is significant in non-
staged combustion. The maximum N2O emission level is seen at
the lowest temperature, i.e., 850 �C. Increasing the temperature
with just 50 �C will decrease N2O from 4.8 to 0.9 ppm (mean
value), which corresponds to 80% reduction. The same trend has
been found for N2O formation for temperatures above 750 �C in
the literature, where reduction of NO has a significant effect on
the production of N2O.

42,43 The production of N2O is mainly
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from the reaction of NO + NCO and NO + NH, so N2O is
mainly reduced by thermal decomposition. HCN andNH3 either
can reduce to N2O and N2 or oxidize to NO. At the higher
temperature, the oxidation route becomes more dominant;
therefore, having a low amount of N2O is predicted.11,42 The
staged air combustion experiments show higher values of N2O
for the same conditions. At the optimum excess air ratio for NOx

reduction, the increase in N2O emission compared to nonstaged
combustion is almost 120%.
3.3. Temperature Influence on NOx and N2O Emission

Levels. As discussed in sections 3.2 and 3.3, the effect of
temperature on the NOx emission level is small in the investi-
gated temperature range of 850�1000 �C. However, with the
extraction of the maximum and minimum levels for each

Figure 7. NOx as ppm corrected to 11%O2 in the dry flue gas for staged air combustion and nonstaged combustion as a function of excess air ratio at the
different temperature levels.
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temperature, some important trends can be established. Figure 9
shows mean, maximum, andminimumNOx emission level (ppm
at 11% O2 in dry flue gas) for nonstaged (NS) and staged air (S)
combustion of DW in the mentioned temperature range. The
average (mean value for different excess air ratios over a period of
time) is remaining constant at the different temperatures, at
almost 150 ppm for nonstaged combustion. The maximum,
mean, and minimum values are at the highest level for 900 �C
in the nonstaged experiments. NOx at staged air combustion
seems not to be a function of temperature either. The average
value is on the order of 80 ppm at 11% O2 in dry flue gas and the
highest mean value is seen at 900 and 950 �C. It is interesting to

note that in both cases the spread between the highest and lowest
values are higher in the lower end of the temperature range. The
lower amount of NOx at 1000 �C needs more clarification.
Considering the optimum primary excess air ratio as the key point
for minimizing theNOx emission, we can see that at 1000 �Cmost
of the time the reactor was running in the optimum excess air ratio
range (see Figure 7). This resulted in a lower average NOx value
(for a complete run). At 900 and 950 �C, in spite of our efforts to
operate at optimum conditions, the primary excess air ratio has
also been slightly lower than the optimum range (0.8�0.95) for
the experiment. Hence, the higher average value at 900 and 950 �C
corresponds to a lower average primary excess air ratio.

Figure 8. N2O as ppm corrected to 11% O2 in the flue gas for staged air combustion and nonstaged combustion as a function of excess air ratio at the
different temperature levels.
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N2O has a different behavior in relation to temperature,
showing similar values for staged air combustion and nonstaged
combustion. However, temperature has a great influence onmean,
maximum, and minimum N2O levels, shown in Figure 10. They
decrease significantly with increasing temperature, and for high
temperatures the N2O level is almost negligible. Yet again the
spread between maximum and minimum values are higher in the
lower end of the temperature range. Previous studies shows that

the main precursor for N2O formation is HCN oxidation,12,44

while N2O destruction is mainly by the reaction of N2O + H =N2
+ OH.45 At the high temperatures, the destruction reaction with
H radicals is faster and also the HCN oxidation reaction tends to
NO formation instead of N2O. This mechanism causes the N2O
level to be very low at higher temperatures.
3.4. Effect of Stoichiometry, Temperature, and Residence

Time on TFN/Fuel-N. In addition to the reactor temperature,

Figure 9. Average, minimum, and maximum value of NOx as ppm corrected to 11% O2 in dry flue gas for staged air combustion (S) and nonstaged
combustion (NS) at the different temperature levels.
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primary excess air ratio, fuel-N content, differences in residence
times, and mixing conditions may also have an effect on the fuel
nitrogen conversion. The optimum condition for maximum
conversion of fuel-N to molecular nitrogen, N2, is highly affected
by the mentioned parameters. However, since only one fuel was
tested, the primary excess air ratio is the only important variable
in addition to the potential temperature effect regarding the NOx
emission level. The NOx/Fuel-N and TFN/Fuel-N ratios, as

shown in Figure 11, were checked and showed good consistency,
always well below unity,8 since the values for TFN (TFN =NO+
NO2 + 2N2O + HCN + NH3) is calculated after complete
burnout where the residence time has been several seconds.
Residence time in the reduction zone is of importance for
nitrogen conversion, however up to a certain value, beyond
which it does not significantly influence TFN/Fuel-N.18,46 In this
work, the residence time is well above the expected needed time

Figure 10. Average, minimum, and maximum value of N2O as ppm corrected to 11% O2 in dry flue gas for staged air combustion (S) and nonstaged
combustion (NS) at the different temperature levels.
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(below 2 s) and, hence, the results are not influenced by the resi-
dence time. After the reduction zone, the combustion is com-
pleted by injection of the secondary air. Of course, good mixing
of secondary air and the combustible gases are important. In
average, a large amount of the TFN is composed of NOx (96%)
and is varying between 81 and 100% depending on the tempera-
ture and the combustion scenario. Therefore the mentioned
values in the last figure, Figure 11, can be regarded as approx-
imate values for NOx/Fuel-N.

4. CONCLUSIONS

From the experimental studies carried out in the present work,
using demolition wood pellets as fuel, the following conclusions
can be drawn: The primary excess air ratio is the most important
parameter which can be optimized for maximum conversion of
fuel-N to N2, hence reducing the NOx level. The effect of two-
stage combustion of biomass is significant for reduction of NOx
emission levels. Staged air combustion, in this case, can reduce
the emission level by 50�75% and even up to 85% at the
optimum conditions. The maximum NOx reduction happens
when the primary air is injected at a primary excess air ratio of
0.8�0.95 and the total excess air ratio is 1.6�1.9 for staged air
combustion. The experiments show that also the total excess air
ratio has an important effect on the NOx emission.
The N2O level has an inverse effect for staged air combustion,

i.e., increasing for staged air combustion. The average N2O level
increase for the different temperatures is 75�1660% but with a
low amount of N2O at high temperatures.
However, the experimental results show that the NOx emis-

sion level is not affected significantly by temperature neither in
nonstaged or staged air combustion when temperatures are kept
below 1000 �C in the reactor. Yet, the effect of temperature
on the N2O level is considerable. This study shows, as expected,
that at high temperatures, N2O emissions almost disappear.
The results point to that the effects of temperature and staged
air combustion are counteractive for N2O, meaning a negative
influence on N2O for staged air combustion and a desirable
N2O reduction effect with increasing temperature. Therefore to

minimize N2O emissions and reduce emissions of unburnt,
temperatures of above 900 �C are beneficial.
Hydrocarbons emission, CxHy, is almost independent of the

combustion condition whether it is staged air combustion or
nonstaged combustion. In both cases, the emission levels of
hydrocarbons are below 4 ppm at 11% O2 in dry flue gas. CO
emissions increase for staged air combustion compared to non-
staged combustion by a factor of about 1.5 at a given temperature.
Increasing temperature decreases the CO emission level in the
whole temperature range of 850�1000 �C.
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Abstract: An experimental investigation was carried out to study the NOx formation and 
reduction by primary measures for five types of biomass (straw, peat, sewage sludge, forest 
residues/Grot, and wood pellets) and their mixtures. To minimize the NOx level in 
biomass-fired boilers, combustion experiments were performed in a laboratory scale 
multifuel fixed grate reactor using staged air combustion. Flue gas was extracted to 
measure final levels of CO, CO2, CxHy, O2, NO, NO2, N2O, and other species. The fuel gas 
compositions between the first and second stage were also monitored. The experiments 
showed good combustion quality with very low concentrations of unburnt species in the 
flue gas. Under optimum conditions, a NOx reduction of 50–80% was achieved, where the 
highest reduction represents the case with the highest fuel-N content. The NOx emission 
levels were very sensitive to the primary excess air ratio and an optimum value for primary 
excess air ratio was seen at about 0.9. Conversion of fuel nitrogen to NOx showed great 
dependency on the initial fuel-N content, where the blend with the highest nitrogen content 
had lowest conversion rate. Between 1–25% of the fuel-N content is converted to NOx 
depending on the fuel blend and excess air ratio. Sewage sludge is suggested as a favorable 
fuel to be blended with straw. It resulted in a higher NOx reduction and low fuel-N 
conversion to NOx. Tops and branches did not show desirable NOx reduction and made the 
combustion also more unstable. N2O emissions were very low, typically below 5 ppm at 
11% O2 in the dry flue gas, except for mixtures with high nitrogen content, where values 
up to 20 ppm were observed. The presented results are part of a larger study on 
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problematic fuels, also considering ash content and corrosive compounds which have been 
discussed elsewhere. 

Keywords: biomass mixtures; combustion; NOx; staged air; wood; straw; peat;  
sewage sludge 

 

1. Introduction 

According to the analysis carried out by the European Renewable Energy Council, the EU aims for 
a 100% renewable energy future by 2050, where biomass will potentially supply about 36% of the total 
European primary energy consumption, while the potential for many developing countries is higher 
since the resources are larger in such areas [1]. Biomass, with large resources around the World, which 
contains carbon in its structure, is almost a CO2-neutral fuel. Combustion is the conventional way of 
extracting energy from biomass to produce heat, electricity or combined heat and power (CHP). 
Biomass can also be converted to synthetic natural gas or liquid fuels like methanol in order to be used 
in the transportation sector [2,3]. As a carbon- and nitrogen-containing fuel, combustion of biomass is 
nevertheless associated with emissions of harmful pollutants. Emissions from a biomass combustion 
process are normally divided into three groups [4,5]:  

(1) incomplete combustion products or unburnt species: CO, CxHy, … 
(2) complete combustion emissions: CO2, H2O, NOx, … 
(3) bottom ash and fly ash 

In large industrial boilers, particles from incomplete combustion are generally low due to favorable 
combustion conditions [6]. However for each type of biomass, based on the source, characteristics and 
chemical composition, special care should be taken with certain emissions and residues as they can 
cause environmental problems [7]. For example sewage sludge needs consideration regarding the high 
ash content and the problems regarding ash removal from the reactor. Parallel studies on the same fuel 
batch show that straw needs care due to a low ash melting temperature and high alkali content which 
may cause damage to the tubes and walls via agglomeration, corrosion, deposition and fouling [8]. 
This was confirmed by others for varying types of reactors [9,10]. Furthermore, peat, sewage sludge 
and straw have all high nitrogen contents that results in a high NOx emission level [11–14]. It is 
difficult to reduce all the mentioned pollutants simultaneously. There is e.g., a trade-off between NOx 
emissions and unburnt hydrocarbons and carbon monoxide. Hence decreasing one may result in 
increases in another [15]. Furthermore nitrogen oxides (NOx = NO + NO2 + NO3) were classified as an 
indirect greenhouse gas in the Kyoto Protocol, by producing ozone via photochemical reactions in the 
atmosphere. The impact of NOx emissions on global warming, acid rain, and formation of toxic 
chemicals should therefore be controlled. 

Formation of NOx ocurrs through four different processes: thermal NOx (Zeldovich mechanism),  
N2O-intermediate mechanism, prompt NO (Fenimore mechanism), and fuel-N conversion [11,16]. In 
solid fuels fired systems, fuel-NO accounts for more than 80% of the total NOx and NOx is mainly 
produced by conversion of volatile nitrogen-containing species such as NH3 and HCN, while 
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remaining char-N oxidation in the reactor bed accounts for a minor part of the total NO [11,17–22]. In 
addition, thermal NOx formation becomes important at temperatures above 1400 °C, which is far from 
the typical temperature range (800–1200 °C) of biomass combustion systems [16,23,24]. Experimental 
investigations are needed to characterize the release of nitrogen containing species from different solid 
biomass fuels to establish input for CFD modeling studies [25]. Figure 1 shows the conversion path for 
fuel-nitrogen in a conventional biomass combustion system. 

Figure 1. Simple fuel nitrogen conversion path diagram. 
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The parameters that affect NOx formation and reduction potential are residence time, temperature, 
excess air ratio, fuel-N content, and mixing condition [26–29]. Temperature has the least influence on 
NOx formation as mentioned earlier due to relatively low temperature range of typical biomass 
combustion [26]. Note still that it is proved that reburning during oxy-combustion is more sensitive to 
temperature [30]. Also, NOx precursors, i.e., ammonia and hydrogen cyanide, are very sensitive to 
temperature and the HCN/NH3 ratio increases with increasing temperature [31–33].  

Major technologies to reduce the NOx emissions, based on the fuel composition and combustion 
system are divided into two categories: primary measures and secondary measures [34]. Primary 
measures reduce the emissions within the combustion chamber or before fuel feeding, so the formation 
of NOx will be prevented as much as possible before the flue gases leave the reactor. These  
measures include staged air and staged fuel combustion, modification to the fuel composition by  
fuel blending, co-combustion, improvements to the combustion chamber, flue gas recirculation, fuel  
pretreatment, etc. [4,35–44]. e.g., the use of biomass/coal cofiring has become more interesting due to 
the increased environmental performance of energy production from solid fuels at a moderate cost. 
Generally the sulfur content of biomass is lower than that of coal, so the SOx emissions from 
coal/biomass cofiring will be lowered since the sulfur content of the fuels blend has a lower level. 
Furthermore a reduction in NOx emissions is predicted in cofiring plants as the mixture has lower 
nitrogen content [45]. 

Secondary measures are used to remove the formed emissions from the flue gas, where selective 
catalytic reduction (SCR) and selective non-catalytic reduction (SNCR) are the most well-known 
secondary technologies and can reduce the NOx level up to 90%. However, the operation range and the 
overall economics of the plant should be considered before applying such costly methods [16,41,46,47]. 
Therefore, for small biomass combustion reactors, only primary reduction techniques are considered 
used in a feasible way. Air staging is most interesting in this respect due to its rather simple application 
and high NOx reduction potential. In an air staged scenario, the total air is divided and fed to the 
reactor in two stages. The majority of fuel-N is converted to HCN, NO and NH3 in the first stage 
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where the primary excess air ratio is kept lower than, but close to, stoichiometric conditions. 
Thereafter, the remaining air is added to the reactor in the second stage. Ammonia is converted to NHi 
and may form NO if fuel lean conditions exist in the second stage [48]. However, due to the  
under-stoichiometric condition in the second stage, HCN and NHi radicals react with NO to form N2 
responsible for the NOx reduction [27]. Hence, keeping the primary excess air ratio at an optimum 
value is the key to minimize NOx in staged air combustion.  

Staged air combustion is widely applied in biomass combustion applications, both on the small 
scale and the large scale. Fuel staging follows a concept similar to air staging, but with addition of the 
fuel to the reactor in two stages. Some researchers tried to use a combination of the methods. Such 
combined staging (CS) was developed by Zabetta et al. [41] who used staged air, staged fuel and 
selective noncatalytic reduction (SNCR), and differs from other approaches since it pursues the 
reduction of NOx via HCN as the key intermediate. The application of CS method is relative for the 
small burner or very fast engines where the residence time is too short to reach the maximum reduction 
from the simple staging technique. In addition, it needs more modification to the burner and is 
therefore costly. The reactor setup used in this study, however, has a long residence time which allows 
the maximum reduction via air staging. 

In this work, experiments were performed in a fixed grate small scale multifuel reactor in order to 
investigate the NOx emissions. The reactor has the possibility to facilitate both fuel and air staging, of 
which the latter has been the focus in this work. The fuels used in the present study are problematic 
fuels regarding ash related issues and corrosive content which make the combustion process complicated 
in large scale boilers. The ash related issues have been studied for the same batch of fuels and are 
presented and discussed elsewhere [8,49]. Furthermore, the selected biomasses cover a relatively broad 
range of nitrogen content and include straw, sewage sludge, peat, wood pellets, and tops and branches. 
Hence, the effect of initial fuel-N content on the conversion rate of nitrogen to NOx is also investigated 
and discussed. Additional studies are needed on branches and tops due to a large resource potential in 
Northern Europe. Particularly it is necessary to investigate the emission levels from blends of  
fuels, and the effect this has on the expected optimum NOx reduction potential by staged  
air combustion. 

2. Materials and Methods 

2.1. Sample Preparation 

Five types of biomass and mixtures thereof were investigated to provide a wide basis for 
understanding emissions based on fuel characteristic. The selected fuels for this study were straw, 
sewage sludge, peat, virgin wood and forest residues (tops and branches) which had nitrogen content 
of 0.11–7.02 wt%. All fuels were pelletized to 6 mm diameter. Wood pellets and forest residues were 
obtained from Norwegian sources. Forest residues were collected from southern Norway, from stands 
with poor site quality. Peat was provided by Eidsiva Bioenergi AS. Sewage sludge and straw were 
provided through the SciToBiCom ERA-net by respectively Bioenergy2020+ (Austria) and DTU 
(Denmark). The wood pellet samples are hereby named WP, the forest residue samples GG (or Grot), 
and the Sewage Sludge samples SS, and so on. To prepare the fuel mixtures, the original fuels were 
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first grinded and then mixed and pelletized in a lab-scale pellet machine. Proximate and ultimate 
analyses were carried out both for the pure fuels and the mixtures. The results of the analyses are given 
in Table 1 and Table 2. ASTM E871, ASTM E872 and ASTM D1102 were used to measure moisture 
content, volatile matter and ash content of the fuels respectively and fixed carbon was obtained by 
difference to 100%. 

Table 1. Ultimate analyses of the samples, wt% daf (dry, ash free). 

 C H O N S Cl 
WP 51.4 6.1 42.4 0.11 0.05 0.02 
GG 53.4 6.2 39.9 0.43 0.12 0.04 
Straw 49.5 6.1 43.6 0.50 0.21 0.10 
SS 48.9 7.4 34.6 7.02 2.07 0.10 
Peat 56.0 6.1 35.0 2.60 0.34 0.02 
WP + GG 5% 51.5 6.1 42.3 0.12 0.06 0.02 
WP + GG 20% 51.7 6.1 41.9 0.17 0.07 0.02 
WP + GG 50% 52.3 6.1 41.2 0.27 0.09 0.03 
Straw + GG 20% 50.3 6.2 42.8 0.48 0.20 0.09 
Straw + GG 50% 51.5 6.2 41.7 0.46 0.17 0.07 
Straw + SS 5% 49.5 6.2 43.3 0.72 0.28 0.10 
Straw + SS 10% 49.5 6.2 43.0 0.94 0.34 0.10 
Straw + SS 20% 49.4 6.3 42.3 1.42 0.47 0.10 
Straw + Peat 5% 49.8 6.1 43.3 0.58 0.22 0.10 
Straw + Peat 20% 50.5 6.1 42.3 0.82 0.23 0.09 
Straw + Peat 50% 52.2 6.1 40.0 1.39 0.27 0.06 

Table 2. Proximate analyses of the samples (wt%, dry). 

 VM Fixed Carbon Ash Moisture (wet base) HHV (MJ/kg) 
WP 85.3 14.5 0.2 6.5 20.7 
GG 77.0 20.7 2.3 9.6 21.8 
Straw 78.7 16.4 4.9 11.7 19.9 
SS 56.0 8.5 35.6  � 21.1 
Peat 65.4 24.3 10.3  � 22.9 
WP + GG 5% 84.6 15.0 0.4 14.4 20.8 
WP + GG 20% 83.0 16.5 0.6 14.4 20.9 
WP + GG 50% 80.7 18.0 1.3 11.8 21.2 
Straw + GG 20% 77.9 17.7 4.4 13.8 20.4 
Straw + GG 50% 77.5 18.9 3.6 11.8 20.9 
Straw + SS 5% 77.6 16.1 6.3 12.8 20.0 
Straw + SS 10% 76.6 15.5 7.9 15.4 20.0 
Straw + SS 20% 73.6 14.6 11.8 9.4 20.0 
Straw + Peat 5% 77.6 17.1 5.2 11.2 20.0 
Straw + Peat 20% 77.1 17.1 5.9 14.4 20.3 
Straw + Peat 50% 73.1 19.5 7.4 17.1 21.1 
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The mixtures were selected based on thermodynamic analyses to minimize the formation of 
corrosive components in the reactor and the results regarding corrosion abatement as presented and 
discussed in the earlier publications [8,49]. 

Small deviations (not presented) between the measured (Table 2) and calculated values exist for the 
composition of the mixture samples, which are probably due to the higher measurement uncertainties 
in the lowest measurement range [50]. This is discussed further in the Results section. 

2.2. Experimental Setup 

The combustion tests were carried out in SINTEF Energy Research’s multifuel reactor, which is an 
electrically heated high temperature reactor. A schematic drawing is presented in Figure 2. The reactor 
has a ceramic inner tube with a diameter of 100 mm and a length of 2 m. The vertical tube consists  
of two 1 m long ceramic tubes connected with a ceramic socket. The ceramic tubes are made of  
non-porous and non-catalytic alumina. 

Figure 2. Schematic of the multifuel reactor. 
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The reaction section, located above the grate, is 1.6 m long, while the section below the grate is  
0.4 m long. The heating system is fitted inside the insulation shell and consists of four separate 0.5 m 
high heating zones of 4 kW each (16 kW in total) that enclose the ceramic tubes. The top and bottom 
of the reactor are insulated, but not heated, and both include detachable and insulated plates. The lower 
part of the multifuel reactor is the section containing the grate, which has two levels (10 cm apart), a 
primary grate and a final burnout grate and an ash collection system with an ash bin. The grate and the 
ash bin are both made of Inconel. The reactor setup thus combines two possible reduction technologies 
simultaneously, staged air and staged fuel combustion. The 2-level grate may give a possible fuel 
staging effect. The inlet air is preheated to the reactor temperature in external preheaters. The primary 
air is added under the grate (underfire air) and the secondary air is added above the grate (overfire air). 
The air flow is controlled by high precision digital mass flow controllers. The temperature inside the 
reactor is measured at several points. Furthermore, additional thermo-couples are used to control and 
protect the heating elements of the reactor from overheating. The preheating units have separate 
control systems. The temperatures are also monitored in the flue gas channel with four K-type 
thermocouples. 

2.3. Gas Sampling 

The flue gas composition, both at the reactor exit and in the primary zone, is continuously monitored. 
A schematic diagram of the sampling lines is shown in Figure 3. 

Figure 3. Schematic diagram of the sampling lines. 

 

For gas analysis in the primary zone, a Varian CP-4900 micro gas chromatograph (GC) was used. A 
stainless steel probe with an outside diameter (OD) of 10 mm and an inner diameter (ID) of 8 mm was 
used for the gas sampling. The sampled gas passed first through a tar, water and particle ice-cooled 
trap consisting of a steel container filled with glass wool and with a glass microfiber paper filter. The 
sampling gas flow was about 1 L/min. The GC was equipped with two Thermal Conductivity 
Detectors (TCDs) with a detection limit of 1 ppm, and double injectors, each connected to a separate 
column. The first column was a 10 m long PoraPLOT Q-type, with an inner diameter of 0.25 mm and 
a 10 m film thickness produced by Varian Inc., and uses helium as carrier gas. This column was used 
for the separation of CO2, CH4, C2H2 + C2H4 and C2H6. The second column was a 20 m long  
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CP-MolSieve 5A PLOT, with an inner diameter of 0.25 mm and a 30 m film thickness produced by 
Varian Inc., and used argon as carrier gas in order to be able to detect H2. This column was able to 
quantify H2, O2, N2, CH4 and CO. The GC had a sampling time interval of approximately two minutes. 

The exhaust gases were quantified online with a Gasmet DX-4000 Fourier transform infrared 
(FTIR) spectrometer which was equipped with an integrated ZrO2/O2-analyzer, and a Mercury 
Cadmium Telluride (MCT) detector and had a maximum resolution of 4 cm 1. The sampling line and 
cell were heated to 180 °C. The cell volume was 0.4 L and the optical path length was 5 m. The FTIR 
was used to quantify H2O, CO2, CO, NO, N2O, NO2, SO2, NH3, HCl, HF, CH4, C2H6, C2H4, C3H8, 
C6H14, CHOH, HCN and O2. Extracted gases were passing through heated filters and heated lines, 
before reaching the FTIR. A stainless steel probe with an OD of 10 mm and an ID of 8 mm was used 
for sampling. The sampling position was located in the stack. The second FTIR spectrometer was a 
Bomem MB9100, which takes samples from a position near the first FTIR. This analyzer was used to 
measure all the species mentioned for Gasmet in addition to C4H10. The analyses was done by a large 
cell heated to 176 °C with a 1 cm 1 spectral resolution detector and with a measurement time interval 
of 80 s. 

Flue gas samples were also extracted through a sampling point near the top of the reactor. An 
Inconel probe with 6 mm OD and 4 mm ID was used for sampling. The gas first passed through silica 
gel and was thereafter led to a HORIBA analyzer using a vacuum pump. The sampling rate was  
0.4 L/min. The HORIBA PG-250 is a portable gas analyzer that can simultaneously measure up to five 
separate gas components. The HORIBA PG-250 uses non-dispersive infrared (NDIR) absorption to 
quantify CO, SO2 and CO2, cross-modulation ordinary pressure chemiluminescence to measure NOx, 
and a galvanized Zr cell for O2 measurements. The sampling unit comprises a filter, a mist catcher, a 
pump, an electronic cooling unit, and an NO2 to NO converter. 

Bottom ash collected in the ash bin was removed manually after each test. Unburnt carbon in the 
bottom ash was measured after each experiment by weighing the ash before and after exposing it to a 
temperature of 550 °C for a period of 20 h. 

2.4. Experimental Procedure 

The experimental matrix is given in Table 3. The experiments were carried out with pellets of 6 mm 
diameter from five biomass fuels and mixes of these, all in air staging mode. Only isothermal 
experiments were performed with a reactor temperature of 850 °C. The total excess air ratio was about 
1.6, and the primary excess air ratio was about 0.8, however due to small variations in the fuel feeding 
rate, a range of excess air ratios was obtained during stable period of the experiments. 

The fuel pellets were fed automatically from a fuel container located over a water-cooled piston. 
The perfectly sealed piston transported the fuel into the reactor and the pellets fell on the upper grate, 
thereafter the piston quickly returned to its starting position and the process was repeated. The feeding 
frequency was set to approximately 6–7 seconds, based on the fuel density and pellets size distribution, 
to ensure a fuel feeding rate of about 400 g/h. 
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Table 3. The experimental matrix. 

Experiment No. Fuel 1 Fuel 2 Fuel 2 in the mixture (wt%) 
1 Wood Pellet - - 
2 Wood Pellet Grot 5% 
3 Wood Pellet Grot 20% 
4 Wood Pellet Grot 50% 
5 Grot - - 
6 Straw Grot 20% 
7 Straw Grot 50% 
8 Straw Sewage Sludge 5% 
9 Straw Sewage Sludge 10% 

10 Straw Sewage Sludge 20% 
11 Straw Peat 5% 
12 Straw Peat 20% 
13 Straw Peat 50% 

The pellets were mainly combusted on the upper (primary) grate. Then the pellets were gradually 
moved to a slot leading to the second (final burnout) grate by means of rotating blades. Each grate had 
two rotating blades rotating slowly around and completing a circle in around three minutes. Final 
burnout took place on the lower grate before the ash is moved to the ash bin. At the bottom of the ash 
bin another rotating blade moved the ash into an ash tube. The gas residence time between the grate 
levels was in the range of 1–2 s. and the total residence time of fuel gases in the reactor was  
25–50 s, due to the very low flow velocity (0.03–0.07 m/s). 

3. Results and Discussion 

The carbon and hydrogen balance as a function of total excess air ratio for one of the experiments 
(mixture of straw 50% + peat 50%) is shown in Figure 4. As shown, the deviation between the 
measured and calculated values is in the range of ±2%, so the experimental measurements are reliable 
with low uncertainty. The same trend was seen for all the other experiments (results not presented). 

Combustion quality was also checked for all experiments with regard to unburnt species. The 
concentration of CO and CxHy (as ppm at 11% O2 in the dry flue gas) is shown in Figure 5 for the 
experiment with “straw 80% + grot 20%”. Due to the relatively long residence times (25–50 s), good 
mixing and high temperatures, the amounts of CO and unburnt hydrocarbons were very low. For the 
other mixtures CO and CxHy were below 50 ppm and 5 ppm at 11% O2 in dry flue gas, respectively. 
Hence, in all experiments the combustion can be considered complete under the given conditions. This 
is important to ensure that measurements of fuel-N originating NOx are representative for what may be 
expected under normal and efficient running conditions. 
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Figure 4. Carbon and hydrogen balance check: CO2 and H2O concentration and measured 
deviation for the experiment with “Straw 50% + Peat 50%”. 
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Figure 5. Unburnt gases (CO and CxHy): concentration as ppm at 11% O2 in dry flue gas 
for the experiment with “Straw 80% + Grot 20%”. 

Excess air ratio

1.0 1.5 2.0 2.5

C
on

ce
nt

ra
tio

n,
 p

pm
 a

t 1
1%

 O
2 i

n 
dr

y 
flu

e 
ga

s

0

10

20

30

40

50

CxHy  as C1 (ppm 11% O2, dry) 
CO (ppm 11% O2, dry) 

 

3.1. NOx Reduction in Air Staged Combustion 

The experiments revealed the NOx reduction potential with staged air combustion. The primary 
excess air ratio was the key influencing factor for NOx reduction in the set of experiments, where the 
results were especially relevant for a grate-furnace. In Figures 6–9 the effect of primary excess air ratio 
for different mixtures of straw, peat, sewage sludge, forest residues and wood pellets are compared.  
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Figure 6. Influence of the primary excess air ratio on the NOx emissions from “straw + peat” 
mixtures for air staging (temperature: 850 °C, NOx as ppm in dry flue gas at 11% O2). 
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Figure 7. Influence of the primary excess air ratio on the NOx emissions from  
“straw + sewage sludge” mixtures for air staging (temperature: 850 °C, NOx as ppm in dry 
flue gas at 11% O2). 
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Figure 8. Influence of the primary excess air ratio on the NOx emissions from  
“straw + tops and branches” mixtures for air staging at a temperature of 850 °C. 
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Figure 9. Influence of the primary excess air ratio on the NOx emissions from  
“wood pellet + tops and branches” mixtures at a temperature of 850 °C. 
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The NOx level was clearly reduced when the primary excess air ratio increased up to about 1. An 
optimum reduction was found for almost all the experiments at a primary excess air ratio close to 0.9. 
The optimum primary excess air ratio for combustion of “straw 95% + peat 5%” was however found 
around 1.3 as seen in Figure 6 which is high for typical values of optimum primary excess. This needs 
some more clarifications. In this experiment, because of a high share of straw in the mixture, the ash 
melting temperature for the fuel blend was low, and 5 wt% peat did not improve the ash melting 
behavior of straw. Hence, during the running of the reactor, sintering happened on the grate, which 
caused the air slots on the grates to be filled with melted ash. In this case the actual “available oxygen” 
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for the fuel in the reactor was clearly lower than the amount of air which was fed to the reactor. 
Therefore the real primary excess air ratio for the case “straw 95% + peat 5%” may be regarded as a 
value closer to the other experiments, i.e., 0.9–0.95. Similar problems were also observed for  
“straw 80% + peat 20%”, which explains that the optimum point is shifted toward an excess air ratio  
of 1, by the same interpretation. This issue is of course related to the design of the reactor. However, as 
it is not uncommon with such fuel grates in a conventional combustor, low ash melting properties for 
certain fuels [9] should be considered when designing for optimum combustion of biomass.  

The reduction in NOx level for the staged air experiments was found to start from a primary excess 
air ratio of about 0.7 and continue to the highest reduction on the excess air ratio of about 0.9. 
However, further increase in the excess air ratio increased again the NOx emissions. This can be 
explained by the staged combustion effect. In the first stage, primary air was added for devolatilization 
of the volatile fraction of the fuel, which forms a fuel gas composed of mainly CO, H2, CxHy, H2O, 
CO2 and N2. In addition, supplying less air than stoichiometric condition in a range of 0.7–0.9 causes 
the volatile-N fraction to form nitrogen containing NOx precursors. Therefore, small amounts of NH3, 
HCN, HOCN and NO will be produced depending on the fuel nitrogen content, temperature and other 
operating conditions. In the second stage, sufficient air is fed to the reactor to ensure final burnout of 
emissions from incomplete combustion, e.g., CO, CxHy. Adding the remaining air in the second stage 
creates the path for NO reduction, where NOx act as an oxidant agent for the other N-containing 
species and also products of incomplete combustion (NH2, NH3, CO, CH4, …) in reactions such as: 

NO + NH2  N2 + H2O (R1) 

NO + CH4  1/2N2 + CO + 2H2 (R2) 

In the regions where the injected primary air is very low, the oxygen will not be sufficient for NO 
formation and just NHi and HCN will appear in the first stage from the fuel nitrogen. Following that, in 
the second stage, the remaining secondary air provides more than enough O2, so the formation of NO 
from its precursors’ oxidation will be elevated following the reaction:  

NHi + O2  NO + … (R3) 

In contrast, when the primary excess air increases above 1, excess oxygen in the first stage will 
cause the oxidation of all pyrolysis gases. Therefore much more NO will appear while no sufficient 
NHi exists for the second stage to minimize the NO emissions via the reduction path, reaction (1), 
resulting in a raised NO emission level in the flue gas. 

The results of staged air combustion of wood pellet and forest residues mixtures are presented in 
Figure 9. For better comparison, the results from pure wood and 100% grot are also included in the 
graph. Grot shows higher NOx emissions which are due to its higher nitrogen content. The NOx 
reduction is also limited to 40–50% for WP at the optimum excess air ratio. It is important to note that 
the NOx reduction potential depends greatly on the fuel nitrogen content. A reduction of 50–80% is 
observed for the experiments where 80% reduction corresponds to the experiment with highest 
nitrogen content in the fuel blend, i.e., “straw 50% + peat 50%”. This will be discussed further below. 
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3.2. Effect of Fuel-N Content on N-Conversion: NOx 

For comparison purposes and to evaluate the conversion of the fuel nitrogen to NOx, the ratio 
NOx/Fuel-N is generally used. This ratio is obtained by dividing the total amount of nitrogen that exists 
in the measured NOx in the flue gas by the nitrogen content of the biomass input. The major part of 
NOx was by far composed of NO for the set of experiments at the given conditions.  

NOx/Fuel-N results are presented in Figure 10 for the fuels and mixtures at different stoichiometric 
ratios. It is shown that the nitrogen conversion level depends greatly on the fuel nitrogen content. The 
mixtures with wood pellets, which have the lowest fuel-N content, revealed high conversion of 
nitrogen to NOx, while mixtures with peat converted considerably less nitrogen to NOx.  

Figure 10. Fuel-N conversion and the effect of fuel-N content. 
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The plot in Figure 11 summarizes the conversion rate of fuel nitrogen to NOx with respect to the 
investigated fuels nitrogen content. The results are derived from the combustion at the optimum 
condition, i.e., primary excess air ratio of 0.9–0.95. Therefore this graph shows the minimum potential 
fuel-N conversion to NOx in the grate reactor. However, the trend for other excess air ratios is  
the same, where the fuels and blends with high nitrogen content typically convert only 2% of  
the fuel-N to NOx. 
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Figure 11. Influence of fuel-N content on the conversion to NOx. 

Fuel-N content (wt%)

0.0 0.5 1.0 1.5

N
O

x/
Fu

el
-N

0.00

0.03

0.06

0.09

0.12

0.15

Conversion of Fuel-N to NOx

 

3.3. Effect of Fuel-N Content on N-Conversion: N2O 

The N2O concentration in the flue gas is shown in Figure 12. Nitrous oxide emissions are typically 
low, below 5 ppm at 11% O2 in the dry flue gas. However, it should be noticed that the N2O level for  
a number of experiments with high nitrogen content in the fuel was up to 25 ppm. The N2O 
concentration increased with primary excess air ratio. Unburnt species such as CO and CH4 that are 
reductive agents for NOx, as discussed earlier, have proven to promote the fuel-N conversion to N2O in 
high excess air ratios [51]. Therefore, the conditions which are in general favorable for NOx reduction 
result in more N2O formation. 

Figure 12. Effect of the primary excess air ratio on the N2O emissions at a temperature  
of 850 °C. 
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3.4. Effect of Fuel Type on NOx 

Figure 13 presents the yields of the main unburnt gases in the primary zone. CO, H2 and CH4 were 
measured by a GC. The proximate analysis of the fuels reveals that the five original fuels are very 
different from each other, especially regarding ash content and volatile matters. The volatile matter 
(VM) contents of the selected original fuels ranged from around 56 to 85 wt% (dry basis) with ash 
contents from 0.2 to about 36 wt%. Wood pellets have the lowest ash and highest VM, while the 
highest ash and lowest VM belongs to sewage sludge. However, the volatile content of GG and straw 
are quite close to each other, even though straw has two times higher ash content. Obviously, the 
volatiles are very important for the nitrogen release and especially for the share of char or volatile 
nitrogen content, which finally affect the NOx reduction path. Ash elemental composition should also 
be considered in a fuel type discussion, since elements such as calcium can act as catalyst to reduce 
nitrogen oxides [52]. Addition of fuels with higher volatile content would result in higher NOx 
reduction, since the availability of radical species necessary for NO reduction is higher in the 
combustion zone. This is related to the reaction mechanism which is explained in the previous section, 
reactions R1-R3. 

Figure 13. Level of main unburnt species in the primary zone for different fuels  
and mixtures. 
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On the other hand, release of char nitrogen is affected by particles residence time, size of pellets and 
the amount of inorganic elements, where the latter is being determined by the fuel type [11]. Due to the 
special design of our reactor (two level grate), the potential effect of volatile species interaction with 
the char matrix should also be considered as a potential significant factor. Straw mixtures with 20% 
GG, peat and SS give the following results: blending with GG gives the highest VM and the lowest Ca 
in the mixture. Contrary, the mixture of straw with SS has the lowest VM and the highest Ca. There is 
a competition between the explained mechanism for nitrogen release and reduction. Although GG has 
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higher volatile content and release a higher amount of volatile species according to Figure 13, the 
minimum NOx emission and NOx/Fuel-N for Straw + GG20 is significantly higher than for the other 
two blends. The NOx reduction potential was also in the lowest range for this GG mixture, around 
50%. Hence, it is suggested that GG is not a good selection to be blended with straw in order to reduce 
fuel-NOx emissions. However, peat and SS showed a higher NOx reduction (75–80%) with a minimum 
NOx level of about 20–25 ppm at 11% O2 in dry flue gas. Figure 13 shows lower volatiles amounts 
from SS mixtures compared to peat mixtures, so it seems that the effect of the reduction reaction R2 
has been minimal in this case compared to other mechanisms. Finally, sewage sludge gives the lowest 
fuel-N conversion to NOx compared to the other mixtures which makes this fuel a proper blend for 
straw combustion. It is suggested that SS addition to straw leads to increased mineral matters on the 
grate, hence resulting in catalytic activities of ash elements leading to NOx reduction by CO  
or CH4. However, further investigations are required to quantify the effect of the mentioned 
mechanism solely. 

4. Conclusions 

The present study demonstrated that air-staging can be effectively used in a grate combustion 
reactor in order to reduce the NOx emissions. Furthermore, staged air combustion for different biomass 
fuels and in particular mixtures of the selected fuels were investigated. Staged air combustion reduced 
the NOx emissions significantly. However, the reduction level depended on the stoichiometric ratio of 
the first stage. An optimum primary excess air ratio of about 0.9 was found for the reactor in the 
primary zone (fuel rich condition). However, low ash melting characteristics of some of the fuels, 
particularly straw, caused this value to be somewhat higher due to sintering on the fuel grate. The NOx 
level was reduced with 50–80% based on the fuel type. Mixtures with high nitrogen content showed 
higher reduction potential while wood pellets with the lowest nitrogen content showed less reduction. 
The unburnt species’ concentration (CO and CxHy) was very low in all cases due to the good combustion 
quality. Regarding fuel-N conversion to NOx, this depends on the nitrogen content of the biomass. The 
fuels with lower nitrogen content showed a higher conversion of fuel-N to NOx, while a blend of peat 
and sewage sludge, which had high fuel-N content, only converted about 2% of the fuel-N, the rest 
being converted directly to N2, and a minor part remained in ash. SS, having low VM and high ash 
content, is suggested as a favorable fuel to be blended with straw, showing high NOx reduction and 
low fuel-N conversion. GG, however, with high VM and low ash content, did not show desirable NOx 
reduction and also made the combustion more unstable. The reduction potential for GG and SS 
mixtures was about 50% and 80%, respectively. 
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ABSTRACT: Flue gas recirculation (FGR) is a conventional means of reducing NOx emissions that involves lowering the peak
flame temperature and reducing the oxygen concentration in the combustion region. Staged air combustion is also an effective
means of NOx reduction, especially in biomass combustion. This article reports results on NOx emissions in a set of experiments
combining FGR and staged air combustion in a grate-fired laboratory-scale reactor. Two different compositions of the
recirculated flue gas were used: CO2 and CO2 + NO. The CO2 concentration varied between 0−8 vol % of the total inlet flow
rate and the NO concentration varied between 0 and 64 ppm. Two different FGR locations were also tested: above and below
the grate. The results are compared with a reference experiment performed without FGR. The NOx reduction level from staged
air combustion at the optimal primary excess air ratio is ∼70%, while employing FGR can reduce the NOx emissions by an
additional 5%−10%. The optimal primary excess air ratio range is 0.9−1. However, FGR more effectively reduces NOx when
employed outside of the optimum primary excess air ratio range, i.e., excess air ratios higher than 1 and less than 0.9. The
experiments with FGR located above the grate exhibit higher reduction potential, while FGR located below the grate produces
decreased reduction. The recycled-NO conversion factor, which gives a measure of maximal FGR efficiency, at the maximum
point, is nearly 100% when FGR is applied below the grate and is 85%−100% in the case of recirculation above the grate.

■ INTRODUCTION
According to recent findings, the CO2 concentration in the
atmosphere should not be higher than 350 ppm.1 This limit was
surpassed in 1988 and measurements taken in November 2011
found a CO2 concentration of 390 ppm.

2 Biomass can provide
an easily accessible source of renewable energy that is almost
CO2-neutral.
Almost all types of biomass contain nitrogen-bound

compounds, which makes thermal conversion a challenge,
with regard to NOx formation. Typical nitrogen contents vary
from below 0.1 wt % in wood to 7 wt % in sewage sludge.
Demolition wood, which is the fuel used in this study, is an
inexpensive source of fuel that is even more challenging to
combust, because of its relatively high nitrogen content, which
results in high NOx emissions. NOx contributes to environ-
mental problems such as acid rain, smog formation, and ozone
depletion. Therefore, many countries enforce strict regulations
on NOx emissions from power plants and other combustion
systems.

NOx Reduction. There are numerous well-established
methods that can be applied to reduce the nitrogen oxides
emissions from biomass combustion. These methods are
categorized as primary and secondary measures based on the
location and time of application inside the reactor. Staged air,
staged fuel combustion, and flue gas recirculation (FGR) are
the most common primary measures and effectively reduce
NOx emissions inside the furnace. For a better understanding of
the NOx formation and reduction, processes such as pyrolysis,
tar and char combustion, and connected nitrogen conversion
should be considered.3

The staged-air combustion reduction mechanism and the
related chemistry have been extensively described elsewhere.4−9

The important species and intermediates for NOx formation
and reduction are NH3, HCN, NO, and HNCO.

10−14

Fuel-N Conversion. The reaction mechanism for fuel-N
conversion, the main source of NOx in biomass combustion, is
fairly well understood. The contribution of the fuel NOx to the
total NOx in solid fuel combustion is shown to be greater than
75%−80%, with the rest originating mainly from the thermal
NOx mechanism.

7,15−18 The share of fuel-N to NOx is even
higher in biomass combustion, in which the reactor temper-
ature is relatively low, compared to that of coal combustion.7

Note that thermal NOx formation becomes important at
temperatures above 1300−1400 °C, which is generally relevant
to, e.g., pulverized fuel combustion. However, in our grate
furnace, all experiments are carried out at a constant
temperature of 850 °C. We also note that, even in the flame
region (primary zone), the temperature is below the range
within which thermal NOx is formed. The positive effect that
temperature exerts on NO decomposition in the fuel-rich
primary zone is reduced because of increased NO formation in
the secondary stage caused by secondary air addition.19

Biomass, on the other hand, contains considerable amounts
of fuel nitrogen, which promotes the formation of fuel NOx

during combustion. Therefore, it is important to understand
that FGR in biomass combustion may not be as effective as it is
in the combustion of natural gas or oil. However, it has been
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proven that air staging and FGR are effective NOx reduction
methods for high-nitrogen-content fuels.20 The nitrogen
conversion path includes char and volatiles, and the proportion
of each depends on the temperature and fuel type.
The released intermediate NOx species, HCN and NH3, can

be converted to NO through oxidation reactions via amines
(mostly NH-type radicals) or reduced to N2, depending on the
stoichiometric conditions, temperature, residence time, etc.7,10

The residence time is one of the important parameters in
NOx formation/reduction. Up to a certain point, an increased
residence time in the primary stage will enhance the NOx
reduction potential. In this work, the residence time is well
above the expected required time (<2 s);19 thus, the results are
not influenced by the residence time. The residence time in the
primary zone (90 cm) of the reactor in this study is 13−23 s.

Flue Gas Recirculation (FGR). FGR is most likely one of
the oldest NOx reduction measures used in oil and gas
combustion. The employment of FGR in grate-fired coal
combustion has also exhibited a considerable NOx reduction
potential.21 The main advantage of FGR and staged
combustion is that they can be applied in existing boilers
with low cost and few modifications to the furnace, while the
implementation of secondary measures such as selective
noncatalytic reduction (SNCR) and especially selective catalytic
reduction (SCR) is generally more costly.
NOx reduction through FGR is achieved because:

(1) the recirculated flue gas acts as an inert gas containing
mainly CO2, H2O, a low level of O2, and N2. When
mixed with the combustion air, it lowers the temperature
in the flame region and, hence, reduces thermal NOx

formation;
(2) by mixing the flue gas with the combustion air, the

oxygen availability in the reaction zone is reduced, which
consequently affects the NOx formation chemistry; and

(3) the residence time of the recirculated NOx is increased
by allowing it to go through the combustion zone a
second time.

The high concentration of CO2 caused by FGR is known to
influence the formation of H/O/OH radicals, which play a
critical role in NOx emissions.

22 In the mentioned study, the
concentration of H/O/OH radicals with elevated CO2
concentration is different in the reburning zone and the
burnout zone. Generally, in the first stage (i.e., the reburning
zone), the higher CO2 content results in reduced radical
formation, while the radical formation is increased in the
burnout zone. On the other hand, the relative order of the
quantity of radicals is H > OH > O in O2/N2 combustion, while
in O2/CO2 combustion, it changes to OH > O > H.22 In
addition to the effects of FGR on the actual residence time and
the radical formation mechanisms, a higher CO2 concentration
in the inlet oxidant may enhance char nitrogen conversion.23

The effect of oxygen enrichment has been studied primarily
in coal combustion and co-combustion systems.24−26 Recent
investigations have also been carried out with O2/CO2 as
oxidants rather than oxygen-enriched air.27 This study showed
that, in coal combustion, the fuel-N to NO conversion factor
decreased as the CO2 concentration increased in the presence
of coal. The authors also stated that the interaction of fuel-N
with recycled NO caused the conversion ratio to decrease as
the NO concentration increased in the recycled gas and that the
global conversion factor depends on the excess air ratio; these
findings are consistent with the present investigation.

Reburning of recirculated NO from the flue gas has also been
studied using propane in a burner to avoid fuel-N and
heterogeneity effects.28 Those experiments showed that the
reduction potential of reburning is lower in oxy-fuel (high O2
concentration in the inlet oxidant) than in air combustion, and
applying FGR to oxy-fuel combustion systems increased the
total NO reduction.
Combustion of different types of coal in an electrically heated

combustor with recycling ratios of 0.2−0.4 showed a recycled-
NO reduction of 60%−80% at equivalence ratios of ∼1.4, while
the reduction was less at low recycling ratios.29,30 The effects of
CO2 concentration, recycled NOx, and interactions between the
fuel-N and the recycled NOx on NOx emission have been
studied in coal combustion with recycled CO2, and a 50%−80%
reduction of recycled NO in the furnace was found.31

Many studies have also been performed in waste combustion
plants, because of the higher nitrogen content of waste.
Bianchini et al.32 performed a study on a fluidized-bed reactor
(FBR) with 60% recirculation of hot flue gas. Their study
included temperature effects and showed that FGR can reduce
NOx emissions up to 30% in waste-to-energy plants. A NOx
reduction of up to 20% was also achieved in a waste
incineration plant using an FGR ratio of ∼25%.33 Investigations
of high-temperature air combustion in the incineration of solid
waste also demonstrated that NOx emission was reduced by
28%−38% when FGR was used to decrease the oxygen
concentration.34

In this study, a combination of staged-air combustion and flue
gas recirculation was applied to a grate-fired laboratory-scale
reactor to mitigate NOx emissions. As stated above, these
measures have known effects when applied individually.
However, staged combustion has a known optimum effect
within a rather narrow window of excess air ratios. In the
present work, we address how this effect can be modified by
including FGR. The experiments performed provided impor-
tant data for assessing the effect of combined staged-air
combustion and FGR on NOx formation in the combustion of
demolition wood, a fuel that contains a relatively high nitrogen
concentration. The parameters that have been investigated in
this study are (1) the amount of recirculated flue gas, (2) the
recirculated flue gas composition, and (3) the point of flue gas
introduction inside the reactor.

■ EXPERIMENTAL SETUP AND PROCEDURE
The Multifuel Reactor. The SINTEF Energy Research’s grate-

fired laboratory-scale multifuel reactor was used to carry out the
combustion tests. This reactor is an electrically heated high-
temperature reactor. Figure 1 shows a schematic drawing of the
reactor. The reactor has a ceramic inner tube with a diameter of 100
mm and a length of 2 m. The vertical tube consists of two ceramic
tubes 1 m in length connected by a ceramic socket. The ceramic tubes
are made of nonporous and noncatalytic alumina. A more-detailed
description of the reactor can be found in a recent study by Khalil et
al.35 The reaction section, located above the grate, is 1.6 m long, while
the section below the grate is 0.4 m long. The reactor is fitted with a
unique two-level grate system, as shown in Figure 2, which allows for
two-stage fuel burning. Its function will be described in more detail in
the next section. As shown in the photo, the blades are designed to
keep the pellets on both grates (upper and lower level) for the same
amount of time, i.e., the blades rotate at the same speed at both grates.
The heating system fits inside the insulation shell and consists of four
separate heating zones.
Figure 3 shows the sampling lines for gas concentration

measurements. The gas concentration in the primary stage (NO,
HCN, NH3, ...) is measured by a Fourier transform infrared (FTIR)
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analyzer using a suction probe located 25 cm above the grate. NOx
measurement in the flue gas is performed by both a continuous gas
analyzer and another FTIR analyzer at the top of the reactor, where
the burned gases leave the reactor. Extended descriptions of the
sampling devices and measurement techniques have been provided
elsewhere.5

Experimental Procedures. The experimental matrix is presented
in Table 1. The experiments were carried out using 6-mm-diameter
pellets of demolition wood and in two modes: (1) experiments using
FGR in the primary zone, and (2) experiments using FGR in the
secondary zone. Recirculated flue gas was either mixed with primary
air and fed to the reactor ca. 30 cm below the grate, or mixed with
secondary air before being fed to the reactor ca. 90 cm above the grate.
These two FGR modes are used to obtain more information about the
NOx emission levels and the reduction potential of FGR, as each mode
results in different chemistry inside of the reactor. The obtained results
can be used as a basis for improved design and operation of larger scale
combustion systems. Most of the available studies on FGR used CO2
as the recirculated flue gas. However, we also included nitrogen oxide
in the flow, similar to how FGR is used in an industrial boiler. Each
case was carried out with two different recirculated flue gases: CO2
only and CO2 + NO. Only isothermal experiments were performed,
and the reactor temperature was 850 °C. Experiment 5 is considered
to be the reference experiment and is performed only with air (i.e.,
without any flue gas recirculation). The total excess air ratio was ∼1.6,
and the primary excess air ratio was ∼0.8. The excess air ratio (λ) is
defined as the ratio between the air-to-fuel ratio at the measurement
time (A/F) and the stoichiometric air-to-fuel ratio ((A/F)stoic). Hence,
λ < 1 indicates fuel-rich conditions. The stoichiometric condition is
defined using the fuel composition (ultimate analysis).
The proximate and ultimate analyses are shown in Table 2. The

demolition wood (DW) has a relatively high nitrogen content of 1.06
wt %. However, the sulfur and chlorine contents of the fuel are very
low, and DW can be regarded as a relatively safe fuel, in terms of Cl-
related corrosion issues, compared to, e.g., agricultural residues or
waste. The ash content of DW is higher than that of virgin wood and
requires an ash collection and disposal system for proper handling in a
combustion plant.
The fuel pellets are fed automatically from a fuel container located

above a water-cooled piston. The piston transports the fuel into the
reactor, and the pellets fall down on the upper grate, after which the
piston quickly returns to its starting position and the process is
repeated. The feeding frequency was set to ∼6−7 s, which produced a
feeding rate of ∼400 g/h. The piston frequency was carefully
calibrated prior to each experiment.
The pellets were primarily combusted on the upper (primary) grate.

The pellets were then gradually moved to a slot leading to the second
(final burnout) grate by means of rotating blades. Each grate has two
blades rotating slowly, which complete a circle within ∼3 min. Final
burnout takes place on the lower grate before the ash is moved to the
ash bin through another rotating blade. The gas residence time
between the grate levels is in the range of 1−2 s, and the total
residence time of the fuel gases in the reactor is ∼25−50 s, because of
a low flow velocity.
As mentioned earlier and shown in Figure 3, two FTIRs were used

in this experimental work. The challenge with the one located just
above the grate is to measure the intermediate nitrogen species present
as minor compounds in a gas stream containing a wide variety of
compounds that vary substantially in time. This system is difficult to
measure using an automated method and must be checked manually.
The sample line for this FTIR was cooled to remove all compounds
that could potentially harm the instrument due to condensation. Thus,
all of the tar and most of the water were removed. NH3 was measured
over the spectral range of 1180−1100 cm−1 and at a distinctive peak
that should be located at 1626 cm−1. Two different methods were
developed for measuring the NO content: the measurement of the
height of an undisturbed peak at the wavelength of 1875.6 cm−1 and
the use of a PLS (Partial Least Squares) model in the region of 1916−
1895 cm−1. The PLS model was corrected for interference from CH4,
C2H4, and H2O. Both methods were developed using NO levels

Figure 1. Schematic drawing of the reactor.

Figure 2. The design of the two-level grate.
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generated by mixing a calibration gas containing NO (in N2) with N2
purity of 5.0. The NO content was calibrated within the range of 0−
350 ppm and the two methods yielded NO concentrations that were
within 5% of each other. The data from the PLS model was used for
the calculations shown in this work. The challenge, however, was to
develop a method for measuring the HCN content. HCN in the FTIR
spectrum is present in the narrow wavelength range of 3400−3200
cm−1. This range also absorbs C2H2 and H2O, and no single peak can
be used to measure the HCN content. A PLS model was developed for
HCN prediction in the range of 3382−3350 cm−1, which also included
corrections for the above-mentioned compounds. The HCN content
was calibrated using spectra with concentrations between 0 and 350
ppm. The quality of the model was checked by measuring the height of
a single peak after the interference spectra of C2H2 and H2O were
subtracted. To do so, the concentrations of these interfering
compounds were predicted prior to the HCN content. The
subtraction was performed using a function in the software that was
provided with the FTIR analysis. This process is time-consuming and
was only performed on selected spectra to ensure that the PLS model

was performing satisfactorily. The difference between the two methods
was similar in magnitude to the difference in the NO predictions.
The experiments were carried out using the following parametric

variations:

(1) CO2 recirculation at different concentrations, relative to the
combustion air;
(2) CO2/NO recirculation at different concentrations, relative
to the combustion air; and
(3) for each of the above methods, two recirculation locations
were investigated: below the grate and ∼90 cm above the grate.

■ RESULTS AND DISCUSSION
In this section, the observed results from the experiments are
presented.
As mentioned earlier, NOx precursors in the primary zone

(above the top grate) were detected and quantified using FTIR
spectroscopy. In all of the experiments, the concentration of
ammonia (NH3) was below the detectable limit. It seems that
the conditions under which these experiments were performed
favored the formation or survival of HCN and NO in the region
where the samples were taken for analysis. In addition, the
FTIR analyzer used a suction probe located 25 cm above the
grate. This distance corresponds to several seconds of residence
time above the fuel pellets, which is more than enough time for
NH3 to be fully converted to other intermediate N-species,
including HCN, or N2,

36,37 while further reactions are limited
by the very low remnant radical pool. When secondary air is
added, some further reduction of the remaining intermediate
N-species to N2 will occur, while the remainder will be
converted primarily to NO.

CO2 Recirculation. Figure 4 shows NOx emission levels in
the flue gas at different excess air ratios for all of the
experiments performed with recirculation of CO2 alone. The
maximum NOx emissions for the different experiments were in
the range of 90−115 ppm (11 vol % O2 in dry flue gas) for low
excess air ratios (ca. 0.7) and were reduced to as low as 30 ppm
for an excess air ratio close to 1. The right graph demonstrates
that the addition of CO2 has a positive effect on NOx reduction

Figure 3. Schematic diagram of the sampling lines.

Table 1. The Experimental Matrix

FGR location
CO2 (vol % of total air

flow)
NO (ppm in total air

flow)

1 primary zone 2.4
2 primary zone 3.3
3 primary zone 5.9
4 primary zone 6.7
5 reference

experiment
6 secondary zone 2.5
7 secondary zone 4.6
8 secondary zone 6.4
9 secondary zone 8.0
10 primary zone 3.9 17
11 primary zone 3.7 28
12 primary zone 3.9 41
13 secondary zone 4.4 19
14 secondary zone 4.4 47
15 secondary zone 4.5 64

Table 2. Fuel Proximate and Ultimate Analysis

Proximate Analysis (wt % on dry basis) Ultimate Analysis (wt % on dry ash-free basis)

pellet ash
volatile
matter

fixed
carbon

moisture (wet
basis) C H O N S Cl

demolition wood,
DW

2.18 75.97 21.85 10.58 48.45 6.37 44.11 1.06 0.02 0.05
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above the grate. The left graph presents the same trend below
the grate but with more widely scattered data points. The
reverse effect is observed in the case of 3.3% CO2, which could
originate from the combustion instabilities in the mentioned
experiment. Because of the desired reduction chemistry in the
first stage, the primary air should be supplied to the reactor to
create reducing conditions and thus maximize NOx reduction.
Compared to the reference experiment, in which no CO2
recirculation was employed, the NOx concentration was more
strongly reduced at increased amounts of CO2 recirculation.

However, it should be noted that the reduction due to FGR is
much lower than that of air staging. The total reduction at the
optimal condition is ∼70%, while CO2 recirculation provides an
additional reduction of 5%−10%, depending on the amount of
recirculated CO2. The CO2 addition lowers the local temper-
ature (electrically heated reactor) due to the increased heat
capacity of the flue gas and lowers the O2 concentration inside
the reactor, which, in return, decreases the formation of
nitrogen oxides. A long residence time in the primary
(reduction) zone ensures a low NOx emission level at the

Figure 4. Effects of primary excess air ratio and amount of CO2 in the inlet oxidant on the NOx emissions: (left) CO2 below the grate and (right)
CO2 above the grate.

Figure 5. Effects of CO2 in the inlet oxidant on the NO and HCN levels in the primary zone: (left) CO2 below the grate and (right) CO2 above the
grate.
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optimum primary excess air ratio, i.e., a very high reduction
level. Therefore, the additional effect of the second method,
FGR, is minimal at the optimum primary excess air ratio, as
explained in the Introduction section.
The FGR position also has a clear effect on the NOx

emissions. The left graph in Figure 4 shows that the additional
CO2 in the primary zone (i.e., below the grate) contributes to
NOx reduction over a wide range of excess air ratios. However,
at the optimum excess air ratio, the effect of FGR is minimal.
The widely scattered results in this graph may be due to
unstable combustion conditions, while FGR above the grate

keeps the combustion quite stable. The right graph presents the
same results with CO2 recirculated above the grate, and the
reduction level is clearly visible and higher even at the optimum
primary excess air ratio. For instance, at a low primary excess air
ratio of ca. 0.7, the maximum NOx emission level at the highest
FGR ratio is reduced by ∼20% from the reference experiment
in the case of FGR above the grate. Under the same conditions,
FGR below the grate reduces the NOx emission level by 25%.
The CO2 concentration in the flue gas can be calculated as
follows:

Figure 6. Effects of the primary excess air ratio and amounts of CO2 and NO in the inlet oxidant on the NOx emissions: (left) CO2 + NO below the
grate and (right) CO2 + NO above the grate.

Figure 7. Effects of CO2/NO in the inlet oxidant on the NO and HCN levels in the primary zone: (left) CO2 + NO below the grate and (right) CO2
+ NO above the grate.
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β
γ

= αγ
+1 (1)

where α is the CO2 concentration in the flue gas, β the inlet
CO2 concentration, and γ the FGR ratio.
The gas concentration measurement in the primary zone

which is carried out using FTIR spectroscopy, reveals the
effects of different CO2 recirculation levels on the formation of
NOx precursors. Figure 5 shows the minimum, maximum, and
average concentrations of HCN (in ppm) in the upper graphs.
The HCN content exhibits a weak tendency to decrease with
increasing CO2 recirculation at the injection point above the
grate, with the exception of the points 2.5% to 4.7% above the
grate. Further studies using more FGR ratios (CO2 levels)
between 2.5 and 5.0% are required to clarify this issue. Please
note that max and min values do not correspond to
uncertainties; instead, these are the measured maximum and
minimum values at the different excess air ratios tested for each
experiment. The difference between the average HCN levels at
different FGR ratios and CO2 injection points compared to the
reference experiment is minimal. The measured concentration
of NO in the primary zone above the grate is presented in the
lower graphs of Figure 5. In this case, the decreasing tendency
of the NO concentration with increasing CO2 is clearly visible
up to a certain CO2 percentage. For the experiments with CO2
injection above the grate, the NO concentration decreases as
the CO2 recirculation increases up to 6.5%. However, the NO
concentration in the recirculation gas did not continue to
decrease once the CO2 concentration increased above 2.5%
CO2. More investigations are required in future work to clarify
this behavior.

CO2 + NO Recirculation. The effect of the primary excess
air ratio and the amount of NO recirculation is shown in Figure
6. The left graph presents the NOx emission in the flue gas for
the experiments applying FGR below the grate. In this case, the
NOx emission levels are very similar to those presented above,
which demonstrates that the NOx emission levels are unaffected
by the increased NO concentration in the recirculated gas. This
finding indicates that the NO that is returned to the reactor
undergoes complete conversion. The elementary reactions that
reduce the NO introduced into the reactor are heterogeneous
reactions with char on the bed or homogeneous reactions with
volatiles in the gas phase. The corresponding reactions are
suggested29 to be the direct conversion of NO to N2 through
NO ⇔ N2 and NO ⇔ N2O, including the elementary reaction
N2O + (CO) ⇔ N2 + CO2. The right graph shows the same
scenario with FGR located above the grate. In this case, the
NOx emission levels in the flue gas increase as the NO
concentration in the recycled gas increases. The data in the
right graph demonstrate the existence of a distinct minimum in
the NOx emission levels within a primary excess air ratio range
of 0.9−1 for all cases. This holds true even though the optimal
minimum differs as a function of the CO2/NO concentration in
the recycled gas. The mentioned excess air ratio has been
shown to be optimal in several experimental campaigns
performed on different fuels and under different operating
conditions.4,5,9,38 These results show that the excess air ratio
that achieves the optimum NOx reduction for the reactor
design used in the current study is ∼0.9−0.95. This finding is in
agreement with the modeling and kinetics studies on NOx
reduction by fuel or air staging, which also find that the optimal
excess air ratio is close to 1.39,40

Figure 7 presents the HCN and NO concentrations above
the grate, close to the devolatilization zone. The experimental
data suggest that the average HCN concentration above the
grate increases as the NO concentration in the recirculated flue
gas increases when the FGR is located below the grate. This
trend may be due to the higher level of available fixed nitrogen
and increased conversion of char nitrogen. However, the HCN
concentration does not exhibit a clear dependency on the FGR
ratio when FGR is located above the grate. The average NO
concentration also does not exhibit a clear trend. It is also
important to note that the maximum NO values decrease as the
NO concentration in the inlet flow increases (Figure 7, right
graph). This result can explain the higher HCN concentration
in the corresponding cases.
The HCN and NO concentrations in the primary zone for

the experiments employing FGR in the secondary zone are
presented in the bottom graphs of Figure 7. The average HCN
and NO concentrations (150−175 ppm and 160−195 ppm,
respectively) are quite constant. With FGR located in the
secondary zone (above the grate), the possible effects of the
recirculated CO2 and NO on char-N conversion are avoided. In
addition, the volatile N-species very near the fuel bed and just
above the pellets are unaffected by the FGR, gases because the
secondary air feeding point is placed at a somewhat higher
position. Therefore, there is no interaction between the fuel
bed and the recycled flue gas, and the reaction mechanism at
the bed does not change compared to the reference case, which
leads to the relatively constant concentrations of intermediate
species in this case.
To characterize the effect of FGR on NOx emissions, a new

parameter is introduced: the recycled-NO conversion factor
(ηNO). Figure 8 shows the influence of FGR on the recycled-
NO reduction for experiments run with FGR located below the
grate (top graph) and above the grate (bottom graph). The
recycled-NO conversion factor is defined based on the NOx
emission level, consisting of mainly NO, in the flue gas
compared to that of the reference experiment where only
staged air combustion is applied to the reactor. Therefore, this
quantity provides a measure of FGR effectiveness; a NO
conversion factor of 1 corresponds to maximum reduction of
the recycled NO.

η =
− −+x xNO (NO NO )

NO

NO

ppm in inlet air in NO CO case in CO case

ppm in inlet air

2 2

(2)

The upper graph indicates that when FGR is located in the
primary zone, all of the recirculated NO can be converted to
N2. The maximum values shown in Figure 8 indicate 100% NO
reduction is achieved in all experiments with FGR below the
grate. The average values also indicate a considerable NOx
reduction of 60%−100%. The lower graph presents the same
results with FGR located above the grate, with a maximum NOx
reduction of 85%−100% and an average reduction of 54%−
66%. The reduction potential is higher with FGR located below
the grate than above the grate, because of the lower residence
time of the inlet NO under reducing conditions when it is
supplied to the reactor in the secondary zone, in addition to the
different heterogeneous kinetics available for NO and char
nitrogen conversion.
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■ CONCLUSIONS
In this study, experiments on combustion of demolition wood
are performed in a laboratory-scale reactor. The most
important findings were the following:

• The optimum air distribution that maximized the NOx
reduction level was a primary excess air ratio of ∼0.9−1
for all experiments, regardless of the flue gas recirculation
(FGR) ratio and the NO concentration in the inlet gas.

• The NOx reduction level from staged air combustion at
the optimum primary excess air ratio was ∼70%.

• Applying FGR to the reactor allows NOx to be reduced
by ∼75%−80% under the optimum combustion
condition, i.e., 5%−10% more than the reduction without
FGR.

• The results show that the NOx reduction level depends
heavily on the stoichiometric conditions in the primary
(reduction) zone. The effectiveness of FGR is higher
outside of the optimum range of excess air ratios.

• The experiments employing FGR in the secondary zone
exhibit higher reduction potential, while FGR in the
primary zone gives lower reduction. The recycled NO-
conversion factor at the maximum point is almost 100%
for FGR below the grate and 85%−100% for FGR above
the grate.
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(28) Kühnemuth, D.; Normann, F.; Andersson, K.; Johnsson, F.;
Leckner, B. Reburning of Nitric Oxide in Oxy-Fuel FiringThe
Influence of Combustion Conditions. Energy Fuels 2011, 25 (2), 624−
631.
(29) Hayashi, J. i.; Hirama, T.; Okawa, R.; Taniguchi, M.; Hosoda,
H.; Morishita, K.; Li, C. Z.; Chiba, T. Kinetic relationship between
NO/N2O reduction and O2 consumption during flue-gas recycling
coal combustion in a bubbling fluidized-bed. Fuel 2002, 81 (9), 1179−
1188.
(30) Hu, Y. Q.; Kobayashi, N.; Hasatani, M. Effects of coal properties
on recycled-NOx reduction in coal combustion with O2/recycled flue
gas. Energy Convers. Manage. 2003, 44 (14), 2331−2340.
(31) Okazaki, K.; Ando, T. NOx reduction mechanism in coal
combustion with recycled CO2. Energy 1997, 22 (2−3), 207−215.
(32) Bianchini, A.; Pellegrini, M.; Saccani, C. Hot waste-to-energy
flue gas treatment using an integrated fluidised bed reactor. Waste
Manage. 2009, 29 (4), 1313−1319.
(33) Liuzzo, G.; Verdone, N.; Bravi, M. The benefits of flue gas
recirculation in waste incineration. Waste Manage. 2007, 27 (1), 106−
116.
(34) Suvarnakuta, P.; Patumsawad, S.; Kerdsuwan, S. Experimental
Study on Preheated Air and Flue Gas Recirculation in Solid Waste
Incineration. Energy Sources, Part A 2010, 32 (14), 1362−1377.
(35) Khalil, R. A.; Houshfar, E.; Musinguzi, W.; Becidan, M.;
Skreiberg, Ø.; Goile, F.; Løva ̊s, T.; Sørum, L. Experimental
investigation on corrosion abatement in straw combustion by fuel-
mixing. Energy Fuels 2011, 25 (6), 2687−2695.
(36) Orikasa, H.; Matsuoka, K.; Kyotani, T.; Tomita, A. HCN and N2
formation mechanism during NO/char reaction. Proc. Combust. Inst.
2002, 29 (2), 2283−2289.

(37) Leppal̈ahti, J.; Koljonen, T. Nitrogen evolution from coal, peat
and wood during gasification: Literature review. Fuel Process. Technol.
1995, 43 (1), 1−45.
(38) Houshfar, E.; Sandquist, J.; Musinguzi, W.; Khalil, R. A.;
Becidan, M.; Skreiberg, Ø.; Goile, F.; Løva ̊s, T.; Sørum, L.
Combustion Properties of Norwegian Biomass: Wood Chips and
Forest Residues. Appl. Mech. Mater. 2012, 110−116, 4564−4568.
(39) Skreiberg, Ø.; Glarborg, P.; Jensen, A. D.; Dam-Johansen, K.
Kinetic NOx modelling and experimental results from single wood
particle combustion. Fuel 1997, 76 (7), 671−682.
(40) Houshfar, E.; Løvas̊, T.; Skreiberg, Ø. Detailed chemical kinetics
modeling of NOx reduction in combined staged fuel and staged air
combustion of biomass. In 18th European Biomass Conference &
Exhibition (EU BC&E), Lyon, France, 2010; pp 1128−1132.

Energy & Fuels Article

dx.doi.org/10.1021/ef300199g | Energy Fuels 2012, 26, 3003−30113011





 

 
 
 
 
 
 
 
 
 
 

  Paper VI

Reduced chemical kinetics mechanisms for NOxx emission 
prediction in biomass combustion 

 
E. Houshfar, Ø. Skreiberg, P. Glarborg, T. Løvås 

 
International Journal of Chemical Kinetics, 44 (4), pp. 219−231, 2012 

 
 

 

 



 
Is not included due to copyright 





 

 
 
 
 
 
 
 
 
 
 

  Paper VII

Detailed chemical kinetics modeling of NOxx reduction in 
combined staged fuel and staged air combustion of biomass 

 
E. Houshfar, T. Løvås, Ø. Skreiberg 

 
Proceedings of 18th European Biomass Conference & Exhibition (EU BC&E), 

Lyon, France, May 3−7, 2010 

doi: 10.5071/18thEUBCE2010-VP2.4.4 

 
 

 

 



 
Is not included due to copyright 





 

 
 
 
 
 
 
 
 
 
 

  Paper VIII

Experimental investigation on corrosion abatement in straw 
combustion by fuel-mixing 

 
R.A. Khalil, E. Houshfar, W. Musinguzi, M. Becidan, Ø. 

Skreiberg, F. Goile, T. Løvås, L. Sørum 

 
Energy & Fuels, 25 (6), pp. 2687–2695, 2011 

 
 

 

 





Published: May 12, 2011

r 2011 American Chemical Society 2687 dx.doi.org/10.1021/ef200232r | Energy Fuels 2011, 25, 2687–2695

ARTICLE

pubs.acs.org/EF

Experimental Investigation on Corrosion Abatement in Straw
Combustion by Fuel Mixing
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ABSTRACT: In an attempt to minimize corrosion in biomass-fired boilers, combustion experiments were performed using binary
mixtures of straw with peat, sewage sludge, or grot (branches and treetops). Themixing ratios were carefully selected using literature
and thermodynamic calculations. All mixtures were pelletized. The combustion experiments were performed in a laboratory-
scale multi-fuel reactor. Extensive analytical analysis of the system included the gas concentration and particle size distribution in
the flue gas, the elemental composition of the fuel, and the bottom ash and specific particle size fractions of fly ash. This allowed for
the determination of the fate of the main corrosive compounds, in particular, chlorine. The corrosion risk associated with the three
fuel mixtures was quite different. Grot was found to be a poor corrosion-reduction additive because of its marginal influence on
the chlorine share in aerosols. Grot could not serve as an alternative fuel for co-firing with straw either because no dilution effect on
the particle load was measured. Peat was found to reduce the corrosive compounds only at high peat additions (50 wt %). Sewage
sludge was the best alternative for corrosion reduction because 10 wt % addition almost eliminated chlorine from the fly ash.

’ INTRODUCTION

According to the world energy outlook of the International
Energy Agency (IEA), the total energy consumption in the world
will increase by a rate of 1.5% per year until 2030.1 Fossil fuels
produce the major greenhouse gas, CO2, when they are used for
electricity or heat production. Biomass, which is already the main
contributor to renewable energy, is expected to further increase
its share in three key sectors: heat and power, transportation
fuels, and production of bioproducts. Energy conversion from
biomass is close to being CO2-neutral; however, biomass use will
most likely result in the emission of other types of pollutants. An
increased number of biomass energy plants are looking into
cutting down their costs using cheaper feedstock alternatives, i.e.,
herbaceous and agricultural biomass, energy crops, waste wood,
municipal solid waste, etc. These types are usually continuously
produced locally and are likely to be available within a reasonable
vicinity of the power plant, which is quite advantageous in terms
of fuel transport cost reduction. However, these types of feed-
stock usually have a higher ash content compared to wood, and in
addition, they are composed of higher concentrations of proble-
matic ash compounds. For example, straw (the main focus of this
work) contains high quantities of chlorine and alkali metals. This
combination creates severe corrosion problems in combustion
systems. Straw is also known to cause slagging and fouling
because of a relatively low ash melting temperature.2 In flui-
dized-bed systems, low-temperature ash melting can also cause
agglomeration of bed material, resulting in defluidization of
the bed.3

Dependent upon the chemical composition of the ash, the
products of combustion for chlorine are mainly hydrogen
chloride (HCl), Cl2, alkali chlorides (KCl and NaCl), and zinc
and lead chlorides (ZnCl2 and PbCl2).

4 In the boiler section of

the biomass combustion plants, especially at the surface of
superheater tubes, the subsequent cooling of the flue gas results
in the condensation of alkali chlorides.5 In the same manner, zinc
and lead chlorides may have a major corrosive effect in boilers
because of their relatively lower melting temperature, in addition
to their ability to form low-temperature eutectics that, in return,
facilitate corrosive reactions furthermore.6 HCl, on the other
hand, plays part in the formation of polychlorinated dibenzo-p-
dioxins (PCCDs) and polychlorinated dibenzofurans (PCDFs),
which are halogenated organic compounds that are considered to
be extremely toxic.7 However, from a corrosion point of view,
HCl is the favorable compound to produce because it is expected
to escape the heat-exchange section without condensing. HCl
can, in addition, be easily removed from the flue gas through
sorption (dry or in activated carbon) or with scrubbers (using
limestone).8

The importance of avoiding alkali chlorides in the boiler
becomes clear when understanding the corrosion mechanism.
High-temperature Cl-induced corrosion may be described as
such: as metal chlorides condense on the iron surface, Cl2 can be
formed by chemical reactions with gaseous compounds. Cl2
diffuses to the superheater tubes of the boiler and reacts with iron
to form ferrous chloride (FeCl2). Because of the high steam
pressure, FeCl2 migrates and evaporates toward the flue gas,
where it reacts with oxygen and forms iron oxide. In this process,
Cl2 is regenerated and again ready to react with the iron
surface.4,7 The chlorine is therefore recycled to the metal surface,
where it participates continuously with the iron stripping of the
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superheater tubes. To reduce chlorine corrosion, several meth-
ods exist, although none of them can claim to completely remedy
this problem. Corrosion reduction can be attained through
(i) fuel leaching (washing of biomass to decrease the Cl
content),9 (ii) automated and continuous cleaning of boiler
parts, (iii) coatings and corrosion-resistant materials, (iv) lower
steam parameters, although this will result in reduced efficiency,
or (v) modification of the elemental composition of the fuel by
mixing different biomasses or using additives to alter the ash
chemistry. The latter is actively researched because of the
complexity of the chemistry involved. Among these studies, it
is worth mentioning the work on biomass fuel mixing,10�12 the
co-firing of risky biomass with non-problematic fuels,13�17 and
the use of additives.18�23 The aim is to capture the alkali metals
through several possible paths and thereby prevent the formation
of alkali chlorides. Different ash elements are capable of capturing
alkalis, among these are aluminum silicates, phosphates, and
sulfur. For sulfur, the reaction with alkali chlorides is possible
with either SO2 or SO3 according to eqs 1 and 2 and where M
could be either K or Na.

2MClþ SO2 þH2Oþ 1=2O2 f M2SO4 þ 2HCl ð1Þ

2MClþ SO3 þH2O f M2SO4 þ 2HCl ð2Þ

Reaction 1 is very slow compared to the sulfation reaction (eq 2).
This makes the formation of SO3 the limiting step for the capture
of alkalis.5,24 SO3 formation can happen in boilers through
different sulfur sources, among these are SO2, aluminum sulfate
[Al2(SO4)3], iron sulfate [Fe2(SO4)3], and ammonium sulfate
[(NH4)2SO4].

25 The so-called ChlorOut system developed and
patented by Vattenfall uses a spraying solution of ammonium
sulfate prior to the superheater section in the boiler as a means of
alkali capture.26 Phosphorus may also contribute to alkalis
capture directly or by making sulfur more available through the
formation of calcium phosphates because calcium would other-
wise form calcium sulfate.27,28 The dominating crystalline phases
containing potassium and phosphorus have been identified as
CaK2P2O7 and MgKPO4 in ash from combustion of cereal
grains.14,27 The aluminum silicate sources are many and will
not be mentioned in details in this paper. Kaolin (Al2O3 3
2SiO2 3 2H2O) is an example of an additive based on aluminum
silicate that can capture alkalis in both reducing and oxidizing
atmospheres. Many different alkali aluminum silicates may be
formed; i.e., leucite (KAlSiO6) and kalsilite (KAlSiO4) have been
observed.29

The complexity of the ash chemistry during combustion has
led to the creation of several indices to quantify the corrosion
risk. These indices take into account elements capable of
capturing alkalis and relate it to the problematic elements or
compounds in the fuel. For example, a S/Cl molar ratio of 4�6 is
expected to decrease the mass flow of Cl in the fine fly ash,
whereas S/Cl values lower than 2 are considered to give a high
corrosion risk.15,24 The excess of sulfur compared to alkalis is
considered in the molar ratio 2S/(KþNa), while other forms of
the same ratio incorporating Ca exist [2S/(2Caþ KþNa)]. Ca
incorporation is of importance because it can form CaSO4,
thereby prohibiting sulfur from capturing alkali. Similar ratios
exist emphasizing the aluminum silicate ability to capture
alkalis.14,30 As an example, the minimum suggested value for
the (Alþ Si)/Clmolar ratio is 8�10 to avoid chlorine deposition
on heat-exchange surfaces.31 Although such indices are a practical
tool for a general evaluation of the relative risk of chlorine-
induced corrosion, the authors feeling is that these ratios should
be used carefully and that they may not reflect precisely the real
life corrosion risk.
In this work, the abatement of corrosion in straw combustion is

studied. Peat and sewage sludge were chosen as fuel additions to
straw because of their rich nature in sulfur and aluminum silicates.
Grot was chosen as a fuel additive for two reasons: (i) to serve as a
reference experiment to compare to the other additives because
pure straw could not be used as a result of problems with slagging
at the selected temperature and (ii) to check if it could serve as a
dilution fuel to lower the concentration of unwanted compounds.
The different fuels and the rate of mixing were carefully chosen
based on the literature and thermodynamic calculations, with the
sole purpose of minimizing the corrosion risk.

’MATERIALS AND METHODS

Sample Preparation. The biomass fuels used in this experimental
campaign were obtained from different sources. The straw and sewage
sludge were acquired through the SciToBiCom ERA-net bioenergy
scheme activity. Peat was provided by Eidsiva Bioenergi AS. In addition,
a mixture of branches and tops (grot) was provided by The Norwegian
Forest and Landscape Institute. The Norwegian word grot is hereafter
used for the biomass fuel referred to as “branches and treetops”. The
fuels were grinded in a mill to produce a maximum particle size of 2�3
mm. The different fuels were mixed and pelletized in a laboratory-scale
pellet machine. The produced pellets had a diameter of 6 mm and a
length of 5�15 mm and were air-dried before they were used in
experiments. Only binary mixtures were studied in this work. The
compositions of the mixtures are shown in Table 1. For all tables and
figures, the first bracketed number in the code word of each experiment

Table 1. Proximate Analysis of the Different Fuels and Fuel
Mixtures (wt %, db)a

ash

volatile

matter

fixed

carbon moisture

HHV

(MJ/kg)

straw(80)G(20) 4.4 77.9 17.7 13.8 20.2

straw(50)G(50) 3.7 77.5 18.9 11.8 20.7

grot(100) 2.3 77.0 20.7 9.6 21.8

straw(90)S(10) 7.9 76.6 15.5 9.3 20.0

straw(80)S(20) 11.9 73.6 14.6 9.4 20.0

straw(80)P(20) 5.9 77.1 17.1 14.4 20.4

straw(50)P(50) 7.4 73.1 19.5 17.1 21.3
a In the first column, G, grot; S, sewage sludge; and P, peat.

Table 2. Elemental Composition of the Different Fuels and
Fuel Mixtures (wt %, daf) in Addition to Cl and S (wt %, db)a

C H O N S Cl

straw(80)G(20) 50.2 6.1 42.8 0.48 0.20 0.17

straw(50)G(50) 51.4 6.1 41.7 0.46 0.17 0.12

grot(100) 53.4 6.2 39.9 0.43 0.12 0.04

straw(90)S(10) 49.4 6.2 42.9 0.93 0.34 0.19

straw(80)S(20) 49.3 6.3 42.3 1.40 0.47 0.19

straw(80)P(20) 50.7 6.1 41.9 0.89 0.24 0.17

straw(50)P(50) 52.6 6.1 39.4 1.51 0.27 0.11
a In the first column, G, grot; S, sewage sludge; and P, peat.
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represents the weight percent of straw, while the second number gives
the percentage of the added fuel. S stands for sewage sludge; P stands for
peat; and G stands for grot. The proximate analyses of the samples
(Table 1) were carried out according to the standard methods ASTM
E871, ASTM E872, and ASTMD1102. The fixed carbon was calculated
by difference to 100%. The ultimate analysis and the higher heating value
(HHV) (calculated on the basis of the elemental composition of the
fuel) are presented in Table 2. A chemical analysis of the ash content of
the primary fuel and all of the blends was determined by inductively
coupled plasma�atomic emission spectrometry (ICP�AES) and in-
ductively coupled plasma�sector field mass spectrometry (ICP�
SFMS). Table 3 shows the composition of the main ash constituents
for the different fuel mixtures, while Table 4 shows some corrosion
indicator molar ratios for the respective fuels. In all mixtures, the S/Cl
molar ratio is below 4 (Table 4), which is the lowest recommended ratio
to avoid severe corrosion. The ratio 2S/(K þ Na) for the different
mixtures is between 0.6 and 1.6, which is also well below the recom-
mended value of 4. The aluminum silicate ratios for the fuel mixtures also
lie below recommended values. However, the indicators do not take into
consideration the full complexity of the ash chemistry during combus-
tion and should not be regarded as very reliable concerning corrosion
abatement. A better predictive tool for the relative corrosion risk of the
fuel mixtures used in this study is thermodynamic equilibrium calcula-
tions (not presented here). Such calculations for straw mixed with grot,
sludge, or peat were performed for amixing range of 5�95%. Themixing
levels selected for the experimental campaign are based on these
calculations as well as the literature, with the purpose of minimizing
the formation of corrosive compounds in straw-fired boilers. The results
of equilibrium calculations are discussed in detail in another paper.32

Experimental Setup. The experiments were carried out in an
electrically heated laboratory-scale multi-fuel reactor. Its schematic
drawing is presented in Figure 1. The setup used is able to generate
close to identical conditions for the combustion of the different fuel
mixtures, providing a good platform where the formation of corrosive

compounds from the different fuel mixtures could be easily compared.
The reactor has a ceramic inner tube (100 mm diameter). The
altogether 2 m high vertical tube consists of two 1 m ceramic tubes
connected with a ceramic socket. The ceramic tubes are made of
nonporous and noncatalytic alumina. The reaction section, located
above the grate, is 1.6 m long, while the section below the grate is 0.4 m
long. The reactor heating system is fitted inside the insulation shell and
consists of four separate 0.5 m high heating zones of 4 kW each (16 kW
in total) that enclose the ceramic tube. The combustion air is preheated
to the reactor temperature by external preheaters. The primary air is
added under the grate, and the secondary air is added above the grate.
The distance between the grate and the secondary air supply is
865 mm, corresponding to a residence time of 19 s. The air flow is
controlled by two high-precision digital mass flow controllers. The
lower part of the multi-fuel reactor contains a two-grate system (10 cm
apart): a primary grate and a final burnout grate, as well as an ash
collection system. Both grates and the ash bin are made of Inconel. The
two-level design of the grate also permits fuel staging. Both the reactor
flue gas composition and the composition of the fuel gas after the
primary zone, as well as the particle emission size distribution, were
continuously monitored. A schematic diagram of the sampling lines is
shown in Figure 2. For gas analysis in the primary zone, a micro gas
chromatograph (GC) was used. The exhaust gases were quantified

Table 3. Main Elements in Ash (wt %, db)a

Si Al Ca Fe K Mg Mn Na P Ti Zn Pb

1.06 0.01 0.39 0.01 0.70 0.07 0.01 0.02 0.08 18.6 0.49

0.73 0.01 0.47 0.01 0.55 0.07 0.03 0.02 0.06 41.3 0.73

0.24 0.02 0.65 0.02 0.28 0.05 0.07 0.03 0.05 77.3 0.94

1.59 0.15 0.64 0.59 0.76 0.12 0.01 0.03 0.44 0.01 85.7 2.45

1.82 0.32 0.96 1.24 0.71 0.17 0.01 0.05 0.85 0.03 171 4.52

1.50 0.10 0.52 0.10 0.75 0.09 0.01 0.02 0.10 6.7 0.59

1.94 0.38 0.69 0.29 0.52 0.09 0.01 0.07 0.08 0.01 9.14 1.80
aThe fuel sequence is the same as in the previous tables. Zn and Pb are in
mg/kg (db).

Table 4. Corrosion Indicators for the Different Fuel
Mixturesa

S/Cl 2S/(K þ Na)
(Al þ Si)/
(K þ Na) (Al þ Si)/Cl

straw(80)G(20) 1.4 0.6 2.2 9.5

straw(50)G(50) 1.7 0.7 1.9 9.4

grot(100) 3.8 0.9 1.1 9.1

straw(90)S(10) 2.4 1.1 3.1 13.8

straw(80)S(20) 3.7 1.6 4.0 18.6

straw(80)P(20) 1.7 0.8 3.0 12.8

straw(50)P(50) 2.8 1.2 4.7 21.7
a In the first column, G, grot; S, sewage sludge; and P, peat.

Figure 1. Schematic drawing of the laboratory reactor.
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online with two different Fourier transform infrared (FTIR) instru-
ments and where the extracted gases were passing through heated
filters and heated lines. To detect instabilities during combustion, an
online gas analyzer with a fast response time was also deployed. A
partial flow was taken through a sampling point near the top of the
reactor. The analyzer is a portable stack gas analyzer that can
simultaneously measure CO, SO2, CO2, O2, and NOx. The particle
size distribution and concentration in the flue gas were measured by an
electrical low-pressure impactor (ELPI). A partial stream of flue gas
was collected through a stainless-steel probe located in the flue gas
stack. The flue gas was then led through a double diluter system to the
ELPI. The instrument is a real-time particle size analyzer for monitor-
ing aerosol particle size distribution. The ELPI measures the airborne
particle size distribution in the range of 0.03�10 μmwith 12 stages and
a time resolution of 1 s. The nominal air flow is 10 L/min, and the
lowest stage pressure is 100 mbar. The ELPI operates at ambient
temperature, while the gas sample is taken at a temperature of 110 �C.
The dilution ratio is approximately 80, while the particle concentration
in the diluted stream is about 3.9 � 105 particle/cm3. The aerosol
samples were collected on aluminum plates. The plates were covered
by a thin layer of vaseline to provide a sticky surface. The chemical
analyses of the samples were made by energy-dispersive X-ray analysis
connected to a scanning electron microscope (SEM/EDX). The total
mass of the particles on each plate was 10�100 μg. For each run, four
plates with the particle sizes (D50%) of 0.093, 0.26, 0.611, and 1.59 μm
were chosen for SEM/EDX analysis. Five EDX spot analyzes were
selected from different locations on each plate. The elements detected
by the analysis were C, O, Na, Mg, Al, Si, P, S, K, Ca, Cl, Fe, Zn, and Pb.
After standard ZAF correction, the analysis was normalized to 100% by
weight. The signals for carbon, oxygen, and aluminum cannot be used
for quantitative information because their signals are disturbed by
various experimental sources. The variation among the five analyses for
each plate was negligible, indicating that the particles in the piles were
homogeneous. The main components in the analyzed particles were K,
S, Cl, and Na (Figure 6). On average, 80 wt % of the oxygen-free
samples (excluding C and Al) consisted of these four elements. Zn and
Pb constituted on average of 14 wt %, whereas the portion of the inert
oxide-forming elements (Si, Ca, Fe, P, Mg, and Cr) was 6 wt %. P and
Mg concentrations were very low in all samples. The portion of inert
metals was considerably higher in the larger particles compared to the
smaller fractions, indicating that the compounds of these metals
(oxides) originate from the original fuel ash and have not originated
from devolatilization. Lead and zinc are partly in oxide form and partly
in salt form. The oxides are almost certainly ZnO and PbO. The salt
part was made of sulfate and chloride of K, Na, Zn, and Pb. The crucial
step of the data treatment was to estimate the compounds in which the
elements were studied. This consideration was based on a recently
published study on aerosol formation in combustion.23 The assump-
tions regarding the speciation can be explained as follows: (i) Potas-
sium and sodium are as chlorides or sulfates, because alkali is volatilized
as hydroxides or chlorides and some of the alkali is sulfated at high
temperatures. (ii) Silicon, calcium, iron, magnesium, and chromium

are as oxides, because these are nonvolatile and these elements do not
form sulfates or chlorides at higher temperatures (except Ca, which
forms sulfate and phosphate, but in the present case, Ca content in the
samples is low). (iii) Zinc and lead can both be as oxides and/or
chlorides and sulfates. Two chemical fractions in the fly ash samples
were then defined: an “inert” part constituted of high-melting insoluble
oxides (SiO2, CaO, Fe2O3, MgO, P2O5, Cr2O3, ZnO, and PbO) and a
“salt” part consisting of low-melting water-soluble chlorides and
sulfates (K, Na, Zn, Pb, Cl2, and SO4). The salt fraction is the one
causing corrosion and deposition problems in the superheater area. It is
evident that the salt part must have a balance between cations and
anions. Thus, because the amount of Cl, S (as SO4), K, and Na is
known from chemical analysis of the fly ash samples, the portion of Zn
and Pb can be determined by difference. The notation K2, Na2, and Cl2
are used for consistency with ZnCl2 and PbCl2. “S” should be read
as “SO4”.
Experimental Procedure. All experiments in this work were

carried out employing staged air combustion and isothermal conditions.
The reactor and the primary and secondary air inputs were preheated to
850 �C prior to the startup of the experiment. The pellets were fed semi-
continuously from a rotating battery of fuel containers using a pneuma-
tically driven piston. The feeding frequency was set to ensure a feeding
rate of 400 g/h. The pellets are primarily combusted on the upper grate.
The pellets are gradually moved to a slot leading to the second grate by
rotating blades. Each grate has two rotating blades moving at a speed of
3 min/round. The final burnout takes place on the second grate before
the ash is moved to a slot from where it falls into the ash bin. At the
bottom of the ash bin another rotating blade moves the ash into an ash
container. Because of minor variations in the pellet size, it was not
possible to feed exactly the target rate of 400 g/h. Hence, the supply of
primary air could not be regulated accurately to attain the set sub-
stoichiometric condition of 0.8, although the variations were within an
acceptable range (0.7�0.9). The primary air supply was adjusted, so that
the CO concentration from the primary zone was approximately 3%.
The flow of the secondary air supply was adjusted to an overall excess air
ratio of 1.6 in the stack.

’RESULTS AND DISCUSSION

The amount of unburnt gas was very low (typically below 50
ppm CO at 11% O2 in dry flue gas). However, during an initial
stabilization period and short periods of high fluctuation in the
fuel feeding, the excess air ratio deviated from the target value of
1.6. During such periods, the CO emission level increased to

Figure 3. CO2 concentration for the reference experiment with grot.
A comparison between measured and calculated values.

Figure 2. Schematic diagram of the sampling system.
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typically 200 ppm at 11% O2 in dry flue gas. The combined
emission levels of hydrocarbons were typically below 5 ppm at
11% O2 in dry flue gas. The accurate control of the fuel feed and
the combustion air made it possible to check the carbon and
hydrogen balance by calculating the CO2 andH2O concentration
from the known fuel composition. The overall balance was
corrected for the unburned carbon in the bottom ash
(collected after the experiments) by weighting the ash before
and after exposing it to a temperature of 550 �C for 20 h.
The calculated carbon and hydrogen balances were used to
remove outliers in the measured concentrations. Figure 3 shows

the carbon balance as a function of the excess air ratio for the
experiment with grot. The deviation between the calculated and
measured value was within a 2% range; this was the case for all of
the experiments performed in this study.
Bottom Ash Analysis. To assess the fate of key ash elements

during biomass combustion and the possible effects of fuel
mixing, the chemical composition of the bottom ash was
determined by ICP�AES and ICP�SFMS. The concentrations
of the most important elements are shown in Figure 4. A higher
concentration of silicon and lower concentration of calcium for
the straw mixtures are noticeable, as compared to the pure grot.

Figure 4. Major composition of bottom ash from all experiments (in the legend, G, grot; S, sewage sludge; and P, peat).

Figure 5. Particle size distribution in the fly ash (0�1 μm) for the three binary mixtures (in the legend, G, grot; S, sewage sludge; and P, peat).
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It is also worth mentioning that the concentration of sulfur and
chlorine in the bottom ash is low, which stresses the fact that their
volatilities during combustion are high. The bottom ash compo-
sition of the straw/sludge mixtures differs from the rest of the
mixtures in their higher phosphorus and iron contents. The effect
of the fuel interaction is not possible to determine from this
figure alone; however, the effect of fuel mixtures of some
important elements is discussed later in more detail.
Aerosol Size Distribution and Composition. The experi-

ments with the straw/grot mixtures (top graph of Figure 5) give
similar results for the particle concentration, producing a peak
at a particle diameter of 0.12 μm. In comparison to experiments
with pure grot, the peak concentration for the mixtures is
more than doubled and lies close to 4� 107/cm3. The peak
concentration value is shifted toward larger particle diameters
with pure grot compared to the straw/grot mixtures (from 0.12
to 0.20 μm). On the basis of the results of the fine particle
emissions of the straw/grot mixtures, it can be concluded that
grot may not be a proper fuel mixing choice for corrosion
reduction in straw combustion for two reasons. First, grot does
not appear to have any significant particle load reduction effect
with straw. Second, it seems that not even a dilution effect is
observed in the mixtures. This nonlinear effect indicates that
the aerosol-forming chemistry is actually affected negatively by
grot�straw interactions. A broader comparison to the combus-
tion of 100% straw was unfortunately not possible because of
severe problems with ash sintering on the grate, which pre-
vented us from collecting reliable experimental results. The
graph on the bottom left of Figure 5 represents the results with
straw/sludge mixtures. The particle concentration for this
series is significantly lower than for the straw/grot mixture
and is close to the concentration of the pure grot experiment.
Fewer problems related to chlorine corrosion from the sludge
mixtures can be expected because sub-micrometer particles
have high concentrations of alkali chlorides (in comparison to
coarse particles). It is also interesting to point out that the shape
of the curves appears to be bimodal, with the first peak at a

particle size diameter of 0.04 μm and the second peak at a
particle size diameter of 0.2 μm. The bimodal type of particle
emission might be caused by different mechanisms of particle
formation. The increase of the sewage sludge share from 10 to
20% in the straw substantially decreases the particle load in the
flue gas. Most of the reduction occurs in the lower range of the
particle size diameter and up to the point where the first peak is
almost eliminated. The graph in the bottom right of Figure 5
shows the effect of peat addition on the particle load during
straw/peat combustion. For 20% addition with straw, the
particle concentration ranking is grot > peat > sewage sludge,
and this classification can be said to directly reflect the corro-
sion reduction efficiency of these additional fuels to straw. For
peat, an additional increase to 50% was able to further decrease
the particle load. As opposed to the bimodal particle emission of
the mixtures with sewage sludge, the emission profile for the
peat mixtures is unimodal.
Figure 7 shows the resulting chemical compositions of

selected aerosol fractions from the straw/grot experiments.
The salt part is very rich in chlorides because over 70% of the
salt metals are bound to chlorine for the 20% mixture. Increasing
the grot share in the straw is slightly decreasing the chlorides and
increasing the sulfates. For the experiment with pure grot, the salt
metals are evenly distributed between chlorides and sulfates.
It is also worth noticing that zinc chloride or sulfate is largely
represented among the salts, and its concentration is increasing
with an increasing particle size. The ratio between sodium and
potassium is rather constant (1:2�3). However, in all of the
mixtures, the portion of potassium decreases with an increasing
particle size. For all experiments, lead is only present in marginal
quantities. The chemical compositions of selected aerosol frac-
tions for sewage sludge/peat mixtures are shown in Figure 8. For
the sewage sludge mixtures, the chlorides are considerably
reduced, as compared to grot addition at 10 wt %. Increasing
the sludge to 20 wt % is almost completely eliminating chlorides
from the aerosols. The results indicate that the smaller particles
have fewer chlorides than the larger particles. The salt part

Figure 6. Elemental composition of the aerosols (the impactor stages 3, 5, 7, and 9) corresponding to the sizes 0.093, 0.26, 0.611, and 1.59 μmof the fly
ash taken by the ELPI in the exhaust of the reactor, in weight percent for all of the experiments (G, grot; S, sewage sludge; and P, peat).
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consists of approximately 60% potassium sulfates, and the rest are
equally distributed between zinc and sodium sulfates. With 20 wt %
peat addition, the chlorides are dominating, much higher than
for the 50% grot addition, but comparable to the 20% addition.
For the experiment with 50% peat addition, the chlorides are
dramatically reduced. The salt metal composition is more or less
comparable to experiments with sludge addition. However, an
increase in zinc and lead is noticed for the experiment with 50%
peat addition. The greatly reduced chloride amounts at 50% peat
additionmight reduce the overall corrosion risk in boilers, but the
higher Zn and Pb concentrations may lead to higher melt
fractions in the aerosols, a factor which could significantly worsen
the corrosion risk.
Fate of Chlorine. The chlorine distribution among the solid

phase (bottom ash) and the gas phase is shown in Figure 9. This

figure does not include the chlorine part found in the fly ash
because only some impactor stages were analyzed. However, the
amount of chlorine found in the fly ash is most likely very low and
thus of little significance to the total Cl mass balance. HCl (gas)
accounts for approximately 80% of the chlorine found in the fuel.
Chlorine retained in the bottom ash after combustion is quite low
for all experiments but increases with increased proportions of
secondary fuel. The most noticeable chlorine retention can be
seen for 50% peat addition, where 20% of the chlorine found in
the mixture is retained in the bottom ash. About 20% of the Cl is
unaccounted for because of experimental uncertainties, except
for the 50% peat in straw experiment, where the unaccounted Cl
value is below 10%.
Fateof Sulfur.A similar mass balance is presented in Figure 10

for sulfur. The results are somehowmore scattered than the ones

Figure 8. Chemical composition of the aerosols (impactor stages 3, 5, 7, and 9) corresponding to the sizes 0.093, 0.26, 0.611, and 1.59 μm of the fly ash
taken by the ELPI in the exhaust of the reactor for the straw/sewage sludge (S) and the straw/peat (P) fuel mixtures.

Figure 7. Chemical composition of the aerosols (impactor stages 3, 5, 7, and 9) corresponding to the sizes 0.093, 0.26, 0.611, and 1.59 μm of the fly ash
taken by the ELPI in the exhaust of the reactor for the straw/grot (G) fuel mixtures.
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from the chlorine balance. The sulfur shares in the gas phase (as
SO2) and in the bottom ash are varying between 25 and 60%, as a
function of the fuel mixtures. An increasing retention of sulfur in
the bottom ash with increasing sludge and peat addition is clearly
observed, while the opposite effect seems to occur with grot
addition.
Potassium and Sodium Retention. As already mentioned,

the combination of high contents of both alkali metals and
chlorine in strawmakes the combustion process very challenging.
Preventing alkali chlorides from exiting the combustion chamber
is regarded as the most effective measure for avoiding corrosion
in boilers. Increased alkali capture in the bottom ash should
therefore directly translate into a decreased corrosion risk. In
Figure 11, the retention of potassium and sodium in the bottom
ash relative to quantities in the raw fuel is presented. The results
for potassium can be described as such: (1) K retention is about
80% or more for most of the experiments in this study; K can
therefore be described as a moderate to nonvolatile compound.
(2) Increasing proportions of added fuels improve K retention in
the bottom ash to about 100% in two cases: 20% sewage sludge
and 50% peat (with straw as the main fuel). Grot only increases K
retention to about 90% at a 50% addition level. The trends of

sodium retention in the bottom ash are very similar to the
potassium, except for peat addition, where opposite trends are
observed. Sodium is usually omitted from discussions in scientific
journals, mainly because it is present in lower quantities (see
Table 3) in biomass, which make its effect on corrosion insig-
nificant compared to potassium. The low concentration of
sodium in the raw fuel could also explain the higher uncertainty
in the mass balance calculation.

’CONCLUSION

Several promising secondary fuels to be added to straw have
been tested to abate Cl-induced corrosion straw during combus-
tion. The goal was to capture alkali metals in the bottom or fly
ash, i.e., preventing the formation of corrosive alkali chlorides and
promoting the formation of noncorrosive gaseous hydrogen
chloride. Three supplementary fuels were used: grot, sewage
sludge, and peat. Binary mixtures with different mixing ratios
were combusted in a multi-fuel laboratory reactor under con-
trolled conditions: (1) The concentrations of the most relevant
gaseous species were monitored. (2) The aerosol size distribu-
tion and the chemical composition of selected sub-micrometer
particles in the flue gas were measured. (3) The chemical
composition of the bottom ash and in the raw fuel mixtures
was analyzed. The relative corrosion risk of the different fuel
mixtures was classified on the basis of a careful observation of the
measured data. The following conclusions are drawn: (i) The
different fuel mixtures had a wide variation in the ash composi-
tion, which made the interpretation of the combustion results
quite interesting relative to the type and amount of the supple-
ments used. (ii) Although the heterogeneous fuel was fed in a
semi-continuous manner to the reactor, the measured combus-
tion parameters showed good control over the process, where
results were found to be consistent relative to time variation. (iii)
The particle load in the flue gas was strongly influenced by
sewage sludge, where a 10% addition resulted in a 65% decrease
in the particle concentration in the flue gas compared to the fuel
mixture of straw and 20 wt % grot. The reference experiment
with pure straw could not be used as a baseline because of
sintering problems, which rendered this experiment impossible
to run in a reliable way. Grot, on the other hand, was not good as a
fuel additive with straw because the aerosol load was influenced
negatively at increased addition. Peat had a positive effect on
decreasing the particle load, although an addition of 50% was

Figure 9. Chlorine distribution in the gas, the bottom ash, and (part of
the) fly ash phase for all of the experiments (for the x axis, G, grot; S,
sewage sludge; and P, peat).

Figure 10. Sulfur distribution in the gas, the bottom ash, and (part of)
the fly ash phase (for the x axis, G, grot; S, sewage sludge; and P, peat).

Figure 11. Potassium and sodium retention in the bottom ash for all of
the experiments. (for the x axis, G, grot; S, sewage sludge; and P, peat).
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needed to obtain similar results to the 20% sludge addition.
(iv) The potential of chlorine corrosion could be best predicted
through the results of the chemical composition of the aerosols.
The grot addition was deemed to have an insignificant effect on
reducing the alkali chloride concentration in the flue gas. Peat
was found to contribute to a reduced corrosion environment
only when highly supplemented to straw (50 wt %). The higher
zinc concentration at this level of peat addition may reduce the
overall effect gained in the reduced content of alkali chlorides.
The sewage sludge addition was very effective at reducing the
alkali chlorides at 10% addition and almost eliminating them at
20% addition. (v) The chlorine and sulfur distribution were
calculated for all of the experiments and showed consistency with
the other results concerning the corrosion risk, emphasizing the
quality of the experiments.
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during Straw Combustion: A Thermodynamic Analysis
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ABSTRACT: The thermodynamic analysis carried out focuses on biomass mixing to reduce the formation of corrosive (mainly
alkali) chlorides during straw combustion. The calculations confirm the reduction abilities of sewage sludge and peat and provide
information on the addition levels at which no corrosive compounds are expected to form. The calculations provide insight into the
mechanisms responsible for the disappearance of alkali chlorides. The mechanisms that can potentially take place are known
(reaction with sulfur and reaction with or adsorption on aluminosilicates or other ash compounds). However, many aspects remain
unclear, and calculations cast light on several of them. The main result obtained in this study is that, in a given binary mixture, the
chemical elements involved in the decomposition of corrosive alkali chlorides (or preventing them from forming) change with the
mixing proportions, an important fact never mentioned to our knowledge. The practical implications are significant: in a real system,
local elemental concentrations will vary; this means that several mechanisms will simultaneously fight the formation of corrosive
alkali compounds. This new result may explain why the experimental results from the literature are often confusing or even
contradictory even for a given mixture; the overall chemical picture is not static. The chemical elements reacting with alkalis during
co-combustion of straw with sewage sludge or peat are predicted to be S, Ca�S, and aluminosilicates.

’ INTRODUCTION

In the global race to increase the share of renewable energy,
biomass is by large the prime contributor on a world basis and is
developing rapidly. However, many biomasses have high alkali
contents that may cause operational problems in thermal sys-
tems, especially Cl-induced corrosion. During combustion, Cl
can be transported to and deposited on heat-exchange (mainly
superheater) surfaces as gaseous alkali chlorides but also as
condensed alkali chlorides found on fine and coarse fly ash
particles. This Cl can then react with steel components, thereby
destroying the metal structural integrity. Corrosion is not only
responsible for a sizable fraction of the maintenance costs, it also
causes unplanned shutdowns.
Several chemical elements are known to prevent Cl from

reaching and depositing on heat-exchange surfaces. The main
known beneficial elements include Al and Si (mainly as
aluminosilicates) and S (mainly as sulfates). The main modes
of action of aluminosilicates and sulfur are presented in reactions
1 and 2 (M = Na or K).1,2

R1: Al2O3 3 xSiO2(s)þ 2MCl(g)þH2O(g)fM2O 3Al2O3 3
xSiO2(s) þ 2HCl(g) (chemisorption).
R2: SO3(g)þ 2MCl(g)þH2O(g)f 2HCl(g)þM2SO4(s)

(sulfation).
R2 requires the formation of SO3, the key component of fast

sulfation. SO3 can originate from the oxidation of sulfur or the
decomposition of sulfates, with the latter being more effective.
A third (physical and not chemical) route is also possible.
R3: alkali and/or Cl are bound to the additive ash by van der

Waals forces (i.e., absorption).
Furthermore, compounds such as Al, Si, Ca, P, Fe, and more

generally “reactive” (i.e., available for reactions) ash compounds3

are expected to affect alkali chemistries, but the mechanisms
involved, either physical or chemical, are not clear.4 The overall
picture of corrosion reduction in real systems is therefore
complex to describe in detail.
The corrosion reduction processes are either sequestrating

alkali or alkali chlorides or forming alkali sulfates. Cl is either
physically (by capture) or chemically (by forming HCl) pre-
vented from depositing (by condensation as vapor or impaction
as part of particles/aerosols).
The aforementioned elements may be introduced in the

combustion system using dedicated additives, but an innovative
solution is co-combustion of biomasses with high corrosion and
biomass propensities with additional biomass fuels containing
high concentrations of aluminosilicates and/or sulfur and/or
other ash compounds. This will often be cheaper and allow for
the safe and sound disposal of the secondary fuels. Such fuels
include peat, sludge (sewage, pulp, digested, raw, etc.), and coal
ash.
In this study, the co-combustion of straw with sewage sludge

and peat is investigated. Straw is an agricultural byproduct from
grains and oilseed crops. Straw is a high chlorine-, high potas-
sium-, and high silica-containing biomass. The composition of
straw makes it a fuel with both high corrosion and high deposi-
tion propensities. Extensive experience from Denmark confirms
these challenges, but it does not prevent this country from
combusting more than 1 million tons of straw annually in large
straw-fired boilers and also farm plants, to produce about 5 TWh
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bioenergy.5 In the meantime, straw is almost completely unused
for energy purposes in Norway and is often considered a waste.
The annual potential for bioenergy from straw in Norway has
been evaluated to 2.5 TWh.6 Despite its challenges, straw is of
interest because it is readily available and cheap because it is
considered a largely useless residue today.
Sludge is a semi-solid mixture of particles and water left from

industrial wastewater (in the pulp and paper industry, for example)
or sewage treatment. About 100 000 tons of sewage sludge (total
solids) recovered from treatment plants were reported as “dis-
posed of” in 2008 in Norway.7,8 While more than 80% are used for
soil improvement, it is unclear how much (if any) is used to
produce energy in thermal systems today. Even though biogas
collection from the anaerobic fermentation of sewage sludge and
its further use for energy production (CHP) is currently happen-
ing, no sewage sludge was combusted in Norway as of 2005
because of high costs and because the authorities have been
restrictive in authorizing sewage sludge combustion because it is
considered to be a valuable fertilizing agent (especially concerning
the recycling of phosphorus).9 However, the current fate of the
remaining 20% (given as unknown, other, landfilling, or cover
material in landfill sites) may be considered less sound than
combustion with energy recovery, especially when sewage sludge
is considered a valuable corrosion-fighting additive.
Peat10,11 is an accumulation of partially decayed vegetal matter

rich in humus and carbon. Its formation rate is slow, but itmay still be
exploited in a sustainable manner. Peat briquettes and pellets can be
combusted in wood-burning stoves. The total Norwegian resources
are evaluated to 5000million cubicmeters of rawpeat,10,11 equivalent
to 700 million tons of crude oil or 300 million tons of coal. This
corresponds to a total energetic value of 8000TWh (for comparison,
thenet domestic end-use of energy inNorway in 2005was 225TWh,
with half of it being electricity). Its annual growth (in Norway) is
evaluated to an energy potential of 4�8 TWh. Contrary to countries
such as Finland, these peat resources are almost completely un-
exploited today and, hence, offer a large energetic reservoir.
Despite the fact that the processes that may affect the corrosive

alkali chloride formation appear to be known, more work is
needed because results are often contradictory and installation-
specific. The thermodynamic analysis carried out in this study
focuses on various mixtures to reduce the formation of corrosive
alkali chlorides during straw combustion. The 2-fold goal is to
investigate (1) the alkali chloride reduction ability of peat and
sewage sludge when co-combusted with straw and (2) the
mechanism(s) eventually leading to changes in alkali chemistry
(especially alkali chloride reduction) in themixtures compared to
straw alone. This study will provide basic knowledge about the
thermodynamically preferred species for alkali and chloride
during co-combustion of straw with either sewage sludge or peat
compared to straw alone.

’MODELING SECTION

The software package FactSage 6.1 is used for the thermodynamic
equilibrium calculations. The calculations are carried out at 850 �C with
an excess air ratio (λ) of about 1.6 for several mixtures of strawþ sewage
sludge and straw þ peat (dry fuels). The study of the influence of the
temperature, moisture content, air ratio, and chemical forms (also
known as modes of occurrence) of the chemical elements are out of
the scope of this paper: conditions typical of a biomass-fired grate
chamber are chosen to provide an overall picture of the chemistry, and
no limitation on the availability of chemical elements is imposed.

Even though thermodynamic equilibrium calculations are a unique
tool to simultaneously handle multicomponent, multiphase chemical
systems, limitations have to be considered when interpreting thermo-
dynamic equilibrium results because kinetics and transport phenomena
are not included. However, careful interpretation of the observed trends
can help with the understanding of the underlying chemistry. Accor-
dance as well as disagreement between calculations and experiments will
provide much needed knowledge.
A custom-made database using data from FACT databases is used.

This database is especially adapted to the study of high-temperature
biomass combustion and includes 192 gases, 328 pure solids, and several
solution phases. These phases are (FACT denomination): FToxid-
SLAGA (liquid oxide), FTsalt-ACL_A (ss, rock salt structure: NaCl�
KCl�CaCl2); FTsalt-CSOB [(Na, K)2(CO3, SO4)], and FTsalt-SALTF
[liquid salt: (Na, K)1,2(Cl, OH, SO4, CO3, NO3)]. The 13 elements
included in the calculations are C, H, O, S, N, Cl, Na, K, Pb, Zn, Si, Al,
and Ca. The fuel composition (for the selected elements) and combus-
tion air, used as input for the calculations, are given in Table 1.12 Straw is
a Cl- and K-rich biomass, while sewage sludge is especially rich in Ca, Al,
and Si. Peat also contains significant amounts of Al, Si, and Ca but
significantly less than sewage sludge. Some ash-forming elements are not
included either because they are not of importance to alkali chemistry
(Fe and Mg) or because of limited data (P), but no major effect on the
overall thermodynamic trends is expected.
An efficient way to evaluate the relative corrosion risk associated with

the gas phase evolving from the combustion chamber is by computing
the amount of gaseous alkali chlorides formed because they are the main
vessels of Cl in its journey to heat-exchange surfaces. The higher the
amount of these gaseous alkali chlorides, the more corrosive the gas
phase is considered to be.
Second, changes in speciation of alkali and chloride in the different

mixtures will provide knowledge about the preferred pathway(s)
involved in the reduction of corrosive alkali species as well as the ones
not taking place.

’RESULTS AND DISCUSSION

Fate of Alkali Chlorides. Straw þ Sewage Sludge Mixtures.
As indicated earlier, the amount of alkali chlorides generated
during combustion is used to evaluate the overall Cl-induced
corrosion risk. Figure 1 presents the results concerning both
gaseous alkali chlorides in straw�sewage sludge mixtures. Po-
tassium chloride is the main alkali by far, but looking at the
different behaviors of potassium and sodium is of interest. It
appears that digested, dewatered, and dried sewage sludge is a
very efficient fuel for reducing the overall amount of alkali
chloride generation during co-combustion with straw; a 2.5 wt
% sewage sludge addition is enough to reduce alkali chlorides by
almost 50%. The addition of 5�10 wt % sewage sludge causes a
reduction of about two-thirds of the generated alkali chlorides
according to the calculations. For a 25 wt % sewage sludge
addition level, almost no corrosive alkali chlorides are formed.
However, both alkalis do not react completely alike, a phenom-
ena almost never discussed in the literature. The most remark-
able comment concerning the mixtures is that the amount of
sodium chloride does not decrease (and is even slightly in-
creasing) below its 100% straw level before the proportion of
sewage sludge added is higher than 5 wt %, while potassium
chloride is decreasing sharply at low sewage sludge levels (i.e.,
below 5 wt %). Because the overall chemistry of the system is
dependent upon both its composition and the elemental thermo-
dynamic properties, it is difficult to give a clear explanation but it
clearly shows that nonlinear effects are to be expected in complex
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mixtures where multicomponent interactions are taking place.
Furthermore, the almost identical potassium chloride levels at
5 and 10 wt % sewage sludge addition are surprising in light of
the other results and are shortly discussed later. Apart from
that, both alkalis exhibit pretty similar trends in the different
mixtures.
In parallel, the proportion of Cl found as HCl is increasing

with increasing amounts of sewage sludge; while 57% Cl forms
HCl for straw, this percentage increases to more than 76% for a
2.5 wt % sewage sludge level, 85% for 5 wt % sewage sludge, and
98% for 25 wt % sewage sludge addition.
The thermodynamic results are in very good accordance with

experimental results from the literature, where sewage sludge is
co-combusted with different biomasses (and waste). Table
21�3,13�26 summarizes the main overall results from several
experimental campaigns. The experimental studies report a
decrease in the gaseous alkali chloride concentration. The
decrease is usually described as important in most cases, with
sewage sludge levels varying between 4 and 30 wt %. Alkali
chlorides are described as “eliminated” or “removed” or their
disappearance as “nearly total” for levels between 12 and 30 wt%;

these results are very close to the results predicted by thermo-
dynamic equilibrium analysis.
Experimental results (Table 2) from the literature (focusing

on peat and sewage sludge) also reveal that this reduction is
correlated with the following: (1) First, lower concentrations of
fine particles17,18,24 and higher concentrations of coarse
particles18 do not seem to increase deposition, but no explana-
tion is proposed. (2) Second, the qualitative and quantitative
properties of the deposits are affected; sewage sludge reduces the
amount of deposited material,1,17,18,25 as well as the amount of Cl
and alkali deposited,1,2,14,25 as predicted by the calculations. (3)
Third, the resulting co-combustion fly ashes are enriched in trace
elements originating from the sewage sludge,16,24 a fact that
might affect their final disposal.
Sewage sludge should be pretreated to ensure good chemical

and physical properties as well as to promote interactions
between ash-forming elements and reduce operational problems.
Dried pellets are therefore recommended to facilitate feeding,
mixing, and combustion2,4,19,24 while avoiding excessive entrain-
ment of unreacted material and disturbances by high water
contents. This indicates that the highest co-combustion levels
recommended by the calculations, about 25 wt %, may not be
practical to attain because of feeding issues19 as well as high
drying costs. The corrosion and deposition reduction benefits
should be carefully considered against these challenges. It is clear
that combining and comparing experimental and modeling
results lead to a more accurate and complete assessment of the
situation.
Trace metal chlorides are of significance concerning the

corrosion risk because they may form eutectics (mixtures with
low melting points). This mixture will therefore be melted at
superheater metal surface temperatures, and this may increase
the corrosion rate on this surface because chemical reactions are
faster in a liquid phase than with solid�solid reactions and
because a molten phase provides an electrolyte or a pathway for
ionic change transfer for electrochemical attack. Straw and
sewage sludge actually produce almost the same amounts of
ZnCl2. The amounts of ZnCl2 predicted to form are significantly

Table 1. Compositions of Fuels (100 g of Dry Fuel) and Combustion Air

strawa sewage sludgea,b peatc

element amount (g) element amount (g) element amount (g)

C 45.93 C 29.47 C 53.18

H 5.86 H 4.43 H 5.50

S 0.111 S 1.23 S 0.265

N 0.64 N 4.35 N 2.05

Cl 0.19 Cl 0.0841 Cl 0.0474

Al 0.0061 Al 1.68 Al 0.2642

Ca 0.433 Ca 3.54 Ca 0.5723

K 0.904 K 0.358 K 0.0372

Na 0.0114 Na 0.199 Na 0.0139

Si 1.4 Si 4.5 Si 0.9871

Zn 0.0008 Zn 0.0994 Zn 0.0061412

Pb 0.00004 Pb 0.00258 Pb 0.0011908

fuel O (by difference) 41.7 fuel O (by difference) 19.01 fuel O (by difference) 33.94

N2 (air) 754 N2 (air) 538 N2 (air) 866

O2 (air) 229 O2 (air) 163 O2 (air) 263
aData from SciToBiCom ERA-net. bDigested, dewatered, and dried. cData from ref 12.

Figure 1. Alkali chloride formation during straw and sewage sludge co-
combustion at different ratios. Total fuel weight = 100 g for all cases.
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higher in all of the mixtures studied than in the pure fuels, with a
maximum of 2.04 � 10�5 mol at a 17.5 wt % sewage sludge
addition level. PbCl2 is produced in smaller amounts but exhibits
the same trends. These behaviors are good examples of the
complexity and variety of the interactions taking place in
mixtures. It does not seem possible to solely achieve positive
outcomes; both synergies and negative effects are to be expected.
Hence, mixtures will have to be evaluated after careful assessment
of a variety of advantages and disadvantages.
Straw þ Peat Mixtures. Figure 2 presents the results con-

cerning the formation of gaseous alkali chlorides in various
straw�peat mixtures, with potassium chloride being the most
important by far. Peat does not appear to be as efficient as sewage
sludge because with an addition level of 10 wt %, peat gives a
reduction of about 40% (for both alkalis combined) compared to
more than 65% with 10 wt % sewage sludge addition. However,
the addition of a fuel with high concentrations of S, Al, and Si
(and other ash elements) has definitely positive effects when it
comes to corrosive alkali chlorides according to thermodynamic
analysis. Interestingly, while potassium chloride formation fol-
lows what can be described as an inverse exponential function
with increasing peat addition (similar to the straw þ sewage
sludgemixtures), sodium chloride does not decrease significantly
at first. Its level suddenly drops between 25 and 50 wt % peat
addition. The amount of Na present in the different mixtures is
rather stable because both fuels have similar Na concentrations
(Table 1).
Similar to sewage sludge, Cl is predicted to increasingly form

HCl when peat is co-fired; 57% Cl is found as HCl in straw
combustion, but this percentage increases gradually to 71, 85,
and 94% at the respective peat levels of 10, 25, and 50 wt %.
The threshold of 75 wt % peat to stop the formation of

corrosive alkali chlorides is of course not realistic if straw is to be
the main fuel. However, the peat resources in Norway (see the
Introduction) allow peat to be considered as a potential main
fuel. In this configuration, it can be said that it is safe to co-
combust up to 25 wt % straw, a problematic fuel, with peat.
Within the experimental studies involving peat found in the

literature (see Table 2), it is reported that co-combusting peat
with various biomasses (only two studies involving straw and
peat were found24,26) can reduce the Cl content of aerosols,
which may deposit,21,24 thereby reducing the Cl content of the
deposits as well as the deposit growth rate.20 However, only a
single study provides information concerning the influence of
peat on gaseous alkali chloride formation and reports that, while

the Cl content is greatly reduced in deposits, only a minor
reduction of alkali chlorides is observed in the gas phase.20

Looking specifically at straw þ peat mixtures,26 it appears that
the role of S in alkali chemistrymight not be central but that other
effects (Si�Al compounds) may take place. This complex situa-
tion shows the necessity for further investigation of the actual
mechanisms possibly involved in the abatement of alkali chlor-
ides. This will be the theme of the next section of this paper.
The observed results concerning fly ash emissions differ with

the main fuel (Table 2).While some report lesser amounts of fine
particles3,24 and a greater number of coarse particles,3 others
observe increased emissions of PM1 ash compounds.

22

As with sewage sludge (see the previous section), ZnCl2
formation is predicted to increase at first with peat addition
(0�25 wt % levels) before decreasing. The amount of ZnCl2
produced is not back to its 100% straw level until a peat addition
of about 70 wt %. Because an addition level of 25 wt % can be
seen as a maximum if peat is used as an additive, with straw being
the main fuel, co-firing will surely worsen the situation when it
comes to ZnCl2 production. This phenomenon or more accu-
rately an increase in Zn concentration in aerosols with increasing
peat addition levels has been observed experimentally.24 PbCl2 is
present at very small amounts but exhibits the same behavior.
The specific and detailed fate of trace metals during co-firing is
rarely discussed in the literature despite its importance.
Fate of Alkalis: Mechanistic Insights. Straw þ Sewage

Sludge. Na relative speciation during straw combustion is the
following (in order of importance): Na2O (Na in oxide/silicate
slag, given as oxide in the thermodynamic model), Na2SO4(s),
and NaCl(g). How is Na chemistry influenced by increasing
proportions of sewage sludge? Figure 3 summarizes the relative
speciation of Na in different mixtures. Three different situations
are predicted by the thermodynamic equilibrium calculations:
(1) At 2.5 and 5 wt % sewage sludge addition, sulfation of Na is
predominant; at 2.5%, about 60% Na is found as Na2SO4(s)
compared to 35% when no sewage sludge is present. (2) At
10 wt % sewage sludge addition, about 96% Na is forming
Na2O 3Al2O3(slag). (3) At 17.5 wt % sewage sludge addition and
above, about 99% Na is found as Na2O 3Al2O3(slag).
It appears therefore that, thermodynamically, different chemi-

cal elements are involved in alkali chloride reduction sequentially
rather than simultaneously as a function of the sewage sludge
addition. However, it can safely be said that, in real systems, both
mechanisms will overlap, especially because operating conditions
(concentrations of fuels but also temperature and excess air) will

Figure 2. Alkali chloride formation during straw and peat co-combus-
tion at different ratios. Total fuel weight = 100 g in all cases.

Figure 3. Na relative speciation as a function of the sewage sludge
addition to straw.
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vary locally and change swiftly. This is especially relevant for
systems where the mixing quality is not optimal. The fact that the
simulations indicate that the predominant mechanism preventing
the formation of corrosive alkali chlorides is dependent upon the
concentration of the corrosion fighting additional fuel may, at least
partly, explain the often confusing, conflicting, and installation-
specific experimental results found in the experimental literature.
Initially, i.e., during straw combustion, K has a speciation very

similar to Na; the three main compounds formed (in order of
importance) are K2O (K in oxide/silicate slag given as oxide in
the thermodynamic model), K2SO4(s), and KCl(g). Increasing
sewage sludge fractions decrease KCl(g) both absolutely
(amount) and relatively (percentage of total K). The thermo-
dynamic equilibrium analysis accompanies this decrease in corro-
sive alkali chlorides and predicts the following (see Figure 4): (1)
At 2.5 wt %, most of the disappearing KCl(g) is sulfated to
K2SO4(s). (2) At 5 wt %, a further decrease of KCl(g) is due to
the formation of K2O(slag). (3) At 10 wt %, K2Ca2(SO4)3(s) is
appearing as a new K compound, while K2SO4(s) is not formed
anymore. Ca is usually expected to promote alkali chloride
formation by binding some S as CaSO4, but it appears that the
overall effect of Ca on alkali chemistry might bemore complex. (4)
From 17.5 wt %, leucite, K2O 3Al2O3 3 (SiO2)4(s), appears and its
proportion increases with sewage sludge. At 25 and 50wt% sewage
sludge addition, about 45% K is found combined as solid alumino-
silicate. In the meantime, no significant amounts of potassium
sulfates (either with or without Ca) are formed above 5 wt %
sewage sludge addition.
According to the thermodynamic analysis, the chemical ele-

ments “removing” gaseous alkali chlorides include aluminosili-
cate, S, and S together with Ca depending upon the addition
level. Even though the overall alkali chloride reduction mechan-
ism can be described as sequential for Na, it is interesting to
notice that, in two instances, two chemical elements are simulta-
neously involved in alkali capture, Ca�S and Al�Si.
The amount of potassium chloride generated at 5 and 10 wt %

addition levels are almost the same (there is actually a very slight
increase whenmore sludge is added), and this is rather surprising
in view of the other results. No clear explanation can be given.
However, it should be noticed that the speciations of alkalis are
quite different in these two mixtures; going from 5 to 10 wt %
sewage sludge, alkali sulfates are decreasing dramatically, while
K2Ca2(SO4)3 is appearing.
The overwhelming majority of experimental studies dealing

with co-combustion of various biomasses solely discuss in terms

of alkalis or K because it is the predominant alkali in problematic
biomass fuels. However, thermodynamic analysis gives us the
opportunity to look in detail at the behaviors of alkalis indepen-
dently. The calculations actually show both similarities and
differences between K and Na behaviors in the various mixtures
investigated: (1) Both Na and K speciations are affected by co-
combustion; their chlorides decrease with increasing shares of
sewage sludge but do not follow the exact reduction pattern (see
Figure 1). This may have important implications in fuels, where
Na/K is not small, such as waste (MSW). (2) The elements
involved in Na and K shift in speciation are changing with the
addition levels. (3) Na and K are not affected to the same extent
and by the same elements at a given sewage sludge addition level.
Molar ratios based on the fuel composition are often used in

association to understand and/or attempt to predict general
speciation trends and the underlying chemistry. This means that
ratios may provide insight into the more (or less) probable
reactions between given elements. Fuel molar ratios are also
employed to determine themolar threshold values characterizing
specific processes.
A total of 11molar ratios are collected from the literature1,2,13,17

and computed for the present calculations. Below is a list of these
ratios and their interpretations (as described in the literature):
(1) (Naþ K)/(2S þ Cl), quantifies the availability of Na and K
to form other compounds than chlorides and sulfates; (2) (Alþ
Si)/(fuel Cl), maintained above 8�10, this will prevent the
presence of Cl in deposits; (3) 2S/(Na þ K), above 1, it will
ensure that Cl content in deposits is kept negligible; (4) (Al þ
Si)/(K þ Na), it is relevant when discussing the reactions of
alkali with aluminum silicates; however, it does not cover all
possible stoichiometries; (5) Al/(Na þ K), no interpretation
given; (6) S/Cl, high enough (above 4), sulfates dominate and
deposits of KCl are absent; (7) Cl/(Naþ K), formation of alkali
chlorides; (8) S/(Caþ 2Kþ 2Na) (or 2S/(Kþ Naþ 2Ca), to
evaluate “excess S” and therewith SO2 emissions; (9) Ca/S, if
high, there will be significant CaSO4 formation and, hence, less
available S to alkalis; (10) Al/Cl, no interpretation given; and
(11) Ca/(0.5Cl þ S), should be kept above 5 to keep SO2
emissions low.
The aforementioned ratios are focusing on (a) alkali chemistry

because it is of prime importance for corrosion, (b) Cl chemistry
because it is similarly central to the corrosion risk on heat-
exchange surfaces, (c) S because sulfates are known to be related
to chlorides and SO2 emissions, (d) AlSi reaction with alkalis, and
(e) Ca chemistry because it may promote the formation of
corrosive alkali chlorides by binding some S as CaSO4.
Figures 5 and 6 show all of the mentioned ratios for the

straw�sewage sludge mixtures. What are the main (strongest)
trends observed with these ratios concerning the corrosive and
noncorrosive alkali compounds inmixtures containing increasing
proportions of sewage sludge? In a system as complex as the one
being studied here, interpretation may be difficult, because
secondary effects might blur trends; as an example, two chemical
elements involved in a given ratio might have their chemistries
affected by a third one absent of this ratio.
However, when the interesting trends are isolated, it can be

said that, as sewage sludge proportions are increasing: (1) S
proportions compared to Cl are increasing, implying a shift from
alkali chlorides to alkali sulfates with increasing sewage sludge
proportions. It is observed at only very low sewage sludge
additions because Al and Si are increasing at a far greater pace.
(2) The Ca/S ratio is stable in most mixtures; there is always a

Figure 4. K relative speciation as a function of the sewage sludge
addition to straw.
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large surplus of Ca. However, the amount of Ca is significantly
larger in the 0�20 wt % sewage sludge range, and this can explain
why Ca�S�alkali compounds are susceptible to exist in these
mixtures.
It is important to keep in mind that many of these ratios are

empirical and that, as such, they are only giving very general
indications. As an example, three ratios claiming to assess the
corrosion risk, namely, S/Cl, (Alþ Si)/(fuel Cl), and 2S/(Naþ
K), are not yielding the same results for the studied system.
According to these ratios, there will be no risk of Cl deposition
and corrosion for mixtures containing no more than 60 wt %, no
more than 75 wt %, or up to almost 100 wt %, straw, respectively.
Hence, no consistent indication is obtained.
It is tempting to compute a myriad of ratios, especially

ratios fitting the predicted speciation (with the appropriate
stoichiometry) or including Na- and/or K-specific ratios. Various
sensitivity studies were performed investigating this (calculated
results are not presented here), but it was concluded that this is of
limited interest because (1) it might be rather confusing
(especially alkali-specific ratios because it is difficult to assess
Na and K separately), (2) it would require an a priori knowledge
of speciation, and (3) general ratios seem sufficient to detect the
strongest speciation trends in most cases.
Even though experimental results provide some insight, they

are not able to accurately describe and quantify the mechanism-
(s) of corrosive alkali chloride reduction during sewage sludge

co-combustion. Adverbs such as “possibly”, “partly”,1 or “most
likely”14 or diffuse terms such as “important”, “strong contribu-
tion”,2 “one of these ways or a combination of them”,17 or
“cannot be ruled out”13 are used.
However, is there some kind of consensus? Five experimental

studies discussing the mechanisms taking place during co-
combustion of straw with sewage sludge (and often some wood)
have been found (Table 31,2,13�15,17�19,25). These experimental
studies usually require extensive and advanced analytical analysis
of the flue gas, the fly ash, and the bottom ash to determine the
processes at work. The overall results can be summarized as such:
(a) Aluminum silicates are capturing a large fraction (difficult to
be more precise but most certainly the majority) of the alkali by
reaction and/or adsorption. Alkali aluminum silicates will be
mainly found in the bottom ash and in coarse particles (above 1
μm). (b) Sulfur may play a role, but no clear experimental proof
has been obtained. This may be due to the fact that sulfation
might actually take place in a variety of ways, i.e., as a gas phase
reaction but also on solid surfaces/particles. (c) Other ash
compounds (Ca, P, Fe, and Mg) are most likely involved in
retaining alkalis by either reaction or adsorption on particles.
Some excerpts describing the mechanistic insights further are

given in Table 3 (together with other studies involving sewage
sludge but not straw). The somewhat lengthy (slightly edited)
quotes presented in Table 3 convey the difficulty of describing
and interpreting experimental results, as well as the uncertainties
still existing.
Some important precisions, clarifications, and new conclu-

sions have been obtained by the present analysis concerning the
thermodynamically preferred pathways for alkalis speciation
when straw is co-combusted with sewage sludge (in comparison
to straw combustion). The most valuable result of this study is
that the predominant mechanism contributing to the decom-
position (or nonformation) of corrosive alkali chlorides will be
affected by the concentration of sewage sludge. Because the
proportion of sewage sludge may vary with time and space in real
systems, so will the alkali chemistry; sulfation will be the main
mechanism at low concentrations of additives (below 5 wt %). At
higher sewage sludge levels, reaction with aluminosilicates will
become the main mechanism. Interestingly, at intermediary
levels (above 5 and below 17.5 wt % sewage sludge), K is
predicted to form a calcium sulfate compound, confirming that
other ash compounds might become involved in alkali chemistry.
In real systems, because local concentration conditions may vary,
all of these mechanisms will superimpose (i.e., take place
simultaneously), effectively blurring any experimental results,
especially when comparing different campaigns. This provides a
very good explanation for the scattered, sometimes contradic-
tory, and somewhat system-specific results obtained in experi-
mental investigations. The overall makeup of mechanisms
involved with a given fuel 1 þ fuel 2 in a given plant is not a
static one. The complexity of experimental campaigns results in
the practical implementation and study of only very fewmixtures,
something that might explain the fact that the changing nature of
alkali chemistry has not been reported or discussed thus far.
As previously mentioned, thermodynamic analysis has known

limitations. It cannot provide data about physical processes, such
as adsorption, heterogeneous condensation (gas on fly ash), the
eroding effect of additional ash particles on deposits, or in-deposit
reactions, but the overall trends observed thermodynamically both
confirm as well as specify the experimental results (in areas such as
Na�K differentiated behaviors) reported in the literature.

Figure 5. Molar ratios for strawþ sewage sludge mixtures as a function
of the straw proportion in percent (part 1 of 2). Right side y axis:
(Al þ Si)/Cl.

Figure 6. Molar ratios for strawþ sewage sludge mixtures as a function
of the straw proportion in percent (part 2 of 2). Right side y axis: Ca/S,
Ca/(S þ 0.5Cl), 2S/(K þ Na), and Al/(K þ Na).
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Straw þ Peat. Peat is predicted to abate the formation of
corrosive alkali chlorides during co-combustion with straw but
not as efficiently as sewage sludge. Alkali chlorides can almost
completely be removed, but this requires very high peat levels.
Na relative speciation in straw combustion is (in order of

importance): Na2O(slag), Na2SO4(s), and NaCl(g). Four beha-
viors have been predicted by thermodynamic equilibrium de-
pending upon the amount of peat added (Figure 7): (1) The
proportion of NaCl(g) is not affected at all by a 5 wt % addition of
peat. (2) At 10 wt % peat addition, a slight reduction of NaCl(g)
is observed; this is due to sulfation only. (3) At 17.5 wt % peat
addition, sulfation is still the main mechanism explaining NaCl-
(g) reduction but Na2O 3Al2O3(slag) is appearing and represents
0.26% Na. (4) At 25 wt % peat addition, NaCl(g) is further
reduced. Two opposite trends are observed: sodium sulfate is still
the main Na compound, but its proportion is decreasing (in
comparison to 17.5 wt % peat addition but still more than in pure
straw or all of the other mixtures), while the proportion of
Na2O 3Al2O3(slag) is increasing to reach 14.2% Na. (5) At
50 wt % peat addition and above, S is no more involved in alkali
chemistry because 99.5% Na is predicted to form Na2O 3
Al2O3(slag).
During straw combustion, K is found as (in order of im-

portance): K2O(slag), K2SO4(s), and KCl(g). How is K chem-
istry affected by increasing peat levels? The calculations predict
that (Figure 8): (1) At 5 and 10 wt % peat addition, the formation
of sulfates rather than chlorides is slightly promoted in compar-
ison to pure straw combustion. (2) At 17.5 wt % peat addition,
the proportion of KCl(g) is decreasing further for the sole benefit
of K2O(slag). (3) At 25 wt % peat addition, the proportion of

KCl(g) is decreasing further to the benefit of K2O(slag) and
K2Ca2(SO4)3(s). (4) At 50 wt % peat addition, K2O(slag) is the
predominant K compound, representing about 92.5% K present
in the system but K2O 3Al2O3 3 (SiO2)4(s) is also appearing
(6.2% K). (5) At higher peat level addition (not presented in
Figure 8), K2O 3Al2O3 3 (SiO2)4 becomes the main K compo-
nent; more than 83% K is found as aluminosilicates at a 75 wt %
peat level.
Peat is globally less efficient than sewage sludge; i.e., higher

shares of peat are necessary to affect alkali chemistry to the same
extent as with sewage sludge.
Thermodynamic analysis provides insight into the different

behaviors of Na and K. Such differentiation is difficult to attain
experimentally especially in biomass systems, where the Na con-
centration is much smaller than the K concentration. The main
features can be summarized as such: (1) at low peat addition levels,
shifts in chemistry for both alkalis are mainly due to increased
sulfation; (2) only K forms solid aluminosilicates; (3) Ca is only
involved in the capture of K and not Na, but it is impossible to
determinewhether this is due to a non-affinity withCa or a lack of it.
Figures 9 and 10 present molar fuel ratios used in the literature.

All of the ratios presented in Figure 9 exhibit the same trend: an
increase with increasing proportions of peat; this is translating
the increasing importance of Al and Si but also S in the system,
mainly at the detriment of Cl. Furthermore, in mixtures in which
peat represents more than 60�70 wt %, the increasing slopes of
the ratios are picking up significantly. This is in accordance with

Figure 7. Na relative speciation as a function of the peat addition to
straw.

Figure 8. K relative speciation as a function of the peat addition to
straw.

Figure 9. Molar ratios for straw þ peat mixtures as a function of the
straw proportion in percent (part 1 of 2). Right side y axis: (Alþ Si)/Cl
and (Al þ Si)/(K þ Na).

Figure 10. Molar ratios for straw þ peat mixtures as a function of the
straw proportion in percent (part 2 of 2).



3232 dx.doi.org/10.1021/ef2002475 |Energy Fuels 2011, 25, 3223–3234

Energy & Fuels ARTICLE

the predicted results, indicating that it is not before above about
70 wt % peat addition that Al and Si are clearly dominating alkali
chemistry.
Figure 10 does bring further insight into the systems studied;

Ca is always in excess compared to S, indicating low SO2
emissions but also explaining, at least partly, why sulfates never
react with more than about a third of the alkalis.

As discussed earlier, alkali-specific ratios and ratios adapted to
the predicted products could be employed but do not bring
further insight in the present cases because strong elemental
trends appear clearly.
When it comes to further discussing the actual mechanisms

taking place by combining thermodynamic equilibrium and
experimental campaigns, the main obstacle is that only one study

Table 4. Co-combustion Experiments Involving Peat as Co-fuel: Mechanistic Considerations

reference mechanistic remarks (no/little experimental basis) mechanistic insights (on the basis of experimental results)

23 agglomeration prevention mechanism: sulfur reacts

with alkali metals, and the alkali sulfates are either

elutriated up from the bed or prevent agglomeration

by an increased melting temperature and a lowered

viscosity (not proven but could not be excluded)

the mechanism of the agglomeration prevention varied between different peat

fuels (SEM�EDS analysis of bed particles); the possible mechanisms are
the minerals in the peat fuel retain alkali, which is then either elutriated up from

the bed or captured in the bed

calcium and other refractory elements increase the melting temperature and,

thereby, counteract the melting of alkali; XRD analysis of the cyclone ashes

indicted significant amounts of KAlSi3O8 and K2Ca(CO3)2
3 the most likely explanation for the reduced potassium level in the inner layer

(of bed particles) is (1) transference of potassium in the gas phase to a less

reactive particular form via sorption and/or reaction with peat ash (containing

calcium and silicon) and/or (2) formation of solid S-rich compounds when

peat with high sulfur content was used; because almost no clay minerals were

detected in the peat, the removal of potassium in the gas phase via sorption and

reaction with clay minerals to less problematic potassium aluminosilicates

were considered to be of less importance; aluminum, originally bound to

humic substances in the peat, may possibly react with potassium to form

potassium aluminates; however, this needs to be further investigated

the effects on particle and deposit formation during co-combustion

were reduced amounts of fine particles and an increased number of coarse

particles; the mechanisms for the positive effects were a transfer and/or removal

of potassium in the gas phase to a less reactive particular form via sorption and/or

a reaction with the reactive peat ash (SiO2 and CaO), which in most cases formed

larger particles (>1 μm) containing calcium silicon and potassium

the fact that there was no difference in the composition of crystalline

phases (in coarse and fine particles) in combusted forest residue alone

and when peat was added may be explained with the fact that the addition

of peat did not change the particle formation chemistry but instead

changed the amount of released/volatilized compounds during

combustion in the fluidized bed

when peat was added, the amount of calcium sulfate in the (coarse)

particles generally increased and potassium chloride decreased, all

according to XRD measurements; the addition of peat generally increased

the fraction of silicon and iron in the particles and decreased the level

of chlorine, sodium, phosphorus, and manganese

coarse particle composition: quartz (dominant), potassium chloride,

calcium sulfate, calcium carbonate/oxide, feldspars (microcline

and albite), maghemite (Fe2O3), merwinite [Ca3Mg(SiO4)2],

biotite [KMg3�(Si3Al)O10(OH)2], and apatite
fine particle composition: KCl and K2SO4/K3Na(SO4)2;

the crystalline fraction in the fine particles did not exhibit

any significant differences when peat was added to the fuel

20 plausible processes: in-deposit reactions (no detail),

erosion by peat ash and solid�gas sulfation
gas-phase sulfation not important

26a possible alternative effects (to the interaction of Cl and S):

Si�Al compounds and peat ash erosion effect
for peat�straw mixtures, it was concluded that the deposition behavior is
governed by other mechanisms than the interaction of Cl and S

a Involves straw and peat.
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co-firing peat with straw (discussing deposition) was found.26

Table 43,20,23,26 presents this study as well as experimental
investigations involving three biomasses co-fired with peat: bark
from pine and spruce from a sawmill, branches and tree tops from
a young population of Norwegian spruce, and finally, bark
together with cardboard (a high Cl-containing fuel). The me-
chanistic insights provided by the experiments involving straw
and peat seem to indicate that the predominant mechanism
preventing the formation of corrosive alkali chlorides is not
involving S. The alternative processes mentioned are Al�Si
compounds, but other elements should not be completely left
out, as suggested by the other studies (not involving straw); for
example, analysis of ashes shows that alkalis may react with or be
adsorbed on so-called “reactive peat ash” (no clear explanation
of the term “reactive” is given), with SiO2 and CaO being
mentioned.3 Furthermore, the mechanisms affecting alkali chlor-
ide formation may depend upon the peat used because different
peats will have significantly different elemental compositions and
modes of occurrence for key elements; high available (i.e.,
available for reaction) S levels (compared to aluminosilicates)
mean that sulfation of alkali chlorides will be the mechanism of
predilection, while aluminum silicates will take over in the
opposite case. However, the location where sulfation is taking
place (gas-phase reaction, particle�gas reaction, or in-deposit
sulfation) is not clear. The fundamental trends predicted by
thermodynamic equilibrium clarify some of the aforementioned
points; the predominant mechanism affecting alkali chemistry
will depend upon the addition ratio of peat. Alkali chloride
reduction can be attributed to the single or combined effect of S
and aluminosilicates with the contribution from other ash
compounds, with the importance of Ca being clearly predicted.

’CONCLUSION

The thermodynamic analysis carried out in this study focuses
on biomass mixtures to reduce the formation of corrosive alkali
chlorides during straw combustion. The investigated aspects are
(1) the reduction ability of peat and sewage sludge and (2) the
elucidation of the mechanism(s) taking place.
The calculations confirm the corrosive alkali chloride reduc-

tion abilities of both biomass fuels as reported in the literature but
also provide further information especially concerning threshold
values (addition levels at which virtually no corrosion is predicted
to happen): straw with 25 wt % sewage sludge or with 75 wt %
peat. If straw is to be the main fuel, the 75 wt % value for peat is
not realistic, but if peat is the main fuel, it can be said that 25 wt %
straw can be co-combusted without the arising of a significant
amount of corrosive alkali chlorides. Experimental campaigns
usually include nomore than two�three mixtures, and therefore,
no accurate threshold value can be proposed.
The calculations also provide further insight into the mechan-

isms responsible for the disappearance of alkali chlorides. The
main mechanisms that can potentially take place are known,
but several key points remain unclear, including the predominant
mechanism(s) in a given system, the importance of opera-
tion parameters (fuel mix composition, excess air ratio, and
temperature), the exact mode(s) of a given reaction (gas�gas
reaction, gas�solid reaction, etc.), the individual behaviors of Na
and K, and the importance of physical processes (adsorption,
erosion, etc.). The present calculations cast light on several of
these aspects, with the main one being that the calculations
indicate that the chemical elements preventing the formation of

corrosive alkali chlorides vary with the additional fuel (here, peat
or sewage sludge) concentration present in the system, an
important fact never mentioned in the literature to our knowl-
edge. It is believed to be due to the intertwined and nonlinear
effects of thermodynamic properties and relative amounts of key
chemical elements. Attempts were made to use fuel molar ratios
to further discuss these effects, but the complexity of the systems
makes it difficult to draw clearer conclusions. However, the
practical implications of such a result are crucial; it is likely that, in
a real system, local elemental concentrations (together with
operating parameters, such as temperature and air ratio) will
vary with time and space because of fuel and (fuel and air)
distribution heterogeneities. This means that several mechan-
isms will simultaneously be responsible for eliminating corrosive
alkali chlorides but also that the overall picture is not a static one.
This may explain the enduring fact that most of the available
experimental results are confusing, contradictory, and installa-
tion-specific.
The chemical elements reacting with alkalis during co-com-

bustion of straw with sewage sludge or peat are predicted to be S,
Ca�S, or Al�Si. The predicted compounds have been reported
in the literature, bringing further weight to the additional knowl-
edge attained by thermodynamic analysis. The fact that some
reactions are deemed impossible thermodynamically may indi-
cate that the involved chemical compounds are only interacting
with alkalis through adsorption, a physical process that cannot be
studied by thermodynamic analysis. Combining experimental
and modeling results leads to a more accurate and complete
picture of the situation.
Pb and Zn chlorides do not exhibit the same trends as alkali

chlorides because they are predicted to be found in higher
concentrations in most mixtures compared to pure fuels.
Further work should focus on the influence of operating

parameters, especially the influence of temperature, air ratio,
and modes of occurrence of key elements.
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