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Abstract 

The co-firing of biomass and coal plays an important role in increasing the biomass power 

capacity and reducing greenhouse gas (GHG) emissions. The challenges of the large percentage 

biomass co-firing (over 20% on energy basis) in existing pulverized coal boilers are keeping the 

same steam parameters and having a high boiler efficiency and a stable operating.  

The primary goal of this thesis is to develop a combustion concept for coal-fired boilers to enable 

a large percentage of biomass co-firing with up to a 100% fuel switch; these changes should 

increase the combustion efficiency, reduce CO2 and NOx emissions, improve the process 

efficiency, while maintaining the same steam parameters after switching fuels. To achieve these 

goals, a typical biomass pretreatment technology called torrefaction has been employed to 

upgrade the biofuel quality in terms of both energy density and chemical properties. 

Consequently, a torrefaction based co-firing system has been proposed. In addition, a novel 

biomass combustion method called volumetric combustion has been designed; this process 

involves intense mixing and flue gas internal recirculation inside the combustion chamber, 

increasing the residence time of the biomass particles and making the temperature and gas species 

more uniform.  

In this thesis, a series of studies based on experiments, CFD modelling, and process simulations 

have been performed. First, the raw material was palm kernel shells (PKS) that were torrefied 

over same residence time but at different temperatures in a laboratory-scale torrefaction reactor, 

producing three torrefied biomasses with different degrees of torrefaction. The devolatilization 

kinetics and char oxidation kinetics were determined based a series of high-temperature high-

heating-rate tests in an isothermal plug flow reactor (IPFR), the obtained kinetic parameters were 

adopted for CFD modeling. Continually, the numerical investigations on the flame properties of 

the torrefied biomass and a 220 MWe coal-fired boiler performance were conducted, to 

understand the predicted results of the coal-fired boiler performance at varying biomass co-firing 

ratios. Afterward, analyses of the impacts of the degree of torrefaction and the biomass co-firing 

ratio on process operation, performance and electricity efficiency of a torrefaction based co-firing 

power plant were performed. Finally, the properties of the pollutants emitted from biomass 

volumetric combustions under various combustion modes and co-firing ratios were studied using 

Aspen Plus. 

According to the results, the following conclusions can be reached: 1) a high heating rate 

enhances the yields of the volatiles for biomass devolatilization processes with the same final 

temperature; 2) the enhanced drag force on the biomass particles causes a late release of volatile 

matter and delays the ignition of the fuel-air mixture. Furthermore, oxidizers with lower oxygen 

concentrations normally generate larger flame volumes, lower peak flame temperatures and lower 

NO emission; 3) the co-firing simulation reveals that a boiler load reduction of less than 10% is 
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observed when firing 100% torrefied biomass; 4) deep torrefaction is not recommended because 

the energy saved during biomass grinding is lower than that consumed by the additional 

torrefaction process; the electrical efficiency of power plant is reduced when increasing either the 

degree of torrefaction or the biomass substitution ratio; 5) the amount of flue gas that needs to 

be recycled for NOx reduction decreased when the percentage of co-fired biomass increased.  

Overall, from the perspective of combustion, both the torrefaction process and volumetric 

combustion are promising steps toward realizing large percentage biomass co-firing in coal-fired 

boilers with high efficiency and reduced emissions.  

 

Keywords:  Biomass; co-firing; torrefaction; torrefaction degree; kinetics; volumetric 

combustion; fuel switch.   



iii 

 

Acknowledgements  

Happy time always flies; all of the unforgettable memories seem to have happened just yesterday. 

However, I will be ending this challenging journey soon. I wish to take this opportunity to thank 

all of the people who have helped and supported me during my Ph.D studies at KTH, Sweden.  

First, I would like to express my sincere gratitude to my supervisors, Docent Weihong Yang and 

Prof. Wlodzimierz Blasiak, for the opportunity to work on a very interesting project, as well as, 

their guidance, encouragement, and positive support during my studies. 

I am grateful to the EU/EIT-KIC Innoenergy, the EU-Biofuels Research Infrastructure for 

Sharing Knowledge (BRISK), Chinese Scholarship Council (CSC), and the Kunt and Alice 

Wallenbergs travel scholarship for financial support.  

I must also thank Prof. Leonardo Tognotti, Dr. Enrico Biagini, and Giorgio Bonvicini at the 

International Flame Research Foundation (IFRF) in Livorno, Italy, for their great help when I 

was staying in Livorno, as well as their informative discussions and valuable advice. 

I would like to express my gratitude to Prof. Changqing Dong and Prof. Yongping Yang, who 

were my supervisors at the North China Electric Power University (NCEPU) in China for 

changing my interest in the research world. I also would like to thank Associate Prof. Zongming 

Zheng and Dr. Tipeng Wang at NCEPU for their ever support for my studies abroad. 

I wish to thank Dr. Hao Liu for discussions regarding combustion knowledge. Special thanks also 

go to Peiyuan Ni for the discussions regarding Matlab. I also thank Wenli Long and Dr. Zhiyong 

Quan for their help during my SEM and XRD experiments.   

I would like to thank my colleagues at the Division of Energy and Furnace Technology, Dr. Jan 

Chmielewski, Efthymios Kantarelis, Chunguang Zhou, Carlos Cuvilas, Aliaksandr Alevanau, 

Mersedeh Ghadamgahi, Mohsen Pour, Condo Adolfo, and Duleeka Gunarathne, for all your 

kind help and pleasant discussions. I will certainly remember all of the happy moments with you. 

Special thanks to Dr. Qinglin Zhang, Pelle Mellin, and Yueshi Wu, for the discussions regarding 

CFD simulations.  

Many thanks go to Yanyan Bi, Dr. Qiang Liu, Dr. Mei Fang, Dr. Peng Cui, Dr. Xueyu Du, and 

Badminton partners at MSE Department, for granting me endless assistance and happiness.  

Above all, I am sincerely indebted to my parents, my sister, Lizhe Li, and my brothers, Xijun Li 

and Wei Li, for their selfless dedication and constant support. Lastly, but most importantly, I 

extend special thanks to my lovely wife, Xiaolei Zhang; I could not have started or completed my 

Ph.D studies without her endless love and strong support.  

Jun Li 

2013-12-20 
Stockholm, Sweden  



iv 

 

List of Papers in the Thesis 

  

I. J. Li, G. Bonvicini, W. Yang, L. Tognotti, W. Blasiak. High-temperature rapid 

devolatilization of biomasses with varying degrees of torrefaction. Accepted by Fuel. 

January, 2014. 

II. J. Li, W. Yang, W. Blasiak and A. Ponzio, Volumetric combustion of biomass for CO2 

and NOx reduction in coal-fired boilers, Fuel. 102: pp.624-633. 2012. 

(This paper was also presented in Swedish-Finnish Flame Days 2011. Piteå, Sweden. January 26-27, 

2011.) 

III. J. Li, E. Biagini, W. Yang, L. Tognotti, W. Blasiak. Flame characteristics of pulverized 

torrefied-biomass combusted with high temperatures air. Combustion and Flame. 160(11): 

pp. 2585-2594. 2013. 

(This paper was also presented in 1st KIC InnoEnergy Scientist Conference: Sustainable Energy-Discoveries and 

Applications. Leuven, Belgium. November 4-9, 2012.) 

IV. J. Li, R. Jankowski, M. Kotecki, W. Yang, D. Szewczyk, A. Brzdekiewicz and W. Blasiak, 

CFD approach for unburned carbon reduction in pulverized coal boilers, Energy & Fuels. 

26(2): pp. 926-937. 2012. 

V. J. Li, A. Brzdekiewicz, W. Yang and W. Blasiak, Co-firing based on biomass torrefaction 

in a pulverized coal boiler with aim of 100% fuel switching, Applied Energy. 99: pp. 344-

354. 2012. 

VI. J. Li, X. Zhang, W. Yang, P. Kruczek, H. P. Kruczek, W. Blasiak. Process simulation of 

co-firing torrefied biomass in a 220MWe coal-fired power plant. Submitted to Energy 

Conversion and Management. December, 2013. 

VII. J. Li, X. Zhang, W. Yang, W. Blasiak. Effects of flue gas internal recirculation on NOx 

and SOx emissions in a co-firing boiler. International Journal of Clean Coal and Energy. 

2(2): pp. 13-21. 2013. 

(This paper was also presented in Renewable Energy Research Conference (RERC) organized as part of 

Technoport 2012 - Sharing Possibilities. Trondheim, Norway. April 16-18, 2012.) 

Contribution Statement: 

In the first Paper, I was involved the biomass characterization campaign. I performed part of 

results analyses, and major discussions and writings. 

In the rest Papers, I performed all the simulations, data analyses, discussions, and writings. 



v 

 

List of Papers not in the Thesis 

 

I. J. Li, G. Bonvicini, L. Tognotti, W. Yang, W. Blasiak. Char oxidation of torrefied biomass 

at high temperatures and high heating rates. Submitted to International Conference on 

Applied Energy, Taipei, Taiwan. May 30-June 2, 2014.  

II. J. Li, W. Yang, W. Blasiak. Torrefaction for fuel switching from coal to pure biomass in 

power plants. ASME Power Conference 2013. Boston, USA. July 29 to August 1, 2013. 

III. J. Li, R. Jankowski, M. Kotecki, W. Yang, D. Szewczyk, W. Blasiak and A. Brzdekiewicz, 

Numerical analysis of loads effect on combustion performance and NOx emissions of a 

220 MW pulverized coal boiler. Cleaner Combustion and Sustainable World. H. Qi and B. 

Zhao, Springer Berlin Heidelberg: pp. 1019-1029. 2013. 

(This paper was also presented in the 7th International Symposium on Coal Combustion, Harbin, China. 

July 17-20, 2011.) 

IV. M. Ghadamgahi, J. Li, P. Ölund, W. Yang. Numerical study on heat transfer and 

combustion in a large scale- LPG fuel furnace: the role of oxygen content in oxidizer. The 

5th International Conference on Applied Energy. Pretoria, South Africa. July 1-4, 2013.  

V. X. Zhang, J. Li, W. Yang, W. Blasiak, Formation mechanism of levoglucosan and 

formaldehyde during cellulose pyrolysis. Energy & Fuels. 25(8): pp. 3739-3746. 2011. 

VI. W. Yang, C. Cuvilas, J. Li, W. Blasiak. Challenges biomass pre-treatment for thermal 

application. International Conference on Biomass and Energy Technologies (ICBT2012). 

Nanjing, China. October 22-24, 2012. 

 

 

  



vi 

 

Contents 

Chapter 1  Introduction ......................................................................................................... 1 

1.1 Background ......................................................................................................................................... 1 

1.2 Co-firing technologies ....................................................................................................................... 2 

1.3 Co-firing solution for 100% fuel switching ................................................................................... 3 

1.3.1 Concept of torrefaction based co-firing system ..................................................................... 4 

1.3.2 Concept of volumetric combustion ......................................................................................... 5 

1.4 Objectives and framework of the thesis ......................................................................................... 7 

Chapter 2  Methodology ....................................................................................................... 9 

2.1 Biomass characterization .................................................................................................................. 9 

2.1.1 Biomass characterization facility .............................................................................................. 9 

2.1.2 Devolatilization in the IPFR ................................................................................................... 10 

2.1.3 Char oxidation in IPFR ........................................................................................................... 11 

2.2 Computational fluid dynamic (CFD) modeling .......................................................................... 13 

2.2.1 CFD simulated furnaces .......................................................................................................... 13 

2.2.2 CFD models .............................................................................................................................. 15 

2.3 Process simulations.......................................................................................................................... 19 

2.3.1 Simulated processes .................................................................................................................. 20 

2.3.2 Aspen Plus models ................................................................................................................... 23 

Chapter 3 Properties of the torrefied biomass .................................................................... 28 

3.1 Fuel analyses ..................................................................................................................................... 28 

3.2 Devolatilization and char oxidation kinetics ................................................................................ 29 

3.3 Devolatilization performances of the torrefied biomasses ........................................................ 30 

3.3.1 Weight losses during IPFR devolatilization .......................................................................... 30 

3.3.2 Effects of heating rate on the release of volatiles ................................................................ 31 

3.3.3 Effects of the torrefaction degree on the HTVM ............................................................... 32 

3.3.4 Gaseous species in volatiles .................................................................................................... 33 

3.4 Flame properties of the torrefied biomass ................................................................................... 34 

3.4.1 The definition of a chemical flame ........................................................................................ 35 

3.4.2 Validation of the reference case ............................................................................................. 36 

3.4.3 Effects of the torrefaction degree on the flames ................................................................. 38 

3.4.4 Effects of the oxygen concentration of the oxidizer on flame .......................................... 39 



vii 

 

Chapter 4 Co-firing performances of torrefied biomass ..................................................... 42 

4.1 The performance of the case-studied boiler ................................................................................ 42 

4.1.1 Temperature, O2, and CO distributions ................................................................................ 43 

4.1.2 Char burnout properties of each burner ............................................................................... 46 

4.2 Co-firing performances ................................................................................................................... 48 

4.2.1 Boiler efficiency ........................................................................................................................ 49 

4.2.2 CO2 emissions ........................................................................................................................... 50 

4.2.3 NO emissions ............................................................................................................................ 52 

Chapter 5 Large percentage biomass co-firing systems..................................................... 55 

5.1 Torrefaction based co-firing power plant .................................................................................... 55 

5.1.1 Power requirements for biomass torrefaction and milling ................................................. 55 

5.1.2 Electrical efficiency .................................................................................................................. 56 

5.2 Biomass volumetric combustion system ...................................................................................... 58 

5.2.1 NOx emissions at different combustion modes .................................................................. 58 

5.2.2 NOx emissions at different biomass co-firing ratios .......................................................... 59 

Chapter 6  Conclusions ....................................................................................................... 61 

Chapter 7  Future work ....................................................................................................... 63 

References ........................................................................................................................... 64 

 

  



viii 

 

Nomenclatures 

Abbreviations 

AH Attemperator 

APH Air preheater 

CFD Computational fluid dynamics 

COND Condenser 

DA Deaerator 

DAF Dry ash free basis 

DRY Dry basis 

DO Discrete ordinates 

DPM Discrete phase model 

ECON Economizer 

G Generator 

GC Gas chromatography 

Hi The i th feedwater preheater  

HPT High pressure turbine 

HiTAC High temperature air combustion 

HTVM High temperature volatile matters 

IEA International Energy Agency 

IPFR Isothermal plug flow reactor 

IPT Intermediate pressure turbine 

LPT Low pressure turbine 

LOI Loss on ignition  

OFA Over-fire air 

OP-650 Pulverized boiler with steam output of 650 t/h 

PKS Palm kernel shells 

PA Primary air 

RR Recirculation ratio 

RB Raw biomass 



ix 

 

SA Secondary air  

SHi The i th stage of Super-heater, i =1, 2, 3 

TB1 Torrefied biomass ( after 30 min torrefaction at 200 °C) 

TB2 Torrefied biomass ( after 30 min torrefaction at 250 °C) 

TB3 Torrefied biomass ( after 30 min torrefaction at 300 °C) 

TG Thermogravimetry 

VCS Volumetric combustion system 

WP Water pump 

Symbols 

Ash0 Initial ash content  (wt.%) 

Ash Ash content  (wt.%) 

Aa Apparent pre-exponential factor (1/s) 

Ac Pre-exponential factor of char oxidation,  (1/s) 

   Pre-exponential factor of devolatilization, i=1, 2  (1/s) 

C Carbon content  (wt.%) 

CD Drag force coefficient  

Cp Heat capacity  (J/kg-K) 

CSW Swelling factor  

D Diffusion coefficient of vapor in the bulk  (m2/s) 

dp Particle diameter  (m) 

Ea Apparent activation energy  (kJ/mol) 

Ec Activation energy of char oxidation  (kJ/mol) 

   Activation energies, i=1, 2 (kJ/mol) 

fh 
The fraction of the heat that particle absorbs from surface 
reaction 

 

fv,0 The fraction of volatiles in the particle  

fw,0 The fraction of moisture in the particle  

Fg External body forces  (N) 

g Gravity acceleration constant  (9.8 m/s2) 

hg Specific enthalpy of the gas phase  (kJ/kg) 



x 

 

k Kinetic rate coefficient  (kg/m2-Pa-s) 

kC Kinetic rate coefficient of char combustion  (kg/m2-Pa-s) 

ki Intrinsic reaction rate coefficient, i=1, 2 (kg/m2-Pa-s) 

k1750 Kinetic rate coefficient at temperature of 1750K  (kg/m2-Pa-s) 

L Hydraulic diameter  (m) 

 ̇ Flow rate  (kg/s) 

im  Net mass transfer rate of  i th species by chemical reactions  

mF Mass fraction of combustible species   

mO Mass faction of oxygen   

mp Particle mass  (kg) 

mp,0 Initial particle mass of particle  (kg) 

mv(t) Volatile yield up to time  (kg) 

M Moisture content  (wt.%) 

MW  Molecular weight  (g/mol) 

n Apparent reaction order  

nO Stoichiometric coefficient of oxygen (number of moles)  

nF 
Stoichiometric coefficient of combustion species(number 
of moles) 

 

P Pressure  (Pa) 

P0 Atmosphere pressure  (Pa) 

,2OP  Oxygen partial pressure  (Pa) 

q Power requirement for mill system  (W) 

qg Heat flux  (W/m2) 

R Gas constant  (8.314 J/mol-K) 

Re Relative Reynolds number,     
    

 
|     | 

 

R0 Oxidation mixture ratio  

Sg Source term that includes sources of enthalpy.  

Si Mass source term of i th species  

Sp Surface area of particle  (m2) 

Tp Particle temperature  (K) 

T  Furnace temperature  (K) 



xi 

 

U Burnout degree  

ug Gas phase velocity  (Nm/s) 

up Particle velocity  (Nm/s) 

X Weight loss  (wt.%) 

XF Diameter larger than 80% of feed particle mass  (m) 

XP Diameter larger than 80% of product particle mass  (m) 

Xmod Weight loss data from modeling  (wt.%) 

Xexp Weight loss data from experiments  (wt.%) 

Yi Mass fraction of the i th species in gas phase  

Greeks 

α Burning mode,       ⁄    

α1 Volatile yield factor at low temperatures  

α2 Volatile yield factor at high temperatures  

   Gas phase density  (kg/m3) 

   Particle density  (kg/m3) 

g  Viscous stress tensor  

   Ash weight fraction in fly ash  (wt.%) 

  Char burnout ratio  

Φ Shape factor  

μ Dynamic viscosity of the fluid  (kg/m-s) 

 

  



xii 

 

  



1 

 

Chapter 1  

Introduction 

1.1 Background 

In 2007, the EU established a clear framework to steer its energy and climate policies 

such that 20% of all energy will be supplied by renewable sources by 2020 [1]. In 2011, 

the EU confirmed that greenhouse gases must be reduced by 80-95% compared to the 

levels in 1990 by 2050 [2].  

Biomass provides half of the EU's renewable energy; forestry is the major source, while 

the balance is supplied by agriculture and organic waste. Therefore, bioenergy can be 

produced constantly and reliably[3]. Another key reason to use biomass is its carbon 

neutrality; it does not increase the net CO2 content of the atmosphere or aggravate the 

greenhouse effect. Furthermore, compared to other renewable sources, biomass can 

provide baseload power generation and heating, even in existing thermal plants[4].  

Coal-fired power plants provide over 42% of the global electricity supply, contributing 

to over 28% of the global CO2 emissions [5]. Therefore, co-firing has enormous 

potential to increase the use of biomass and renewable sources in the global energy 

mixture, reducing greenhouse gases emissions. For example, utilizing 10% biomass co-

firing in coal-fired power plants worldwide would generate an approximate 150 GW of 

biomass power capacity, providing more than 2.5 times the current globally installed 

biomass power capacity, while reducing CO2 emissions by approximately 450 Mton per 

year [4]. 

However, biomass materials are different from coal regarding their physical and 

chemical characteristics, such as their lower densities, lower calorific values, higher 

moisture and volatile contents, higher chlorine and potassium contents, poor 

grindability and fluidability, and lower uniformity. Compared to coal, the variable fuel 

quality displayed by biomass may significantly impact power plant applications, 

including fuel transportation, process design and operation, and plant availability [6]. 

Consequently, biomass can penetrate every market in the energy sector, but technical 
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and economic constraints still limit its general deployment. Currently, the technical 

challenges of co-firing are as follows:  

 The lack of cost-effective methods to obtain numerous and variable fuels,  

 The occurrence of insufficient gas mixing or stratified flows in boiler furnaces,  

 Fouling and corrosion problems,  

 Continual of ash utilization, and  

 The impacts on performance of the flue gas cleaning.  

The non-technical barriers are as follows:  

 The lack of financial incentives, and uncertain fuel pricing and availability,  

 Legislative aspects (i.e., determining green share of electricity produced),  

 The public perception of co-firing with biomass or waste, and  

 Getting the permits through.  

The uncertainties in above arenas make investment in most, if not all, biomass co-

firing technologies difficult to justify. Therefore, an efficient but sustainable biomass 

co-firing scheme is expected.  

1.2 Co-firing technologies 

Biomass co-firing involves combusting biomass and fossil fuels, mostly coal but also 

natural gas, in the same power plant. The co-firing technologies employed in the power 

sectors can be broadly classified into three types [7, 8]:  

 Direct co-firing 

is the most common approach and low-cost method of co-firing biomass with coal in an existing 

coal-fired boiler, particularly pulverized coal boilers. The biomass and the coal are burned in 

the coal boiler furnace while using the same or separate mills and burners, depending on the 

fuel characteristics and co-firing ratio of the biomass.  

 Indirect co-firing 

involves torrefaction, gasification, or pyrolyzation of the biomass and the subsequent 

combustion of the products (i.e., upgraded solid fuel, gaseous fuel, and liquid fuel) in the 

furnace. Therefore, three forms exist: torrefaction based co-firing (as studied in this thesis 

work), gasification based co-firing, and pyrolyzation based co-firing systems.  
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 Parallel co-firing 

involves the installation of a completely separate biomass boiler to produce low-grade steam for 

utilization by the coal-fired power plant before being upgraded, resulting in higher conversion 

efficiencies.  

Due to the relatively low investment cost of turning an existing coal power plant into a 

co-firing plant, direct co-firing has become the most popular option for biomass 

applications in industry; however, the high moisture content, high volatile content, and 

low density of biomass complicates its combustion behavior, limiting its co-firing 

ratios[9]. Indirect co-firing offers high flexibility in terms of the base fuel choice 

because it can accommodate coal, oil, and natural gas. Parallel co-firing offers a 

reduced level of operational risk and better reliability due to the availability of separate 

and dedicated biomass burners running in parallel to the existing boiler unit.  

 

1.3 Co-firing solution for 100% fuel switching  

The combustion behaviors of biomass are different from those of coal. Biomass loses 

a much higher fraction of its mass through devolatilization than coal; however, if the 

biomass particles are too large or dense, they may not be entrained into the flue gas, 

entering the bottom ash stream with little to no conversion beyond drying if the 

biomass injection is not well organized. Additionally, the low densities of the biomass 

particles facilitate oxidation at rates much higher than that for coal. Furthermore, if the 

boilers do not mix the flue gases effectively in the furnace section, striated flows will 

form, these are common during biomass-coal combustion[10].  

Although co-firing with 20% biomass based on energy content is technically feasible 

today, however, co-firing levels are currently below 5% in most cases; the cases 

continually using more than 10% can be counted [4, 11]. In general, pulverized fuel 

plants comprise the largest installed capacity for coal use in the world. Consequently, 

pulverized coal installations also represent a largest potential market for co-firing [6]. 

Therefore, an efficient biomass co-firing solution is required to attain large percentages 

of biomass co-firing in existing pulverized coal boilers.  
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1.3.1 Concept of torrefaction based co-firing system 

The handling and combustion characteristics of biomass can be substantially improved 

through torrefaction [4]. Currently, torrefaction is a typical pre-treatment technology 

that has shown its potential and promising abilities on biomass upgrading, and 

therefore offering possible solutions [12].  

Torrefaction is a thermo-chemical process typically conducted at 200-300 °C, with a 1-

hour residence time; biomass partially decomposes during this period, releasing 

volatiles and producing the solid final products [13, 14]. The tenacious nature of raw 

biomass is lost primarily due to the breakdown of the hemicellulose matrix, that binds 

the cellulose fibers in the raw biomass and decreases the length of these fibers during 

the depolymerization process [15]. First, torrefied biomass typically retains 70% of its 

initial weight and 90% of its original energy content [16]. Moreover, highly fibrous of 

raw biomass makes the raw sample difficult and energy consuming to grind [13]. In 

contrast to the raw biomass, torrefied wood particles have a higher flowability and 

good fluidization behavior, these characteristics are important to facilitate the injection 

of biomass powder into boiler furnaces. Finally, torrefied biomass has a relatively 

uniform product quality. For instance, woodcuttings, demolition wood, and waste 

wood have similar physical and chemical properties after torrefaction, enabling the use 

of various fuels and reducing seasonal influences [17].  

 

Figure 1. The scheme of a torrefaction based co-firing system 
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Accordingly, the promising properties of torrefied biomass provide a co-utilization 

option incorporating high ratios of biomass in existing coal-fired boilers without major 

modifications. In this work, a torrefaction based co-firing system in pulverized coal 

boilers has been proposed toward the goal of a 100% fuel switch, as illustrated in 

Figure 1. The raw biomass was pretreated by torrefaction, and the torrefied biomass 

was ground in the existing but separate coal-mills to produce the biomass powders that 

were finally introduced into combustion chamber by primary air. The torrefied 

biomass powders were then combusted separately in the upper burners during co-

firing. The bottom burners are designed for either coal or biomass particles and can be 

switched to use only biomass during pure biomass combustion.  

1.3.2 Concept of volumetric combustion  

Traditional air staging systems are common in utility and district heating boilers 

independent of the firing configuration or combustion technology. The typical 

organization of staged combustion is shown in Figure 2a. To prevent the formation of 

nitrogen oxides from fuel-bound nitrogen, the primary combustion zone is operated 

under sub-stoichiometric conditions with an excess air ratio (λ) below one. To achieve 

complete combustion, a secondary air source is introduced into the upper furnace 

through air supply system called the over-fire air (OFA). The secondary combustion 

zone is operated with excess air ratio (λ) above one. The interaction between the 

separated combustion zones is difficult to control in large scale combustion chambers 

particularly when modifying the boiler load and operational parameters.  

The negative effects of using staged combustion usually include the following: 

unexpected high carbon content in the fly ash and carbon monoxide formation. In 

addition, NOx reduction for the traditional systems is limited. Other known negative 

effects include a drop in steam temperature and membrane wall wastage. The negative 

effects all originate from poor mixing inside the combustion chamber, often generating 

uncontrolled flow patterns typically characterized by a “chimney” flow that transports 

a portion of the gases and fuel particles through the combustion chamber rapidly and 

shortening the residence time.  

Flue gas recirculation is commonly used to design low-NOx combustion processes [18, 

19]. In the traditional approach, external or internal flue gas recirculation is used. 

External recirculation has obvious drawbacks, including reduced efficiency and high 

investment costs. Flue gas internal recirculation is usually very limited because 
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traditional secondary air systems are designed to deliver the secondary air to complete 

combustion only. Usually only 10-15 % of the air is supplied as secondary air.  

Secondary air 

Flue gasBiomass

Primary air 

Pyrolysis

Primary Combustion 

Zone

（λ<1）

Secondary 

Combustion 

Zone

(λ>1)
/ Coal

Secondary air 

Recycled flue gas

 (Internal recirculation)

Flue gasBiomass

Primary air 

Pyrolysis Main Combustion Zone

Post-

combustion 

Zone/ Coal

(a) Traditional combustion

(b) Volumetric combustion

 

Figure 2. Schemes showing traditional and volumetric combustion 

In contrast to traditional OFA systems, volumetric combustion allows to increase the 

amount of secondary air up to approximately 30-40% without compromising the 

combustion stability or complete combustion. Secondary air is injected downward with 

an angle of inclination that carries and delivers a portion of the flue gas from the 

secondary combustion zone to the primary combustion zone, promoting intensive 

internal recirculation of the flue gases, as shown in Figure 2b. This concept is also 

commonly combined with air-staging concept to prevent the NOx formation that 

originates from fuel nitrogen.  

Volumetric combustion systems that combine air-staging and flue gas internal 

recirculation change the in-furnace flow and the combustion process. Due to the 

intensive recirculation and good mixing between the secondary air and flue gas, the 

combustion volume is larger than with traditional staged combustion. This type of 

combustion process is termed “volumetric” combustion. The successful volumetric 

combustion of gas and oil has been reported for high-temperature air combustion 
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(HiTAC) and flameless combustion [20-22]. In this thesis, volumetric combustion is 

characterized as an extension of the HiTAC technology for solid fuels.  

In a biomass volumetric combustion system, biomass is combusted as a blend in a 

high-temperature and oxygen-deficient atmosphere driven by strong flue gas internal 

recirculation. Compared to traditional combustion, volumetric combustion has several 

benefits: 

 More uniform temperature and gas species distributions inside the furnace,  

 Lower NOx emission (both in Fuel-NOx and Thermal-NOx), 

 Higher heat transfer and exergy efficiency, and 

 The potential for increased biomass co-firing. 

1.4 Objectives and framework of the thesis 

The main objective of this thesis is to increase the amount of electricity produced from 

biomass through the development and demonstration of an innovative co-firing 

technology based on torrefaction (a typical pretreatment technology) and volumetric 

combustion (an advanced combustion technology) to maximize biomass utilization, 

reaching 100% of biomass fuel switch, increasing combustion efficiency, reductions on 

NOx and CO2, improvement in process efficiency, and maintaining the same steam 

parameters after switching fuels. The sub-objectives of this thesis include: 

 The characterization of torrefied biomass.  

includes the fuel analyses of torrefied biomasses, the characterization of the high 

temperature-rapid devolatilization process, and the determinations of their 

devolatilization and char oxidation kinetics.   

 The identification and evaluation of biomass co-firing in a large scale furnace 

includes the identification and evaluation of the volumetric combustion concept, the 

flame properties of pulverized torrefied-biomass, coal-fired boiler performance and 

co-firing performances when varying the biomass substitution. 

 Assessment of biomass co-firing power plants 

includes the investigation of the process of biomass volumetric combustion, and an 

assessment of the torrefaction based co-firing system/plant. 

To achieve these objectives, devolatilization and char oxidation are studied 

experimentally in an isothermal plug flow reactor, and the devolatilization and char 
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oxidation kinetics of studied torrefied biomasses are determined according to a series 

of high temperature and high heating rate tests. Secondly, the combustion behavior 

and flame characteristics of the torrefied biomass, the boiler performance of coal-fired 

boiler at various boiler loads and the properties of co-firing torrefied biomass with 

varied biomass substitution ratios are studied numerically using Ansys Fluent. Third, an 

advanced combustion technology for biomass, volumetric combustion, is proposed; 

further investigation on its pollutant emission properties was undertaken using Aspen 

Plus. Finally, the torrefaction based co-firing power plant has been assessed using 

Aspen Plus. The studies involved with this thesis are summarized in Figure 3. 

Super-heaters

Biomass

Economizer

Air-

preheater

Torrefier

Biomass 

Mill

Boiler

Furnace

Coal Mill

G

Coal

Steam

Flue gas
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Feed water
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       Combustion studies:

         ▪  Volumetric combustion consept (paper 2),

         ▪  Flame properties of pulverized torrefied-biomass (paper 3), 

         ▪  Coal-fired boiler performence (paper 4),  

         ▪  Co-firing torrefied biomass with varying biomass substitution ratios (paper 5).  

      System studies

      ▪  Torrefication based co-firing plant (paper 6),

      ▪  Biomass volumetric combustion system (paper 7).

Biomass 

characterization 

(paper 1)

 

Figure 3. The delimitation of the investigation scope of this thesis 
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Chapter 2  

Methodology 

The detailed methodology used in this thesis is described in this Chapter. Section 2.1 

provides a brief introduction to the theory of biomass characterization. The theoretical 

background of CFD modeling using Ansys Fluent is introduced in Sections 2.2, 

including an introduction of the devolatilization, char burnout, and NOx models. The 

basic theory of process simulation using Aspen Plus is finally introduced in Section 2.3.  

2.1 Biomass characterization 

2.1.1 Biomass characterization facility 

The isothermal plug flow reactor (IPFR)1 is a 4 m long drop tube reactor used to 

characterize biomass under conditions similar to those of real combustion applications 

with heating rates of 104 °C/s and a maximum temperature of 1400 °C. The scheme 

showing IPFR reactor is included in Figure 4; eight electrically heated modules are 

installed for furnace temperature adjustment, and each of them can be controlled 

independently. A K-tron solid fuel feeder is used to provide a continuous mass flow of 

pulverized fuel at approximately 100 g/h that is fed to the reactor through one of the 

19 ports at different heights. The same ports can also be used to measure the 

temperature of the flue gas and chemical composition through a suction pyrometer 

and a gas sampling probe. The chemical composition of the atmosphere in the IPFR 

(mainly, the oxygen concentration) is changed by varying the mass flows fed into the 

natural gas-fired pre-combustor located on the top of the IPFR. Once the velocity of 

the flue gases is fixed, the desired residence time of particles inside of the IPFR is 

achieved by changing the feeding port and the position of the sampling probe at the 

bottom of the reactor. The solid sampling probe consists of a water-cooled jacket 

where the collected particles are quenched with nitrogen within a few milliseconds at a 

temperature below 300 °C to stop all the reactions.  

                                                           
1 The IPFR reactor is located in International Flame Research Foundation (IFRF), Livorno, Italy. 
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Figure 4. Scheme of the IPFR reactor 

During every devolatilization or char oxidation process, the biomass particles are 

collected and analyzed to determine at least the value of mass conversion according to 

the ash tracer method; this method assumes that, ashes are inert and thermally stable. 

Eq.2-1 is used to determine the weight loss based on dry ash free conditions. 

    
    

   
 (

     

      
)                                               (Eq.2- 1) 

2.1.2 Devolatilization in the IPFR 

The amount of high temperature volatile matter (HTVM) yields is higher than the 

amount of standard volatile matter revealed by the proximate analysis. The predicted 

yield of the volatile matters as function of the temperature is thus important for 

practical combustion models. The two-competing steps model was employed to 



11 

 

simulate devolatilization and predict the high temperature volatile matter yield [23]. In 

this model, the first reaction (A1, E1, and α1) is used to calculate the devolatilization 

rate at lower temperatures, while the second reaction (A2, E2, and α2) plays a dominant 

role at higher temperatures.   

The aim of the IPFR devolatilization tests is to evaluate the HTVM yields in an 

oxygen-free atmosphere and elaborate the global kinetics for the torrefied biomasses, 

and the tests at two different temperatures are necessary. The values for α1 and α2 are 

equal to the fraction of volatiles released during the proximate analysis and the highest 

temperature IPFR tests, respectively. Finally, a fitting model and a target function must 

be fixed. In this thesis, the apparent kinetic parameters are determined by minimizing 

the residual values between the modeled and the experimental results according to a 

least-squares method.  

Once the pre-exponential factors and activation energies are known, the model 

provides the rate of the volatile evolution and volatile yields. The two kinetic rates are 

weighted to yield an expression of weight loss during the devolatilization process:  

     

    
 ∫                  ∫           

 

 

 

 
                             (Eq.2- 2) 

where       is the volatile yield over time, and      is the initial particle mass at 

injection. The kinetic rates are expressed in Arrhenius form:  

           
  

    
                                                                (Eq.2- 3) 

2.1.3 Char oxidation in IPFR 

Char oxidation models are usually based on either apparent or intrinsic kinetics [3]. In 

intrinsic models, the char oxidation rate is related to the internal surface area of the 

char particle. Because the evolution of the internal surface area is very complicated, the 

apparent kinetic models are widely used. Models based on apparent kinetics have 

frequently been used to model char oxidation rates under conditions limited by the 

combined effects of chemical kinetics and diffusion, specifically Regime II conditions. 

With such a model, the char oxidation rate can be predicted as follows: 
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Here, 
pm  is the mass of the particle, 

pS  is the external surface area of the particle, 

,2OP is the oxygen partial pressure, n  is the apparent reaction order, k  is the apparent 

kinetic rate, and D  is the external diffusion rate coefficient calculated as follows [24]: 
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The evaluated diameter is modeled according to the following:  

 U
d

d

p

p
 1

0,

                                                           (Eq.2- 7)

 

where aA  is the apparent pre-exponential factor, aE  is the apparent activation energy, 

pd  is the particle diameter (the subscript 0 indicates the initial value), U is the degree of 

burnout, the limits of the burning mode are     
 

 
 , where     refers to a 

constant particle size with decreasing density (regime I), and   
 

 
 corresponds to 

decreasing partial size with a constant density (regime III) throughout the conversion. 

Moreover, the temperature of the char particle is calculated based on the heat balance 

of the particle:  
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cm              (Eq.2- 8) 

The kinetic parameters and reaction orders are determined using a parameter 

optimization method as determined, when the least squares-based objective function is 

minimized:  
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where  

     (         )                                                (Eq.2- 10) 

here, the subscript mod stands for the modeled data, and exp refers to the measured 

results; j, k refers to the j th sampled point in the experiments for the k th experimental 

test conditions. The apparent activation energy (Ea) is constrained to be between 10 

and 200 kJ/mol. The pre-exponential factor (Aa) is constrained to be positive using the 

           transformation where ξ ranges from -25 to +5. ξ and Ea are optimized 

separately for each char with a reaction order (n) between 0.05 and 2.  

2.2 Computational fluid dynamic (CFD) modeling  

2.2.1 CFD simulated furnaces 

In this part, the furnaces studied for CFD modeling are described. The biomass flame 

is studied based on a laboratory-scale pulverized fuel combustor. The coal-fired boiler 

performance at varying loads and its co-firing performance at varying of biomass 

substitution ratios are studied based on a 220 MWe pulverized coal boiler.   

2.2.1.1 Laboratory scale pulverized fuel combustor  

The scheme for the lab-scale pulverized fuel combustion facility is shown in Figure 5. 

In this combustor, the secondary air is heated to 1150 °C by a compact pre-heater and 

injected through the top of the chamber. The pulverized fuel can be pneumatically 

conveyed into the furnace using transport air from a 5 mm vertical water-cooling lance. 

On the bottom of the furnace chamber, an outlet is designed for the flue gas. The 

temperature profile along the combustion chamber and the temperature at the inlet 

and the outlet can recorded using thermocouples. The tips of the thermocouples are 

located in the middle of the inlet and outlet channels, and all of the thermocouples tips 

installed in the furnace chamber are 200 mm from the wall. Two isokinetic probes are 

located in the flue gas channel to collect ash and sample flue gas. An ECO PHYSICS 

CLD 700 EL ht was used to measure the NOx, and the error of the measured NOx 

was less than 0.5% of the measuring range. Before each experiment, the combustion 
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chamber will be heated for 10-12 hours to achieve a uniform temperature profile. Two 

observation windows near the tip of the fuel lance are used for observing and 

recording the flame behavior.  

 

Figure 5. Scheme of the pulverized fuel combustion facility 

2.2.1.2 Pulverized coal boiler  

The case-study boiler (OP-650) is a front-wall pulverized coal boiler with maximum 

capacity of 220 MWe; its geometry and arrangement of burners, over-fire air (OFA) 

ports, and vertical slots are shown in Figure 6. The cross sectional area of boiler is 

15.598×8.958 m2 and the height of the domain is 39.453 m. 24 burners were arranged 

on the front wall in 4 rows, and 6 burners were equally spaced in each row. The 

amount of primary air controls the rate of combustion in the chamber. The amount of 

secondary air has a key impact on the combustion efficiency. Sufficient OFA is added 

to complete the oxidation of any unburned combustibles, and 10 pairs of OFA ports 

were located on the rear wall. In addition, 8 vertical slots-air (front wall) and 2 rows 

protection-air (rear wall) are used to protect the membrane walls against over 

temperature operations and the influence of the combustion products. 

The mesh of the boiler consists of 796,372 structured hexahedral cells. The mesh was 

refined at the location of the burners, where the ignition and most of the combustion 

reactions occurred. The heat absorbed by the super-heaters on the top of the boiler 

was also considered.  
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Figure 6. Boiler geometry and arrangement of burners, OFA ports and vertical slots 

2.2.2 CFD models 

Ansys Fluent 13.0 is used to simulate the combustion, fluid and particle flow, as well as 

the heat and mass transfer inside the furnace. The mesh independence was verified by 

comparing the reaction results. In this thesis work, a standard k-ε model with a 

standard wall function was used to calculate the effect of the turbulent flow[25]. The 

discrete ordinates (DO) radiation model was chosen to simulate the radiating heat 

transfer. The governing equations are summarized in Table 1[26].  

Table 1. Governing equations used for the CFD simulations[26] 
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2.2.2.1 Devolatilization and volatiles combustion models 

The two-competing steps model is employed to simulate the devolatilization step and 

predict the HTVM yields [23]. More details about the devolatilization model can be 

found in Section 2.1.2. To predict an accurate devolatilization rate and the volatile yields 

at both low and high temperatures, reasonable devolatilization kinetics are required.  

For the torrefied biomass, the devolatilization kinetics were obtained experimentally 

based on devolatilization tests in the IPFR, and the results are shown in Table 6 (see 

Section 3.2). For the coal particles, the kinetic parameters of devolatilization are 

obtained from the literature [27], as summarized in Table 6 (see Section 3.2). 

In the combustion chamber, the operating temperature of furnace is high (above 

1000 °C); therefore, the volatile combustion occurs at high Damköhler numbers 

(Da>>1). Accordingly, a global reaction limited by diffusion was used to combust the 

gaseous volatiles and calculated using the Eddy-Dissipation model[26], involving two 

overall reactions: 

OH
y

COCOOgOHC zyx 222
2

)(                                  (R.2- 1) 

22
2

1
COOCO                                                                           (R.2- 2) 

2.2.2.2 Char burnout model 

Char burning is governed by the chemical kinetic rate and the external diffusion rate of 

oxygen to the char surface. The global rate of the char burning can be calculated 

according to Eq.2-4. If the apparent reaction order equals 1, the analytical solutions 

can be derived easily:  













 ,2Op
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dt

dm
                                          (Eq.2- 11) 

To solve Eq. 2-11, the char oxidation kinetic parameters must be determined.  
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For the torrefied biomass, the char oxidation kinetics were determined experimentally 

based on the char oxidation tests in the IPFR, and the results are finally summarized in 

Table 6 (see Section 3.2). According to the Hurt and Mitchell’s correlations [28], the 

values for the activation energy and pre-exponential factor during coal char oxidation 

can be calculated according to the proximate analysis data for coal; the empirical 

equations are listed in Table 2.  

Table 2. Empirical equations for calculating the coal char oxidation kinetics 
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2.2.2.3 Discrete phase model (DPM) 

The solid fuel particles are modeled using a DPM approach, and the various forces 

acting upon the particles are key considerations when modeling the particle trajectories; 

the main forces include gravitational, buoyancy and drag forces. The trajectories of, as 

well as the heat and mass transfer from/to, these discrete particles are coupled with the 

continuous phase. The trajectory of the discrete phase particle is calculated by 

integrating the force balance on the particle as a motion equation3 [26]:  

   

  
 

    

    
 

    

  
(     )  

 (     )

  
                                    (Eq.2- 12) 

 Drag force coefficient (  ) 

Based on Eq. 2-12, the drag force is an important term for calculating the trajectory of 

discrete biomass particle. The drag force coefficient is a function of the shape factor of 
                                                           

2 Note: Ash, M, and C are the ash, moisture, and carbon contents of the coal on day-ash-free basis. R is 

the gas constant (8.314 J/mol-K). 

 

3 In Eq.2-12, Re is a relative Reynolds number and defined as    
    

 
|     |; the terms on the left 

side represent the forces per unit mass. 
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the particles [26]. The shape factor (Φ) is a typical indicator of irregularity of solid 

particle and is defined as a ratio of the surface area of a spherical area with the same 

volume as the particle and the actual surface area. The shape of the biomass particles is 

affected by the fiber content, although the torrefied biomass contains lower fiber 

contents, its surface area is still higher than that of pulverized coal. The large surface 

area enhances the drag force imposed on to biomass particles and the contact 

possibility between O2 and particle surface. In this thesis, a non-spherical shape is 

assumed for different torrefied biomass particles with varied shape factors below 1, 

depending on the degree of torrefaction. Finally, the biomass drag coefficient is 

calculated based on Haider and Levenspiel’s equation [29]. For coal particles, the drag 

force can be accurately described by the spherical drag law[30].  

  Swelling coefficient (   ) 

In Eq.2-12, the drag force is also affected by the particle diameter (dp). The diameter of 

a particle may change significantly during devolatilization based on its swelling 

coefficient. The particle diameter can be calculated according to its swelling property 

[26]: 

     

    
          

(      )       

    (      )    
                                  (Eq.2- 13) 

where, 
(      )       

    (      )    
 is the ratio of the mass that has been devolatilized to the total 

volatile mass of the particle. The effect of swelling on the drag force during biomass 

devolatilization should be taken into account, due to the significant content of volatile 

matter in biomass.  

In this thesis, the swelling coefficient of the torrefied biomass particles was also 

investigated experimentally, and was calculated as the ratio of the average diameter of 

char particles to the average diameter of the initial biomass particles. Finally, the 

measured swelling coefficients of torrefied biomasses are used for CFD simulations.  

2.2.2.4 NOx model 

During the high temperature combustion of solid fuels, the formatted NOx consists 

mostly of nitric oxide (NO) with negligible amounts of nitrogen dioxide (NO2) and 
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nitrous oxide (N2O). In laminar and turbulent flames, the formation of NO usually can 

be attributed to three distinct chemical kinetic processes: thermal NO, fuel NO, and 

prompt NO. 

Thermal NO refers to the NO formed via the high temperature oxidation of the 

atmospheric nitrogen in the combustion air; this process is strongly temperature 

dependent. The formation rate of thermal NO is determined by extended Zeldovich 

mechanisms[31].   

Fuel nitrogen usually reacts via the intermediates (HCN and NH3), these substances 

are either oxidized to form NO or reduced to form N2 [32], as shown in Figure 7. In 

this work, it is assumed that 90% of the volatile nitrogen from coal will be converted 

to HCN, while the rest will form NH3 [33]. For the biomass particles, it is assumed that 

10% of HCN and 90% of NH3 were derived from the volatile nitrogen [34]. In 

addition, the nitrogen contained both in the coal char and the biomass char will be 

converted to NO due to the complicated conversion mechanisms. 

Char-N

NO

Volatile-N

HCN N2

NH3

O2

NO
Char

O2

NO

Fuel-N

 

Figure 7. The reaction paths of fuel nitrogen 

Finally, Prompt NO is formed in a significant quantity in very rich fuel at low 

temperatures and short residence time and is also considered in this work.  

2.3 Process simulations 

In this thesis, the overall processes for the torrefaction based co-firing plant and the 

volumetric combustion of biomass are simulated using Aspen Plus. In the Section 2.3.1, 

those two studied processes are described. In Section 2.3.2, the models used for the 

process simulation are introduced. 
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2.3.1 Simulated processes 

2.3.1.1 Torrefaction based co-firing power plant 

The studied torrefaction based co-firing system is based on a 220 MWe coal-fired 

power plant in Ostrołęka, Poland. The operation data at a 200 MWe boiler load of 

pure coal was collected in the power plant. To obtain the operating parameters for the 

co-firing cases and the pure biomass case, several assumptions were made based on the 

pure coal case: the boiler load is kept as 200 MWe for all cases; the excess air ratio was 

1.15 in all cases; the main steam production of 581.4 t/h at 14.15 MPa and 538 °C was 

maintained. The coal and biomass feed rates are calculated based on the pure coal case 

at 200 MWe, as shown in Table 3.  

Table 3. Coal and biomass feed rates at different operating conditions 

 

Co-firing of 
20% biomass 

Co-firing of 
50% biomass 

Co-firing of 
70% biomass 

100% 
biomass 

Coal Biomass Coal Biomass Coal Biomass Biomass 

(kg/s) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s) 

Torrefaction 
temperatures 

200 °C 18.05 5.47 11.28 13.76 6.77 19.39 27.94 

250 °C 18.05 5.49 11.28 13.81 6.77 19.46 28.04 

275 °C 18.05 5.50 11.28 13.82 6.77 19.47 28.05 

300 °C 18.05 5.50 11.28 13.80 6.77 19.44 28.02 

 Fuel preparation  

During fuel preparation, the biomass drying, biomass torrefaction, biomass and coal 

powder preparations are considered, as shown in Figure 8.  

 Biomass and coal co-combustion  

 

During the biomass and coal co-combustion process, the devolatilization and 

combustion of both biomass and coal inside the boiler furnace are described 

comprehensively, as shown in Figure 9. After separate devolatilization processes, the 

streams of biomass and coal are fed into the next reactor as a mixed phase. This 
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reactor is the ‘primary combustion reactor’ where most combustion reactions occur; 

afterward, the stream is fed into the continuing reactor. The reactor is ‘Re-burning 

reactor’ where the reactions continue under a reductive atmosphere. Finally, the 

unburned combustibles are complete combusted in the ‘Complete combustion reactor’, 

at an excess air ratio above 1.  

Biomass Dry biomass
Torrefied
biomass

Biomass
powder

Torrefied gases

DRYER TORREFACTION

REACTOR

COOLER

BIOMASS

MILL

Coal
Coal 

powder

COAL MILL

To boiler

To boiler

To boiler

Heat Heat

Heat

Electricity

Electricity

Biomass torrefaction process and sizing

Coal sizing

Fortran Fortran Fortran

 

Figure 8. Biomass pretreatment process and coal pulverization 

 

Figure 9. Biomass and coal co-firing process inside the boiler furnace 

 Heat exchange and steam turbines 

After complete combustion, the hot flue gases continually flow into the backpass of 

the boiler for heat exchange with the super-heaters, economizers and air-preheater etc. 
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Figure 10 shows the schematic details of heat exchangers and steam turbine systems in 

the studied co-firing power plant, including 3-stage super-heaters, 2-stage 

attemperators, economizers, and air-preheaters. The feed-water from the regeneration 

subsystem is fed into economizer, and heated through the membrane wall, continually 

upgrading the steam parameters by SH1 and SH2 before being introduced into the 

HPT. After the HPT, the main steam is further upgraded in SH3 and introduced into 

the IPT and LPT. Two-stage attemperators (AT1 and AT2) are used to maintain the 

parameters of the main steam before entering the HPT and IPT, respectively. The 

main steam expands through the stages of HPT, IPT, and LPT to generate electricity. 

After completing the shaft work, the final exhausted steam is condensed. To increase 

the total thermal efficiency of the steam cycle, some of the expanded steam is extracted 

at different locations of the turbine to heat the feed water in the regeneration 

subsystem, as shown in Figure 10.  
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Figure 10. Heat exchangers and turbine subsystem of the torrefaction based co-firing power plant 

2.3.1.2 Volumetric combustion system 

Figure 11 shows the volumetric combustion system, including the processes of solid 

fuel decomposition, volatile and char combustions, and flue gas internal recirculation.  
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In this volumetric combustion system, the biomass and coal are converted separately 

into their constituents, including radicals (hydrogen, oxygen, and nitrogen), and 

residues of char and ash via two independent blocks: ‘BIOPYRO’ and ‘COALPYRO’, 

respectively. After devolatilization, the compositions of the biomass and coal are mixed 

and fed into the next block (PC-ZONE) in which fuel rich combustion occurs with an 

excess air ratio below one; this process is called the primary combustion in this study. 

After the primary combustion, the stream is fed into the next block (SC-ZONE) where 

the oxygen-rich combustion occurs with an excess air ratio above one; this process is 

called the secondary combustion. After the secondary combustion, the stream becomes 

flue gas, and some of it is recycled back to the bottom of furnace via internal 

recirculation. The remaining flue gas flows into the backpass of the boiler to exchange 

heat in the economizer and air preheater.  

 
Figure 11. The flow chart of biomass and coal volumetric combustion 

2.3.2 Aspen Plus models 

The volumetric combustion system primarily involves combustion with flue gas 

internal recirculation. While the torrefaction based co-firing system includes the 

complete processes of a co-firing power plant, including biomass torrefaction, 

biomass/coal grinding, biomass/coal devolatilization, volatile and char combustion, 

heat exchange, steam turbines, and the power generation unit. Consequently, only the 

process considerations and models of torrefaction based co-firing systems will be 

described in this thesis.  
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In general, the basic assumptions in Aspen Plus models used in this thesis are as 

follows:  

 Steady state flow, 

 The potential and kinetic energies are neglected, 

 The environmental conditions are at T=298 K and P=1 atm, 

 The gases behave ideally.  

2.3.2.1 Drying model 

Raw biomass is initially passed through a dryer. The dyer is maintained at a 

temperature high enough to guarantee that the drying medium does not become 

saturated, but low enough that the mild devolatilization of the biomass is minimal. A 

typical drying temperature is 105 °C. For simplicity, the moisture content of the raw 

biomass is assumed to be released completely.  

2.3.2.2 Torrefaction model 

The dried biomass is then fed into a heated torrefaction reactor. In this reactor, the 

temperature is controlled between 200 and 300 °C. At a certain torrefaction 

temperature, a portion of the volatile matters is released off as light gases and small 

amounts of condensable organic compounds. Consequently, the remaining solid 

material contains less volatile matter, and increased fixed carbon content.  

According to the measured results during the torrefaction tests, the released gases 

contain primarily CO2, CO, CH4, H2, and tars (i.e., C4H10, C5H12, C6H14, and C7+ et al.). 

The total volume fraction of detected tars was less than 2%. Therefore, tar is not 

accounted for during this simulation. Finally, the torrefaction process is governed by 

the following reaction: 

 

      

 (R.2- 3) 
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2.3.2.3 Milling model 

After torrefaction, torrefied biomass is milled and injected into the boiler furnace for 

combustion. The torrefied biomass is supposed to be ground by the existing coal-mill 

system. Commonly, the Hardgrove grindability index (HGI) is a key parameter used to 

calculate the power requirement of the mill system, indicating the difficulty of grinding 

the coal/biomass based on its physical properties, such as hardness, fracture, and 

tensile strength.  

       
Figure 12. The HGI evaluated for the torrefied biomass 

Several empirical expressions have been reported to estimate the HGI values for 

various types of coal, which could be evaluated according to the moisture, volatile, and 

fixed carbon contents of coal [35-37]. It is found out the studied coal has an 

approximate HGI value of 40. For torrefied biomass, the HGI values are rarely 

reported. Recently, Ibrahim et al.[38] investigated the grindability of the several 

torrefied materials, such as hard and soft wood; in this thesis, their experimental HGI 

data for hard wood are summarized as a function of carbon content and employed for 

calculating the HGI values for the torrefied biomass, as shown in Figure 12.  

Finally, the following equation determines the power requirement for both the coal 

mill and the biomass mill: 

  
     ̇(√   √  ) 

   

       

√     
                                      (Eq.2- 14) 
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here q is the required power (W),  ̇ is the total solids mass flow rate (kg/s), XF  refers 

to diameters larger than 80% of feed particle mass (m), XP refers to diameters larger 

than 80% of product particle mass (m). 

2.3.2.4 Devolatilization model 

Before combustion, the biomass and coal particles will be devolatilized. In this study, 

detailed devolatilization reactions for torrefied biomass and coal have been adopted, as 

expressed in Reactions 2-4 and 2-5; these two reactions are used to calculate the 

devolatilization products in Aspen Plus with the FORTRAN codes. The biomass and 

coal are converted separately into their constituents, including intermediate species and 

residues of char and ash, in two separate reactors.  

                      
         

        
             

        
    

                         

(R.2- 4) 

               
        

             
        

    

                        

 (R.2- 5) 

During the torrefied biomass devolatilization process, assumptions have been adopted 

to calculate the mole fractions of product species: 

 The fixed carbon and ash contents of coal are the final yields of FC and Ash;  

 The oxygen component of the torrefied biomass is converted into CO2 or CO 

with the volatile-carbon in the coal;  

 The remaining volatile-carbon and hydrogen formed either C3H8 or CH4, with 

approximately 3 times more CH4 than C3H8 [39]; 

 The fuel-nitrogen is completely converted into volatiles-N; 

 10% of the HCN and 90% of the NH3 were derived from the volatile-N [34]; 

 After C3H8, HCN, and NH3 formed, the remaining hydrogen became H2. 

During coal devolatilization, assumptions were made to calculate the mole fractions of 

the final gaseous species: 
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 The fixed carbon and ash contents of coal are the final yields of FC and Ash;  

 The sulfur content of the coal is completely converted to SO2;  

 Oxygen in the coal is converted to either SO2 with sulfur or CO with the 

volatile- carbon in coal;  

 The remained volatile-carbon and with hydrogen formed C3H8; 

 The fuel-N was completely converted into volatiles-N; 

 90% of the HCN and 10% of the NH3 were derived from the volatile-N[33]; 

 After C3H8, HCN, and NH3 formed, the remaining hydrogen became H2. 

2.3.2.5 Combustions, steam turbine, and power generation models 

After devolatilization, the biomass and coal particles are fed as a mixture into the next 

reactors for complete combustion based on the minimization of the Gibbs free energy. 

Afterward, the super-heaters, economizers and air-preheaters are used for heat 

recovery with the hot flue gas. The specific instructions for each unit used during the 

process simulations are summarized in Table 4. 

Table 4. Description of the unit operation block in Aspen plus 

Units Functions 
ASPEN 
blocks 

Remarks 

Dryer Coal/biomass drying RStoic Modified by FORTIRAN  

Torrefier Biomass torrefaction RStoic Modified by FORTIRAN  

Devolatilization 
Coal/biomass 
devolatilization 

RYield Modified by FORTIRAN  

Mills Coal/biomass grinding 
Crusher, 
Screen 

Modified by FORTIRAN  

Primary combustion, 
Re-burning, 
complete combustion 

Volatiles and/or 

char combustion 
RGibbs Default model 

Economizer, 
Air- preheater 

Heat recycles  from 
flue gas 

HeatX Default model 

Super-heaters, 
Attemperators 

Upgrade and constant 
the parameters of   
main steam 

HeatX Default model 

Steam turbines Power generation Compr Default model 
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Chapter 3 

Properties of the torrefied biomass 

This Chapter summarizes the results of the biomass characterization. Section 3.1 

analyzes the fuel properties of the torrefied biomass. Section 3.2 presents the 

devolatilization and char oxidation kinetics of the studied torrefied biomasses. Section 

3.3 discusses the devolatilization performances of the torrefied biomasses at high 

temperatures and high heating rates. Section 3.4 presents the flame properties of the 

torrefied biomass.  

3.1 Fuel analyses 

In this thesis, the studied biomass material is palm kernel shells (PKS). The moisture 

content of PKS ranges from 11% to 13%, which is lower than other biomass residues. 

Moreover, PKS has a slightly higher heating value than average lignocellulosic biomass, 

because it contains palm oil residue. Additionally, PKS is a good quality biomass fuel 

with a uniform size distribution, easy handling, easy crushing, and limited biological 

activity due to its low moisture content [40]. 

The raw PKS biomass was torrefied at temperatures of 200 °C, 250 °C, or 300 °C over 

30 minutes, to produce three solid products: torrefied PKS with different torrefaction 

degrees. For simplicity, those three torrefied biomass samples are abbreviated as TB1, 

TB2 and TB3, respectively. The fuel analysis data for the torrefied biomass samples 

and their parent material (RB) are listed in Table 5. 

The torrefied biomass can be evaluated using a parameter called as torrefaction degree; this 

parameter is defined as the volatiles released divided by the initial volatile content of 

the raw material on dry-ash-free basis. Table 5 shows that deep torrefaction causes 

obviously increases in torrefaction degree: when the PKS is torrefied at 300 °C, the 

torrefaction degree may reach 28.21%, meaning that 28.21% of the volatiles are 

released during the torrefaction process. Simultaneously, the O/C ratio decreases when 

increasing the torrefaction degree, meaning that release rate for oxygen was faster than 

for carbon during torrefaction.  



29 

 

Table 5. Fuel analysis of the torrefied biomasses and the parent material 

 Proximate analysis, wt% Ultimate analysis, wt% Torrefaction 
degree 

(%, daf) 

O/C 
(dry) 

LHVdb 

(MJ/kg) 
 MCar VMdb FCdb Ashdb Cdb Hdb Odb Ndb 

RB 7.20 72.78 22.99 4.23 51.83 6.28 37.03 0.44 0 0.54 17.28 

TB1 5.80 66.53 26.91 6.56 54.30 5.07 33.52 0.50 6.31 0.46 20.90 

TB2 5.60 61.87 30.82 7.31 55.43 4.90 31.83 0.50 12.17 0.43 20.50 

TB3 5.10 49.92 41.58 8.50 60.67 4.33 25.90 0.57 28.21 0.32 25.00 

3.2 Devolatilization and char oxidation kinetics  

The detailed devolatilization kinetic data based on the two-competing rates model for 

torrefied biomasses are determined, as summarized in Table 6.  

Table 6. Kinetic parameters of the torrefied biomass, the parent material, and coal particles 

 RB TB1 TB2 TB3 Coal [27, 28, 41] 

Devolatilization kinetics  
(at high heating rates) 

A1 (s-1) 6.20E+02 6.40E+03 5.48E+03 3.27E+03 3.7E+5 

A2 (s-1)  8.00E+04 1.98E+05 2.15E+07 2.10E+07 1.46E+13 

E1 (kJ/mol) 42.5 57.0 59.8 60.2 73.7 

E2 (kJ/mol) 

 
130 145 147 159 251 

α1 0.860 0.665 0.619 0.499 0.300 

α2 

 
0.960 0.740 0.700 0.500 0.800 

Mean error (%) 4  4.5 4.5 4.5 4.5 / 

Char oxidation kinetics 
(at high heating rates) 

AC (s-1) 0.39 / 0.0037 / / 

EC (kJ/mol) 

 
47.5 / 60.0 / / 

n 0.29 / 0.80 / / 

Shape factor / 0.53 0.54 0.58 1.00 

Swelling coefficients / 1.0 1.0 1.8 1.1 

                                                           
4 calculated as the mean of the absolute differences between the model and the experimental results for the 

studied biomasses during the high heating rate tests in the IPFR:  %100
expmod





n n

XX
error  
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As described by Kobayashi [23], an important feature of the model is that E1 < E2.  

The activation energy could be used to estimate the reactivity of fuel roughly: a fuel 

with a lower activation energy normally shows a higher reactivity [42, 43].  According 

to Table 6, the activation energy (E1) increased when increasing the torrefaction degree, 

meaning that the biomass requires more energy to initialize devolatilization process 

after a deep torrefaction. This behavior is primarily caused by the rearrangement of the 

biomass structures, due to the release of hemicellulose and the structural changes to 

cellulose during torrefaction. Compared to raw biomass, torrefaction materials are 

characterized by their anhydrous weight loss, higher energy content and lower 

reactivity [44]. These qualities are preferable when expecting a stable flame during 

pulverized fuel combustion.   

3.3 Devolatilization performances of the torrefied biomasses 

3.3.1 Weight losses during IPFR devolatilization 

Figure 13 shows the predicted mass loss trends for the three torrefied biomasses (TB1, 

TB2, and TB3) and their parent material (RB) using the kinetics parameters of the two-

competing rates model in Table 6 and comparing their experimental results. The 

devolatilization tests for the three torrefied biomasses were performed at 500, 700, and 

900 °C, while the devolatilization tests for parent biomass were carried out at 900 and 

1200 °C.  

Figure 13 shows that the modeled results agree with the experimental results at 

relatively high temperatures. However, the model underestimated the mass conversions 

at low temperatures for the torrefied materials, because during low temperature 

devolatilization, the first reaction occurs quickly, while the second reaction is negligibly 

slower. Furthermore, during the rapid devolatilization at 900 °C, the weight loss of the 

parent material occurs faster than the torrefied biomasses. During very short residence 

times (30 ms), 64.88% of the raw PKS was released, while the mass release for the 

torrefied materials was below 30% of their original weight. The order for the 

devolatilization rates of the four studied biomass materials: RB>TB1>TB2>TB3. 

Therefore, the higher the volatile matter content of biomass, the faster the complete 

volatile release during high temperature devolatilization processes is. This conclusion 

can also be supported by the weight loss curves observed at the intermediate 



31 

 

temperature (700 °C). Moreover, the high temperature enhances the volatile release 

rate; the weight loss curves become constant after 300 ms of devolatilization at 900 °C 

in all cases, while the ending of weight losses occurred at approximately 1s at 700 °C.  

 
Figure 13. Weight loss properties of the torrefied biomass and the parent material  

3.3.2 Effects of heating rate on the release of volatiles  

To understand the effects of the heating rate on the yields of the volatile matters, tests 

in the IPFR reactor were performed at a heating rate of 104 °C/s to a nominal reactor 

temperature of 900 °C; the heating rate in the TG balance was kept slow (0.3 °C/s) 

and finally heated up to 900 °C. Figure 14 compares the amounts of volatile matters 

released during the rapid and slow devolatilization processes. 

Hemicellulose is released during biomass torrefaction at low temperatures, while the 

release of cellulose depends highly on the torrefaction temperature. As a result, the 

biomass after a deeper torrefaction (TB3) contains less cellulose than the biomass after 

a light torrefaction (TB1); the cellulose in TB2 is in the medium level. Consequently, 
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the torrefaction degree significant affects the total volatile yields, impacting both 

ignition and flame properties.  

 

Figure 14. Comparison of the volatile matter released during rapid and slow devolatilization processes 

Furthermore, additional volatile matter is released at a high heating rate related to the 

standard volatile content revealed in proximate analysis; while the amount of volatile 

matters released at a low heating rate approaches the standard volatile content. The 

residence times at the final temperature for all three torrefied biomasses were 1000 ms, 

while unfortunately, only the HTVM data was available for the raw biomass at 500 ms. 

However, the maximum increases in the volatile yields obtained for the parent biomass 

is +17%; this value is higher than that for the three studied torrefied materials, +6% 

for TB1, +12% for TB2, and +2% TB3, respectively. 

3.3.3 Effects of the torrefaction degree on the HTVM 

If the residence time is long enough, the volatile matter released during the low 

temperature devolatilization should approach the standard volatile content, as the 

dotted line in Figure 15 shows. However, obtaining the HTVM yields during high-

temperature rapid biomass devolatilization is challenging, even when applying the ash 

tracer method. Because the ash content is very low for biomass, the residuals collected 

after devolatilization are too sensitive to be controlled, and a very small uncertainty 

could cause a large error in the HTVM yields. In this work, the HTVM yields are 



33 

 

summarized in Figure 15, to clarify the trend of the HTVM yields during high 

temperature devolatilization.  

 

Figure 15. HTVM yields of biomass at high temperature devolatilization 

Figure 15 clearly indicates that when the volatile content of the biomass exceeds 50% 

on dry basis, the amount of volatile matters released during the high temperature 

devolatilization process is higher than the standard volatile content of the biomass 

sample. For the four biomass materials, the HTVM yields of TB3 are nearly equal to its 

standard volatile content. On the other end of the HTVM yields curve, the extreme 

case in which the biomass contains 100% volatiles can be easily accessed, and 

obviously the HTVM yields should equal the standard volatile content. Consequently, a 

maximum difference between the HTVM yields and the standard volatile content for 

similar biomass materials can be identified. Moreover, when volatile content of the 

biomass is close to zero, the HTVM yield equals the standard volatile content, because 

the volatiles have been removed during the pre-treatment processes. An extreme 

example of this situation is the biomass material that contains fully fixed carbon; little 

to no volatile matters could be released, even at high temperatures.  

3.3.4 Gaseous species in volatiles 

As discussed in Section 3.3.3, the HTVM yields are higher than the standard volatile 

contents. Therefore, the released volatile components of the torrefied biomasses 
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during high temperature devolatilization should be identified. In this work, the gas 

speciation was determined during the devolatilization tests in the IPFR reactor using 

on-line measurements with a micro-GC gas analyzer, able to detect H2, CO, CO2, CH4, 

C2(C2H2, C2H4, and C2H6). The results are shown in Table 7. CO and H2 are the major 

components of the volatile matters released from the three torrefied biomasses. In 

particular, CO accounts for approximately for 45-60% and H2 for 20-30% of the total 

volatile species. CH4 and CO2 are less relevant, ranging from 8-14% and 6-8%, 

respectively. According to Neves et al., the heating rate has a little effect on the 

composition of the pyrolysis gas[45], therefore, the results might also be useful for 

cases at low heating rates.  

Table  7. Detected gas species during devolatilization at 900 °C in the IPFR reactor 

 
Detected gases species (vol. %) 

CO H2 CH4 CO2 C2H4 C2H2 

TB1 47.79 25.44 13.52 6.45 4.32 2.46 

TB2 45.50 27.99 13.58 6.14 4.44 2.41 

TB3 58.19 21.60 8.38 7.86 2.84 1.15 

Within the lower temperature range for biomass pyrolysis (normally below 550 °C), 

CO2 and CO are major released gas species, followed by a small quantity of CH4 [45]. 

Compared to the low temperature devolatilization, as temperature increased above 

550 °C, the yields of the combustible species (CO, H2, and CH4) became strongly 

related to temperature. In this study, when the devolatilization temperature reached 

900 °C, the volume fractions of CO, H2, and CH4 accounted for approximately 90% of 

the total released volatiles, while the CO2 yield dropped below 8% because most of the 

CO2 had been released during torrefaction; the CO2 lost during torrefaction is 

attributed to the decarboxylation reactions of the acidic groups in the biomass. These 

behaviors could be related to the secondary decomposition of the preliminary tar that 

formed at lower temperatures. When the biomass devolatilized at temperatures above 

900 °C, the secondary reactions of the volatiles become important.  

3.4 Flame properties of the torrefied biomass 

To understand the combustion performances when changing a pulverized coal-fired 

boiler to burn biomass, the combustion and flame characteristics of the torrefied 
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biomass are studied numerically based on a laboratory-scale down-firing furnace. 

Twelve cases were simulated, and their detailed operational parameters are listed in 

Table 8.  

Table  8. The operation conditions of all simulated cases 

Case 

Fuel Transport air Secondary air 

Fuel 
type 

Feed 
rates 

(kg/h) 

Particle size distribution 
(µm) 

Velocity 
(m/s) 

Temp. 
( oC) 

Oxygen 
concentrations 

(vol%) 

Flow 
rates 

(kg/h) 

Temp. 
( oC) 

1 coal 5.00 R.-R5. (avg. 61.7, max. 300 ) 30 120 21 /(Air) 115 1150 

2 coal 5.00 R.-R. (avg. 61.7, max. 300 ) 20 120 21 /(Air) 115 1150 

3 coal 5.00 R.-R. (avg. 61.7, max. 300 ) 9 120 21 /(Air) 115 1150 

4 coal 5.00 R.-R. (avg. 61.7, max. 300 ) 20 120 17.9 /(Air+Steam) 115 1150 

5 coal 5.00 R.-R. (avg. 61.7, max. 300 ) 20 120 13.9 /(Air+Steam) 115 1150 

6 coal 5.00 R.-R. (avg. 61.7, max. 300 ) 20 120 11.8 /(Air+Steam) 115 1150 

7 TB1 6.61 R.-R. (avg. 61.7, max. 300 ) 30 90 21 /(Air) 115 1150 

8 TB2 6.73 R.-R. (avg. 61.7, max. 300 ) 30 90 21 /(Air) 115 1150 

9 TB3 5.62 R.-R. (avg. 61.7, max. 300 ) 30 90 21 /(Air) 115 1150 

10 TB2 6.73 R.-R. (avg. 61.7, max. 300 ) 20 90 17.9 /(Air+Steam) 115 1150 

11 TB2 6.73 R.-R. (avg. 61.7, max. 300 ) 20 90 13.9 /(Air+Steam) 115 1150 

12 TB2 6.73 R.-R. (avg. 61.7, max. 300 ) 20 90 11.8 /(Air+Steam) 115 1150 

3.4.1 The definition of a chemical flame 

The high temperature contour can approximately represent a luminous flame, and the 

high temperature zone is caused by the highly exothermic combustion reaction. 

However, the flame cannot be described exactly based on the temperature profile, 

because the definition of the luminous flame boundary is always challenging. The 

chemical flame for the solid fuels and the flame parameters are schematically 

represented in Figure 16. The flame parameters are based on the chemical flame data, 

including the flame lift-off distance, the flame length and the maximum flame diameter, 

are distinguished from the luminous flame parameters based on visual observations. In 

this work, the chemical flame is employed to describe the shape and position of the flame 

inside the furnace based on the following equation [46]: 

                                                           

5 Note: R.-R. represents Rosin-Rammler size distribution with spread parameter of 4.21. 
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where RO is the ratio of the oxidation mixture; m is the mass fraction, and the 

subscripts O and F refer to oxygen and the combustible species, respectively; 

FFOO MWnMWns /  where nO and nF are the stoichiometric coefficients (number of 

moles) for oxygen and the combustible species, and MW is the molecular weight. 
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Figure 16. Chemical flame scheme for solid fuels 

The mechanism of pulverized coal flame propagation depends on the rate of 

appearance for the combustible volatiles in front of the flame, and heterogeneous 

combustion is influenced by the rate of pyrolysis behind the flame [47]. Therefore, the 

oxidation mixture ratio can be used to describe the flame volume for pulverized fuel 

combustion. According to Yang et al. [46], the flame volume can be defined as 0≤RO≤ 

RC, and the critical oxidation ratio of RC=0.99 approximates the outside border of the 

flame. 

3.4.2 Validation of the reference case 

The observed flame refers the visible flame that was photographed and recorded on 

video using a CCD commercial photo camera (Sony DSC-V1) via the two observation 
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windows. The flame tests were performed with the coal particles, and therefore the 

visible coal flame will be used to validate the combustion model.  

The temperature profile, visible flame, and chemical flame of pulverized coal were 

compared, as shown in Figure 17. The temperature profile and the chemical flame 

were obtained based on the simulation results. Compared to the temperature profile 

and the visible images of the flame, the chemical flame provides a more accurate 

description of the flame by considering flame front, lift-off distance, and maximum 

flame diameter. From Figure 17, the flame lift-off distance and flame profile of coal 

powders were similar when the chemical flame was compared to the visible flame.  

 

Figure 17. Comparison of the visible flame, the chemical flame and the temperature profile of 
pulverized coal 

Furthermore, the lift-off distances of the chemical flame and the visible flame were 

compared at various transport velocities, as shown in Figure 18. The lift-off distances 

of the chemical flame were in good agreement with that of the visible flame, and the 

flame lift-off distances progressively increased as the transport velocity increased. A 

larger difference was observed when the pulverized coal was injected by the transport 

air at a velocity of 30 m/s, which might be explained by the increase in the measured 

error, because a high flame propagation speed enhanced the fluctuation of the visible 

flame. Overall, it could be concluded that chemical flame based on numerical results 

was reasonable for further studies of biomass flames.  
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Figure 18. Comparison of the lift-off distances of the chemical flames and the visible flames 

3.4.3 Effects of the torrefaction degree on the flames 

In general, hemicellulose is decomposed during biomass torrefaction, and therefore a 

high torrefaction degree usually leaves only a small amount of volatile in biomass 

residues. Four different types of solid fuel were studied: coal and three torrefied 

biomasses (TB1, TB2, and TB3). Figure 19 shows the effects of the torrefaction degree 

on the flame position along the furnace height and the flame shape. It should be noted 

that the 0 mm height of the down-firing furnace is the fuel/air injection port. Figure 19 

indicates that the coal flame was closest to the fuel inlets, whereas all three torrefied 

flames shifted to positions far from the fuel inlet; the distance that the biomass flame 

moved was approximately the length of the coal flame, as confirmed by the 

experimental results reported by Lu et al. [48]. These results might be caused by the 

differences in the drag forces imposed on the biomass and coal particles. Due to the 

lower density of the biomass, an enhanced drag force on the biomass particles could 

cause a late release of volatile matter, delaying the ignition of the fuel-air mixture.  

Moreover, the torrefied biomass flame had a wider diameter than the coal flame, and a 

similar experimental result was reported by Ballester et al. [49]. Figure 19 shows that 

the biomass flame volume increased as the volatile content increased for the torrefied 

biomasses. The behavior may occur because the higher volatile content improved the 

diffusion of the combustible gases, generating a larger flame volume and a larger flame 

diameter; in addition, the volatiles and their preliminary combustion products enhance 

the gas phase diffusion from the near-flame zone to reach a broader area. At high 
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devolatilization rates, the volatiles surround the coal particle can against the oxygen 

attack. According to Krazinski et al. [50], the volatiles released from the surface of the 

particles are subsequently combusted with a diffusion flame, and the volatiles are 

released rapidly in the front of the flame; in contrast, the devolatilization rate is no 

longer significant in the tail of flame, possibly affecting the flame lift-off distance.  

 

Figure 19. Effects of the torrefaction degree on the flame position and shape 

Meanwhile, the predicted peak flame temperature of the coal powders was higher than 

that of the biomass powders, and the peak temperatures of the torrefied biomasses 

decreased as the volatile contents increased. The predicted peak temperatures of the 

coal, TB3, TB2, and TB1 under the studied conditions are 2186 °C, 2007 °C, 1963 °C, 

and 1843 °C, respectively. The temperature of the flame formed around the particles 

depends on the heating value of gas released from the particles. Therefore, the delay of 

the high temperature flame zone, the changes in the flame volumes with the volatile 

content of the fuel, and the relatively lower peak flame temperature must be taken into 

account when combusting biomass in an existing pulverized coal boiler.   

3.4.4 Effects of the oxygen concentration of the oxidizer on flame 

To understand the volumetric combustion properties of the torrefied biomass particles, 

the flame characteristics of a torrefied biomass sample (TB2) were studied numerically 
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while varying the oxygen concentrations. The oxygen concentration was adjusted using 

a mixture of steam and air. The effect of the oxygen concentration in the oxidizer on 

the flame position along the furnace height and the flame shape is shown in Figure 20. 

The flame volume and flame length increased as decreasing of the oxygen 

concentration in oxidizer, whereas the flame lift-off distance and maximum flame 

diameter changed slightly in all of the studied cases, because the oxygen concentrations 

were adjusted by replacing part of the air with high temperature steam. The 

combustible species released after devolatilization diffused in a wider zone of the 

furnace before being completely combusted. Therefore, the combustion volume was 

larger under diluted oxygen concentrations than that under normal air.  

 

Figure 20. Torrefied biomass flames with varying of oxygen concentrations 

In addition, according to the simulation results, the peak temperatures of the biomass 

decreased as expected when oxygen concentrations deceased, which is a common 

feature of volumetric combustion at low oxygen concentrations. The predicted peak 

temperatures of flue gas at oxygen fractions of 21%, 17.9%, 13.9% and 11.8% is 

1913 °C, 1649 °C, 1387 °C, and 1220 °C, respectively. 

The benefits of a low peak temperature and a low oxygen concentration have been 

demonstrated in various industrial combustion applications, because these conditions 

reduce NOx emissions and improve boiler efficiency. To understand the relationship 

between the flame length or volume and the NOx emissions, the performances of the 

NOx emissions under different oxygen concentrations have been studied. Figure 21 
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indicates that the oxygen concentration strongly influences the NO emission and the 

flame length, while a lower oxygen concentration always corresponds to a longer flame 

length and a lower NO emission for both the biomass and the coal. According to the 

predicted results, the lowest amounts of NO produced are 248 mg/Nm3 for the 

biomass and 515 mg/Nm3 for the coal when the oxidizer contained 11.8% oxygen. 

Accordingly, all of the measured NOx emissions from coal showed a similar trend with 

the predicted values, further validating the numerical models and method adopted 

during this study. Figure 21 shows that the maximum amount of NOx exceeds 1400 

mg/Nm3 during normal air combustion, due to the injection of the fuel and the 

oxidizer without applying any low-NOx technology, such as air- or fuel-staging.  

 

Figure 21. Effects of the oxygen concentrations on the NO emissions and flame lengths 

Figure 21 reveals that a longer flame length or a larger flame volume benefits NOx 

reduction. The primary reason for this result is that the entire combustion zone was 

operated under sub-stoichiometric conditions with an excess air ratio below one, 

reducing the maximum flame temperature to avoid thermal NOx formation and 

preventing the formation of nitrogen oxides from the fuel-bound nitrogen. 

Furthermore, the lower O2 partial pressure and the lower maximum flame temperature 

under the low oxygen combustion conditions inhibited the formation of thermal NO. 

Third, because the triatomic species H2O is not transparent to radiation, it substantially 

increased the absorptivity and emissivity of the flue gas; consequently, an increased 

H2O concentration may have affected the heat transfer and flame temperature inside 

the furnace, thus affecting the formation of NO [51].   
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Chapter 4 

Co-firing performances of torrefied biomass 

This Chapter summarizes the co-firing performances of the torrefied biomass in a 220 

MWe pulverized coal-fired boiler based on the CFD results. In Section 4.1, the 

performance of case-studied boiler at varying boiler loads is addressed. The co-firing 

performances of the co-fired boiler at various torrefied biomass ratios are presented in 

Section 4.2.  

4.1 The performance of the case-studied boiler 

At 200 MWe, 170 MWe and 140 MWe, these three different load cases were simulated 

to understand the performance of the 220MWe pulverized coal boiler used during the 

study. The velocity vectors of the combustion air affect the fuel-air mixing rate and 

combustion process inside the combustion chamber. To obtain the most precise 

numerical analysis results, accurate initial and boundary conditions should be prepared.  

The SolidWorks software was used to simulate the air supply system and predict the 

velocity vectors, the temperature and the pressure conditions on the inlet surfaces of 

the boiler. A 3D model was set up, consisting of combustion air ducts, 24 burners, 10 

OFA ports, and the protection channel6. Several assumptions were used during in the 

air supply system simulation [52]:  

 The steady-state conditions, 

 The whole air duct wall is adiabatic, 

 The coal powder is not included in the primary air, 

 The k-ε turbulence model is applied.  

The comparisons for the combustion air between the SolidWorks predictions and the 

measured data are shown in Table 9. The predicted results for the air supply system 

agreed with the measured data. Although the predicted values for the protection air in 

the lower layer were obviously smaller than that of the measured values, the absolute 

                                                           
6 More details of air supply system simulation using SolidWorks are described in Paper 4. 
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amounts were too small to affect the distribution of the combustion air. Finally, the 

discrepancies between the predicted and measured values regarding the total amount 

of combustion air were approximately 0.125%, 0.456% and 0.504% at boiler loads of 

200 MWe, 170 MWe and 140 MWe, respectively.  

In this work, the predicted results for the combustion air with swirling parameters will 

be taken as the initial and boundary conditions of the CFD simulation in all three cases. 

The secondary air was injected with counterclockwise swirling and the velocity 

magnitude increased with decreasing burner radii. The OFA was injected as a 

compressed flow towards the center. 

Table 9. Comparisons of combustion air between the predicted results and measured data 

 
Name Units 

140 MWe 170 MWe 200 MWe 

Predicted Measured Predicted Measured Predicted Measured 

1 Primary air  Nm3/h 162071 162071 177012 177012 201170 201170 

 oC 100 100 100 99 100 100 

2 Secondary air Nm3/h 142761 N/A 192234 N/A 224810 N/A 

 oC 266 

 

N/A 278 N/A 289 N/A 

3 Vertical slot air Nm3/h 24506 N/A 27656 N/A 33105 N/A 

  oC 266 N/A 278 N/A 289 N/A 

4 OFA  Nm3/h 38299 36300 48881 46689 67865 65130 

 oC 266 265 278 278 289 289 

5 Protection air  
(upper layer) 

Nm3/h 12533 12511 13544 13369 16412 16210 

 oC 266 265 278 278 289 289 

6 Protection air  
(lower layer) 

Nm3/h 7781 5602 9430 6955 9890 6767 

 oC 266 265 278 278 289 289 

7 2+3 Nm3/h 167267 169520 219890 222605 257915 263284 

8 1+2+3+4+5+6 Nm3/h 387951 386004 468756 466630 553251 552561 

 

4.1.1 Temperature, O2, and CO distributions 

The predicted temperature and main gas components for the 200MW case were 

compared to the measured values, as shown in Table 10. Several differences exist 

between the measured and predicted values due to their different positions; the 

measured data were only available before the air-preheater, while the predicted results 
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were the mass-weighted-average values at the furnace exit. Despite these differences, 

the predicted results still exhibit good agreement with the measured values. According 

to the measured data, the concentrations 7  of O2 and CO on the left side of the 

backpass were 2.935% and 2007.2 mg/Nm3, respectively and 3.329%, and 241.2 

mg/Nm3, respectively, on the right side. The predicted average concentrations of O2 

and CO were within a reasonable range, 3.3%, and 856 mg/Nm3, respectively. Under 

actual conditions, the temperature of the flue gas exiting the furnace is still sufficiently 

high for oxidation reactions to occur. Therefore, a lower O2 content before the air-

preheater than at the furnace exit would be reasonable. However, the predicted CO 

concentration was lower than the average of the measured values, probably because the 

rate for the oxidization of carbon in the fly ash was faster than the CO consumption 

rate after the furnace exit; however, these results must be confirmed.  

Table  10. Comparison between the predicated and measured values 

 
Position 

O2@200 MWe CO@200 MWe 

 (%, dry) (mg/Nm3, dry) 

Predicted 
Furnace exit 
(Mass-Weighted-Average) 

3.30 856 

Measured After air-preheater, 
before economizer 

Left side 2.935 2007.2 

Right side 3.329 241.2 

Average 3.13 1124 

 

Two different cross sections were used to examine the temperature, O2, and CO 

distributions in the 200 MWe case: a vertical section passing though the central line of 

burners (B14, B24, B34, and B44) and a horizontal section at the furnace exit. Both 

sections are shown in Figure 22 and Figure 23. In Figure 22, a relatively high 

temperature of flue gas is observed in the middle of the furnace and near the rear wall. 

The O2 of the air injected into the furnace was quickly consumed during the 

combustion reactions, because the temperature inside the furnace was high enough to 

oxidize the volatile matter and char of the coal particles. Evidently, a fuel-rich 

environment was formed in the lower furnace region, benefiting the reduction of 

thermal NOx. The CO concentration at the furnace exit was important for 

                                                           
7 All of the mentioned gas concentrations in this section are in volume fraction on dry basis, (vol.%, 
dry). 
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determining the combustion efficiency of the furnace; a lower CO concentration 

always represents good combustion in the boiler.  

 

Figure 22. Temperature, O2, and CO profiles (Central line of B14, B24, B34, and B44) 

 

Figure 23. Temperature, O2, and CO profiles (furnace exit cross section) 

Figure 23 shows that the CO concentration on the right side was lower than on the left 

side of furnace exit. Similarly, the measured data in the 200 MWe case exhibited the 
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same trend: the CO concentration on the right side was much lower than that on the 

left side (Table 10). Therefore, the adopted numerical models and boundary conditions 

were reasonable in this work. 

4.1.2 Char burnout properties of each burner 

Loss on ignition (LOI) is an overall parameter used to assess the ash quality and whole 

combustion efficiency after combustion. However, the LOI index cannot be used to 

compare the performances of different burners. LOI figures cannot be used to make 

comparisons between the performances of different coals since they depend on the 

original ash yield of feed coal [53].  For comparative purposes, char burnout ratio is 

proposed as an indicator to analyze the char burnout ability of each burner. The Char 

burnout ratio is an indicator of the combustion efficiency, because the volatiles from coal 

devolatilization are combusted completely inside furnace in all three scenarios when 

assuming clean wall conditions in furnace. The char burnout ratio is calculated using 

following equation [54, 55]:  

  [          ]                                              (Eq.4- 1) 

And the relationship between LOI and the char burnout ratio as follows: 

    
        

         
                                                              (Eq.4- 2) 

where,   is the char burnout,     is the ash weight fraction in fly ash, and the Ash and 

C refer to the ash content and char content in raw coal, respectively.  

The char content of the coal is determined by the coal proximate data, and the char 

content of ash is determined by the combustion conditions, such as the fuel-air ratio, 

particle diameters, residence time, and others. Therefore, the mass flow rates of the 

total char injected to boiler via each burner are easy to calculate according to the coal 

feed rate and char content of coal. The total char could have two possible fates after 

combustion: unburned and burnout. Unburned char from all 24 burners determined 

the overall unburned carbon level, and burnout char was completely combusted inside 

the boiler. 
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Figure 24. Mass flow rate of total char and char burnout ratio of each burner at 200 MWe 

 

Figure 25. Mass flow rate of total char and char burnout ratio of each burner at 170 MWe 

 
Figure 26. Mass flow rate of total char and char burnout ratio of each burner at 140 MWe 
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The mass flow rates of the total char and char burnout ratio for each burner at three 

different loads are shown in Figures 24-26.  The unburned char and burnout chars also 

are presented separately, and the total amounts of unburned char originated from each 

burner are clearly shown. Figure 24 shows that burners B21, B22 and B23 operated 

under poor conditions with lower combustion efficiency compared to other burners at 

200 MWe; therefore, most of the unburned carbon came from those three burners. 

Char burnout ratios of B21, B22 and B23 are 95.2%, 87.6% and 91.4%, respectively. 

Figure 25 shows that burners B21, B22, B31, B32, B41, and B42 operated under poor 

conditions with lower combustion efficiency compared to the other burners at 

170MWe; therefore, those burners contributed more unburned carbon. Figure 26 

shows that burners B21, B22, B31, B32, and B41 operated under poor conditions with 

lower combustion efficiency compared to the other burners at 140MWe. According to 

Figures 24-26, the burners on the left side of the boiler typically contributed most of 

the unburned carbon; specifically, these are burners B21, B22, B31, B32, B41 and B42.   

4.2 Co-firing performances 

During the co-firing performance study, one case using pure coal, three cases using co-

firing with different substitution portions of biomass (25%, 50%, and 75% on thermal 

basis), and one case using pure biomass are studied numerically. As discussed in Section 

4.1, the combustions of some burners were not well organized during coal combustion. 

Consequently, the operating parameters for the co-firing and the pure biomass cases 

have been modified based on the pure coal case, as shown in Table 11. The 

assumptions are described below:  

 The total energy capacities are maintained at 200  MWe,  

 The total energy inputs for the fuel are 513 MW/h,  

 The boiler operated with an excess air ratio of 1.15,  

 All 24 burners are operated with average energy capacity and under the same 

conditions in all cases of co-firing and pure biomass combustion,  

 The portions of primary air, secondary air, OFA, and protection air are the 

same as in case using the pure coal.  

 

Table  11. The operating parameters of all five cases 
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 Case1 Case2 Case3 Case4 Case5 

Combustion type Pure coal Co-firing Co-firing Co-firing Pure biomass 

Biomass substitutions 
(%, thermal basis) 

0 25 50 75 100 

Biomass burners / B41-B46 B31-B36, 
B41-B46 

B21-B26, 
B31-B36, 
B41-B46 

All 

Total burners for biomass 0 6 12 18 24 

Coal feed rates (t/h) 79.2 59.4 39.6 19.8 0 

Biomass feed rates (t/h) 0 22.5 45.0 67.5 90.1 

Primary air (Nm3/h , oC) 201170/100 199726/100 198017/100 196309/100 194600/100 

Secondary air (Nm3/h , oC) 224810/289 223196/289 221287/289 219377/289 217468/289 

OFA (Nm3/h , oC) 67865/289 67377/289 66801/289 66225/289 65648/289 

Protection air (Nm3/h , oC) 26301/289 26112/289 25889/289 25665/289 25442/289 

Vertical slot air (Nm3/h , oC) 33105/289 32868/289 32586/289 32305/289 30024/289 

4.2.1 Boiler efficiency 

When using a high moisture biofuel directly, the overall energy efficiency of the co-

firing plant is reduced unexpectedly. The process of torrefaction changes the chemical 

and physical properties of the raw biomass to resemble those of bituminous coal by 

releasing most of the moisture and a smaller portion of the volatiles; this process 

should realize high biomass co-firing ratios without reducing the energy efficiency. 

Therefore, the thermal performance of a torrefaction based co-firing boiler has been 

investigated in this work.  

Generally, a lower boiler load reduces the heat absorption of the installed heat 

exchangers, therefore lowing the temperature and pressure of the main steam. To 

analysis the fluctuations in the boiler loads when the torrefied biomass replaces coal in 

various substitution ratios, the heat absorbed by the membrane walls and super-heaters 

in different cases has been investigated and compared, as presented in Table 12. The 

absorbed heat is defined as the integrations of the heat flux over the whole area of the 

studied walls/surfaces. In all cases, constant temperatures were maintained as thermal 

boundary conditions of both the membrane walls and the super-heaters. Table 12 

shows that less heat absorbed by the membrane walls, and more heat is absorbed by 

super-heaters at higher biomass substitutions; this behavior might be caused by the 

upward shift of the major combustion zone for the biomass toward the furnace exit. 

The discrepancies in the total heat absorptions are also listed in Table 12. The largest 
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discrepancy (-9.52%) was found in the pure biomass case when compared to the pure 

coal case, meaning that no more than 10% of the boiler load was reduced when 100% 

of the coal was replaced with torrefied biomass.  

Table 12. Comparison of heat absorptions for different cases 

 Case1 Case2 Case3 Case4 Case5 

Biomass substitutions (%) 0 25 50 75 100 

Heat absorbed by membrane walls (MW) 229,73 222,29 215,73 206,28 191,47 

Heat absorbed by super-heaters (MW) 38,19 44,28 47,15 49,05 50,95 

Total heat absorptions (MW) 267,92 266,57 262,88 255,33 242,42 

Discrepancies (%) Base case -0,50 -1,88 -4,69 -9,52 

 

4.2.2 CO2 emissions 

Biomass is an important renewable resource and the CO2 released during biomass 

combustion will be re-captured when regrowing the biomass through photosynthesis 

[56, 57]. The CO2 emitted from the combustion of biomass fuel sources is not 

assumed to increase the net atmospheric CO2 levels [57]. Therefore, biomass is widely 

accepted as a potential solid fuel used to reduce the net emission of CO2. Typically, a 

large subcritical coal-fired utility plant produces 900 kgCO2/MWh, and 750 

kgCO2/MWh is produced by a supercritical plant [58]. To understand the different 

fates of CO2, capturable CO2 and net CO2 with a unit of kg/MWh were compared 

based on the predicted data, as shown in Figure 27. The capturable CO2 is derived from 

biomass combustion, and the net CO2 originates from coal combustion. Figure 27 

shows that the net CO2 is lowered with increasing biomass percentages, while the 

capturable CO2 increases simultaneously. Moreover, 915 kgCO2/MWh are recaptured 

when 100% of the coal is replaced by torrefied biomass. When 50% biomass is used in 

the co-firing boiler, the emission of net CO2 is 403 kg/MWh, which is less than half of 

the net CO2 emitted from in the pure coal case. 
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Figure 27. CO2 emissions at different biomass substitution ratios 

 

Figure 28. Comparison of char fates and particles trajectories in biomass case and coal case 
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Moreover, the total CO2 emission of the pure biomass case and the three co-firing 

cases are slightly higher than that of the pure coal case. First, the total energy inputs for 

the fuel are same in all cases. According to the proximate and ultimate analyses of the 

coal and torrefied biomass, the total carbon content of fuel in the pure biomass case is 

slightly higher than that in the pure coal case according to the theoretical calculations. 

Second, the unburned carbon contents in the biomass ash were lower than that of the 

coal ash, because the biomass char is more reactive than coal. The surface combustion 

of biomass char is much faster than that of pulverized coal, due to the enhanced mass 

transfer and intrinsic reaction kinetics. According to the prediction, the char burnout 

ratios for biomass in all co-firing cases were 100%; the total char burnout ratio for the 

pure biomass case was 99.95%, while the total char burnout ratio of coal for the pure 

coal case was 97.75%.  

For clarify, the char contents of biomass and coal particles and their trajectories are 

clearly presented in Figure 28. The biomass particles were almost completely 

combusted before leaving the domain when injected from top two rows burners; the 

coal particles showed similar trajectories, but more unburned carbon remained in coal 

ash than in biomass ash.  

 

4.2.3 NO emissions 

Biomass combustion may also reduce the emission of air pollutants. In particular, the 

emissions of NOx may be reduced; this effect is primarily attributed to the lower 

nitrogen content of the biomass. Figure 29 shows the NO emissions after varying the 

biomass substitution ratios. Obviously, the emissions of the fuel NO showed a linear 

and decreasing trend when increasing of the biomass substitutions, and the ratios of 

the thermal NO and fuel NO were almost same in all cases, except for the sudden 

decrease of thermal NO at 50% biomass co-firing. Therefore, the total NO emission 

was generally reduced when the biomass substitution increased. The total NO 

emissions based on power output were 2.34kg/MWh for pure coal case, which is 

almost half of the amount of total NO reduced when 100% of the coal replaced by 

torrefied biomass.  
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Figure 29. NO emissions in different biomass substitution ratios 

 

Figure  30. Comparison of the NO molar reaction rates for the biomass case and the coal case 

To further understand the emission characteristics of NO while varying the biomass 

percentages in the co-firing system, the formation rate of the thermal NO and fuel NO 

were studied separately, as shown in Figure 30. Both the fuel and thermal NO were 
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formed within an envelope of flame, because their formation rates depend primarily on 

the temperature and fuel/oxygen ratio. Near the burner region, because the 

temperature of the solid fuel increased suddenly, NH3 or HCN were formed rapidly 

when the volatiles were released. For the pure biomass and pure coal cases, the profiles 

with thermal NO formation rates above 0.0001 mol/m3-s are observed in the upper-

center of the furnace compared with that of the fuel NO formation rates, as shown in 

Figure 30; therefore, a significant portion of the thermal NO was formed in the zone 

above burners. In this area, the intermediates for the volatile-N reacted to form NOx 

under oxidizing conditions because the OFA was injected, providing complete 

combustion air and lowered fuel NO emissions. The size of the zone for the thermal 

NO formation rate was smaller than that of the fuel NOx formation for the pure coal 

case; this result was similar to that reported by Choi et al. [59], because the fuel NO 

formed more readily than the thermal NO during coal combustion. However, 

compared to the pure coal case, the thermal NO/fuel NO ratios increased when 

gradually increasing the amount of coal replaced by torrefied biomass, as observed 

from Figure 29. Furthermore, the major formation rates of the fuel NO in the pure 

biomass case corresponded well to the envelope of flame, while the formation rate of 

the fuel NO in the pure coal case showed less order, as shown in Figures 30c and 30d.  
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Chapter 5 

Large percentage biomass co-firing systems 

In this Chapter, the process simulations for the conceptual torrefaction based co-firing 

power plant and biomass volumetric combustion system have been carried out using 

Aspen Plus. The performances of those two systems are discussed to understand the 

process of large biomass percentage co-firing. Section 5.1 summarizes the results and 

discussions for a torrefaction based co-firing power plant, and Section 5.2 presents the 

results and discussions for a biomass volumetric combustion system.  

 

5.1 Torrefaction based co-firing power plant 

The process simulation for the torrefaction based co-firing power plant is based on a 

220 MWe coal-fired power plant in Ostrołęka, Poland. The operational data at a 200 

MWe load of pure coal case was collected. To obtain the operating parameters for the 

co-firing and pure biomass combustion cases, several assumptions were made based on 

the pure coal case:  

 The total energy capacities are maintained at 200 MWe,  

 The total energy inputs from the fuel are 513 MW/h,  

 The boiler operated with excess air ratios of 1.15.  

5.1.1 Power requirements for biomass torrefaction and milling 

For a torrefaction based co-firing plant, the power consumed by biomass torrefaction 

and the grinding of torrefied biomass must be identified before the commercial 

application of the technique. Figure 31 shows the power requirements for biomass 

torrefaction and biomass milling system. Obviously, the power required for biomass 

grinding is significantly reduced when increasing the torrefaction temperature, ranging 

from 64.27 kWh/ton at 200 °C to 17.1 kWh/ton at 300 °C. Although the power 

requirements for biomass torrefaction increased when increasing the torrefaction 
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temperature, the change is from 49.03 kWh/ton at 200 °C to 107.84 kWh/ton at 

300 °C. 

 

Figure 31. Energy requirements for biomass torrefaction and biomass grinding 

Obviously, less energy is consumed when grinding torrefied biomass processed at a 

relatively high temperature; however, additional energy is required for the torrefaction 

process itself. For example, the energy requirement is 107.8 kWh/ton to heat biomass 

for torrefaction at 300 °C; the milling energy consumed is as low as 17.1 kWh/ton 

when grinding the corresponding torrefied biomass. Accordingly, from an energy 

saving perspective, a deep degree of torrefaction is not recommended, because the 

energy saved during biomass grinding is less than that consumed by the extra 

torrefaction process. In addition, pulverized coal mill capacities are decreased by co-

grinding wood with coal, most likely limiting the degree of co-firing as well [6]. 

5.1.2 Electrical efficiency 

The effects of the biomass substitution ratio and the torrefaction temperature on the 

electrical efficiency of a torrefaction based co-firing plant are also investigated. Figure 

32 shows the effects of the torrefaction temperature and the biomass substitution ratio 

on electrical efficiency. The maximum electrical efficiency (38.5%) was observed at a 

biomass substitution ratio of 20% and a torrefaction temperature of 200 °C; compared 

to the measured electrical efficiency for the pure coal case, 0.5% electrical efficiency 

was sacrificed, due to the additional energy consumed for biomass torrefaction and 
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grinding. Figure 32 shows that the electrical efficiency is reduced when increasing the 

biomass torrefaction temperature, because the energy requirement for biomass 

torrefaction is higher than that for grinding the corresponding torrefied biomass. The 

lower electrical efficiencies were observed at the torrefaction temperature of 300 °C: 

38.13%, 38.09%, 37.97%, and 37.57% at biomass substitution ratios of 20%, 50%, 

70%, and 100%, respectively. 

In addition, Figure 32 also shows that the electrical efficiency is reduced when the 

biomass substitution ratio increases; this change is normally attributed to the directly 

use of a more moist biofuel, and the overall energy efficiency of the co-firing plant 

would be unexpectedly reduced [7]. The torrefaction temperature significantly 

influences the electrical efficiency when replacing 20% of the coal with biomass in the 

studied co-firing system, ranging 38.13% to 38.5%; while the influences of the biomass 

torrefaction temperature become less critical when the biomass substitution ratio 

increases; the electrical efficiency ranges from 37.57% to 37.65% in the pure biomass 

cases. These results could be explained by the energy requirement for biomass 

torrefaction, which is higher than that for grinding the torrefied biomasses when co-

firing a high percentage of biomass.  

 

Figure 32. Effects of the torrefaction temperature and biomass substitution ratio on the electrical 
efficiency 
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5.2 Biomass volumetric combustion system 

5.2.1 NOx emissions at different combustion modes 

The internal recirculation of the flue gas during volumetric combustion not only 

contributes to the intense in-furnace flow, but it also benefits forming lower oxygen 

concentrations, which is necessary for reducing the NOx emissions. Therefore, the 

recirculation ratio RR is an important factor during volumetric combustion. Here, RR 

represents the recycled fraction of the total gas products. For example, RR=0 means 

that no flue gas is recycled back to the furnace chamber, and RR=0.1 means that 10% 

flue gas is recycled back into the primary combustion zone. 

 

Figure 33. Effects of the recirculation ratio on the NOx emissions under different combustion modes 

Figure 33 shows the effect of the recirculation ratio on the NOx emissions at different 

combustion conditions. One of the conditions is an un-staged combustion; the primary 

air and secondary air were introduced form one injection port. The other case is an air-

staged combustion; the combustion air was divided into the primary air and the 

secondary air (see Figure 2). Therefore, the combustion zone was divided into two 

combustion zones: the first was where the feed was combusted in a primary zone 

deficient in air in the second burnout zone with an excess of air. In this case, the solid 

fuel consists of 55% coal and 45% biomass; the combustion air temperature was 
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maintained at 498 K in both the un-staged combustion and staged combustion 

conditions; the primary air ratio (λ) was kept at 0.7 during the staged combustion.  

Figure 33 shows that the amount of NOx emitted from the un-staged combustion 

process was linear, decreasing slightly when increasing the recirculation ratio. The total 

NOx decreased from 359 mg/Nm3 to 337 mg/Nm3 while the recirculation ratio 

ranged from 0 to 10%. A similar decreasing trend was obtained experimentally by 

Baltasar et al. [19]. Compared to the un-staged combustion, the amount of NOx 

emitted was significantly reduced during the staged combustion, and the same 

mechanistic pathways for the formation and reduction of nitrogen oxides during staged 

combustion were reported by Beer [60]. Interestingly, the NOx emission rapidly 

increased initially before decreasing sharply as the increasing recirculation ratio 

increased during staged combustion; the NOx approached 0 mg/Nm3 when 4% of the 

flue gas was recycled. Only thermodynamics were considered here. Therefore, all of 

the NOx formed can be deoxidized to N2 under a reductive atmosphere. One possible 

explanation for the initial increase in NOx emission is as follows: when a small 

proportion of the high temperature flue gas is recycled into the boiler furnace, it 

primarily contributed to the furnace temperature while slightly influencing the 

formation of a low-oxygen zone. The thermal NOx formation depends strongly on the 

temperature and oxygen concentrations. As the recirculation ratio is increased, the 

additional flue gas decreased of the oxygen concentration and the maximum flame 

temperature further, decreasing the thermal NOx formation. Furthermore, all fuel 

nitrogen was assumed to be released as volatile-N that subsequently reacted to form 

NOx in an oxidizing environment and N2 in a reducing environment [61]. Therefore, 

the more flue gas that is recycled, the lower the oxygen concentration formed inside 

furnace is, and therefore a good reducing environment is formed for reducing NOx. 

Flue gas recirculation plays a particularly important role on NOx reduction during the 

staged combustion process; almost no thermodynamic NOx emission is observed 

when the recirculation ratio approached 4%. 

5.2.2 NOx emissions at different biomass co-firing ratios 

The effects of the recirculation ratio on the NOx emissions in the three different types 

of fuel, specifically, biomass only, co-firing and coal only, are shown in Figure 34. In 

Figure 34, similar trends were observed: the NOx emission initially increased before 

sharply decreasing, and there was almost no NOx emission when recirculation ratio 

reached 10% in all three fuel conditions. More importantly, the level of NOx emitted 
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during biomass combustion process is dramatically lower than that of the coal 

combustion process, and the level of NOx emissions during co-firing is lower than that 

of coal combustion, but higher than that of biomass combustion. The first and 

obvious reason is that the nitrogen content in the biomass is lower than that of coal. 

Munir et al. have analyzed the mechanism of NOx reduction during biomass co-

firing[61]. First, the amount of volatile matter in the biomass is higher than that in coal. 

For higher percentages of biomass replacing coal, more volatile matter was released; 

therefore, the predominant combustion process consisted of gas-phase reactions. 

Second, because biomass contains less carbon and more oxygen than coal, less 

stoichiometric air is required compared to coal combustion, and a stronger local 

reducing environment can be created with the adding biomass without changing the air 

supply. 

 

Figure 34. Effects of the recirculation ratio on NOx emissions at different biomass co-firing ratios 

When considering the flue gas recirculation in the volumetric combustion system, the 

recirculation ratios corresponding to the NOx emissions approaching 0 mg/Nm3 are 

different: 10%, 4% and less than 3% in pure coal, co-firing and pure biomass cases, 

respectively. Clearly, for higher percentages of biomass during co-firing, less flue gas 

recycling is required to reduce NOx. Specifically, to achieve lower NOx emissions 

during volumetric combustion, additional driving force for recirculation is needed 

during coal combustion, while less is required for recirculation during biomass 

combustion. This result is very interesting because the volumetric combustion of 

biomass attains less NOx emissions while lowering the investment and operating costs.  
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Chapter 6  

Conclusions 

Co-firing biomass with coal in traditional coal-fired boilers to generate electricity is a 

cost effective and efficient renewable option compared to other biomass thermal 

conversion technologies.  

According to studies in this thesis, volumetric combustion would be an attractive 

combustion technology for co-firing a large proportion of biomass in coal-fired boilers 

with high efficiency and effective reduction in emissions. Torrefaction can provide a 

technical option for using high substitution ratios of biomass in the co-firing system. 

The major conclusions are summarized below: 

1) The devolatilization and char oxidation kinetics of the torrefied biomasses were 

determined, and the predicted weight losses showed a good agreement with 

experimental data during the torrefied biomass devolatilization, especially at 

high temperatures. CO and H2 are primary components released as volatile 

matters during the high temperature-rapid devolatilization of three torrefied 

biomasses; CO accounts for approximately 45-60%, and H2 accounts for 20-30% 

of the total volatile species. The amount of released volatiles falls lineally when 

increasing the degree of torrefaction and the amount of biomass devolatilized at 

same residence time.  

2) The enhanced drag force on the biomass particles causes a late release of 

volatile matter and delays the ignition of the fuel-air mixture. Oxidizers with 

lower oxygen concentrations always generate a larger biomass flame volume, a 

lower peak flame temperature and a lower NO emission. These are the features 

expected from volumetric combustion.  

3) A 100% torrefied biomass without an obvious decrease in the boiler efficiency 

or fluctuation in the boiler load could be realized; less than a 10% reduction in 

the boiler load is observed when firing 100% torrefied biomass. The net CO2 

and the NOx emissions are significantly reduced when increasing the biomass 

substitutions in the torrefaction based co-firing system.  

4) From an energy savings perspective, deep torrefaction is not recommended, 

because the energy saved from biomass grinding is less than that consumed by 
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the additional torrefaction process. Consequently, the electrical efficiency of the 

power plant was lowered as the degree of torrefaction or biomass substitution 

ratio increased. 

5) The NOx emissions decreased when the flue gas was recirculated internally. 

The amount of flue gas that must be recycled for NOx reduction decreased 

when increasing the percentage of biomass used in co-firing. To reach low 

emission levels of NOx via volumetric combustion, the energy consumed for 

flue gas recirculation during biomass combustion is less than that of coal 

combustion case.  
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Chapter 7  

Future work 

This thesis proposed a solution for co-firing with a large percentage of biomass up to a 

100 % fuel switch. In the context of combustion, the torrefied biomass can be co-fired 

with coal in large percentages without significantly reducing the boiler efficiency. 

However, applying the biomass torrefaction technology to coal-fired plants for co-

firing biomass should be studied further due to the other common issues on biomass 

combustion, such as fouling, corrosion in the boiler, ash utilization, and the impacts on 

the performance of the flue gas cleaning, and so on. Apart of above mentioned 

common aspects, the future work of this thesis can be continued on the issues bellow: 

1) The experiments involving torrefied biomass co-firing should be carried out in 

a large scale furnace to understand the co-firing boiler performance under real 

conditions. The involved investigations may include the power consumptions 

of the torrefaction process, the power required for biomass grinding, the 

sticking problems during biomass transportation and energy consumption, and 

the thermal efficiency of the boiler.  

2) To reduce the cost of biomass torrefaction, an efficient torrefaction reactor 

must be developed. The torrefaction reactor/system is expected to have a large-

scale application ability and high quality in products. 

3) The biomass flames in this thesis were based on the CFD simulation. 

Additionally, the flame characteristics of the pulverized biomass should be 

investigated experimentally to ensure the biomass combustion behaviors.  

4) A cost-effecting retrofit approach is required to realize a volumetric combustion 

atmosphere in existing pulverized coal-boiler, aiming for large percentage of 

biomass co-firing.  

5) In addition, torrefaction based co-firing systems and/or biomass volumetric 

combustion should be evaluated according to economic criteria before 

application. 
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