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Abstract  

Fluidized bed oxy-fuel combustion is representative of solid fuel non-air combustion 

technology and an important technical route for CO2 capture in the new generation of 

combustion. Among them, the fluidized bed oxy-fuel combustion of coal and biomass 

mixed fuel, which integrates the absorption of CO2 during the biomass growth process 

and the capture of CO2 by oxy-fuel combustion, is known as a novel clean combustion 

technology that is expected to achieve negative CO2 emissions and has received 

important attention in the field of multiphase combustion science. This thesis aims to 

explore this oxy-fuel co-firing technology for coal and biomass in fluidized beds. By 

constructing a fluidized bed test device, grasping the characteristics of the combustion 

process, explaining the rules of pollutant formation and transformation, and developing 

a three-dimensional numerical simulation method, this thesis provides useful basic 

theory, research methods, and data support for the development of fluidized bed oxy-

fuel combustion technology to capture CO2. 

First, a 10 kWth fluidized bed oxy-fuel combustion system is constructed, and the 

dynamic characteristics of the start-up, combustion mode switching, and fuel switching 

processes are mastered. The temperature distribution, CO2 enrichment, incomplete 

combustion products, changes in bed materials, and surface morphology of ash are 

recorded and analysed in detail, and the characteristics of fuel carbon conversion and 

fluidized bed combustion efficiency are revealed. It is found that biomass blending 

ratios from 30% to 50% are optimal for higher combustion performance. 

Furthermore, the effects of key operating parameters and fuel properties on the emission 

patterns and transformation mechanisms of nitrogen and sulfur pollutants during the 
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fluidized bed oxy-fuel co-combustion process are explained. The co-firing of coal and 

biomass has a synergistic effect in inhibiting the release of nitrogen/sulfur-containing 

gaseous pollutants. In addition, the properties, chemical composition, and mineral 

transformation of solid ash are analysed, and the slagging, fouling, and agglomeration 

propensities are evaluated. 

On this basis, a three-dimensional mathematical model under the Eulerian Lagrangian 

framework suitable for oxy-fuel co-combustion of coal/biomass in fluidized beds is 

constructed. By adopting different chemical reaction models for different fuels, using 

the refined JL four-step mechanism to modify the CO-CO2 homogeneous reaction 

subset, adding char nitrogen to generate NO and N2O equations, and considering the 

self-desulfurization effect, the accurate simulation of the two-fuel particle system is 

successfully achieved. A series of numerical simulations of coal/biomass oxy-fuel co-

combustion are carried out, and the particle motion characteristics, gas solid flow 

structure, and combustion parameter field distribution are mastered. 

This thesis conducts the oxy-fuel co-firing of coal/biomass on a 10 kWth fluidized bed 

and reveals the characteristics of oxy-fuel fluidized co-combustion, CO2 enrichment, 

gas/solid pollutant emission laws and transformation mechanisms, which enrich the 

knowledge system of fluidized bed oxy-fuel combustion. In addition, the numerical 

simulation method of a multifuel particle reaction system has been developed, which 

enriches the research methods, provides the basis for future research on reactor structure 

and parameter optimization, and lays the foundation for the development of simulations 

of multiphase reaction systems with over three fuels. 
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Chapter 1 

1 Introduction  

ρȢρ "ÁÃËÇÒÏÕÎÄ 

CO2 reduction has become an important scientific and technological goal in academia 

and industry globally to address climate change. Carbon capture and storage (CCS) 

technology, as a potential method to limit CO2 emissions from power plants to the 

atmosphere, has received increasing attention in recent years [1]. Oxy-fuel combustion 

has been regarded as one of the most promising CCS technologies since it was 

originally proposed in 1981 [2]. This technique transforms the conventional air (O2/N2) 

combustion mode into oxy-fuel (O2/CO2) combustion. Consequently, a high 

concentration of CO2 (typically > 90 vol%) can be obtained in the flue gas, which is 

conducive to its subsequent storage or utilization. Figure 1.1 shows a diagram of an 

oxy-fuel combustion system with flue gas recirculation [3]. The high-purity oxygen 

obtained from the air separation unit (ASU) is mixed with the recycled flue gas as the 

oxidant for fuel combustion. After combustion, the flue gas is purified in a dust 

elimination unit, followed by further purification and compression in a carbon dioxide 

purification and compression unit (CPU); pure liquid CO2 is retained for storage, 

transportation, and utilization. This process achieves zero carbon emissions, as the CO2 

generated by combustion is completely separated and collected without any emission 

to the atmosphere. Over the past 15 years, multiple studies have been conducted to 
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advance this technology, some of which focused on improvements in oxy-fuel 

combustion equipment, processes, and fuels [4]. 

 

Figure 1.1 System diagram of oxy-coal combustion technology [3] 

 

Currently, two approaches are applied for oxy-fuel combustion, namely pulverized coal 

(PC) boiler combustion and fluidized bed boiler combustion. Compared to PC boilers, 

fluidized bed oxy-fuel combustion gives a better performance owing to its advantages 

of wide fuel adaptability, high combustion intensity, good load-regulation performance, 

high-efficiency desulfurization, and low production of nitrogen oxides. It has thus 

garnered significant attention in the field of multiphase combustion science and 

technology. Seddighi et al. [5], Mathekga et al. [6], Singh and Kumar [7], and Liu et al. 

[8] have provided comprehensive reviews on this topic. Recently, the research theme 

and direction of fluidized bed oxy-fuel combustion have evolved and expanded from 

focusing on single solid fuels (coal, biomass, sewage sludge, oil shale, etc.) to mixed 

fuels (cofiring of coal and biomass) and from atmospheric combustion to pressurized 

combustion conditions. Additionally, some novel ideas for fluidized bed oxy-fuel 

combustion, such as the S-CO2 fluidized bed with oxy-fuel combustion (the oxy-fuel 

fluidized bed uses supercritical CO2 as the working fluid instead of steam) and MILD 

(moderate or intense low-oxygen dilution) combustion in an O2/CO2 atmosphere, have 
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been proposed.  

The co-firing of multiple fuels in fluidized beds has aroused great interest in academic 

and industrial fields [9,10] since co-combustion can dispose solid waste (such as 

biomass and municipal solid waste) and reduce the consumption of fossil energy. 

Among many technical routes, the oxy-fuel co-firing of coal and biomass is considered 

a new, clean combustion technology that could be significant for the reduction of carbon 

emissions [11], which combines the CO2 absorbed from the atmosphere during the 

growth of the biomass with CO2 enrichment via oxy-fuel combustion. Tan et al. [12] 

called it CO2 negative emission technology. This process utilizes co-firing and oxy-fuel 

combustion technologies to build an energy production system with negative carbon 

emissions and is expected to play an important role in the generation of low-carbon and 

renewable energy in the future. 

In addition, the co-firing of coal and biomass in fluidized beds can offset the 

disadvantages of biomass caused by low calorific value and high moisture content and 

make it possible to reduce the investment cost and save coal consumption. Furthermore, 

the ignition and burnout performance can be effectively improved by co-firing with 

coal due to the high reactivity (high volatile content, low ignition temperature) of 

biomass [13]. Therefore, this technology promotes the efficient and clean utilization of 

low calorific value coal such as lignite (45% of global coal reserves) and low calorific 

value solid waste such as coal gangue [14].  

Over the past decades, many theoretical and experimental studies have been conducted 

regarding fluidized bed oxy-fuel co-combustion, including mechanistic experiments 

(e.g., thermogravimetric analysers [15], tubular furnaces [16], fixed-bed reactors [17], 

fluidization reactors [18]), bench-scale fluidized bed combustion experiments [19], and 

numerical simulations [20], which have provided some understanding of the basic 

features of the co-firing process and its practical feasibility. For the operation practice 

of coal and biomass co-firing in oxy-fuel fluidized beds, sorted by the facility capacity, 

Lupion et al. tested the combustion of different fuels, such as coal, biomass, and 
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petroleum coke, in a 30 MWth fluidized bed [21, 22], which was the only demonstration 

plant. The results showed that oxy-coal/biomass co-firing in the fluidized bed could 

reduce CO2 emissions by 120% (91% in oxy-coal combustion). Tan et al. [12, 23] 

performed a co-firing test using lignite, asphalt, and biomass in a 0.8 MWth circulating 

fluidized bed. The results showed that stable oxy-fuel combustion could be achieved 

when the CO2 concentration in the flue gas was above 90 vol%. These studies verified 

the practical feasibility of this process and obtained useful knowledge of the basic 

features of oxy-fuel co-firing. 

Overall, the understanding of coal and biomass co-firing in pilot-scale oxy-fuel 

fluidized beds and experience along with its practical applications are still limited. 

There is a knowledge gap around the continuous operation and process optimization of 

combustion, such as switching the combustion states, combustion stability, and 

optimization of combustion process parameters (temperature, pressure, oxidant, and 

fuel matching). In addition, the understanding of pollutant emissions during oxy-fuel 

co-firing of coal and biomass in a fluidized bed is not comprehensive or sufficient. 

There are a series of questions about the emissions of carbon, sulfur, nitrogen, and other 

pollutants, and their transformation mechanisms are currently unclear, especially the 

influence of key combustion parameters. Most previous studies were carried out in the 

static state (fuel particles were stationary) or under one-off feeding conditions, which 

is quite different from the conditions in a fluidized bed (where fuel particles are 

fluidized) with continuous fuel feeding and leads to substantially different or even 

opposite conclusions.  

At present, the demand for numerical simulation as an important ñnumerical test 

technologyò matches that of experimental research in the development of fluidized bed 

oxy-fuel combustion technology. Numerical simulation is essential in the design of 

structural and operational parameters for oxy-fuel fluidized beds. However, until 

recently, the numerical simulation of oxy-fuel combustion in fluidized beds has been 

limited. Previous studies have mostly used empirical models (e.g., [24]) or EulerïEuler 
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numerical simulations (e.g., [25]). These methods of numerical simulation do not fully 

consider the complex gas solid flow, mass and heat transfer, and chemical reactions 

that take place within fluidized beds as dense gasïsolid reactors. For example, the 

Euler-Euler approach treats the fluid and solid phases as interpenetrating continua, so 

it cannot consider the collision between particles, the effect of particle size distribution, 

and so on. In particular, research on the simulation of oxy-fuel co-firing of multiple 

solid fuels in fluidized beds is in its early stage. 

ρȢς 4ÈÅÓÉÓ ÏÒÇÁÎÉÚÁÔÉÏÎ 

This thesis aims to explore the transformative technology field of carbon neutral 

utilization of solid fuels ï oxy-fuel co-firing of coal and biomass in a fluidized bed. The 

main objective of the thesis is to reveal the characteristics of the combustion process 

and the laws of pollutant formation and transformation through experiments and 

simulations, and to provide useful basic theory, research methods, and data support for 

the development of fluidized bed oxy-fuel combustion technology to capture CO2. The 

key focuses are as follows: 

(1) To build a 10 kWth fluidized bed oxy-fuel combustion test system, accumulate 

operating experience, and master the start-up and combustion state switching 

characteristics of fluidized bed oxy-fuel co-combustion, as well as the regulation 

methods of temperature, oxygen concentration and other parameters. 

(2) To elucidate the complex combustion law. Through experiments and numerical 

simulations, we clarify the characteristics of fluidized bed oxy-fuel co-combustion and 

the mechanisms of gas solid pollutant generation and transformation and 

systematically reveal the effects of mixed fuel, oxygen concentration, excess oxygen 

coefficient, etc. 

(3) To construct a three-dimensional mathematical model suitable for the coal and 

biomass fluidized bed oxy-fuel co-firing process and to further analyse the coupling 
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laws of multiphase flow, heat and mass transfer, and chemical reactions in combination 

with experimental studies to provide numerical methods for future scale-up design 

research. 

This thesis consists of six chapters. The rest of the thesis is organized as follows. 

Chapter 2 reviews the prior literature on experimental and simulation research of coal 

and biomass oxy-fuel co-combustion in fluidized beds.  

In Chapter 3, we construct a 10 kWth fluidized bed oxy-fuel combustion test system, 

study the process dynamic characteristics of fluidized bed start-up, combustion mode 

switching, and fuel switching, and investigate the effects of key operating parameters 

on combustion characteristics to obtain a suitable parameter range. 

Chapter 4 discusses the emission patterns and transformation mechanisms of nitrogen 

and sulfur pollutants during fluidized bed oxy-fuel co-combustion and the self-

desulfurization process and studies the ash properties and slagging, fouling, and 

agglomeration propensities. 

Chapter 5 develops a three-dimensional numerical simulation method for a multifuel 

reaction system based on the Euler Lagrange framework and constructs a mathematical 

model for coal and biomass oxy-fuel co-combustion in a fluidized bed. A series of 

simulations is carried out to grasp the distribution and evolution laws of the gas solid 

flow field, temperature field and component field that are difficult to understand by 

experimental means. 

Finally, in Chapter 6, we summarize the main contributions and discuss some possible 

future research directions. 
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Chapter 2 

2 Literature Review  

In Chapter 1, the research background and significance of fluidized bed oxy-fuel co-

combustion technology are introduced. This chapter provides a comprehensive review 

of the prior studies on oxy-fuel co-combustion of coal and biomass in fluidized beds, 

including the techno-economic viability of this technology in power or heating 

generations, the recent advances in experimental research, and the development of 

numerical simulations in this field. 

ςȢρ 4ÅÃÈÎÏȤÅÃÏÎÏÍÉÃ ÅÆÆÉÃÉÅÎÃÙ ÁÎÄ ÃÁÒÂÏÎ ÅÍÉÓÓÉÏÎ ÒÅÄÕÃÔÉÏÎ 

ÅÆÆÅÃÔ 

The co-firing of coal and biomass under oxy-fuel conditions is a promising technology 

that can be implemented immediately in nearly all existing coal-fired plants for heating 

or power generation with the aim of reducing the greenhouse gas emissions and 

realizing the industrial-scale utilization of biomass in a relatively short period of time. 

However, techno-economic and environmental assessments are necessary. The techno-

economic evaluation of co-firing under oxy-fuel conditions in coal-fired plants often 

considers a wide range of factors generally referring to the following aspects: (a) the 

additional capital costs in retrofitting the existing coal-fired plants or building the new 

ones for co-firing with biomass and for the oxy-combustion; (b) the possible energy 
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efficiency penalties due to the oxy-combustion and the addition of biomass. 

Compared to the PC boiler, retrofitting the existing CFB boiler to oxygen firing 

capability requires relatively minimal modification, mainly involving the additions of 

a cryogenic ASU, a gas processing system (GPS) that processes the flue gas stream 

leaving the boiler island to provide CO2, the associated new controls and 

instrumentation for these systems, and the auxiliary piping and draft systems such as 

the new oxygen supply piping, new flue gas recirculation system, new CO2 product 

ductwork to new gas processing system and so on [26-28]. The major new equipment 

ASU and GPS have significant land area requirements for the location of new 

equipment. For example, Alstom Power Inc. reported that for an existing 90 MWe boiler 

island that covers 3600 m2, the ASU requires approximately 3600 m2 and the GPS 

approximately 6500 m2; only for oxy-combustion was the plant retrofit estimated to 

cost approximately 1545 USDĿkWī1, of which 85% was for the ASU and GPS and the 

modifications to the existing boiler cost 72 USDĿkWī1 [26]. Nevertheless, the capital 

cost for plant retrofitting with oxy-fuel is believed to be prominently lower than that for 

post-combustion carbon capture retrofitting or newly built integrated gasification 

combined cycle plants [28-30]. 

On the other hand, as CFB boilers have higher flexibility for the fuel type, direct co-

firing that is straightforward and less expensive is often adopted [31, 32]. Therefore, 

with only minor modifications, the CFB boiler can easily adapt for efficient co-

combustion of coal and biomass and costs less, benefiting from it being in no need of 

additional dedicated mills or burners for biomass [31, 33]. It was believed that co-firing 

biomass and coal with a biomass fraction under 3% (energy based) did not require 

significant investment costs [31, 32]. If the biomass fraction was up to 20%, taking the 

Polish energy system as an example, the total cost of retrofitting (in 2007) was 

estimated to be in the range of 1.1ï3.1 EURĿGJbio
ï1 [31, 33]. 

In terms of the energy efficiency of coal-fired plants, it has been widely accepted that 

oxy-combustion usually produces an energy penalty of 8%ï12%, with ASU energy 
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consumption accounting for almost 45% of the total ancillary power consumption [28, 

29]. In detail, Cormos [34] presented a techno-economic analysis for an oxy-

combustion power plant of 350 MW net power with a carbon capture rate higher than 

90% at the generation parameters of 582 ÁC/29 MPa achieved by both fossil fuels (coal 

and lignite) and renewable sawdust, and found that compared with coal-firing systems 

without oxy-combustion, the oxy-combustion carbon capture results in an energy 

penalty of 9ï12 net efficiency percentage points, a 37%ï50% increase in total capital 

investment, a 7%ï15% increase in the O&M costs and an electricity cost increase of 

54%ï95%. In spite of this, oxy-combustion is still one of the most economic 

technologies to capture CO2 from industrial combustion processes [30, 35]. However, 

in regard to biomass co-firing, things become more complicated, as the energy 

efficiency is closely related to many factors, such as the biomass and coal fuel 

characteristics, co-firing method, co-firing ratio and so on. Specifically, the biomass 

fuel characteristics affect the energy efficiency of co-firing systems mainly in two 

aspects: the effects of the higher moisture contents and lower heating value of biomass 

on boiler efficiency and the auxiliary power consumption for pumps, fans and mills [28, 

31, 32]. Among these auxiliary power consumption devices, the milling characteristics 

of various fuels are usually the dominant factor that determines net plant efficiency [32]. 

Some studies have been implemented in detail to reveal the effects of different fuel 

types and biomass fractions. For example, Fogarasi et al. [29] assessed a conceptual 

design for co-firing sawdust and coal using oxy-combustion technology and found that 

increasing the sawdust feedstock content would cause power plant performance to 

decrease. Mun et al. [32] investigated the boiler efficiency and power plant efficiency 

of an existing 500 MWe coal-fired power plant through process simulation for co-firing 

various biomasses along with two coal blends. Their study introduced the Hardgrove 

grindability index tests of a mixture of biomass (10 wt%) and coal (90 wt%) into the 

system model to accurately obtain the milling power consumption. The results showed 

that the addition of biomass would reduce the net power plant efficiency due to the 
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lower calorific value of biomass and the increasing milling power consumption. 

However, for low rank coals, co-firing with biomass, especially torrrefied biomass, 

possibly increases the boiler efficiency and net power plant efficiency [32, 36-38]. 

Therefore, the internal waste heat utilization drying process in the plants was proposed 

to dry the biomass when co-fired with low rank coal such as lignite [34]. These negative 

effects of biomass co-firing and oxy-combustion technology on plant economic 

viability can be effectively compensated by increasing plant scaling [29, 32]. For larger 

power plants with capacities of 300 MW, blending 40%ï50% of biomass is still 

believed attractive as a compromise between economy and risk [32]. 

Parallel to the economic cost, the detailed greenhouse gas emissions of coal and 

biomass co-firing power/heat generation with oxy-combustion are also of great concern 

to many researchers and policy-makers. The life cycle approach has been widely used 

to evaluate the energy use, CO2 emissions and cost requirements for the entire process 

of power/heat generation that starts from raw material acquisition through processing 

distribution, use until final disposal by analysing both internal and external factors [31, 

39, 40]. However, to date, there have been very limited life cycle analyses on the coal 

and biomass co-firing power/heat generation of CFB with oxy-combustion. However, 

some referential attempts have been conducted on biomass, coal or biomass-coal co-

firing with or without CCS [41-46]. For example, Agbor [46] developed a data-

intensive computational model covering the processes of fuel harvesting, transportation 

and power generation to evaluate the technical potential and costs, as well as the 

environmental benefits, of different co-firing technologies in a 500 MW subcritical PC 

plant in Alberta, Canada. They found that the higher delivery costs of biomass feedstock 

than coal, as well as the additional capital costs to modify a plant to co-fire biomass, 

actively contribute to the typical higher cost of co-firing generating electricity; thus, the 

case of a fully paid-off coal-fired power plant co-fired with forest residues, which has 

favourable plant modification costs and biomass obtaining and delivering costs, shows 

the best economic and environmental benefits. The study of Yi et al. [39] also believed 



Chapter 2 

11 

 

that the high costs from the biomass supply chain process are one of the biggest 

handicaps for biomass power generation, and related measures are required to advance 

the development and application of coal/biomass power generation with CCS. 

ςȢς %ØÐÅÒÉÍÅÎÔÁÌ ÁÄÖÁÎÃÅÓ 

Currently, studies on oxy-fuel combustion with coal and biomass co-firing in CFB 

boilers primarily focus on fundamental experiments and experiments conducted using 

CFB boilers. 

ςȢςȢρ &ÕÎÄÁÍÅÎÔÁÌ ÅØÐÅÒÉÍÅÎÔÓȡ ÂÒÉÅÆ ÉÎÔÒÏÄÕÃÔÉÏÎ 

An in-depth understanding of the co-combustion characteristics of coal and biomass is 

of fundamental importance to develop efficient oxy-co-firing of biomass and coal. A 

series of basic experiments were conducted on bench scale reactors such as 

thermogravimetric analysers (TGA) [13, 15, 47, 48], tube furnaces [16, 49-51], and 

fixed beds [52, 53], combined with various analysis methods. Although the research 

conditions of these static experimental devices are quite different from continuous-feed 

fluidized bed combustion, and far from actual industrial applications, their findings are 

an important contribution to the understanding of the fundamental properties of oxy-

fuel and mixed combustion. These studies focused on the influence of oxy-fuel 

combustion conditions and the co-combustion of coal and biomass on thermophysical 

properties such as ignition temperature, temperature profile, NOx emissions and ash 

composition.  

Some interesting results have been obtained via basic research into combustion kinetics. 

For example, the oxy-fuel condition leads to a slight delay in combustion when the 

oxygen concentration is the same as that of air [15]. However, as the oxygen 

concentration increases, the ignition temperature becomes lower than that under air 

combustion conditions [54], which is beneficial to combustion. In addition, the oxy-
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fuel combustion characteristics of coal can be significantly improved by adding 

biomass, including acceleration of the combustion rate and an increase in the ignition 

and burnout properties [13, 54]. Co-combustion of coal and biomass is also an effective 

solution for reducing environmental impacts such as CO2 [48, 52, 55], and NOx and 

SO2 emissions [50, 53, 56-58]. Although some of the phenomena described above are 

influenced by the fuel properties, it is apparent that coal and biomass co-firing in oxy-

fuel combustion with CFB has many advantages that require further exploration. 

ςȢςȢς /ØÙȤÆÕÅÌ ÆÌÕÉÄÉÚÅÄ ÂÅÄ ÅØÐÅÒÉÍÅÎÔÓ 

Due to the advantages of coal and biomass co-firing, some bench-scale and pilot-scale 

experiments have been implemented in recent years, as shown in Table 2-1. 

 

 

Table 2.1 List of the oxy-fuel fluidized bed experiments 

Researchers Year Capacity Fuel 

Nguyen et al. [59] 2020 0.1 MWth 
Indonesian subbituminous coal, 

lignite, and wood pellet 

Li et al. [60] 2020 50 kWth 
Cornstalk, Shenmu coal (SMc), and 

Shenmu semicoke (SMs) 

Sher et al. [61] 2018 20 kWth 
Miscanthus, wheat straw, and 

domestic wood 

Varol et al. [62] 2018 Lab scale Spanish lignite and wood pellets 

Sung et al. [63] 2018 30 kWth 
Waste sludge from a sewage 

treatment plant and wood pellets 

Wang et al. [64] 2017 0.1 MWth 
Datong coal, and two biomass fuels 

(corn straw and wheat straw) 

Zhang et al. [65] 2017 50 kWth 
Cotton stalk and Datong 

bituminous coal 

Pu et al. [66] 2017 
Bench 

scale 

Shandong pine powder and 

anthracite 
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Kumar et al. [67] 2016 20 kWth 
Coal, rice husk, Prosopis juliflora, 

pine needles, and plant litter 

Kayahan et al. [19] 2016 30 kWth 
Can lignite, tunçbilek lignite, and 

olive cake 

Lupiáñez et al. [68-

70] 
2015 100 kWth 

Anthracite, high sulfur lignite, and 

high chlorine corn stover 

Duan et al. [71] 2014 10 kWth 
Coal, rice husk, wood chips and dry 

wood flour 

Tan et al. [12, 23] 2013 0.8 MWth Coal and wood pellets 

Lupion et al. [21, 22] 2012 30 MWth 
Anthracite, pet coke, 

subbituminous, and biomass 

 

In Canada, Canmet ENERGY has established a 0.8 MWth oxy-fuel combustion pilot 

scale device with a CFB boiler. In this facility, a series of experimental studies were 

conducted on different kinds of fuels, including lignite, asphalt, and biomass, especially 

the co-firing of coal and wood particles with a weight ratio of 20%ï50% [12, 23]. The 

aim of the experiments was to evaluate the combustion characteristics, including the 

flue gas composition, organic volatile compound emissions, and trace metal emissions. 

The experimental results show that it can operate reliably under oxy-fuel conditions 

and produce flue gas containing high concentrations of CO2 (ī 90%) and that the 

addition of sawdust does not significantly affect combustion. These results provide 

useful information for the capture of CO2 by co-combustion of fossil fuels such as coal 

and petroleum coke with biomass under oxy-fuel combustion conditions, which is a 

reasonable way to achieve negative CO2 emissions. 
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Figure 2.1 Schematic diagram of 30 MWth fluidized bed oxy-fuel  

combustion system [22] 

 

In Spain, CIUDEN [21, 22, 72] constructed a multifunctional oxy-fuel combustion 

system with the largest thermal capacity in the world, as shown in Figure 2.1. The 

maximum input thermal power of the CFB boiler is 30 MWth with a square furnace, the 

cross-sectional area is 2.9 Ĭ 1.7 m2, and the total height is 20 m. The system is suited 

for burning different kinds of fuels such as coal, biomass, and petroleum coke in 

conventional air or oxy-fuel combustion mode. It was concluded that the wide fuel 

adaptability of conventional CFB boilers is also applicable to the oxy-fuel combustion 

process. Compared with conventional combustion technology, oxy-fuel combustion 

with CFB can reduce CO2 emissions by 91%, while the coal and biomass co-firing oxy-

fuel combustion system can reduce CO2 emissions by 120%, achieving negative CO2 

emissions. The system provides direct CO2 capture; however, significant coking and 

corrosion problems were found during operations. 
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Figure 2.2 20 kWth bubbling fluidized bed oxy-biomass combustion system [61] 

 

Sher et al. [61] from Nottingham University built a 20 kWth oxy-biomass combustion 

system based on a CFB boiler, as shown in Figure 2.2. Three different types of biomass 

fuels were tested in the experiments, including two nonwoody fuels (miscanthus and 

wheat straw) and one woody fuel (domestic wood). The effects of the combustion 

atmosphere and oxygen concentration in oxy-fuel combustion on the gas emissions and 

temperature distribution were studied. The results showed that the combustion 

temperature decreased significantly when the oxidants consisted of 21% O2 and 79% 

CO2 instead of air and eventually led to the extinction of the combustion flame. To 

maintain a temperature distribution similar to that under air combustion mode, the 

oxygen concentration in oxy-fuel combustion mode must be increased to 30%. 

Varol et al. [62] at Middle East Technical University studied the co-firing process of 

high sulfur lignite and biomass (mass ratio 50%) in a CFB-based oxyfuel combustion 

pilot plant, as shown in Figure 2.3. The objective was to study the effects of biomass 
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fraction on the emissions of NOx, SO2 and CO. In this study, the effects of biomass 

fraction under air combustion conditions were investigated, followed by a comparative 

experiment under oxy-fuel combustion conditions. The results showed that the biomass 

share has a very insensitive effect on the pollutant emissions, with emissions similar to 

other results obtained from coal combustion and probably well below any emission 

standards currently. In terms of gas emissions, there appears to be no direct challenge 

to co-firing oxy-fuel combustion. However, the lack of research to date suggests that 

more extensive fluidized bed oxy-fuel co-combustion of biomass and coal data are 

needed. Notably, K-doping was also detected in this experiment, while no obvious K-

phase formed on the deposited probe. 

 

Figure 2.3 High sulfur lignite and biomass fluidized bed oxy-fuel  

co-combustion system [62] 

 

Lupi§¶ez et al. [68-70] also studied emissions of SO2, NOx, and HCl, along with the 

deposition rates and ash mineralogy based on a 100 kWth fluidized bed (as shown in 

Figure 2.4). The results showed that while the emissions of SO2 were affected by the 

chlorine content in the biomass, NOx emissions were more dependent on the operating 
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conditions in a way similar to conventional combustion. In addition, oxy-fuel 

combustion increased the chlorine detected in the fly ash compared to the air 

combustion tests. 

 

Figure 2.4 100 kWth oxy-fired fluidized bed facility [68] 

 

In the last few years, institutions such as the University of Zaragoza in Spain [68-70], 

the Birla Institute of Technology and Science in India [67], and the TUBITAK Marmara 

Research Center Energy Institute in Turkey [19] have successively proven the 

feasibility of oxy-fuel co-combustion of biomass and coal in circulating/bubbling 

fluidized beds at the laboratory scale. To utilize the rich biomass resources in northern 

India, Kumar et al. [67] conducted an experiment on the co-combustion of coal and 

biomass (rice husk, pine needles, etc.) under air and oxy-fuel conditions in a 20 kWth 

bubbling fluidized bed. The results showed that the co-firing of coal and biomass in the 

reactor was successful, and the highest temperature in the splash area was observed. 

When using the blend of 75% coal/25% Prosopis juliflora, a maximum combustion 
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efficiency of 97.09% was achieved in oxy-fuel combustion mode. Kayahan et al. [19] 

tested the combustion of two types of lignite coals, olive cake, and their blends in 

oxygen-enriched atmospheres on a 30 kWth fluidized bed, where the biomass mass ratio 

was 0%, 10%, 20%, and 100% and the oxygen concentration was maintained between 

21% and 30%. It was found that the synergetic effect of biomass addition on 

combustion was enhanced with increasing oxygen enrichment. 

In practical industrial applications, fluidized bed oxy-fuel combustion systems are 

usually equipped with flue gas recirculation, and studies of flue gas recirculation are 

rare but very important. Sung et al. [63] at Yonsei University constructed a 30 kWth 

pilot-scale CFB boiler combined with flue gas recirculation to study the oxy-fuel 

combustion of waste sludge and biomass. A schematic diagram of the combustion 

system is shown in Figure 2.5. In this study, the fuel mixing ratio (wood pellets) was 

0ï70%, and the oxygen concentration was 21%ï30%. By increasing the mixing ratio 

of biomass and oxygen concentration, the combustion reaction was accelerated. Under 

the condition of flue gas recirculation at 60%, the oxy-fuel co-firing of sludge and 

biomass was optimized in high concentrations of CO2 (> 90%) with lower pollutant 

emissions, where CO was 0.91% and NO was 14 ppm. 

 

Figure 2.5 Oxy-fuel combustion system of CFB boiler firing  

sludge and biomass mixture [63] 

 

Wang et al. [64] from the Chinese Academy of Sciences conducted oxy-fuel co-firing 
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of coal and biomass tests on a 0.1 MWth circulating fluidized bed combustion device, 

especially under the condition of a high total oxygen concentration (50%). The 

nitrogenous gas emissions under 50% O2/50% CO2 and 50% O2/50% RFG (recycled 

flue gas) were investigated. It was found that O2/RFG combustion released less 

nitrogenous gases than O2/CO2 combustion because of the longer residence and reaction 

time, and the secondary flow ratio affected nitrogenous gas emissions depending on 

fuel types and atmospheres. 

 

Figure 2.6 Schematic diagram of 0.1 MWth oxy-fuel CFB combustion system [64] 

 

Nguyen et al. [59] at the Kunsan National University investigated the Oxy-CFBC 

characteristics and evaluated the possibility of negative CO2 emissions with BECCS on 

a 0.1 MWth circulating fluidized bed. The results showed that combustion could achieve 

stability with over 90% CO2 in the flue gas. Negative CO2 emissions (approximately 

ī647 g/kWth) were predicted for oxy-biomass combustion compared with blends of 

subbituminous coal and lignite. 

To better understand the oxy-fuel combustion mechanism of mixed fuels and the 
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generation and emission characteristics of pollutants, Pu et al. [66] from Chongqing 

University conducted experiments in a bubbling bed combustor and explored the effects 

of various parameters on the formation of NO gas. Pu et al. believed that increasing the 

blending ratio of biomass decreased NO emissions because burning biomass released a 

large amount of intermediates, which induced a deoxidation effect on NO emissions. 

Liu et al. [55] from Southeast University constructed a microfluidized bed reactor 

coupled with online mass spectrometry to study the combustion behavior of 

coal/biomass under oxy-fuel atmosphere and fluidization conditions. The results 

showed that with increasing proportion of biomass, the initial reaction moment was 

advanced, the total time for combustion decreased, and the CO2 generation rate 

increased. 

 

Figure 2.7 Experimental system of oxy-fuel combustion 

under fluidization condition [55] 

 

In addition, the higher alkali and chlorine contents in biomass may cause severe 

operational problems regarding heating transfer degradation, slagging, fouling, or 

corrosion during combustion in furnaces [31, 47, 73], as alkali oxides or alkali salts can 

promote the formation of agglomeration by reacting with SiO2 in ash to form eutectics 
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with lower melting temperatures. The oxy-fuel atmosphere, typically with a higher SO3 

partial pressure due to flue gas recycling in plants and co-firing with high sulfur coal, 

will significantly affect the gaseous environment and ash deposition. However, the 

related studies for oxy-co-firing of biomass and coal are very limited, with the 

fundamental mechanisms of ash deposition and slagging still unclear, and many issues 

have not yet reached consistent conclusions. 

ςȢσ .ÕÍÅÒÉÃÁÌ ÁÄÖÁÎÃÅÓ 

Numerical simulation is an important method for studying the dense gas solid flow and 

oxy-fuel combustion process in a fluidized bed, which is of great significance to the 

operation, optimization, and scale-up design of the oxy-fuel fluidized bed reactor [74]. 

Fluidized bed oxy-fuel combustion is a typical complex system involving dense gas

solid flow, heat and mass transfer, and multiphase reaction. It is difficult to fully 

determine its complex flow behaviors and combustion characteristics, such as particle 

motion, gas distribution, temperature field, and pressure distribution, by experimental 

means only. Numerical simulation provides a way to overcome these difficulties. As a 

ñnumerical experimental techniqueò, it can be a good complement to physical 

experimental methods. 

For gas solid reaction systems, there are two main techniques for multidimensional 

CFD modelling, namely, the EulerEuler method and the Euler Lagrange method [74]. 

The Euler-Euler method treats both fluid and particle phases as continuous media, 

which makes it difficult to consider the collisions between particles and the influence 

of particle size distribution. In contrast, the Euler Lagrange method can provide 

detailed information about the particles, such as particle trajectories and particle

particle, particle-gas, and particle wall interactions. However, numerical simulations 

of fluidized bed oxy-fuel combustion, especially those based on the Euler Lagrange 

framework, have rarely been reported in the literature to date. There are also very few 
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studies that simulate the co-combustion process of coal and biomass in oxy-fuel 

fluidized beds based on the Euler Lagrange approach. Therefore, we have summarized 

the relevant research as follows. 

ςȢσȢρ %ÕÌÅÒ%ÕÌÅÒ ÍÅÔÈÏÄ 

Zhou et al. [75, 76] developed a two-dimensional CFB oxy-coal combustion model 

using the Euler-Euler method and investigated the gas solid flow, combustion 

temperature, and composition distribution of oxygen-fired CFBs with wet flue gas 

recycled. Wu et al. [77] developed a three-dimensional CFD model of oxy-coal CFB 

combustion under the Euler-Euler framework to simulate the flow characteristics, 

combustion performance, and pollutant emissions with and without warm flue gas 

recycling. This study was similar to that of Zhou et al. [75, 76], who only simulated the 

riser without considering the particle and flue gas circulation. Amoo et al. [78] also 

established a three-dimensional numerical model of oxy-coal combustion considering 

particle circulation based on the Euler-Euler approach. CFD simulations were 

conducted to study the flow, heat transfer and emission characteristics of coal particles 

of various sizes under oxy-fuel combustion conditions. The simulated objects and 

typical results are shown in Figure 2.8.  

 

Figure 2.8 The distribution of CO and NOx concentrations in an oxy-fired CFB [78] 

 

Krzywanski et al [79, 80] established a one-dimensional model for a 670 t/h CFB boiler 
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operated in Turow Power Station in Poland, considering air staging, the desulfurization 

process, and NOx formation and reduction, and studied the combustion characteristics 

in the dense and dilute phase zones of the oxy-fuel CFB combustion chamber. 

Krzywanski et al [81] developed a model combining experience in modelling a 

0.1MWth oxy-fuel CFB test rig and considered additional NO/N2O formation and 

destruction paths. As a result, the emissions of CO2, CO, SO2, NOx and O2 in the flue 

gas obtained by calculation were in good agreement with experimental data for 

combustion in a circulating fluidized bed, especially under oxy-fuel conditions. 

Chen et al. [25] studied the temperature, CO concentration, and CO2 concentration 

distributions during the oxy-fuel co-firing of coal and biomass in a 6 kWth bubbling 

fluidized bed through Euler-Euler simulations. 

ςȢσȢς %ÕÌÅÒ,ÁÇÒÁÎÇÅ ÍÅÔÈÏÄ 

Using the commercial Ansys-FLUENT package and a set of user defined functions 

(UDFs), Adamczyk et al. [82, 83] established an Euler Lagrange model of air 

combustion and oxy-fuel coal combustion in a 0.1 MWth circulating fluidized bed boiler 

with a rectangular furnace cross-section of 22 Ĭ 10 m2 and a height of 42 m (as shown 

in Figure 2.9). The real particle size distribution (PSD) was considered in the model, 

and the combustion process was considered at the level of a single particle, which can 

be used to detect the corrosion of the boiler walls. In the Euler Lagrange method, four-

direction coupling was considered to represent the relationship between continuous and 

dispersed phases in mass, momentum and energy transfer, and the kinetic theory of 

granular flow (KTGF) was applied to consider the interactions between particles. The 

results showed that this Euler Lagrange model can be used as a tool to calculate the 

oxy-fuel combustion process in CFB boilers under steady-state conditions. 
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Figure 2.9 Geometric size of the boiler and simulation results of oxy-fuel combustion 

in the CFB by the Euler Lagrange method [83] 

 

Wu et al. [84] simulated oxy-coal combustion in a pilot-scale CFB combustor based on 

the DDPM (Dense Discrete Phase Model) approach under the Euler Lagrange 

framework. The results showed that as the inlet O2 concentration increased, the 

combustion fraction and temperature in the lower region of the fluidized bed increased 

while the outlet CO concentration decreased, and the outlet CO2 concentration reached 

approximately 90%. 

To obtain the hydrodynamic behavior in a cold circulating fluidized bed, Upadhyay et 

al. [85] adopted the multiphase particle-in-cell (MP-PIC) method to simulate the gas

solid flow with air and O2/CO2 as the fluidizing gas. This model successfully captured 

experimentally observed phenomena, such as a typical core-annular flow structure. 

Raheem et al. [86] used the MP-PIC approach to simulate a 30 kWth circulating 

fluidized bed and studied the lignite combustion characteristics under O2/N2 and 

O2/RFG conditions. Gu et al. [87, 88] investigated the scaling-up characteristics of the 

oxy-coal combustion circulating fluidized bed from laboratory scale, pilot scale, to 

industrial scale (from 0.1 MWth to 330 MWe) after validating the three-dimensional 

numerical model based on the MP-PIC method by the experimental data of 0.1 MWth 

fluidized bed oxy-fuel combustion, as shown Figure 2.10 and Figure 2.11. 
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Figure 2.10 Structural dimensions of oxy-coal combustion circulation  

fluidized beds of different scales [88] 

 

 

Figure 2.11 Gassolid temperature distribution of the 330MWe circulating fluidized 

bed oxy-coal combustion process [88] 

 

Black et al. [89] simulated the oxy-fuel co-combustion characteristics of coal and 

biomass in a 500 MWe boiler using the Euler Lagrange method. The research results 

showed that for oxy-coal combustion, the oxygen concentration matching the heat 

transfer characteristics of air combustion is between 25% and 30%, while for oxy-

biomass combustion, this value may need to be greater than 30%. 

Ćlvarez et al. [90, 91] simulated the co-combustion of olive waste and two types of coal 
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(0%, 10% and 20% biomass) in air and three oxy-fuel atmospheres (21% O2/79% CO2, 

30% O2/70% CO2, 35% O2/75% CO2) in an entrained flow reactor using the Euler

Lagrange method. The results showed that the co-combustion of biomass and coal had 

favorable synergistic effects, significantly improving fuel burnout and reducing NOx 

emissions. 

Bhuiyan et al. [20, 92, 93] used the Euler Lagrange method to simulate the air and oxy-

fuel combustion characteristics of pulverized coal and irregularly shaped biomass 

particles with different mixing ratios in a four-cornered tangent circle 550 MWe boiler, 

including ignition behavior, burnout, gas emissions, and heat transfer performance. It 

was found that with increasing biomass proportion, the flame volume increased, and 

the peak flame temperature decreased. It was emphasized that minor design adjustments 

may be required for the boiler when converting to biomass mixed combustion under air 

and oxy-fuel conditions. 

Geng et al. [94] simulated the fluidization characteristics of flexible biomass particles 

in a cold fluidized bed riser in air through the Euler Lagrange method. It was shown 

that the particle distribution in the riser was uneven, with the bottom-dense and up-

dilute characteristic in the axial direction and the central-dilute and near-wall-dense 

characteristic in the radial direction. 

Liu et al. [95] used the MP-PIC method under the Euler Lagrange framework to 

simulate the oxy-fuel co-combustion of coal and biomass in a microfluidized bed 

reactor and investigated the dynamic process of combustion, CO2 enrichment, and 

pollutant generation characteristics. The results showed that the addition of biomass 

increased the oxy-fuel combustion rate, and the increase in oxygen concentration and 

combustion temperature promoted CO2 enrichment. 

ςȢτ 3ÕÍÍÁÒÙ ÁÎÄ ÄÉÓÃÕÓÓÉÏÎ 

The techno-economic viability analysis shows that the oxy-fuel co-firing of coal and 
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biomass is a promising technology that can be implemented in nearly all existing or 

newly built coal-fired plants for heating/power generation with the aim of reducing 

greenhouse gas emissions and realizing the industrial-scale utilization of biomass in a 

relatively short period of time. However, apart from the additional retrofitting costs, the 

usual obvious energy efficiency penalties in boiler efficiency or plant output efficiency 

due to the addition of biomass and oxy-fuel combustion processes urgently require an 

in-depth understanding and effective developments and optimizations of the oxy-co-

firing of biomass and coal. Studies of the co-firing of coal and biomass in oxy-fuel 

fluidized beds have made some progress in recent years. Both experimental research 

and numerical simulations have been adopted to investigate the characteristics and to 

promote the development of this technology. 

These studies illustrate the benefits of the oxy-fuel co-combustion of coal and biomass 

in fluidized bed boilers. For example, the addition of biomass can improve the ignition, 

thermal reactivity, and burnout of the fuel in O2/CO2 mixtures; in addition, the 

emissions of NOx and SO2 are also reduced. However, these studies focus on the 

combustion dynamics under static conditions through thermogravimetric analysis or 

tube furnace experiments, which are quite different from fluidized combustion 

conditions. 

Although the research conducted on the fluidized bed is scant, there is a preliminary 

consensus that oxy-fuel co-combustion of biomass is a favourable option to achieve 

negative CO2 emissions. Some studies have concluded that compared with 

conventional combustion technology, the oxy-fuel co-combustion of coal and biomass 

in fluidized beds can even reduce CO2 emissions by 120%. To date, these studies have 

mainly focused on the feasible discovery of this novel combustion technology. Biomass 

addition to coal appears to have synergistic effects on combustion. For example, it was 

found that the synergetic effect of biomass addition on accelerating combustion and 

shortening the ignition time was enhanced with increasing oxygen enrichment. While 

the emissions of SO2 were affected by the chlorine content in the biomass, NOx 
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emissions were more dependent on the operating conditions in a way similar to 

conventional combustion. 

For the numerical simulation, there are some preliminary studies on the oxy-fuel 

combustion process in fluidized beds, which mainly focus on theoretical or empirical 

modelling and CFD simulations under the EulerïEuler framework, while the Eulerï

Lagrange simulation of oxy-fuel combustion in fluidized beds has rarely been reported 

to date, especially under conditions of co-firing of multiple solid fuels (such as coal and 

biomass). 

According to the research review, some key issues need to be addressed urgently to 

develop fluidized bed oxy-fuel co-combustion technology. Examples include how the 

addition of biomass affects the oxy-fuel combustion characteristics and how to establish 

a high-efficiency and low-pollutant emissions coal and biomass co-combustion system 

for CO2 capture. Therefore, for both experimental research and numerical simulations, 

systematic and in-depth research is required to enrich the understanding of the 

characteristics of oxy-fuel co-combustion in fluidized beds. 

Therefore, it is necessary to focus on the following aspects: the continuous operation 

regulation and process optimization of fluidized bed oxy-fuel co-firing, such as the 

stabilization and switching of the combustion state, optimization and matching of 

operating parameters, improvement of combustion performance and efficiency, etc.; the 

emission pattern and transformation mechanism of gasïsolid pollutants in the process; 

and the ash-related slagging, fouling, agglomeration and other phenomena. Numerical 

simulation is a necessary tool for studying oxy-fuel co-combustion in fluidized beds, 

which urgently needs further development. Examples include developing three-

dimensional numerical models suitable for the co-combustion of multiple solid fuels; 

mastering the particle motion characteristics, gasïsolid flow structure, and distribution 

and evolution of combustion parameter fields in fluidized beds that are difficult to 

understand experimentally; and predicting the flow characteristics and combustion 

characteristics under a wider range of operating conditions. This will provide strong 
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support for the design, optimization and scale-up of oxy-fuel, mixed-combustion 

fluidized bed boilers. 
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Chapter 3 

3 Operation and Combustion Characteristics 

of Coal and Biomass Fluidized  Bed Oxy-Fuel 

Cofiring System  

σȢρ )ÎÔÒÏÄÕÃÔÉÏÎ 

In this chapter, we first construct a 10 kWth fluidized bed oxy-fuel combustion test 

system, solve technical problems such as continuous and stable feeding of coal and 

biomass particles, and verify the stable co-combustion of coal and biomass under oxy-

fuel and fluidized conditions while achieving the expected CO2 enrichment 

concentration. Next, we study the operating characteristics of oxy-fuel co-firing 

fluidized beds and accumulate operating experience and combustion parameter 

regulation methods. The research focuses on the dynamic characteristics during 

fluidized bed start-up and combustion state switching, including switching from air 

combustion to oxy-fuel combustion and from single coal fuel to mixed fuels with 

different biomass proportions. Then, based on the 10 kWth fluidized bed system, a series 

of experiments on coal/biomass oxy-fuel combustion are conducted, focusing on the 

effects of the main operating parameters (e.g., biomass blending ratio, O2 concentration) 

and fuel characteristics (e.g., coal type, biomass type, biomass blending ratio) on the 

combustion characteristics (including reactor temperature distribution, CO2 enrichment, 

carbon conversion, combustion performance, ash properties, etc.), and obtaining the 
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suitable operating parameter range to achieve the optimal regulation of the combustion 

process. 

σȢς %ØÐÅÒÉÍÅÎÔÁÌ ÓÙÓÔÅÍ 

σȢςȢρ &ÌÕÉÄÉÚÅÄ ÂÅÄ ÓÅÔÕÐ 

The experiments were conducted in the oxy-fuel fluidized bed combustion system 

designed with a heat input of 10 kWth. The combustion system, as depicted in Figure 

3.1, is composed of the following six units: a fluidized bed (I), fuel feed (II), oxidant 

supply (III), flue gas cooling and purification module (IV), product analysis module 

(V), and automated control system (VI). This system with synchronous monitoring and 

continual fuel feeding can operate at atmospheric and elevated pressures, along with 

the ability to burn coal or mixtures of coal and other solid fuels such as biomass under 

air or oxy-fuel mode. 

 

Figure 3.1 Schematic diagram of the 10 kWth fluidized bed  

oxy-fuel combustion system 

 



Chapter 3 

32 

 

The fluidized bed (unit I) can support a maximum pressure of 0.6 MPa and a maximum 

temperature of 1000 ÁC. The diameters of the combustion chamber (labelled 1 in Figure 

3.1) and suspension space (2 in Figure 3.1) are 81 mm and 100 mm, respectively, and 

the heights are both 1000 mm. Increasing the diameter of the upper part of the fluidized 

bed is designed to reduce the flue gas velocity, thus reducing the escape of incompletely 

burned particles and combustible gases. The fluidized bed is placed in a two-stage 

annular electric heater (6 in Figure 3.1), which can be controlled in sections and has a 

maximum heating temperature of 800 ÁC, and is wrapped by an insulating layer (7 in 

Figure 3.1). There are six temperature (T1, T2, T3, T4, T5, and T6) and pressure (P1, 

P2, P3, P4, P5, and P6) measuring points at various heights of 200, 500, 760, 1200, 

1400, and 1600 mm, respectively, along the fluidized bed reactor (taking the 

fluidization gas distribution board as the elevation datum). 

When blended fuels consisting of coal and biomass are fed, some accidents (such as 

blocking, bridging, etc.) occur occasionally in the feeders. To ensure continuous and 

stable fuel supply during experimentation, two sets of feeders, namely, a screw feeder 

(8 in Figure 3.1) and a star feeder (9 in Figure 3.1), are installed in the fuel feed unit 

(II). The motor frequencies of the feeders are controlled individually using their 

respective inverters to ensure that the fuel feeding is not interrupted owing to the sudden 

failure of the feeder. The co-feeding of coal and biomass presents more problems than 

separate feeding [96]. In the present study, the star feeder, which is very reliable when 

the biomass blending mass ratio does not exceed 30%, is found to be highly suitable 

for near-spherical and relatively high-density particles. The screw feeder can be utilized 

for different fuels with a broader range of shape, size, and density. However, it is 

difficult to control the feeding rate compared to the star feeder. 

The oxidant supply unit (III) can meet the needs of different combustion modes, 

including air and oxy-fuel combustion with different O2/CO2 ratios. CO2 and O2 with 

purities of 99.5% are provided by cylinders, whereas the air is supplied by the air 

compressor and subsequently dewatered. Their flow rates are accurately measured by 



Chapter 3 

33 

 

mass flowmeters (10 in Figure 3.1, Smarttrak100). Air and CO2 share a gas storage 

chamber (11 in Figure 3.1), and O2 uses another separate gas chamber, which facilitates 

continuous switching between the air combustion mode and oxy-fuel combustion mode. 

Before being supplied into the fluidized bed, the oxidants can be heated to the set 

temperatures using preheaters (12 in Figure 3.1). 

The particulates in the flue gas are removed with a separation efficiency of 99% using 

the cyclone separator (3 in Figure 3.1) and collected by the ash bucket (4 in Figure 3.1). 

After the dedusting process, the flue gas is sent to the cooler (13 in Figure 3.1) for water 

cooling and then filtered by the purifier (14 in Figure 3.1) before being discharged. To 

prevent NOx and SO2 from binding to moisture in the flue gas, the cyclone separator 

and the pipe to the cooler are all heated by the electric heater. The cyclone separator is 

maintained at 600 ÁC, and the pipe to the cooler is maintained at 300 ÁC. A portion of 

the cooled and purified flue gas is continuously pumped into the gas analysers for real-

time detection and recording. 

In the automatic control unit (VI), an advanced distributed control system was 

developed. The operating parameters of the entire combustion system, such as pressure, 

temperature, and gas/solid flow rate, are monitored and controlled by the automatic 

control system. The key control components (e.g., mass flowmeter, heater, fuel feeder 

motor, and pressure controller) were integrated into a distributed control system (DCS) 

for automated operation by setting the relevant parameter values on the computer. 

σȢςȢς &ÕÅÌÓ ÁÎÄ ÂÅÄ ÍÁÔÅÒÉÁÌ 

Two types of coal (lignite (CL) and bituminous (CS)), agricultural biomass wastes (rice 

husk (BH) and corn straw (BC)), and forestry biomass wastes (pine (BP) and rosewood 

(BR)) were selected as fuels. These fuels were purchased from various provinces in 

China. The ultimate and proximate analysis results are presented in Table 3.1 (air dried 

basis), and the photographs are depicted in Figure 3.2. Table 3.2 presents the main 

physical characteristics of the fuel particles, and the results of X-ray fluorescence 
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spectroscopy (XRF) analysis are shown in Table 3.3. The particle sizes of the coal and 

biomass used in this study ranged from 0.6 to 1.6 mm and 1.6 to 3.0 mm, respectively; 

the particle size distribution is shown in Figure 3.3. Silica sand particles were used as 

the bed materials (fluidizing medium). The particle size of quartz sand ranges from 0.3 

to 0.7 mm. 

 

Table 3.1 Ultimate and proximate analyses of coal and biomass (air dried basis) 

Fuels Proximate analysis (%)  Ultimate analysis (%) 

Moisture Ash Volatile Fixed Carbon  C H O[1] N S 

Lignite (CL) 12.7 17.1 36.5 33.7  46.6 7.5 13.3 1.4 1.5 

Bituminous (CS) 1.8 19.9 16.8 61.5  68.2 2.9 4.2 1.5 1.6 

Rice husk (BH) 7.0 10.8 66.0 16.2  39.5 5.6 36.4 0.7 0.1 

Corn straw (BC) 7.6 25.3 57.1 10.1  33.8 4.9 27.5 0.9 0.1 

Pine (BP) 7.2 2.5 77.4 12.9  45.6 5.9 38.5 0.1 0.2 

Rosewood (BR) 7.2 3.1 72.2 17.5  48.0 5.8 35.2 0.8 0.03 

1 By difference  

 

 

Figure 3.2 Photographs of fuels: (a) lignite; (b) bituminous coal; (c) rice husk; 

(d) corn straw; (e) pine; (f) rosewood 
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Table 3.2 Main physical characteristics of fuel particles 

Fuel/bed material dp DT ST FT Chinese province 

(mm) (°C)  (°C)  (°C)   

Lignite (CL) 0.6ï1.6 1238 1331  1343 Yunnan 

Bituminous (CS) 0.6ï1.6 1375  1390 1415  Shanxi 

Rice husk (BH) 1.6ï3.0 1510  1542 1589  Jiangxi 

Corn straw (BC) 1.6ï3.0 1092  1117 1131  Liaoning 

Pine (BP) 1.6ï3.0 1072  1151 1165  Hunan 

Rosewood (BR) 1.6ï3.0 1113  1179 1192  Zhejiang 

1 dp ï particle diameter 

2 DT ï deformation temperature, ST ï softening temperature, FT ï flow temperature 

3 The ash fusion temperatures were determined in an oxidizing atmosphere 

 

Table 3.3 X-ray fluorescence spectroscopy (XRF) analysis results of fuels 

Fuel Na2O MgO Al 2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 

Lignite   1.19 3.74 6.60 0.14 17.52 0.20 0.21 44.66 1.91  22.72 

Bituminous  0.51 0.51 13.68 22.17 ð 8.99 0.63 0.75 11.45 6.50 ð 30.00 

Rice husk ð 1.21 ð 52.01 1.68 2.87 5.10 13.55 7.41 ð 8.12 6.59 

 

 

Figure 3.3 Particle size distribution of fuel particles 
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σȢςȢσ 4ÅÓÔ ÐÒÏÃÅÄÕÒÅ 

Before the fluidized bed combustion start-up, the airtightness of the system should be 

checked first. After confirming that the devices and control system (valve, feeding 

device, electric heater, etc.) were normal, the pressure regulating valves at the flue gas 

outlet were closed, and high-pressure air was blown into the bed until the system 

pressure reached 0.5 MPa. Then, the air inlet valve was closed and the changes in 

system pressure were recorded. If the pressure did not change within 3 min or only 

decreased very little and slowly, the pressurized airtightness of the system was 

considered qualified. 

Silica sand (1.5 kg) was introduced into the fluidized bed, and the static bed height was 

up to approximately 200 mm. The coal and biomass fuel were mechanically and 

uniformly mixed according to the required mass ratio and added into the storage bin. 

After completing the preparation work, the successful start-up of the fluidized bed 

combustion system progressed through three stages: preheating, start-up, and stable 

combustion.  

The preheating and start-up process was performed in air mode using lignite as fuel. 

The air was heated using the preheater (12 in Figure 3.1, set to 600 ÁC) and sent into 

the fluidized bed through the air distribution, while the annular electric heater (6 in 

Figure 3.1) was turned on and set to 800 ÁC. This was the preheating stage. Because of 

the presence of silica sand, the temperature rise in the dense phase region was lower 

than that in the dilute phase region at this stage. 

When the bed temperature (T1) reached approximately 400 ÁC, the lignite coal particles 

were continuously fed to the fluidized bed at a uniform feeding rate. The annular heater 

was switched off, and the setting temperature of the air preheater was reduced to 250 ÁC. 

The furnace temperature increased sharply after coal was fed into the combustor. To 

stabilize the rapid-heating stage without causing accidents, coal was used as fuel during 

the start-up process rather than the coal-biomass blend according to the existing 
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experience [64]. After T1 exceeded 750 ÁC, it was considered that the ignition stage 

was basically completed, and the operating parameters could be further adjusted to 

make the fluidized bed combustion reach the expected state.  

When stable air combustion was established, the fluidized bed combustion system 

could be switched to different operation modes, such as from air combustion to oxy-

fired with different O2/CO2 ratios, and from single coal combustion to co-firing of coal 

and biomass; the combustion state could also be further adjusted, such as controlling 

the oxygen concentration, temperature, and excess oxygen of the fluidized bed. It is 

worth mentioning that to fit the practical application more closely, the change in the 

operation mode and combustion state depended entirely on the adjustment of the fuel 

feed and the oxidant supply in this experiment, rather than by other means such as 

setting electric heaters. 

During the experimental process, a portion of the flue gas was drawn into the two gas 

analysers for real-time and continuous analysis. An MRU NOVA PLUS gas analyser 

was used for measurement of O2 (0%ï30%), CO2 (0%ï100%), CO (0 ppmï20000 ppm), 

CH4 (0 ppmï10000 ppm), NO (0 ppmï5000 ppm), and NO2 (0 ppmï2000 ppm), and a 

MADUR GA-21 PLUS was used for O2 (0%ï30%), CO2 (0%ï100%), N2O (0 ppmï

5000 ppm), and SO2 (0 ppm͠5000 ppm). 

The fly ash was collected during the combustion process, whereas the bottom ash and 

bed material (quartz sand) were collected after the experiment. To obtain silica sand 

that has undergone a long-period pressurized run, it was necessary to separate the 

bottom ash and bed material at the end of each experiment. The bed particles were first 

sieved (sand and bottom ash were preliminarily separated according to the particle size 

difference) and then manually selected according to the color and shape. Although it 

took much time, the silica sand and bottom ash could be almost completely separated. 

These retained sands were used in subsequent experiments. A small amount of fresh 

sand was added to keep approximately 1.5 kg of bed material in the fluidized bed. The 

solids (fuel, bed material, bottom ash, fly ash, etc.) were analysed via elemental analysis 
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(EA; vario MICRO), scanning electron microscopy with energy dispersive X-ray 

analysis (SEM-EDX; S-3400 N), BrunauerEmmettTeller surface area (BET; 

ASAP2020), X-ray diffraction (XRD; Bruker D8), and X-ray fluorescence (XRF; 

Axios).  

σȢςȢτ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÅ 

The experiments carried out in this thesis investigated the key operating parameters, 

mainly fuel type, biomass blending ratio, combustion atmosphere, oxygen 

concentration, excess oxygen coefficient, and combustion temperature. Among them, 

the fuel types include lignite, bituminous coal, rice husk, corn straw, pine, and rosewood, 

and the biomass blending ratios are 0%, 10%, 20%, 30%, 50%, 70%, and 100%; the 

combustion temperatures range from 750 ÁC to 950 ÁC; the combustion atmospheres 

include air (21% O2/79% N2) and oxy-fuel atmosphere (O2/CO2), with the oxygen 

concentration V0O2 ranging from 21% to 35%; the range of excess oxygen coefficient Ŭ 

is 1.10-1.35, corresponding to the range of O2 concentration in the tail flue gas VO2 from 

2.7% to 7.8%. 

The experimental work consisted of formal experimental conditions and some test 

conditions. The stable operation time of each formal experimental condition was 

approximately 60 minutes. Repeated experiments were performed under typical 

operating conditions, which is also the necessary groundwork of experimental research. 

In the formal experimental conditions, the operating parameters were controlled to 

make the fluidized bed reach the expected combustion state, such as a fixed excess 

oxygen coefficient and bed temperature, for subsequent evaluation and comparison of 

combustion performance and pollutant emission characteristics. In the test conditions, 

such as the dynamic processes of combustion atmosphere switching and fuel switching, 

no other operating parameters were adjusted to observe the changes in the overall 

combustion state of the fluidized bed. To adapt to practical applications, the combustion 

state of the fluidized bed in the experiment was changed by adjusting the fuel feed and 
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oxidant supply rather than by other means, such as setting electric heaters. 

In this work, the calorific value of biomass is lower than that of coal, so when the 

biomass blending ratio (Mb) increases, the calorific value per unit mass of blended fuel 

decreases; thus, it is necessary to maintain the combustion temperature in the furnace 

by increasing the fuel feed rate. Since the core combustion region of the bubbling 

fluidized bed is usually located at the lower position of the fluidized bed, the scheme 

of the formal experimental conditions is considered to adopt the benchmark of 

maintaining a constant temperature in the dense phase area under different biomass 

blending ratio conditions to ensure that the combustion environment is basically the 

same as possible. According to the operating experience, when the biomass blending 

ratio (Mb) was increased during the experiment, the O2 inlet flow rate should also be 

increased accordingly (when the O2 concentration of the oxidant is constant, i.e., the 

oxidant inlet flow rate needs to be increased accordingly) to ensure the same excess 

oxygen coefficient. When switching the combustion atmosphere (e.g., from 21% O2/79% 

CO2 to 30% O2/70% CO2), the O2 concentration of the inlet gas was changed by keeping 

the O2 flow rate constant and changing the CO2 flow rate. In addition, since the calorific 

value of lignite is lower than that of bituminous coal, the bed temperature (800 ÁC) of 

lignite combustion was lower than that of bituminous coal combustion (850 ÁC) in most 

experimental conditions to obtain a stable combustion state and higher combustion 

efficiency. 

σȢσ /ÐÅÒÁÔÉÏÎ ÁÎÄ Ó×ÉÔÃÈÉÎÇ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ 

In the experimental tests on the oxy-fuel co-firing of coal and biomass performed in 

this study, special attention was first given to the following issues: first, whether a stable 

combustion state could be successfully established and continuous operation regulation 

could be achieved; second, whether the concentration of CO2 enriched in the flue gas 

could meet the expectations; and third, the dynamic characteristics of the system during 
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start-up and operation mode switching. In addition, accumulating operating experience, 

mastering regulation and control methods, and finding suitable parameters are also the 

focus of the initial testing. 

σȢσȢρ $ÙÎÁÍÉÃ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÃÏÍÂÕÓÔÉÏÎ ÓÔÁÒÔȤÕÐ 

Figure 3.4 shows the real-time continuous operation curves of the combustion start-up 

and oxy-combustion mode (30%O2/70%CO2) establishment process, including 

temperatures (T1, T2, and T3), pressure (P), and main flue gas components (CO2, O2, 

and CO concentrations). The selected data duration is 3 hours, but this is only a 

fragment of the experimental data. The operation curve shown here includes three 

processes: start-up, air combustion, and oxy-fuel combustion. 

 

Figure 3.4 Real-time operation data during the start-up process  

 

When the fuels were fed into the fluidized bed, the combustion state parameters 

responded quickly: T1 increased, O2 concentration (VO2) decreased, and CO 

concentration (VCO) increased; subsequently, T2 and T3 increased, and CO2 

concentration (VCO2) increased. Repeated operating experience shows that when the bed 
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temperature T1 rises to 750 ÁC, it can be considered that the start-up work is basically 

completed. However, to ensure stable combustion, it is generally considered that the 

start-up stage is over when T1 is maintained at 800 ÁC. At the end of the start-up stage, 

T1, T2, and T3 were not lower than 800 ÁC, 750 ÁC, and 700 ÁC, respectively; P was 

stable at 0.1 MPa, VO2 remained between 3% and 5%, VCO2 remained between 16% and 

18%, and VCO was not higher than 1%. VCO experienced a drastic rise and fall during 

the start-up stage. The highest VCO peak corresponded to T1 at approximately 600 ÁC, 

which was due to the pyrolysis of the fuel. 

When the air combustion condition reaches a steady state, that is, the temperature, 

pressure, and flue gas composition of the system remain stable, the switch to the oxy-

fuel combustion mode is then started. Figure 3.4 also shows that switching from air to 

oxy-fuel atmosphere (30% O2/70% CO2), VCO2 increased rapidly and stabilized to 

approximately 90%, and the temperature in the furnace remained stable or increased. 

When switching to the oxy-30 mode, the concentration of O2 blown into the fluidized 

bed increased, and the inlet gas flow rate fluctuated, resulting in a slight increase in VO2 

and a slight increase and decrease in pressure. After switching from air to oxy-fuel 

combustion mode successfully, the operating parameters (such as oxidant inflow rate 

and fuel feeding rate) were adjusted to make the oxy-fuel fluidized bed combustion 

reach the stable target state. The target state was set according to the experimental plan 

of the day, so it was not always the same. 

Overall, this shows that a stable fluidized bed oxy-fuel combustion state can be 

established, and continuous operation regulation can be carried out. At the same time, 

the effect of CO2 enrichment in the flue gas is good and can meet the requirements of 

the subsequent compression and capture process, representing the initial success of the 

test. 

σȢσȢς $ÙÎÁÍÉÃ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÃÏÍÂÕÓÔÉÏÎ ÍÏÄÅ Ó×ÉÔÃÈÉÎÇ 

Furthermore, we investigated the stability of coal and biomass co-combustion under 
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oxy-fuel and fluidized conditions, as well as the dynamic characteristics of the 

combustion state switching process. Figure 3.5 shows the typical real-time operation 

curve of the fluidized bed when switching continuously from air mode (21% O2/79% 

N2) to oxy-fuel mode with increasing oxygen concentrations (21% O2/79% CO2, 25% 

O2/75% CO2, 30% O2/70% CO2, 35% O2/65% CO2; denoted as Oxy-21, Oxy-25, Oxy-

30, and Oxy-35, respectively). The combustion temperature (T1, T2, and T3) and flue 

gas composition (CO2, CO, CH4, O2, SO2, and NO) under the condition of bituminous 

coal and rice husk co-combustion (Mb = 30%) are presented in this figure. Figure 3.6 

shows the real-time dynamic data for switching the biomass blending ratio from 0% to 

50% when oxy-fuel co-firing of bituminous coal and rice husk under Oxy-30. Note that 

the fuel feed rate and the O2 inflow rate were fixed in these preliminary tests to observe 

the effect of operating parameter switching on the overall combustion state of the 

fluidized bed. Figure 3.5 is discussed in detail below as an example. 

 

Figure 3.5 Typical real-time operation curve when switching from air combustion to 

oxy-fuel combustion with different oxygen concentrations 
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Figure 3.6 Trial real-time operation curve when changing the biomass blending ratio 

from 0% to 50% under oxy-fuel conditions 

 

(1) Switching from air combustion to Oxy-21 combustion 

The transition from air combustion (21% O2/79% N2) to Oxy-21 combustion (21% 

O2/79% CO2) could be accomplished in a few minutes, and the characteristic 

parameters of combustion responded rapidly. The transition time of air to oxy-fuel 

mode in the 0.8 MWth CFB in Canmet ENERGY [12, 23] was 20 min for co-firing coal 

and biomass, whereas it was 45 min for coal combustion. In another study, dynamic 

simulation on a 600 MWe pulverized coal-fired boiler was performed by Jin et al. [97], 

and the transition time was determined to be 17 min. 

The real-time recorded data curve shows that the temperature in the dense phase region 

of the fluidized bed (T1) decreased rapidly (approximately 60 ÁC within 30 min). A 

similar phenomenon was also observed in previous studies on oxy-coal [98] or oxy-

biomass [61] combustion in fluidized beds, where T1 decreased by 50 ÁC within 50 min 

for coal combustion and 200 ÁC within 30 min for biomass combustion. The specific 

heat capacity of CO2 is greater than that of N2; thus, more heat would be carried away 
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per unit time, resulting in the rapid decrease in T1. Meanwhile, the high concentration 

of CO2 could limit the concentrations of O and H radicals, reducing the fuel burning 

rate [99]. In this case, the combustion conditions deteriorated, i.e., the reduced 

combustion rate caused a decrease in the rate of heat released during fuel combustion, 

which rendered the fluidized bed incapable of maintaining a stable combustion (T1 

continued to decline). 

For oxy-coal combustion in the bubbling fluidized bed, the chamber temperature 

usually decreases gradually along the height of the fluidized bed. However, the 

experimental data in this thesis show that T2 was 40 ÁC higher than T1 under Oxy-21 

combustion (whereas T2 was 30 ÁC lower than T1 in air combustion). This could be 

attributed to typical stratified combustion [100], wherein the majority of the coal was 

burned in the dense phase area, and the majority of the biomass was burned in the splash 

zone or just below the dilute phase zone [19, 67]. Therefore, when the combustion of 

coal particles in the dense phase zone deteriorated under Oxy-21 condition, the amount 

of oxygen consumed decreased, thus providing more adequate oxygen in the middle 

and upper parts of the fluidized bed, and the biomass burned more fully, resulting in an 

increase in both T2 and T3. Sher et al. [61] also observed a similar phenomenon: when 

biomass fluidized bed combustion switched from air to oxy-fuel mode, the temperature 

of the upper region was over 100 ÁC higher than that of the dense phase region in the 

fluidized bed. 

Under the Oxy-21 combustion mode, the O2 concentration in the flue gas (VO2) was 

close to that under the air combustion mode (approximately 4%), and VCO2 was stable 

above 90%. However, VCO increased significantly and started to fluctuate sharply, 

whereas VCH4 decreased marginally. This implied that although the combustion in the 

dense phase area was not sufficient, a continuous combustion reaction still occurred in 

the middle and upper parts of the fluidized bed. The change trend of the VNO and VSO2 

curves was almost consistent with that of T1, indicating that when the fuel is fixed (70% 

bituminous coal/30% rice husk), the combustion state of the bed plays a significant role 
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in the emission of sulfur- and nitrogen-containing pollutants. 

(2) Switching from Oxy-21 to Oxy-25 combustion 

After switching to the Oxy-25 combustion mode, T1 increased (but remained lower 

than T2; the maximum difference between T1 and T2 was approximately 25 ÁC), while 

T3 decreased slightly (by 10 ÁC). It should be noted that in this case, the overall state 

of fluidized bed combustion does not remain stable but is in a quasisteady state. 

Regarding the flue gas composition, VO2 increased by approximately 2%, VCO2 

remained above 90%, VCO decreased, its pulsation gradually disappeared, and VCH4 

remained at approximately 200 ppm. Nevertheless, both VNO and VSO2 increased. 

Compared with the air combustion mode, the VNO of Oxy-25 was lower, and the VSO2 

level was comparable. These results suggest that combustion is improved when the 

oxygen concentration increases, particularly in the dense phase area. 

(3) Switching from Oxy-25 to Oxy-30 combustion 

First, it was noted that the fluidized bed combustion under Oxy-30 mode was very 

stable. After switching to Oxy-30, T1 increased significantly, and T1 was basically the 

same as T2 or occasionally slightly higher than T2. The T1 of Oxy-30 was close to that 

of air combustion, and the T3 was approximately 20 ÁC higher than that of air 

combustion. In addition, under Oxy-30 mode, VCO2 was stable above 90%, VO2 

remained at approximately 6%, VCO decreased to the same level as that observed in air 

combustion, and VCH4 also decreased continuously until 80 ppm. Although VNO 

increased, its value was basically consistent with that observed in air combustion 

(approximately 400 ppm). However, VSO2 decreased, probably due to the accumulation 

of alkali and alkaline earth metals attached to the bed material or bottom ash with 

increasing operating time, which can effectively capture SO2 through sulfation [101, 

102]. A similar phenomenon was also observed by Tan et al [23] during the operation 

of a 0.8 MWth CFB. In the current experiments, when the combustion state was 

switched from air to oxy-fuel combustion mode, the fuel feeding rate and O2 inflow 

rate were kept constant (in this case, the gas inflow rate gradually decreased when the 
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O2 concentration was increased from 21% to 25%, 30%, and 35%). Therefore, the 

decrease in VSO2 indicates that the conversion rate from the sulfur in blended fuels to 

SO2 also decreased. 

(4) Switching from Oxy-30 to Oxy-35 combustion 

With the switch to the Oxy-35 atmosphere, T1 increased further (approximately 15 ÁC 

higher than T2), while T3 decreased slowly. VO2 was stable at approximately 7%, VCO 

remained essentially unchanged (equivalent to its concentration under Oxy-30 mode), 

and VCH4 decreased slightly. VNO increased significantly to 500 ppm, higher than its 

concentration under air combustion and Oxy-30 combustion. The conversion rate from 

nitrogen in the blended fuels to NO also increased with increasing inlet O2 

concentration under oxy-fuel conditions. As the inlet O2 concentration increased, the 

temperature of the dense phase region increased gradually, thereby promoting the 

release of fuel nitrogen and oxidation of HCN and NH3 (the major precursors of NO 

formation) to NO [61, 100]. This indicates that increasing the inlet oxygen 

concentration is advantageous for promoting combustion but unfavorable for NO 

emission. 

These tests indicate that the combustion mode can switch rapidly during the co-firing 

process in a fluidized bed, similar to the case of oxy-fuel combustion using a single 

solid fuel (such as coal, biomass, etc.). In addition, the Oxy-30 mode is more suitable 

for oxy-fuel co-combustion of coal and biomass. Under this condition, the fluidized bed 

combustion is stable, the temperature distribution is more reasonable and uniform, VCO2 

is kept above 90% (the content of incomplete combustion products CO and CH4 is very 

low), and the concentrations of sulfur- and nitrogen- containing gaseous pollutants are 

not greater than those under air combustion. 

Furthermore, the test data for switching the biomass blending ratio from 0% to 50% 

under Oxy-30 condition (Figure 3.6) showed that a stable combustion state and high 

CO2 enrichment concentration could also be obtained in the oxy-fuel mode based on 

different coal and biomass blending ratios in the fluidized bed. When the fuel feeding 
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rate and oxidant supply rate were fixed, as the fuel was switched from pure coal to 

blended fuel containing a higher proportion of biomass, the bed temperature T1 showed 

a decreasing trend, and the CO2 concentration in the flue gas gradually decreased due 

to the lower calorific value and carbon content of biomass than coal, but at the same 

time, the emissions of pollutants NO and SO2 were also reduced. 

Overall, the preliminary experimental tests show that stable combustion of coal and 

biomass fuel with different mixing ratios under oxy-fuel and fluidized conditions, as 

well as smooth start-up, continuous operation and rapid switching of combustion states 

of the whole combustion system, can be achieved, which lays the foundation for further 

experimental studies of combustion performance and pollutant emission patterns. 

σȢτ #ÏÍÂÕÓÔÉÏÎ ÂÅÈÁÖÉÏÒ 

Through the examination of combustion stability, it is found that the Oxy-30 mode is 

more suitable for fluidized bed oxy-fuel co-combustion; this conclusion is an important 

reference to guide practical applications. Based on this conclusion, the following 

sections investigate the characteristics of coal and biomass fluidized bed oxy-fuel 

mixed combustion.  

For the practical application of coal and biomass co-firing in an oxy-fuel fluidized bed, 

it is important to know the optimal range of the biomass proportion. Although several 

studies [19, 62, 64, 67] have investigated this topic, no clear or consistent conclusions 

have been drawn. Therefore, we focus on the effect of the biomass mass ratio (Mb from 

0% to 100) on the combustion behavior while maintaining fixed conditions of Oxy-30, 

Ŭ = 1.20-1.25, and T1 = 800 ÁC or 850 ÁC.  

σȢτȢρ 4ÅÍÐÅÒÁÔÕÒÅ ÄÉÓÔÒÉÂÕÔÉÏÎ 

The combustion temperature (T) distribution of the fluidized bed reactor reflects the 

oxy-fuel combustion state and performance and is an important basis for the design, 
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operation, and optimization of oxy-fuel co-combustion fluidized beds. In this section, 

the effects of the biomass blending ratio (Mb) and excess oxygen coefficient (Ŭ) on the 

temperature distribution are first investigated. 

Figure 3.7 shows the temperature distribution along the axial height (at points T1, T2, 

T3, T4, T5, and T6) of the bubbling fluidized bed for co-firing lignite (CL) and rice 

husk (BH) at different blending mass ratios under Oxy-30 mode at T1 = 800 ÁC and Ŭ 

= 1.20-1.25. As discussed in Section 3.2.4, when the biomass blending ratio (Mb) 

increases, the calorific value of the blended fuel per unit mass decreases; thus, the fuel 

feed rate needs to be increased to maintain the combustion temperature in the furnace, 

while the oxidant supply rate is increased accordingly to ensure the same excess oxygen 

coefficient; in the formal experimental conditions, the benchmark of maintaining a 

constant bed temperature T1 in the bubbling fluidized bed under different biomass 

blending ratio conditions was used. To describe the characteristics of the temperature 

distribution, Tmax was defined as the highest temperature, and ǶT was defined as the 

temperature difference along the fluidized bed (ǶT = T1 ī T6). 

As shown, Tmax appeared at T1 (in the dense phase area) when the biomass mass ratio 

(Mb) was less than 30% and at T2 (in the splash zone or just below the dilute phase zone) 

when Mb was more than 30%, i.e., the addition of biomass made the high temperature 

region of the fluidized bed move upwards. ǶT gradually decreased with increasing Mb, 

indicating that the addition of biomass is conducive to a more uniform combustion 

temperature distribution of the fluidized bed. This is because on the one hand, the 

volatile content of biomass is high, which tends to burn in the higher region of the 

fluidized bed; and on the other hand, the high volatility and reactivity of biomass can 

also promote coal combustion. However, ǶT also showed noticeable boundaries 

between Mb of 30% and 50%: as Mb increased from 0% to 30%, ǶT decreased slightly 

and uniformly from 270 ÁC to 255 ÁC; when Mb was more than 50%, ǶT decreased to 

approximately 225 ÁC. 

From the overall distribution of the temperature profiles, when the biomass mass ratio 
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was small (e.g., Mb = 10%, 20%), the temperature distribution was similar to that under 

oxy-coal combustion, while it was more characteristic of oxy-biomass when Mb was 

large (e.g., Mb = 70%). Thus, with lignite/rice husk as fuel, when Mb was between 30% 

and 50%, the fluidized bed temperature distributions were characteristic of co-firing 

and were noticeably different from those under oxy-coal combustion or oxy-biomass 

combustion. 

 

Figure 3.7 Temperature distribution along the axial height when co-firing lignite and 

rice husk at different blending mass ratios 

 

The temperature distribution of the reactor for oxy-fuel co-combustion of bituminous 

coal and rice husk (CS/BH) at different Mb is shown in Figure 3.8. It was found during 

the experimental process that bituminous coal was more suitable for combustion at 

higher temperatures (e.g., T1 = 850 ÁC) than lignite due to its higher calorific value. As 

shown in the figure, Tmax occurred at T1 regardless of Mb, ǶT was the largest for 

bituminous coal combustion (Mb = 0%), while ǶT for rice husk combustion (Mb = 

100%) was close to that of coal combustion. Previous studies [19] reported that the high 

volatile content of biomass may exert a negative effect on the average bed temperature. 

During the tests, it was also found that the bed temperature was difficult to maintain at 

850 ÁC for pure rice husk combustion, so T1 was steadily maintained at 830 ÁC when 
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Mb = 100%. When Mb was in the range of 30%-70%, the temperature distributions were 

different from those corresponding to coal combustion and biomass combustion, mainly 

in terms of the decrease (of up to 40 ÁC) in ǶT. 

 

Figure 3.8 Temperature distribution along the axial height when co-firing bituminous 

coal and rice husk at different blending mass ratios 

 

Figure 3.9 shows the comparison of the temperature distribution in the main combustion 

region of the fluidized bed when co-firing of CS/BH and CL/BH at different Mb. The 

T1 of CS/BH combustion was 50 ÁC higher than that of CL/BH combustion, but the 

difference in T2 between them was reduced; the T2 of CL/BH combustion was even 

higher than that of CS/BH combustion when Mb was greater than 50%. As the calorific 

value of bituminous coal (CS) was higher than that of lignite (CL), T1 could be 

maintained at 850 ÁC. However, the flue gas flow rate was larger while burning CS than 

while burning CL, which thus removed more heat, resulting in T2 and T3 being lower 

than the respective values during CL combustion. Overall, T1 and T2 could be 

maintained above 750 ÁC for CL/BH combustion and above 800 ÁC for CS/BH 

combustion. According to European Union law (Waste Incineration Directive (WID 

2000/76/EC)), one of the main requirements is the need to maintain appropriate process 

parameters, such as the residence time of high-temperature flue gases. 
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Figure 3.9 Comparison of T1, T2, and T3 during CS/BH and CL/BH combustions at 

different Mb 

 

 

Figure 3.10 Temperature distribution when cofiring wood and non-wood biomass 

waste fuels with lignite coal 

 

The difference in the temperature distribution between the co-firing of wood fuels (i.e., 

forestry waste, pine (BP) and rosewood (BR)) and non-wood fuels (i.e., agricultural 

waste, rice husk (BH) and corn straw (BC)) with lignite were also studied. Figure 3.10 

shows that the temperatures in the middle and upper parts of the fluidized bed (T3, T5, 

and T6) were higher when non-wood fuels were co-fired. Sher et al. [61] observed a 

similar phenomenon during oxy-biomass combustion in a fluidized bed, explaining that 
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there were more fine powders in the non-wood fuel than in the wood fuel and that these 

were carried by the airflow and burned in the upper part of the bed. In this study, another 

potential reason was hypothesized, namely, that the wood fuel structure was dense 

(fibrous), whereas the non-wood fuel structure was loose (flakes or blocks) and thus 

was more likely to burn in the dilute phase zone upon entering the fluidized bed. 

The excess oxygen coefficient is an important parameter for the continuous operation 

of oxy-fuel fluidized beds, which directly affects the combustion state of the fuel in the 

furnace chamber. Its calculation method is shown in Equation (3-1), where Ŭ is the 

coefficient of excess oxygen, O2,in is the O2 concentration of the boiler inlet gas (%), 

and O2d is the dry base oxygen content of the boiler (%). 

2,in

2,in 2d

O

O O
=

-
a                                                                                          (3-1) 

 

Figure 3.11 Effect of excess oxygen coefficient (Ŭ = 1.10, 1.25, and 1.35)  

on the temperature distribution 

 

The effect of the excess oxygen coefficient on the fluidized bed temperature distribution 

is presented in Figure 3.11. The values of Ŭ taken as 1.10, 1.25, and 1.35 correspond to 

O2 concentrations in the tail flue gas (VO2) of 2.7%, 6.0%, and 7.8%, respectively, 

covering a more typical range of VO2. The data show that in such a laboratory-scale 
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bubbling fluidized bed device, during atmospheric oxy-fuel combustion, increasing Ŭ 

raised the temperature in the lower part of the dilute phase zone, with no significant 

effect on the temperature in the dense and splash zones; during pressurized oxy-fuel 

combustion, increasing Ŭ raised the temperature in the middle and lower regions of the 

fluidized bed, but the temperature in the upper part of the dilute phase zone decreased 

at the same time. It is also noteworthy that when Ŭ was increased from 1.10 to 1.25, the 

increase in the temperature in the fluidized bed was relatively large, while when Ŭ was 

further increased from 1.25 to 1.35, the temperature increase was small. 

When the heat input to the fluidized bed remains unchanged (i.e., the fuel feed rate is 

essentially fixed), an increase in Ŭ corresponds to an increase in the oxidant inflow rate, 

which means that the oxygen supplied during the combustion process is more adequate, 

thus promoting the combustion reaction; on the other hand, an increase in Ŭ leads to an 

increase in the apparent gas velocity in the fluidized bed, which strengthens the 

interactions and heat and mass transfer between the particles and gas, thereby 

promoting combustion. Therefore, when Ŭ increases moderately, the combustion 

temperature in some regions of the fluidized bed may be increased. However, when Ŭ 

is too high, it also increases the heat carried away by the flue gas, which may lead to a 

decrease in the temperature of the fluidized bed. 

σȢτȢς #/ς ÅÎÒÉÃÈÍÅÎÔ  

The technical essence of oxy-fuel combustion is to enrich CO2 in the combustion 

process to obtain flue gas with a high CO2 concentration for subsequent capture and 

utilization. The CO2 enrichment effect is also an important basis for evaluating oxy-

fuel combustion performance. However, this aspect has rarely been specifically 

explored in the existing studies on fluidized bed oxy-fuel combustion. This section 

focuses on the effect of different operating parameters on the CO2 concentration in flue 

gas and the CO2 generation rate. 

Figure 3.12 illustrates the variation in CO2 concentration (VCO2) in dry flue gas with Mb 
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when co-firing two coals (lignite CL, bituminous coal CS) and four biomasses (rice 

husk BH, corn straw BC, pine BP, and rosewood BR). In these operating conditions, 

the combustion atmosphere (Oxy-30), Ŭ (1.20ï1.25), and T1 (800 ÁC and 850 ÁC for 

burning CL and CS, respectively) were kept constant, whereas the Mb was changed 

from 0% to 100%. 

 

Figure 3.12 Changes in CO2 concentration in the flue gas when co-firing coal (CL 

and CS) and biomass (BH, BP, BR, and BC) at different Mb 

 

For the oxy-coal combustion of CL or CS (Mb = 0%), VCO2 reached 93%, while for oxy-

biomass combustion of BH (Mb = 100%), VCO2 decreased to 90% (T1 = 800 ÁC) and 

87% (T1 = 830 ÁC). The overall trend was that the addition of biomass reduced VCO2 

because the carbon content of biomass was significantly lower than that of coal, but 

VCO2 did not always decrease with increasing Mb; within a specific Mb range, the 

addition of biomass led to higher VCO2. For example, when co-firing CL and BH, VCO2 

increased as Mb increased from 10% to 30%; with a further increase in Mb, VCO2 

decreased again; the difference was that the Mb interval that increased VCO2 was from 

30% to 50%. 

The addition of biomass can improve the oxy-coal combustion performance due to its 

high volatility and reactivity [13, 66]; from the perspective of CO2 enrichment in the 
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flue gas, the experimental data in this work show that the addition of biomass may 

either inhibit or promote combustion. A linear correlation was established between VCO2 

values at Mb = 0% and Mb = 100% (the straight line indicates the theoretical or expected 

value), and it was herein defined that VCO2 values above or below this line indicate the 

presence of a promoting or inhibitory effect on CO2 enrichment. As shown in Figure 

3.12, CO2 enrichment was promoted at Mb = 20% and 30% for CL/BH co-combustion 

and at Mb = 30%, 50%, and 70% for CS/BH co-combustion; under other conditions, an 

inhibitory effect was observed. Additionally, the VCO2 trend for different fuel types 

followed the order of CL/BH > CL/BC > CL/BR > CL/BP. This trend was also 

consistent for the average bed temperature, as shown in Figure 3.10. 

Generally, CO2 in the flue gas includes the CO2 generated from solid fuel combustion 

and CO2 inputs coming directly from the oxy-fuel fluidization gas (O2/CO2). To better 

understand the carbon conversion law in the combustion process, it is necessary to 

investigate the CO2 generated via fuel combustion, and the calculation method of its 

generation rate (XCO2) is shown in Equation (3-2), where Xi is the conversion rate of 

gaseous product i (%), Qin is the volume flow rate of inlet gas (m
3/h), 0

iV  is the volume 

concentration of gaseous product i in the inlet gas (%), Tin is the inlet gas temperature 

(ÁC), Mij is the molar mass of element j in gaseous product i (g/mol), Fj is the mass 

fraction of element j in the fuel (%), Tg is the flue gas temperature (ÁC), Vm is the molar 

volume of the gas under standard conditions (L/mol), and Qs is the fuel feeding amount 

(kg/h). 
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Figure 3.13 shows the variation in the CO2 generation rate (XCO2) when co-firing coal 

and biomass at different Mb. Overall, the addition of biomass could increase XCO2, 

which may be because biomass itself is more reactive than coal [54], and co-firing with 

biomass also promotes the conversion of carbon release from coal fuel. When oxy-fuel 

co-firing CL and BH, the XCO2 values at Mb = 20%, 30%, and 50% exceeded that of 
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oxy-coal combustion (Mb = 0%), and XCO2 reached the highest value at Mb = 30% 

(nearly 10% higher than XCO2 at Mb = 0%). When oxy-fuel co-firing CS and BH, XCO2 

reached its highest value at Mb = 50% (comparable to XCO2 at Mb = 0%). These data 

suggest that there is an optimal Mb value or interval where XCO2 is high (even higher 

than that under oxy-coal combustion). 

 

Figure 3.13 Changes in CO2 generation rate when co-firing coal and biomass at 

different Mb 

 

Figure 3.14 presents the effect of the excess oxygen coefficient (Ŭ = 1.10, 1.25, and 

1.35) on VCO2 and XCO2. Overall, when Ŭ increased from 1.10 to 1.35, XCO2 increased, 

but VCO2 decreased. In the appropriate range, an increase in Ŭ means more sufficient O2, 

better gas solid mixing and heat and mass transfer, which facilitates the oxidation of 

fuel carbon to CO2, so XCO2 increased. However, an increase in Ŭ also means an increase 

in gas flow in the fluidized bed, which ñdilutesò the CO2 and reduces its concentration, 

so VCO2 decreased. This indicates that increasing Ŭ is not helpful for enriching high CO2 

concentrations in the flue gas but is conducive to the conversion of fuel carbon to CO2. 

It is worth noting that increasing Ŭ had a facilitating effect on the increase in XCO2 

mainly in the range of Ŭ of 1.10-1.25; when Ŭ was further increased from 1.25 to 1.35, 

XCO2 began to fluctuate: under atmospheric conditions, XCO2 decreased slightly; under 



Chapter 3 

57 

 

pressurized conditions, XCO2 increased slightly. Therefore, it may be more favorable to 

keep the value of excess oxygen coefficient Ŭ at approximately 1.25 for the conversion 

of fuel carbon to CO2 during the oxy-fuel co-combustion of coal and biomass in 

fluidized beds. 

 

Figure 3.14 Effect of excess oxygen coefficient (Ŭ = 1.10, 1.25, and 1.35) 

on CO2 concentration and its generation rate 

 

σȢτȢσ )ÎÃÏÍÐÌÅÔÅ ÃÏÍÂÕÓÔÉÏÎ ÃÁÒÂÏÎ ÐÒÏÄÕÃÔÓ  

In practical applications, fuel carbon cannot be completely converted to CO2 due to the 

limitation of combustion conditions. Incompletely burned carbon products include 

combustible gas in the flue gas and unburnt carbon in the ash; their concentration or 

content indicates whether the fluidized bed oxy-fuel combustion is well organized and 

reflects the combustion performance (such as combustion efficiency). During the 

experimental process, in addition to the bed temperature, pressure, O2 and CO2 

concentration, the CO concentration was also a sensitive monitoring indicator of the 

fluidized bed state. 
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σȢτȢσȢρ #ÏÍÂÕÓÔÉÂÌÅ ÇÁÓÅÓ 

The incompletely burned combustible gases in the flue gas mainly include CO, H2, CH4, 

etc. Due to the low content of H2, CH4, etc., the unburned gas is mainly CO. Figure 

3.15 shows the CO and CH4 concentrations in the flue gas (VCO and VCH4) and mass of 

CO and CH4 generated per unit heat input (mCO and mCH4) at different Mb when oxy-

fuel co-firing of CL/BH or CS/BH under conditions of Oxy-30 and Ŭ = 1.20ï1.25. In 

addition, mCO and mCH4 were calculated using the following equation: 
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(d) 

Figure 3.15 The effect of biomass blending ratio on CO and CH4 emissions: (a) VCO 

and mCO, CL/BH; (b) VCO, CL/BH and CS/BH; (c) VCH4, CL/BH and CS/BH;  

(d) mCO and mCH4, CL/BH and CS/BH 

 

The results show that the CO concentration in the flue gas was always relatively low, 

and even in the oxy-fuel combustion of rice husk, VCO was still less than 2%. This 

indicates that the combustion state in the fluidized bed was good, which suggests that 

most of the combustible gases, such as CO, have been completely burned to CO2. 

Similar levels of CO emissions have also been observed in other laboratory-scale 

fluidized bed experiments of oxy-coal combustion, oxy-biomass combustion, and oxy-

coal/biomass co-firing, such as 509 ppm CO at Ŭ = 1.22 [103], 0.46 vol. % CO at Ŭ = 

1.23 [61], and 3.6 vol. % CO at Ŭ = 1.16 [63]. However, in some pilot-scale oxy-fuel 

circulating fluidized beds, the CO concentrations are usually quite low when the 

combustion temperature and equivalence ratio are sufficient, such as less than 100 ppm 

in a 0.1 MWth circulating fluidized bed [59] and less than 200 ppm in a 0.8 MWth pilot 

CFBC [23]. This difference might be due to the VCO being related to factors such as the 

type, scale, and operation conditions of the combustion device. The longer the residence 

time of the flue gas is, the better the gasïsolid mixing, and the easier it is for CO to be 

completely oxidized [100]. 

As Mb was increased from 0% to 100%, the emissions of CO and CH4 (including VCO, 
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VCH4, mCO, and mCO) increased gradually. However, VCH4 maintained a low level (less 

than 1000 ppm) in the case of cofiring; in particular, when Mb was less than 30%, VCH4 

was almost the same as that of pure coal combustion (Mb = 0%). It is known that the 

global warming potential of CH4 is high [104, 105], and the current data show that the 

released CH4 by cofiring was not much higher than that by coal firing. There are two 

possible reasons why CO emissions were larger than CH4 emissions: OH and HO2 

radicals react more easily with hydrocarbons (such as CH4) than with CO [19], and 

unburned volatile matter (such as CH4) is another source of CO [106].  

When Mb was over 30%, both CO and CH4 emissions increased rapidly. Simultaneously, 

the fluctuation amplitude of VCO increased drastically. Lasek et al. [107] reported that 

the emission of CO was closely related to the excess oxygen coefficient Ŭ, and in this 

experiment, Ŭ was maintained at 1.20ï1.25. One reason for this phenomenon is that 

with increasing Mb, the volatile content of the mixed fuel increases, and a large amount 

of combustible gases (CO, CH4, etc.) are released in a short time, resulting in a local 

anoxic environment in the fluidized bed, which limits the oxidation of CO. Another 

reason is that the oxidant flow rate increases as Mb increases, which shortens the 

residence time of the flue gases, so that the combustible gas CO leaves the fluidized 

bed with the flue gas before being burned completely. This also further explains why 

XCO2 decreased when Mb was too high (e.g., Mb = 70%, 100%), as shown in Figure 3.13. 

 

(a) CL/BH, Mb = 30% 
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(b) CS/BH, Mb = 30% 

Figure 3.16 Changes in CO and CH4 emissions at different excess oxygen 

coefficients  

 

Figure 3.16 presents the effect of excess oxygen coefficient Ŭ on CO and CH4 emissions 

under combustion conditions of Oxy-30 and Mb = 30%. With an increase in Ŭ, VCO and 

mCO decreased significantly, especially when Ŭ increased from 1.10 to 1.25, and their 

respective reductions were more than 2/3. The main reason is that a higher Ŭ increases 

the char reaction rates, elevates the amount of O and OH radicals, and promotes CO 

oxidation to CO2. Unchaisri [108] indicated that when Ŭ was excessively high, the CO 

emission increased because of insufficient residence time. For CH4, the results show 

that its emission consistently remained relatively low, and Ŭ had little effect on VCH4 

and mCH4. 

σȢτȢσȢς 5ÎÂÕÒÎÅÄ ÃÁÒÂÏÎ ÉÎ ÓÏÌÉÄ ÒÅÓÉÄÕÅÓ 

The solid unburned carbon in the fluidized bed mainly exists in the fly ash and bottom 

slag. Through the measurement of solid samples in the experiments, it was found that 

the content of unburned carbon in the bottom ash was very low (less than 2%). For 

example, the mass proportion of unburnt carbon in the bottom ash was 1.65% for 

CS/BH cofiring at Mb = 30%, and the mass fraction of unburned carbon in bottom ash 
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was less than 0.5% for CL/BH cofiring. However, a certain percentage of residual 

carbon was found in the fly ash. Therefore, this section concentrates on the effect of the 

key operating parameters on the carbon content of fly ash.  

Figure 3.17 shows the carbon content of fly ash (Mfc) produced by co-firing CL and 

biomass (BH, BC, BP, and BR) at different Mb when Oxy-30, Ŭ = 1.20ï1.25, and T1 = 

800 ÁC. The results indicated that the change trend of Mfc with Mb was complementary 

to the variation in CO2 concentration in the flue gas (as shown in Figure 3.12). When 

Mb was 30%, the content of carbon residue in the fly ash, Mfc, was the lowest; when Mb 

was 50%, Mfc was almost similar to that in oxy-coal combustion. As Mb increased from 

30% to 100%, Mfc increased gradually. A possible explanation is that biomass has a 

higher volatile content, looser structure, and lower density compared to coal particles. 

Thus, after the volatile content escapes quickly from the biomass particles, the 

remaining unburned char particles are easily carried out of the fluidized bed by the flue 

gas before further complete combustion. 

 

Figure 3.17 Carbon content of fly ash when co-firing CL and biomass (BP, BC, BH, 

and BR) at different Mb 
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Figure 3.18 Unburned carbon content in the fly ash under different biomass blending 

ratios and excess oxygen coefficients when co-firing CS and BH 

 

Additionally, the amount of carbon residue in the fly ash obtained from the CL/BH and 

CL/BC combustions was generally lower than that in the fly ash obtained from the 

CL/BR and CL/BP combustions. This was consistent with their temperature distribution 

(as shown in Figure 3.10) and CO2 concentration (as shown in Figure 3.12). It also 

indicates that non-wood fuels burned more fully in the fluidized bed than wood fuels. 

Figure 3.18 shows the variation in Mfc under different biomass ratios Mb and excess 

oxygen coefficient Ŭ for oxy-fuel co-combustion of CS and BH. The data show that as 

Mb increased from 0% to 50%, Mfc also decreased gradually. This indicates that the 

increase in biomass blending ratio can promote the burning out of ash combustibles, 

probably because the increase in Mb improves the temperature distribution in the upper 

and middle regions of the fluidized bed (as described in Section 3.4.1), which in turn 

effectively promotes the combustion of solid carbon residue. As the excess oxygen 

coefficient Ŭ increased from 1.10 to 1.35, Mfc also decreased gradually. 

In this experiment, the Mfc of bituminous coal combustion (Mb = 0%) was 28.6%, which 

is in a reasonable range compared with other experimental results of fluidized bed oxy-

fuel combustion. For example, Mfc = 38.5% was obtained in a laboratory-scale BFB by 

Duan et al. [109], Mfc = 27.97% was obtained in a 30 kWth BFB by Pang et al. [35], and 
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the carbon content in the bottom ash was slightly higher than 20% in a 0.1 MWth CFB 

by Li et al. [110]. 

σȢτȢτ #ÏÍÂÕÓÔÉÏÎ ÅÆÆÉÃÉÅÎÃÙ  

From the perspective of fuel combustion, based on the combustible gases and the 

residual carbon, the combustion efficiency (ɖ) can be calculated by Equations (3-4)ï(3-

6), as follows [35, 111, 112], where ɖg is the efficiency loss caused by combustible gases 

(CO, CH4, H2, etc. ), and ɖs is the efficiency loss caused by combustible solids (unburnt 

carbon). qCO, qCH4, qH2, qfc, and qbc represent the calorific values of CO, CH4, H2, carbon 

in fly ash, and carbon in bottom ash, respectively, and qIN represents the heat input of 

the fuels.  

1 g s= - -h h h                                                                                             (3-4) 

4 2 100%
CO CH H

g

IN

q q q

q

+ +
= ³h                                                                      (3-5) 

100%
fc bc

s

IN

q q

q

+
= ³h                                                                                  (3-6) 

In addition, in the design and operation of industrial-scale fluidized beds, boiler 

efficiency (so-called combustion thermal efficiency) is a very important parameter to 

evaluate the performance of fluidized bed combustion, which reflects the proportion of 

heat generated by fuel combustion that can be effectively utilized. However, this 

parameter is usually not used to evaluate the combustion performance of small-scale 

experimental setups because the device has no heating surface (such as water walls, 

steam superheaters, air preheaters, etc. ), even if there is no tail duct, and the heat 

generated from combustion cannot be effectively utilized. 
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Figure 3.19 Combustion efficiencies (ɖ) under different biomass blending ratios and 

excess oxygen coefficients when co-firing CS and BH 

 

Figure 3.19 shows the changes in combustion efficiencies (ɖ) under different biomass 

ratios Mb and excess oxygen coefficient Ŭ for oxy-fuel co-combustion of CS and BH. 

Overall, the combustion efficiency of fluidized bed oxy-fuel combustion reached over 

90% in all experimental cases. The combustion efficiency loss was mainly caused by 

the unburnt carbon in the solid residues, while the efficiency loss caused by combustible 

gases was less because of their low concentrations. 

The combustion efficiency (ɖ) of oxy-fuel CS/BH co-combustion gradually increased 

as Mb increased from 0% to 50%. This is due to the following: as Mb increased, the 

unburned carbon content in the ash decreased significantly, although the combustible 

gas CO concentration increased, and the decrease in efficiency loss caused by unburned 

carbon (ɖs) exceeded the increase in efficiency loss caused by combustible gases (ɖg). 

For oxy-fuel CL/BH co-combustion, ɖ increased slightly when Mb increased from 0% 

to 30%, and gradually decreased when Mb increased from 30% to 100%. Although the 

combustion efficiency ɖ was highest at Mb = 30%, the overall variation range of ɖ was 

not more than 2%. The effect of Mb on ɖ for CL/BH co-combustion was not as obvious 

as that for CS/BH co-combustion, probably because the fixed carbon content of lignite 
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itself (33.7%) is much lower than that of bituminous coal (61.5%) and the unburned 

carbon content in ash is already lower. This shows that adding biomass has a more 

significant effect on improving the combustion performance of medium- and high-rank 

coals (which are not easily burned adequately). In addition, Figure 3.19 also shows that 

the increase in excess oxygen coefficient Ŭ also led to an increase in combustion 

efficiency ɖ. For an industrial-scale fluidized bed boiler, appropriately increasing Ŭ can 

improve the fuel burnout and boiler thermal efficiency, but too high Ŭ may also result 

in increased exhaust heat loss and induced draft fan power consumption, reducing boiler 

economics. 

Considering the fuel flexibility of fluidized bed combustion, biomass co-firing under 

oxy-fuel modes is a good option to mitigate CO2 and pollutant emissions, which has 

been widely recognized by researchers. In our experiment, with the increase in Mb, 

although the concentration of combustible gas CO increased, the unburned carbon 

content in solid residues decreased significantly; thus, as Mb increased from 0% to 50%, 

the combustion efficiency gradually increased. However, there is still no consensus on 

the optimal range of the biomass blending ratio. According to the research in this thesis, 

from the perspective of uniform and good temperature distribution, promoting CO2 

enrichment, and improving combustion efficiency, Mb of 30%-50% is optimal, and Mb 

is preferably not more than 70%. 

σȢυ 0ÒÏÐÅÒÔÉÅÓ ÏÆ ÂÅÄ ÐÁÒÔÉÃÌÅ ÁÎÄ ÆÌÙ ÁÓÈ 

To further understand the oxy-fuel co-combustion of coal and biomass in fluidized beds, 

in addition to temperature distribution, gaseous products and pollutants, it is necessary 

to study the solid phase products (bottom ash and fly ash) and bed material 

characteristics. While the variation in unburned carbon content has been discussed 

above, this section focuses on the surface morphology, particle size distribution, and 

pore structure of fly ash and bed particles (silica sand and bottom ash). 
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σȢυȢρ "ÅÄ ÐÁÒÔÉÃÌÅÓ 

  

(a) 

  

(b) 

  

 

(c) 
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Figure 3.20 SEM images of bed particles: (a) silica sand before combustion; (b) silica 

sand after approximately 120 h of run; (c) bottom ash after 12 h of oxy-CL/BH 

combustion 

 

Figure 3.20 shows the SEM images of the bed particles, including silica sand before 

combustion and after approximately 120 h of run and bottom ash after 12 h of oxy-

CL/BH combustion. It was observed that the silica sand before combustion consisted 

of particles with a clear boundary that had a small amount of micron-scale quartz sand 

particles attached to the surfaces. After combustion, the silica sand particles had no 

sharp-edged boundaries and were covered with a thin coating, and a large number of 

fine ash particles adhered to the silica sand surface. These ash particles were 

quasispherical instead of needle-like or flocculent, which implies that some ash 

components with low melting points melted during high-temperature combustion. XRF 

analyses showed that the chemical composition of the silica sand after combustion 

mainly included Si, Ca, Fe, Al, and S. Previous studies [113, 114] indicated that it is 

molten potassium silicate (melting point < 800 ÁC [115]), generated by the interaction 

of the bed material and potassium compound released by the fuel, that covers the 

surface of the bed material particles, thus forming a sticky coating. Owing to the 

adhesive force, some small ash particles adhere to this layer during collisions [116]. 

The thickness and viscosity of the coating directly affect the possibility of bed 

agglomeration and defluidization. 

The SEM images show that the bottom ash from the oxy-CL/BH combustion had a 

honeycomb structure comprising layered or flaked biomass bottom ash and densely 

clustered coal bottom ash. There were some holes on the surface of the bottom ash, 

which might be formed by devolatilization or evaporation of some mineral components 

(such as alkali metals K and Na). Such similar holes have also been observed through 

SEM in other studies [114, 117-119]. For example, Lee et al. [118] and Zeng et al. [119] 

indicated that the holes are most likely created by the migration of volatile bubbles to 
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the surface and the subsequent bursting of the bubbles, while Lin et al. [114] and Zhou 

et al. [117] noted that the holes on the ash provide evidence that mineral evaporation 

from inside had occurred. Additionally, it was observed that there were a few local 

adhesions between the bottom slag particles (marked in Figure 3.20 (c)). However, 

macroscopic agglomeration of bottom slag was not found during the tests. It might be 

that the meticulous control of the furnace temperature played an important role during 

the real operation. However, for running a commercial unit in the future, the issue of 

agglomeration should be studied further. Therefore, the mineral transformation and ash-

related operation problems will be discussed in detail in the fourth chapter of this thesis. 

 

Figure 3.21 XRD analysis of quartz sand (before and after combustion) and bottom ash 

 

Table 3.4 XRF analysis results of quartz sand and bottom ash 

Sample Na2O MgO Al 2O3 SiO2 SO3 K2O CaO Fe2O3 

Quartz sand (before) 0.05 - 0.67 98.72 - - 0.03 - 

Quartz sand (after) 0.07 0.10 2.15 90.33 1.45 0.21 2.93 2.36 

Bottom ash 0.07 0.25 12.36 63.80 4.10 0.82 12.78 4.69 

 

Figure 3.21 shows the XRD patterns of the bed material and bottom ash. The results 

indicate that the bed material mainly consisted of quartz before and after combustion. 

However, after combustion, the characteristic XRD peaks of quartz increased in height 
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and sharpness, indicating an increase in the crystal size of the quartz, which may be due 

to internal sintering of the quartz crystal. The crystal structure of the bottom ash was 

composed primarily of quartz, with a small amount of CaSO4 and other minor 

components. 

Based on the XRF results, Table 3.4 provides the elemental compositions of quartz sand 

and bottom ash. Before combustion, the quartz sand was composed of 98.72% SiO2 and 

0.67% Al2O3. After combustion, Mg, S, K, Ca, and Fe were detected in mass fractions 

of less than 3%. However, these elements were not detected in the XRD analysis of the 

crystal. The XRF results show that Si, Ca, Al, Fe, Mg, S, and K (listed in order of 

decreasing mass fraction) also existed in the bottom ash and that their mass fraction 

(except for Si) was much higher than that in quartz sand.  

σȢυȢς &ÌÙ ÁÓÈ 

  

(a) CL                                            ̂(b) BH 

Figure 3.22 SEM images of CL and BH fuels before combustion 

 

As described in Section 3.4.3, taking Mb = 30% as an example, the proportion of 

residual carbon in the bottom ash was less than 2%, while it was between 5% and 20% 

in the fly ash. This indicates that there might still be a certain proportion of char in the 

fly ash, and the main component of the bottom ash was minerals, which would cause 

different changes in their morphological characteristics. SEM images of fuels (CL and 

BH, before combustion) and fly ashes (from co-firing CL and BH at different blending 
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mass ratios) are shown in Figure 3.22 and Figure 3.23, respectively. Furthermore, 

Figure 3.24 shows the XRD peaks for fly ash. 

  

(a) Mb = 0%                                 (b) Mb = 30%  

  

(c) Mb = 50%                                 (d) Mb = 70%  

 

(e) Mb = 100% 

Figure 3.23 SEM images of fly ash obtained from co-firing CL and BH at different 

biomass blending ratios 

 

The SEM images show that CL had a dense morphology, whereas BH had a flaky 

structure and exhibited a comparatively high degree of fracture. The fuel, owing to its 
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characteristics, exerted a great influence on the fly ash morphology. The fly ash from 

100% CL combustion (Mb = 0%) had a clustered structure (relatively compact) with 

multiple needle-like structures and some small spherical particles on the surface. Based 

on the XRD analysis (Figure 3.24), it can be inferred that the needle-like structure was 

comprised mainly of crystals of quartz, CaO, and calcium salts (such as CaSO4 and 

CaCO3) and that the small spherical particles on the surface were presumably mainly 

Fe2O3 [70]. The fly ash from 100% BH combustion (Mb = 100%) had a dense pore 

structure, which was the porous skeleton resulting from the burning of carbon-based 

components [96]. Based on the XRD analysis, the main skeleton should likely be 

comprised of residual amorphous silica after combustion, and some crystals, such as 

quartz and CaSO4, were likely to be present. 

 

Figure 3.24 XRD analysis of fly ash obtained from co-firing CL and BH at different 

biomass blending ratios 

 

When co-firing CL and BH, fine CL ash with a clustered structure adhered to the surface 

or holes of the BH ash. When Mb was 30% and 50%, BH ash had a porous structure, 

whereas when Mb was 70%, BH ash presented a structure resembling blocks or sheets. 

This indicates that a Mb value that is too high is not suitable for combustion. According 

to the XRD analysis, the main crystal components in the fly ash produced by the co-

firing of CL and BH were CaCO3, CaO, CaSO4, Fe2O3, and SiO2. Another interesting 
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point was the type of silica in the fly ash. When Mb < 50%, silica was found in the form 

of quartz, whereas when Mb > 50%, it was found in both quartz and amorphous silica 

forms. 

Table 3.5 lists the BET surface area, cumulative pore volume, and average pore 

diameter of the fly ash produced by oxy-fuel co-firing CL and BH at different 

proportions. It was found that the specific surface area and pore volume of fly ash were 

the smallest for pure CL combustion (Mb = 0%) and the largest for pure BH combustion 

(Mb = 100%). During co-firing, as the proportion of rice husks in the fuel increased, the 

specific surface area and pore volume first increased and subsequently decreased, 

which was consistent with the SEM results (when Mb increased from 50% to 70%, the 

porous structure changed to flake- or block-like structures). Moreover, when Mb 

increased from 0% to 70%, the average pore diameter of fly ash increased gradually. 

However, it was the smallest at Mb = 100%. This was also consistent with the SEM 

analysis, indicating that the fly ash, in this case, had a dense porous structure. 

The XRF results of the elemental composition in the fly ash are depicted in Figure 3.25. 

When Mb was 0%, the fly ash was rich in CaO, followed by SiO2, Fe2O3, and Al2O3. 

When Mb was 100%, the fly ash was mainly composed of SiO2 (83.3%), followed by 

CaO (4.5%) and K2O (4.1%). With the increases in Mb, the mass fractions of Mg, Al, 

Ca, Fe, and S in the fly ash decreased, while those of Si, P, and K increased. 

 

Table 3.5 BET surface area, cumulative pore volume, and average  

pore diameter of fly ash obtained from co-firing CL and BH 

Fly ash 
Mb 

(%) 

BET surface area 

(m²/g ) 

Cumulative volume of 

pores (cm³/g ) 

Average pore 

diameter (nm) 

100% CL 0 6.24 0.014 7.10 

70% CL/30% BH 30 9.67 0.022 7.99 

50% CL/50% BH 50 10.62 0.028 9.19 

30% CL/70% BH 70 8.47 0.027 10.69 

100% BH 100 22.33 0.031 5.95 
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Figure 3.25 XRF analysis of fly ash produced by co-firing CL and BH at different Mb 

σȢφ 3ÕÍÍÁÒÙ 

In this chapter, the constructed 10 kWth fluidized bed coal/biomass oxy-fuel combustion 

system and the fuels and bed materials used for the test are first introduced. Then, the 

experimental process and operation steps of fluidized bed start-up, regulation and 

switching are elucidated, and the stability of the combustion state and the dynamic 

characteristics of the switching process are investigated. Furthermore, the combustion 

performance and behavior of low- and medium-grade coal and agroforestry biomass 

fuels in the 10 kWth fluidized bed are comprehensively studied experimentally, focusing 

on the characteristics of oxy-fuel fluidized co-combustion of coal and biomass and CO2 

enrichment. The effects of key operating parameters such as the biomass blending ratio 

and excess oxygen coefficient on combustion characteristics, fuel carbon conversion, 

and fluidized bed combustion efficiency and the mechanism reasons are discussed, and 

the range of operating parameters favorable to achieve higher oxy-fuel combustion 

performance is obtained. The main conclusions are as follows. 

(1) Stable combustion of coal and biomass fuel with different mixing ratios under oxy-

fuel and fluidized conditions, as well as smooth start-up, continuous operation and rapid 

switching of combustion states, can be achieved. Meanwhile, the effect of CO2 
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enrichment in the flue gas is good, and the concentration can meet the requirements of 

the subsequent compression and capture process, representing the initial success of the 

test. 

(2) Compared with other operating atmospheres, the Oxy-30 mode is more suitable for 

oxy-fuel co-combustion of coal and biomass. Under this condition, the combustion state 

of the fluidized bed is stable, the temperature distribution is reasonable and uniform, 

the CO2 concentration is kept above 90%, the content of incomplete combustion 

products CO and CH4 is low, and the concentrations of sulfur- and nitrogen- containing 

gaseous pollutants are not greater than those under air combustion. 

(3) For fluidized bed oxy-fuel combustion, the addition of biomass can improve the 

combustion temperature in the middle and upper regions of the furnace and promote 

CO2 enrichment and fuel carbon conversion; however, it is still necessary to control the 

biomass proportion Mb for mixed combustion. The optimal Mb value is related to the 

type of fuel: for lignite (low-rank coal), Mb = 30%; for bituminous coal (middle-rank 

coal), Mb = 50%. From the perspective of overall combustion performance, Mb should 

preferably not exceed 70%.  

(4) In the process of fluidized bed oxy-fuel combustion, the incomplete combustion 

products mainly include combustible gas in the flue gas and unburnt carbon in the ash. 

With increasing Mb, although the concentration of combustible gas CO increases, the 

unburned carbon content in solid residues decreases. Therefore, the combustion 

efficiency gradually increases as Mb increases from 0% to 50%. 

(5) As Mb increases, the specific surface area and accumulated pore volume of fly ash 

first increase and then decrease (reaching the maximum at Mb = 50%), changing from 

a porous structure to a blocky or flaky structure, which also indicates that too high Mb 

conditions are not favorable for combustion in the fluidized bed from the aspect of ash 

characteristics. 

 



Chapter 4 

76 

 

 

 

 

Chapter 4 

 

4 Pollutant Generation and Emission Patterns 

during Oxy -Fuel Cofiring in a Fluidized Bed  

τȢρ )ÎÔÒÏÄÕÃÔÉÏÎ 

Oxy-fuel combustion is proposed for CO2 capture in power generation processes. In 

addition to CO2 enrichment, the gas solid pollutants during this process cannot be 

ignored since pollutant emission and ash behavior can affect flue gas purification, ash-

related problems (slagging, fouling, bed agglomeration, corrosion, etc.), and other 

operational and optimization aspects. Under the condition of coal and biomass co-

combustion, their generation and transformation patterns and mechanisms are even 

more complex. A clear understanding of these aspects is essential to advance the 

development of this novel oxy-combustion technology.  

However, this field of research is in its early phase, and many fundamental issues have 

not been completely elucidated. For example, (1) the conversion and distribution of 

nitrogen and sulfur in the gaseous and solid phases and how they are affected by the 

operating parameters. (2) The self-desulfurization effect (i.e., sulfur self-retention, SSR) 

and its mechanism and efficiency during the fluidized bed oxy-fuel process. (3) 

Information on whether there are synergistic or opposite effects between the different 

fuels or operating parameters is also lacking. (4) The ash characteristics and behaviors 
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(such as interactions among mineral compositions and the potential for slagging, 

fouling, and agglomeration) after the addition of biomass, as well as the chemistry 

behind the phenomena. This is especially important for the oxy-fuel co-firing of 

multiple solid fuels in fluidized beds; however, a vast knowledge gap still exists. 

Therefore, in this chapter, we carry out a special and in-depth study on nitrogen and 

sulfur pollutants. A comprehensive analysis of gaseous products and solid residues (fly 

ash, bottom ash, and silica sand) using various characterization techniques is performed. 

The effects of key operating parameters (such as biomass blending ratio (Mb) and excess 

oxygen coefficient (Ŭ)) and fuel characteristics on gas solid pollutant emissions, 

nitrogen and sulfur distribution and transformation, and the sulfur self-retention (SSR) 

process are investigated. In addition, the ash properties, mineral transformation, and 

deposition and agglomeration propensities are discussed.  

τȢς .ÉÔÒÏÇÅÎ ÏØÉÄÅÓ ÁÎÄ ÆÕÅÌȤ. ÃÏÎÖÅÒÓÉÏÎ 

As an atmospheric pollutant, nitrogen oxides cause acid rain and damage the ozone 

layer, which are extremely harmful to the natural environment and human health, and 

need to be urgently prevented. During the process of solid fuel fluidized bed combustion, 

the nitrogen oxides produced mainly include NOx and N2O, among which NOx is 

primarily NO, as well as a small amount of NO2. Such a classification refers to many 

research studies [120, 121]. In this study, the NO, NO2, and N2O concentrations in the 

flue gas were measured. For fluidized bed oxy-fuel combustion, not only the relatively 

low combustion temperature but also the oxidant of O2/CO2 (resulting in a quite low N2 

partial pressure) inhibits the formation of thermal NOx and prompt NOx. Therefore, it 

is well acknowledged in research (e.g., [30, 121]) that the prompt NOx and thermal 

NOx formation mechanisms are usually negligible in an oxy-fuel fluidized bed 

combustion system, and the oxidation of fuel-N is generally the major source of 

nitrogen oxides. 
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τȢςȢρ %ÆÆÅÃÔ ÏÆ ÂÉÏÍÁÓÓ ÂÌÅÎÄÉÎÇ ÒÁÔÉÏ 

 

(a) 

 

(b) 

Figure 4.1 Changes in NOx emissions at different Mb values: (a) NOx concentration 

in the flue gas (VNOx, ppm); (b) NOx discharged per unit heat input (mNOx, mg/MJ) 

 

Figure 4.1 and Figure 4.2 show the effects of the biomass blending ratio (Mb) on the 

nitrogen oxide emissions under Oxy-30 mode, including NOx and N2O concentrations 

in the flue gas (VNOx and VN2O, ppm) and NOx and N2O discharged per unit heat input 

(mNOx and mN2O, mg/MJ), respectively. First, the addition of biomass resulted in a 

significant reduction in both NOx and N2O emissions in terms of concentration and 



Chapter 4 

79 

 

mass produced per unit heat input of fuel. The results show that VNOx was lower than 

450 ppm in the case of co-firing of CL/BH and CS/BH, but the decrease in VNOx with 

increasing Mb was smaller when Mb was less than 20% or more than 70%. Similar 

phenomena were reported in another study [69], indicating that NOx emissions were 

barely affected by Mb when Mb was between 0% and 20%. As shown in Figure 4.2, 

when Mb =0%, 10% and 20%, VN2O showed little change; when Mb increased from 20% 

to 30%, VN2O presented a sudden decrease; and when Mb was greater than 30%, VN2O 

decreased slightly with Mb.  

 

(a) 

 

(b) 

Figure 4.2 Changes in N2O emissions at different Mb values: (a) N2O concentration in 

the flue gas (VN2O, ppm); (b) N2O discharged per unit heat input (mN2O, mg/MJ) 
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The mechanism of the effect of the biomass blending ratio on nitrogen oxide emissions 

is closely related to the physical and reaction properties of biomass fuels. From the 

perspective of physical composition, the nitrogen content of biomass is much lower 

than that of coal, which leads to the nitrogen content per unit heat input in the process 

of mixed combustion being lower than that of pure coal combustion. From the 

perspective of reaction characteristics, the predominant form of biomass combustion is 

through rapid oxidation of volatiles, while coal combustion undergoes short-term 

volatile oxidation and longer-term char oxidation. Therefore, when coal and biomass 

are simultaneously put into a fluidized bed, a large amount of volatile matter is rapidly 

released from the biomass (the volatile fraction content of biomass is also much higher 

than that of coal), consuming the oxygen in the bed and resulting in a reducing 

atmosphere near the dense phase zone, which inhibits the formation of NO from fuel-

N. At the same time, the faster oxygen consumption of the biomass and the slower 

burnout characteristic of coal result in less oxygen available for coal combustion, which 

promotes the generation of a large amount of CO from coal char and an increase in the 

amount of coal char in the suspension area. Therefore, the heterogeneous reduction of 

NO over char is enhanced via reactions R4-1 and R4-2. Here, R4-2 is catalyzed by char. 

Second, biomass particles are more likely to be distributed in the upper layer of coal in 

fluidized bed combustion because the terminal velocity of biomass is lower than that of 

coal due to its lower density. Biomass releases a large amount of volatile gases (mainly 

containing CO, CHi, NH3, etc.) during devolatilization. Among them, CH4 may react 

with NO to form HCN, and CO, NH3, and HCN can reduce NO via reactions R4-3 and 

R4-4. Therefore, NO from coal char oxidation can be reduced to N2 in the upper region 

of the fluidized bed, similar to the ñreburningò mechanism reported in other studies 

[100, 122-124]. In other words, biomass plays a role in reburning fuel to reduce NO 

generated from coal combustion. As discussed in Chapter 3, both CO and CH4 

emissions increased with increasing Mb. The higher CO and CH4 concentrations also 

indicated a stronger reducing atmosphere and a larger amount of char simultaneously 
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existing in the fluidized bed. Under these conditions, NOx production was suppressed 

(by R4-5), and reduction was promoted, thus reducing its emissions. 

2NO + 2C Ÿ N2 + 2CO                                                                          (R4-1) 

2NO + 2CO  N2 + 2CO2                                                                  (R4-2) 

2NO + 2CO ŕ N2 + 2CO2                                                                     (R4-3) 

NO + HCN/NH3 Ÿ N2 + CO2/H2O + H                                                 (R4-4) 

HCN/NH3 + O2 Ÿ NO + CO/H2O + H                                                  (R4-5) 

From the perspective of pollutant transformation mechanisms, volatile nitrogen is 

released as NH3 and HCN, which are the main precursors of NO formation, during the 

devolatilization of fuel [71, 96, 100, 121, 125-127]. Depending on the availability of 

oxygen and the content of volatile nitrogen, NH3 and HCN can be oxidized to NO by 

homogeneous reaction R4-5 or can be oxidized to N2 (while reducing NO) by 

homogeneous reaction R4-4 [66, 126, 128]. HCN is the main source of the 

homogeneous formation of N2O through gas-phase reactions R4-6 and R4-7, while NH3 

hardly forms N2O [121, 129]. The remaining char-N is heterogeneously oxidized by O2 

during combustion. The main products formed are NO and N2O, and a small amount of 

HCN may be released, accounting for up to 20% of char-N [121]. Oxidation of char-N 

is another important source for N2O heterogeneous generation through reactions R4-8 

and R4-9 [121, 130]. The destruction of N2O occurs mainly through homogeneous fast 

decomposition reactions (R4-10 and R4-11), the thermal decomposition of N2O (R4-

12), and the reduction reactions of N2O over char (R4-13 and R14).  

HCN + O Ÿ NCO + H                                                                           (R4-6) 

NCO + NO Ÿ N2O + CO                                                                       (R4-7) 

N(C) + OŸ NCO(C)                                                                              (R4-8) 

NCO(C) + NOŸ N2O + CO + C                                                            (R4-9) 

N2O + H Ÿ N2 + OH                                                                             (R4-10) 

N2O + OH Ÿ N2 + HO2                                                                        (R4-11) 

N2O (+ M) Ÿ N2 + O (+ M)                                                                  (R4-12) 
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2N2O + C Ÿ CO2 + 2N2                                                                        (R4-13) 

N2O + C Ÿ CO + N2                                                                             (R4-14) 

Most of the fuel-N in biomass is volatilized and converted to NH3, while the nitrogen 

in coal is more retained in the char, and the nitrogen-containing gas produced during 

the devolatilization of coal is mainly HCN, especially for high-rank coal [96, 121, 127]. 

As mentioned above, HCN reacts with NO to generate N2O through R4-6 and R4-7, 

while NH3 hardly forms N2O. Therefore, with the increase in Mb (i.e., the decrease in 

coal blending ratio), the generation of HCN (the main precursor of N2O homogeneous 

formation) is inhibited, leading to the suppression of N2O homogeneous generation as 

well. Moreover, the fuel-N in biomass is mainly volatile-N, and the increase in Mb also 

leads to a decrease in char-N in mixed fuel. As a result, the heterogeneous formation of 

N2O (R4-8 and R4-9) is inhibited. In addition, with the increase in Mb, the reducing 

atmosphere in the fluidized bed is enhanced and the reduction of N2O is promoted, 

while the temperature in the dilute phase region of the fluidized bed is increased (as 

discussed in Chapter 3), which also promotes the homogeneous decomposition of N2O. 

Therefore, the emission of N2O decreased with increasing Mb. 

 

(a) 
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(b) 

Figure 4.3 Changes in the conversion ratios from fuel-N to NOx and N2O at different 

Mb values 

 

Figure 4.3 shows the conversion ratios of fuel-N to NOx and N2O in the flue gas at 

different Mb values under the Oxy-30 combustion mode. The conversion ratios (XNOx 

and XN2O) are defined as E4-1 and E4-2. 
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It was observed that the conversion ratios of fuel-N to both NOx and N2O (XNOx and 

XN2O) decreased with increasing Mb. The residual-N in the bottom ash and fly ash were 

also measured in the experiments. The data show that the nitrogen content in the bottom 

ash was very low; the nitrogen content in the fly ash did not change significantly with 

Mb when oxy-fuel co-firing CL/BH; the nitrogen content in the fly ash was 0.48%, 

0.33%, and 0.21% at Mb = 0%, 30%, and 50%, respectively, when oxy-fuel co-firing 

CS/BH. These data indicate that as Mb increased, fuel-N was fully released and not 

retained in the solid phase (fly ash or bottom ash). Meanwhile, XNOx and XN2O decreased 
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as Mb increased. Therefore, this confirms that the addition of biomass has an inhibitory 

effect on the emissions of gaseous nitrogen oxides and promotes fuel-N release under 

oxy-fuel combustion mode. In other words, the reduction in nitrogen oxide emissions 

during co-combustion is not only due to the lower nitrogen content per unit heat input 

but also because of the synergistic effect of adding biomass. Previous studies [54] have 

shown that biomass blending could improve the combustion performance and fuel 

burnout owing to its high volatility and reactivity, thereby promoting fuel-N release. 

τȢςȢςȢ %ÆÆÅÃÔ ÏÆ ÆÕÅÌ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ 

The properties of the fuel itself also have an important impact on the generation and 

transformation of pollutants. Although the composition of different fuel species varies 

greatly, some parameter indicators can still be used for normalization analysis, such as 

VM/FC, O/N, and H/N. of the fuel. Therefore, this section discusses the correlation 

between fuel properties and pollutant emissions, and compares it with the data in 

relevant studies. 

In previous studies, there are still controversies about the relationship between NOx 

release behavior and nitrogen content. For example, Chen et al. [131] found that NOx 

emissions were positively correlated with fuel-N during coal combustion, while Li et 

al. [132] noted that the distribution of NOx emissions was relatively scattered, and there 

was no clear dependence on fuel-N during biomass combustion. Figure 4.4 shows the 

correlation of NOx emissions with fuel-N content in this experimental work. There was 

a positive correlation between them, i.e., the NOx emission level was closely related to 

the fuel-N content. Therefore, the fuel-N content can be used as a rough indicator of 

NOx emissions, and it also proves that the co-combustion conditions lead to lower NOx 

emissions as a direct result of the lower nitrogen content in the biomass fuel compared 

to coal. 
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Figure 4.4 Correlation of NOx emissions with fuel-N content 

 

Based on the discussion above, fuel volatility is a critical factor in NOx emission 

behavior. To further quantify the analysis, the correlation between NOx emissions 

(mNOx) and fuel volatility (VM/FC) is given in Figure 4.5, where VM/FC is defined as 

the ratio of volatile matter to fixed carbon content [122]. The data show that mNOx 

decreased rapidly as VM/FC increased, indicating a negative correlation between fuel 

volatility and NOx emissions. Similar conclusions have been drawn from experimental 

research on pure biomass combustion [122], and the data are also included in Figure 

4.5. The fitting equations between mNOx and VM/FC are listed as (A1) and (A2). In 

addition, some studies [19, 71] believe that the H/N ratio in the fuel is an indicator of 

the fuel nitrogen conversion ratio. The H/N ratio in biomass is higher than that in coal, 

resulting in a higher fuel nitrogen conversion ratio, i.e., the higher the H/N ratio of the 

fuel, the higher the fuel nitrogen conversion ratio; thus, they concluded that the increase 

in Mb increased NOx emissions because the H/N ratio of biomass was higher than that 

of coal. However, the experimental fluidized bed study [133] carried out by Konttinen 

et al. showed that there was no clear relationship between the CH/N ratio and fuel-N 

conversion. In the present study, no correlation between the two was found, possibly 

masked by the positive effect of the high volatility of the biomass on NOx reduction. 
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CL/BH: 971.2 ( / 0.547) 62.2y exp x= - + , 
2 0.94R =                                                             (A1) 

CS/BH: 253.6 ( / 0.486) 101.5y exp x= - + , 
2 0.89R =                                                           (A2) 

 

Figure 4.5 Correlation of NOx emissions with fuel volatility (VM/FC) 

 

Previous studies have shown that the O/N ratio in fuels has a significant impact on NO 

and N2O emissions. For example, Glarborg et al. [121] noted that the O/N ratio in fuel 

was important for NO/N2O formation selectivity. Aho et al. [134] found that the 

NO/N2O ratio increased with increasing fuel O/N ratio through a coal combustion 

experiment in an entrained flow reactor. Figure 4.6 shows the correlation between the 

ratio of XNOx to XN2O (XNOx/XN2O) and the fuel O/N molar ratio in this experiment. 

Overall, XNOx/XN2O at higher O/N ratios was larger than that at lower O/N ratios. 

Nitrogen in fuels mainly exists in two forms: aromatic structures and side chains. The 

fuel O/N molar ratio can be regarded as an index to characterize the ratio of nitrogen 

bound in side chains to that in aromatic structures [134]. During devolatilization, the 

nitrogen bound in aromatic structures tends to form HCN, while the nitrogen bound in 

side chains tends to form NH3. HCN is the main source of N2O homogeneous 

generation, while NH3 mainly forms NO or N2; therefore, the increase in the fuel O/N 

molar ratio led to a higher XNOx/XN2O ratio. 
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Figure 4.6 Changes in the ratio of XNOx to XN2O at different fuel O/N molar ratios 

 

τȢςȢς %ÆÆÅÃÔ ÏÆ ÅØÃÅÓÓ ÏØÙÇÅÎ ÃÏÅÆÆÉÃÉÅÎÔ 

The sufficiency of oxygen in fluidized beds is an important factor determining the 

formation and emission of nitrogen oxides. The effect of the excess oxygen coefficient 

Ŭ on the emission and conversion ratio of NOx and N2O (including VNOx, mNOx, XNOx, 

VN2O, mN2O, and XN2O) was studied, as shown in Figure 4.7. The results show that with 

increasing Ŭ, the emission and conversion ratio of nitrogen oxides (NOx and N2O) 

increased. This is because an increase in Ŭ implies that more sufficient oxygen is 

provided, which promotes the oxidation of precursors HCN and NH3 to NOx and N2O 

(as shown in reactions R4-5, R4-6, and R4-7); it also means an increase in the inlet flow 

rate of the fluidized bed and an enhanced gas solid turbulence, which brings the fuel 

particles into fuller contact with oxygen and promotes the release of fuel nitrogen by 

heterogeneous oxidation. In addition, increasing Ŭ leads to a lower CO concentration in 

the fluidized bed and promotes char burnout, which weakens the homogeneous and 

heterogeneous reduction of NOx (as shown in reactions R4-1, R4-2, R4-3, R4-13, and 

R4-14). 
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(a) 

 

(b) 

Figure 4.7 Effect of excess oxygen coefficient Ŭ on the emission and conversion ratio 

of NOx and N2O  

 

Studies on the effect of the excess oxygen coefficient Ŭ on N2O generation and 

emissions when co-firing different solid fuels in fluidized beds are very limited, 

especially under oxy-fuel combustion conditions. In previous research, Xie et al. [100] 

noted that the excess air ratio had no significant effect on N2O emissions in an air 

combustion fluidized bed, while Wang [64] indicated that N2O emissions increased with 

an increase in the excess oxygen coefficient in an oxy-fuel combustion fluidized bed. 
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In the present experiment, as shown in Figure 4.7(b), an increase in Ŭ increased the N2O 

concentration and conversion ratio, especially when Ŭ increased from 1.10 to 1.25. 

τȢσ 3ÕÌÆÕÒ ÏØÉÄÅÓ ÁÎÄ ÆÕÅÌȤ3 ÃÏÎÖÅÒÓÉÏÎ 

During oxy-fuel co-firing of coal and biomass in fluidized beds, the release and 

transformation of fuel-S is an interesting and noteworthy aspect because it involves the 

formation of gaseous sulfur compounds and interactions between sulfur and other 

elements in fuels, thereby affecting the emission of pollutant SOx and ash-related 

problems, such as slagging and agglomeration. For example, the presence of sulfur 

promotes the reactions between sulfur oxides and alkali chlorides, yielding chlorine-

free deposits, thus decreasing the risk for chlorine-induced corrosion [70]. This section 

explores the effects of operating parameters on SO2 emissions, sulfur conversion and 

distribution, and the sulfur self-retention (SSR) process based on a comprehensive 

analysis of flue gas and ash. 

In solid fuel-fired fluidized beds, Fuel-S is the only source of the final gaseous and solid 

sulfur products. Despite the differences in the existing form and reactivity, sulfur in coal 

and biomass is found in both inorganic and organic sulfur compounds [135,136]. Sulfur 

in coal mainly exists in the form of organic sulfur, pyrite sulfur, sulfate sulfur, and 

elemental sulfur. At low temperatures, easily decomposed organic sulfur (such as 

mercaptan, thioether, and sulfones) and part of pyrite sulfur first decompose and oxidize 

to SO2. As the temperature increases, large amounts of pyrite sulfur and refractory 

organic sulfur (such as thiophene and its derivatives) also begin to decompose and burn. 

The organic sulfur in biomass, mainly existing in the form of sulfur-containing amino 

acids and sulfur lipids, is released during devolatilization at low temperatures. At high 

temperatures, inorganic sulfur decomposes through interactions with the char matrix.  

During the devolatilization stage, the dominant gaseous sulfur compound released is 

H2S, which is then oxidized to SO2; more fuel-S is oxidized to SO2 through the char 
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combustion process [137]. Sulfate sulfur is usually not decomposed and released at the 

typical operating temperature of fluidized beds (800ï900 ÁC). Therefore, for coal and 

biomass (coï) combustion, SO2 is the predominant gaseous sulfur product in the flue 

gas. A small amount of SO2 is further oxidized to SO3, which usually depends on free-

radical reactions and the catalysis of Fe2O3 in ash [138]. The concentration of H2S can 

be ignored under oxygen-enriched conditions. 

τȢσȢρ %ÆÆÅÃÔ ÏÆ ÂÉÏÍÁÓÓ ÂÌÅÎÄÉÎÇ ÒÁÔÉÏ 

In an oxy-fuel fluidized bed, a complex and interesting question is whether the co-firing 

of different fuels (coal and biomass) achieves synergistic effects in terms of SO2 

emissions, SSR processes, and ash deposition. Figure 4.8 shows the effect of the 

biomass blending ratio on the SO2 concentration in the flue gas (VSO2, ppm) and SO2 

discharged per unit heat input (mSO2, mg/MJ). The data show that VSO2 and mSO2 

decreased gradually with an increase in Mb. The addition of biomass played a significant 

role in reducing SO2 emissions.  

 

(a) 



Chapter 4 

91 

 

 

(b) 

 

(c) 

Figure 4.8 Changes in SO2 emissions at different Mb values: (a) VSO2, CL/BH and 

CS/BH, P = 0.1 MPa; (b) mSO2, CL/BH and CS/BH, P = 0.1 MPa; (c) VSO2 and mSO2, 

CS/BH, P = 0.1 and 0.2 MPa 

 

The direct reason is that the sulfur content of biomass is much lower than that of coal, 

and the amount of sulfur per unit heat input during co-firing is lower than that during 

coal combustion. In addition, co-firing coal and biomass can enhance the sulfur self-

retention (SSR) effect to promote SO2 capture. 

The SSR process, that is, the sulfation reaction of alkali and alkaline earth metals 

(AAEMs, such as Ca, K, and Na) in fuels with SOx (including SO2 and SO3) released 

by fuel-S to form sulfate, effectively recaptures sulfur in ash. According to Gruborôs 
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study on the single-particle SSR mechanism [137], in the char combustion process, the 

SO2 generated from fuel-S diffuses outwards through the char particle pores, during 

which part of the SO2 reacts with alkali compounds and is thus retained in the ash. In 

fact, in a fluidized bed, an ash particle can capture not only the SO2 generated from its 

parent fuel particles but also the SO2 released by other fuel particles. 

The promotion of SSR by co-combustion is related to the different compositions, 

morphological structures, and combustion characteristics of biomass. First, compared 

to coal, the relative content of AAEMs (such as Ca and K) in the biomass is higher. For 

example, the Ca/S molar ratio is 0.84 for bituminous coal and 4.29 for rice husk biomass. 

With an increase in Mb, the Ca/S and K/S molar ratios of the fuel increase; therefore, 

sulfur retention is promoted by sulfation reactions (e,g., R4-15ïR4-20) [69]. Second, it 

was shown in Chapter 3 that fly ash had a more porous structure, and its specific surface 

area and pore volume both increased as Mb increased from 0% to 50%. Such a 

morphological structure is conducive to the adsorption of SO2 by fly ash, thereby 

enhancing the SSR effect [138]. Third, co-firing has a synergistic effect on the 

occurrence of SSR because coal and biomass have different combustion rates. From the 

perspective of the single-particle SSR process, for only coal combustion, the 

devolatilization process is not conducive to the occurrence of SSR [102, 137] because 

the H2S released during devolatilization is oxidized to SO2 outside the parent char 

particles, reducing the chance of SO2 being captured by alkali compounds (produced 

by char combustion, such as organic Ca oxidization to CaO). However, during co-firing, 

the combustion rate of biomass (including the devolatilization rate) is faster than that 

of coal, so the alkali compounds in biomass char or ash can capture the SO2 released 

by coal devolatilization in advance. 

CaO + SO3 Ÿ CaSO4                                                                            (R4-15) 

CaCO3 + SO3 Ÿ CaSO4 + CO2                                                            (R4-16) 

2CaO + 2SO2 + O2 Ÿ 2CaSO4                                                              (R4-17) 

2CaCO3 + 2SO2 + O2 Ÿ 2CaSO4 + 2CO2                                             (R4-18) 
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2KCl + SO2 + 1/2O2 + H2O Ÿ K2SO4 + 2HCl                                     (R4-19) 

2KCl + SO3 + H2O Ÿ K2SO4 + 2HCl                                                   (R4-20) 

Oxy-fuel co-firing of coal and biomass can not only reduce SO2 emissions but also 

alleviate the deposition and corrosion problems caused by KCl in the boiler because 

KCl can be converted into less harmful K2SO4 through the sulfation reaction with SOx 

(R4-19, R4-20) [139]. 

 

(a) CL/BH and CS/BH, P = 0.1 MPa 

 

(b) CS/BH, P = 0.2 MPa 

Figure 4.9 Changes in the conversion ratios of fuel-S to sulfur products at different 

Mb 

 


















































































































































