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Abstract 
 

Prior to the (co-)combustion studies, “cold-state” hydrodynamic tests were 

performed to determine the possible hydrodynamic characteristics and regimes used for 

the following-up co-firing experiments. From the cold state hydrodynamic study, the 

static bed height of 30 cm can be recommended for the co-firing experiments, as ensuring 

stable fluidization of the bed (at reasonable umff) at a sufficient amount of the bed 

material, high enough to sustain ignition and combustion of biomasses in the combustor.  

In the main co-combustion study, three case studies with different objectives were 

performed including (i) co-firing of PKS and EFB, (ii) co-firing of PRH and MRH, and 

(iii) co-firing of PCR and EB.  

This Project is aimed at studying the potential of fuel staging and the reburning 

technology for reducing NOx emissions of a fluidized-bed combustor co-firing biomass 

fuels. Palm kernel shell (PKS), pelletized rice husk (PRH), and pelletized cassava 

rhizome (PCR) with elevated fuel-N were selected as base (primary) fuel, whereas high 

moisture/low-calorific biomasses, oil palm empty fruit bunch (EFB), moisturized rice 

husk (MRH), and eucalyptus bark (EB), were used as reburn (secondary) fuel. Four 

groups of experiments, for (i) individual (conventional) combustion of the selected fuels, 

(ii) co-combustion of the pre-mixed fuels (with conventional air supply), (iii) co-

combustion of the selected biomasses using fuel staging (with conventional air supply), 

and (iv) co-combustion of the selected biomass fuels using reburning technology, were 

performed on a cone-shaped bed (referred to as “conical FBC) fluidized-bed combustor 

using silica sand/alumina sand/silica sand and alumina sand mixture as bed material. The 

experimental tests for (co-)firing/reburning tests conducted at similar heat input (200 

kWth) to the reactor, while ranging mass/energy fraction of the fuels, excess air and 

secondary-to-total air ratio (the latter being applied during reburning).  

In the first case study, PKS and EFB was co-fired in a fuel staged fluidized-bed 

combustor using mixtures of alumina sand (AS) and silica sand. This case study aimed at 

(i) to assess the optimal mass/energy fraction of the co-fired fuels in the total fuel supply 

and the optimal amount of excess air for the PKS/EFB co-firing, (ii) to study the effects 

of fuel staging, excess air, and bed material type on the combustion and emission 

characteristics of the conical FBC, and (iii) to investigate the influence of the AS/SS ratio 

on the physiochemical conditions of the selected bed mixtures at different operating 

times. As revealed in this study, energy fraction of empty fruit bunch of ∼0.15 and excess 

air value of 55% were optimal for co-firing PKS and EFB reducing 25–35% NO emission 

compared to individual firing of palm kernel shell. By using AS/SS bed mixtures with a 

prevailing proportion of rather expensive AS, bed agglomeration can be prevented for a 

relatively long operating time. However, the AS/SS beds exhibited time related 
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alterations in physiochemical characteristics. With a higher SS content in the AS/SS 

mixture, the NO emission somewhat increased, mainly because of the lowered catalytic 

activity of the bed for the NO–CO reaction, whereas the bed material showed a 

diminished capability to withstand bed agglomeration. 

The second case study was fluidized bed co-combustion of PRH and MRH, 

focusing on the effects of co-combustion methods on combustion and emission 

performance of the combustor. An optimization analysis was performed to determine the 

optimal EF2, EA, and SA/TA, leading to minimal emission costs of the applied co-firing 

techniques. EF2=0.15 and EA=45% was optimal for co-combustion of the pre-mixed 

fuels, as well as for their co-firing using fuel staging, while EF2=0.15, EA=50%, and 

SA/TA=0.25 are most appropriate when co-firing the fuels using a reburning method. 

Under optimal operating conditions, the combustor ensures high (∼99%) combustion 

efficiency and reduced NO emission: by about 13% when co-firing pre-mixed fuels, by 

37% for the fuel-staged co-combustion, and by 53% when using reburning, as compared 

to burning the base fuel alone. However, some increase in the CO and CxHy emissions 

was observed when using the proposed co-firing techniques.  

The third case study was aimed at studying the combustion efficiency and 

emissions of a fluidized-bed combustor co-fired with PCR and EB, using: (i) fuel staging 

(at bottom air injection) and (ii) a reburning technique, to reduce NO emission from the 

combustor. Silica sand (SS), alumina sand (AS), and a mixture of both were employed as 

the bed material in this combustor to investigate the potential of the bed materials in 

preventing bed agglomeration for a relatively long time.  With fuel staging and reburning, 

the combustor operated under optimal conditions can decrease the NO emission by 20% 

and 50%, respectively. However, when using silica sand as the bed material, a small 

proportion of agglomerates is formed in the bed during 8 h of combustor operation for 

both co-firing methods. With alumina sand and alumina–silica sand mixture (alternative 

bed materials), bed agglomeration can be prevented in the combustor for a relatively long 

operational time. However, both alternative bed materials show time-domain changes in 

their physiochemical characteristics, pointing at a gradual decrease of the bed capability 

to withstand agglomeration, mainly due to continuous carryover of fine alumina-rich 

particles (generated in the fluidized bed in collisions and attrition of the AS grains) from 

the combustor. 

 

Keywords: Biomass, Fluidized-bed combustion, Co-firing techniques, NO emission 

reduction, Bed agglomeration prevention. 

  



iv 

 

Executive Summary  

Project Title: Experimental Studies on Fuel Staging and Reburning Technology 

for Reducing NOx Emissions of a Fluidized-Bed Combustor Co-Firing Biomass Fuels 

Principal Investigator: Prof. Vladimir Kuprianov (D. Eng.) School of 

Manufacturing Systems and Mechanical Engineering (ME Program), Sirindhorn 

International Institute of Technology, Thammasat University 

Email. ivlaanov@siit.tu.ac.th 

Project budget: 1,500,000 Baht 

Duration: 2 years (from May, 31, 2016 to May 31, 2018) 

 

Objective: This research Project (study) was aimed at investigating the potential 

 

Methods: A “cold-state” hydrodynamic study was conducted on a special 

experimental rig with cone-shaped bed to determine the possible hydrodynamic 

characteristics and regimes used for the following-up co-firing experiments. The total 

and benefits of the fuel-staged and reburning technologies for reduction of highly-

hazardous NOx emissions when burning biomass with elevated fuel-N (as main fuel) in a 

fluidized-bed combustion system at maximum possible fuel conversion into energy. 

Developing recommendations on the optimal operating parameters, ensuring the highest 

combustion efficiency of the combustor and maximum NO emission reduction when 

using the fuel-staged and reburning technologies, was among the main objective of the 

study. The effects of (i) the combustion method, (ii) fuel properties (e.g., moisture, fuel-

N, and volatile matter of both fuels), and (iii) operating conditions (excess air, proportion

 of primary and secondary/reburning fuel, and air staging when reburning) on formation

 and oxidation/reduction of major gaseous pollutants (CO, CxHy, and NO) in distinct

 reactor regions, as well as on the emissions and combustion efficiency of the biomass-

fueled combustor was investigated. Special attention was given to the effects of the 

selected co-firing methods on physiochemical conditions of the bed material at different 

operating times.  
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pressure drop across a distributor–bed system was measured for variable superficial air 

velocity by using U-tube manometer with two static pressure probes. 

During the tests, temperature was recorded at different points along the reactor 

centerline and at stack, using eight stationary Chromel-Alumel thermocouples. In each 

trial at fixed operating conditions, O2, CO, CxHy as CH4, and NO are measured along the 

combustor height and at stack using a new model “Testo-350” gas analyzer. 

To understand the interaction mechanism between the selected bed material and 

fuel ash during long term co-firing tests, a SEM–EDS: JEOL, JSM-6610LV scanning 

In the co-firing experiments, palm kernel shell (PKS), pelletized rice husk (PRH), 

and pelletized cassava rhizome (PCR) with elevated fuel-N were selected as base 

(primary) fuel, whereas high moisture/low-calorific biomasses, oil palm empty fruit 

bunch (EFB), moisturized rice husk (MRH), and eucalyptus bark (EB), were used as 

reburn (secondary) fuel. Four groups of experiments, for (i) individual (conventional) 

combustion of the selected fuels, (ii) co-combustion of the pre-mixed fuels (with 

conventional air supply), (iii) co-combustion of the selected biomasses using fuel staging 

(with conventional air supply), and (iv) co-combustion of the selected biomass fuels 

using reburning technology, were performed on a cone-shaped bed (referred to as 

“conical FBC) fluidized-bed combustor using silica sand/alumina sand/silica sand and 

alumina sand mixture as bed material. The experimental tests for (co-)firing/reburning 

tests conducted at similar heat input (200 kWth) to the reactor, while ranging mass/energy 

fraction of the fuels, excess air and secondary-to-total air ratio (the latter being applied 

during reburning). To study the effects of excess air on the combustion and emission 

characteristics, each Case Study includes test groups for four percentages of excess air: 

20%, 40%, 60%, and 80%. In the reburning tests, the secondary-to-total air ratio (SA/TA) 

is another important parameter. at each (fixed) EA, the reburning tests were performed 

for four secondary-to-total air (SA/TA) ratios: 0.1, 0.2, 0.3, and 0.4. 

To determine the optimal operating variables, ensuring minimal "external" costs 

of the combustor for the selected co-firing options, a cost-based optimization method was 

applied in this work. 
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electron microscope (SEM), integrated with an energy dispersive X-ray spectrometer 

(EDS), was used to examine the physiochemical characteristics of individual grains 

sampled from the bed at the end of co-firing testing with different bed materials. The 

objectives of the SEM−EDS test were to investigate the distribution of coatings (or that 

of binding materials in agglomerates, if any) over the bed particle surface, and determine 

the elemental composition of the coating at some selected spots on a bed particle. An X-

ray fluorescence (XRF) system was employed to observe the time-related variation in the 

chemical composition of the used/reused bed materials (AS and AS/SS mixture), as well 

as that of PM. 

 

Results and Outputs: The static bed height of 30 cm can be recommended for 

the co-firing experiments, as ensuring stable fluidization of the bed (at reasonable umff) at 

a sufficient amount of the bed material, high enough to sustain ignition and combustion 

of biomasses in the combustor.  

 

 

The findings revealed that, the effects of operating parameters, such as the energy 

fraction of secondary/reburn fuel in the total fuel supply (EF2), excess air (EA), and the 

secondary-to-total air ratio (SA/TA) in the reburning tests, on the combustion and 

emission characteristics of the combustor were noticeable. The selected co-firing 

techniques create reducing conditions for NO (due to substantial CO and CxHy) in the 

primary and secondary/reburn zones. Under optimal operating condition, NO emission 

reduction by 50% was achievable. With alumina sand and alumina–silica sand mixture 

(alternative bed materials), bed agglomeration can be prevented in the combustor for a 

relatively long operational time. However, both alternative bed materials show time-

domain changes in their physiochemical characteristics, pointing at a gradual decrease of 

the bed capability to withstand agglomeration, mainly due to continuous carryover of fine 

alumina-rich particles (generated in the fluidized bed in collisions and attrition of the AS 

grains) from the combustor. 
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Chapter 1 

Introduction 

1.1 Rationale of the study 

In Thailand, over 60% of the primary energy demand is covered by energy 

imports. Since local fossil fuels and hydropower resources are limited, the country has 

developed a roadmap entitled as the “Renewable and Alternative Energy Development 

Plan (AEDP 2012–2021)” aiming at a substantial (by 25%) increase of energy production 

from domestic alternative energy resources within the nearest ten years. According to this 

plan, the total installed capacity of biomass-fuelled power generating facilities is 

expected to increase up to 3600 MWe by the year 2021 (DEDE, 2015). 

Biomass is the main renewable energy resource in Thailand because of the 

agricultural foundation of this country. Annually, the Thai agricultural and forest-related 

sectors generate a tremendous amount of various biomass residues and wastes showing 

great potential as a fuel in direct combustion systems, or, alternatively, as raw material 

for production of biofuels. Table 1.1 summarizes the energy potential of the biomass 

available in Thailand for the year 2017. It can be seen in Table 1.1 that the total annual 

energy potential of Thai biomass residues and wastes is high, accounting for 38,367.9 

ktoe (equivalent to 1606 PJ) (DEDE, 2017). Thus, effective utilization of various types of 

biomass for energy production in this country can promote the energy security and 

diversification of energy sources in the domestic energy-related sectors. 

As known, biomass as fuel for heat and power generation offers a number of 

advantages compared to fossil fuels from both technological and environmental points of 

view. Sustainable agricultural biomass residues produced by the Thai agricultural sectors 

on a large scale can be treated as CO2-neutral with regard to their combustion, i.e., 

reducing the CO2 net emission from the domestic power generation. Another apparent 

benefit of biomass utilization through combustion is a quite low emission of SO2, usually 

due to insignificant sulphur content in biomass (Werther et al., 2000). 
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For effective and environmental-friendly utilization of biomass, highly efficient 

energy conversion technologies are required. Among proven combustion technologies 

(such as grate-fried, suspension-fired and fluidized bed systems), fluidized-bed 

combustion systems (combustors and boiler furnaces) have been considered as most 

Source Biomass residues and 

wastes 

Biomass energy potential 

ktoe PJ 

Industrial sugarcane Top and trashier 7251.6 303.6 

Bagasse 5021.9 210.3 

Rice Paddy husk 2364.5 99.0 

Straw 11931.5 499.5 

Maize Stalk, top, and leaves 1588.9 66.5 

Cob maize 352.9 14.8 

Cassava Stalk 1361.6 57.0 

Root 1058.2 44.3 

Oil palm Frond 1167.9 48.9 

Fiber 1250.7 52.4 

Shell 1343.5 56.3 

Empty fruit bunch 1183.3 49.5 

Coconuts Shell 88.9 3.7 

Husk 182.8 7.7 

Frond, empty bunch 171.3 7.2 

Soybeans Stalk, leaves, shell 17.2 0.7 

Para rubber Char coal 914.7 38.3 

Fuel wood 422.9 17.7 

Frond and leaves 136.6 5.7 

Sawdust 39.5 1.7 

Pineapple Stalk 477.0 20.0 

Total 38367.9 1606.4 

Source: DEDE. (2017) 

Table 1.1 

Energy potential of major biomasses of Thailand in 2017.
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The fuel-staged combustion methods, such as fuel biasing and reburning, have 

been proposed to reduce NOx in various combustion systems (co-)fired with 

coal/biomass. When using fuel biasing (a type of fuel staging), a base fuel is injected into 

the main combustion zone, whereas the rest of the fuel (or another fuel) is added 

Co-firing (or co-combustion) of two or more fuels with different properties is one 

of the most effective ways of improving emission performance of a combustion system, 

while maintaining its combustion efficiency at a relatively high level. Some related 

studies on grate-firing, pulverized fuel-firing, and cyclone-firing systems, as well as with 

fluidized-bed combustion techniques, revealed that co-firing is flexible for fuel type 

(coal, biomass, RDF, combustible wastes, etc.) and combustion method (Nussbaumer,

 2003; Salzmann and Nussbaumer, 2001), but was affected by the technique of fuel

 injection into a combustor (or furnace).  

A large number of studies on the co-firing of coal and biomass, commonly burned 

as a blended feedstock in modified pulverized coal-fired boilers, have reported a reduced 

2006). Quite limited information regarding the co-firing of biomass with another biomass 

in a single fluidized-bed combustion system is reported in the literature. However, some 

pilot studies revealed that biomass–biomass co-firing systems can effectively utilize 

problematic fuels (e.g., with unacceptable emission characteristics and/or very low 

calorific value) with lower emissions of NOx, compared to firing a base fuel 

(Chakritthakul and Kuprianov, 2011; Kuprianov et al., 2006). 

(net) production of CO2, as well as a noticeable reduction in NOx and SO2 emissions, 

compared to burning coal on its own (Sahu et al., 2014; Sami et al., 2001; Turn et al., 

appropriate for converting biomass into energy, mainly due to some important advantages 

over great firing and pulverized-fuel firing systems, such as fuel flexibility, excellent 

mixing characteristics, relatively low temperature, thermal homogeneity, low pollutant 

emissions, and high combustion efficiency (Chyang et al., 2008; Permchart and 

Kouprianov, 2004; Werther et al., 2000). However, combustion of some agricultural 

wastes, particularly with elevated fuel-N, is often accompanied by elevated NO emission 

(Akpulat et al., 2010; Madhiyanon et al., 2006; Qian et al., 2011; Vamvuka et al., 2012). 
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1.2 Objectives of the project 

The main goal of this research project is to investigate the potential and benefits 

of the fuel-staged and reburning technologies for reduction of highly-hazardous NOx 

downstream of the primary zone with no air supply (Baukal, 2001). As a result, chemical 

reactions occurring in the secondary zone generate precursors (radicals) to participate in 

the reduction of NOx previously formed in the primary zone. A recent study on the co-

firing of palm kernel shell (primary fuel) and high-moisture empty fruit bunch (secondary 

fuel) in a fluidized-bed combustor has revealed a 35% NO emission reduction that can be 

achieved via the use of fuel-staged combustion with bottom air injection. However, the 

NOx reduction level depends on the mass/energy share of the secondary fuel and excess 

air (Suheri and Kuprianov, 2015). 

A reburning method has been suggested as one of the most effective solutions to 

reduce NOx emissions from different combustion systems. This method is, in effect, a 

combination of fuel staging and air staging (Nussbaumer, 2003). The relevant processes 

basically occur within three sequent zones of the reactor: (i) primary zone where primary 

(main) fuel burns, (ii) reburn zone where the reburn (secondary) fuel is injected into the 

reactor to create a fuel-rich conditions resulting in a reduction of NOx formed in the 

preceding zone, and (iii) burnout zone, where the burnout (secondary) air is introduced 

for achieving complete combustion (Smoot et al., 1998). The reburning method has been 

extensively studied on large-scale pulverized coal-fired boilers and grate-fired biomass-

fueled systems, with different types of reburn fuel. Some pioneering studies have 

reported up to 70% NOx reduction that can be achieved with this method, with no 

adverse effects on the operation of a combustion system (Harding and Adams, 2000; 

Salzmann and Nussbaumer, 2001; Smoot et al., 1998).  

As follows from the literature review, there remains a lack of knowledge 

regarding to the fuel staging and reburning in fluidized-bed combustion systems using 

biomass as primary and secondary/reburn fuels. Research studies on application of these 

combustion technologies for effective and low-NOx utilization of domestic biomasses are 

therefore required.  
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- to investigate the effects of (i) the combustion method, (ii) fuel properties (e.g., 

moisture, fuel-N, and volatile matter of both fuels) and (iii) operating conditions (excess 

air, proportion of primary and secondary/reburning fuel, and air staging when reburning) 

on formation and oxidation/reduction of major gaseous pollutants (CO, CxHy, and NO) in 

distinct reactor regions, as well as on the emissions and combustion efficiency of the 

biomass-fueled combustor; 

- to investigate the effects of fuel staging and reburning on physiochemical 

conditions of the bed material at different operating times;  

- to quantify and compare the NO reduction efficiency between the fuel-staged 

and reburning combustion methods for specified ranges of operating conditions; 

-  to provide recommendations on the optimal operating parameters ensuring the 

highest combustion efficiency of the combustor and maximum NO emission reduction 

when using the fuel-staged and reburning technologies; 

1.3 Scope of the study 

The limitations of the study are as follows: 

- to perform four experimental test series on the combustor for: (i) conventional 

fluidized-bed combustion of individual (primary/secondary/reburning) biomass fuels, (ii) 

co-combustion of the pre-mixed fuels using conventional air supply (iii) co-combustion 

of the fuels using fuel staging (i.e., injection of these fuels into the combustor at different 

levels) and conventional (bottom) air supply, and (iv) co-combustion of the fuels using 

reburning technology (integrating fuel staging and air staging); 

- to provide a state-of-the-art on recent and ongoing  achievements in 

developing/improvement of the NO emission reduction technologies. 

emissions when burning biomass with elevated fuel-N (as main fuel) in a fluidized-bed 

combustion system at maximum possible fuel conversion into energy.  

           The objectives pursued in this research project are as follows:  

  - to modify the fluidized-bed combustor for the co-firing two (primary and 

secondary/reburning) biomass fuels using the fuel-staged and reburning combustion 

methods;  
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- a fluidized-bed combustion technique (the conical FBC) is solely used to 

achieve the work objectives; 

- different analytical/measuring techniques, such as a thermogravimetric analysis 

(TGA) system, a scanning electron microscope integrated with an energy dispersive X-

ray spectrometer (SEM–EDS), an X-ray fluorescence (XRF) technique, and a heat flux 

meter (sensor) are employed in this research.   

 

 

  

- palm kernel shell, pelletized rice husk, and pelletized cassava rhizome were used 

as primary fuel, while oil palm empty fruit bunch, moisturized rice husk, and eucalyptus 

bark were used as secondary/reburn fuel; 

- an experimental part of the Project includes four test series (i) conventional 

fluidized-bed combustion of individual biomass fuels, (ii) co-combustion of the pre-

mixed fuels using conventional air supply, (iii) co-combustion of the fuels using fuel

 staging (i.e.,  injection of these fuels  into the  combustor  at  different  levels) 

with  conventional  (bottom)  air  supply,  and  (iv)  co-combustion  of  the  fuels  using 

reburning technology (integrating fuel staging and air staging). For comparability, all 

test series were performed at a constant heat input to the conical FBC, 200 kWth; 

- bed materials (silica sand/alumina sand) of the 300–500 µm particle size were 

used as inert bed material in the conical FBC; 
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Chapter 2 

Literature Review 

2.1 Hydrodynamic regimes and characteristics of tapered and conical fluidized-bed 

reactor using a single bed material 

Hydrodynamic characteristics of a gas-solid fluidized bed are important input data 

for optimal design and operation of a fluidized-bed combustion system. These 

characteristics are basically used: (i) to determine the best configuration, (ii) to select 

proper auxiliary equipment for a combustion system, and (iii) to quantify a possible range 

of operating conditions of the system (Kaewklum and Kuprianov, 2008). 

A large number of studies on modeling of hydrodynamic characteristics of gas–

solid fluidized bed (such as the minimum fluidization velocity and the pressure drop 

across the bed) have been devoted to columnar (cylindrical and prismatic) 

reactors/devices operated under "cold" (ambient) conditions. Depending on properties 

and characteristics of the bed material and those of a fluidizing agent, the behavior of a 

columnar fluidized bed is represented by different fluidization types, the major of them 

being bubbling, slugging, channeling and jetting (Geldart, 1973; Kunii and Levenspiel, 

1991). 

Though the conventional (i.e., columnar) fluidized-bed systems have been widely 

used in various industrial applications, there are some inherent drawbacks, such as 

channeling/slugging behavior (especially, at high superficial gas velocity) deteriorating 

the gas-solid mixing quality of a fluidized bed. In cylindrical/prismatic fluidized beds 

with significant diameter and height, pressure at the bed bottom plane is much greater 

than that at the bed top. So, fluidizing gas tends to expand when rising through the bed. 

As a result, the gas velocity increases continuously along the bed height and reaches its 

maximum at the bed top, leading eventually to a pressure fluctuation in the bed (Shi et 

al., 1984). 

Compared to conventional fluidized beds, the hydrodynamic characteristics of 

non-cylindrical (tapered and conical) fluidized beds are reported to be quite different. In a 
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tapered/conical fluidized bed, the cross-sectional area of the bed increases along the bed 

height. This bed geometry results in a reduction of the gas velocity along the axial 

distance in the bed, and consequently, an insignificant pressure drop across the bed and 

therefore smooth bed behavior (Shi et al., 1984; Peng and Fan, 1997; Li et al., 2003). 

Peng and Fan (1997) investigated the fluidization regimes and characteristics of 

spherical glass beads of 1.2 mm diameter fluidized by water in a tapered bed. Fig. 2.1 

depicts the flow regimes and the appearance at different stages of the bed behaviors. With 

increasing fluidizing velocity (u) related to the bottom plane of the bed, five sequent 

hydrodynamic regimes were observed in this liquid-solid bed: (1) the fixed-bed regime 

(when all bed particles were unmoved), (2) the partially fluidized-bed regime (when the 

Particles

In flow In flow In flow

In flowIn flow

Out flow Out flow
Out flow

Out flow Out flow

Fluidized region

Fixed region

hump

Core

Zig-zigging

core

Annulus

Oscillating

hump

(I) Fixed Bed; O    A (II) Partially Fluidized Bed; A    B, A    B.

(iv) Transition Regime; C   D, C   D (iv) Turbulently Fluidized Bed; D   E, D   E

(III) Fully Fluidized Bed; B    C, B    C.

(a) (c)

(d) (e)

(b)

 

Fig. 2.1 Flow regimes in a tapered fluidized bed: (a) fixed-bed regime, (b) partially 

fluidized-bed regime, (c) fully fluidized-bed regime, (d) transition regime, and (e) 

turbulent fluidized-bed regime (Peng and Fan, 1997). 
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bed particles close to the air distributor were fluidized, while the particles in upper bed 

layers were still unmoved), (3) the fully fluidized-bed regime (when the bed particles 

were fluidized in all bed layers), (4) the transition regime (showing a gradual change to 

the turbulent bed behavior), and (5) the turbulent fluidized-bed regime. The magnitude of 

the net pressure drop (–ΔPN) as a function of the superficial fluid velocity (u) at the bed 

inlet is shown in Fig. 2.2, along with the hydrodynamic characteristics for two 

experimental procedures: (1) for bed fluidization and (2) bed defluidization.  

In the test for bed fluidization, with increasing u within the fixed-bed regime 

(O→A), the net pressure drop across the bed increased until its maximum value, ΔPmax, 

was attained. However, in this regime, the bed was characterized by constant voidage 

across the bed volume and unchanged height, as illustrated in Fig. 2.1a. At critical Point 

A, the lowest layer of the bed began to fluidize (see Fig. 2.1b). The superficial fluid 

velocity, starting to the partially fluidized bed regime, was termed the minimum velocity 

of partial fluidization (umpf). In the partially fluidized-bed regime (A→B), the bed 

particles moved freely in the bottom bed region, where the bed voidage was greater than 

that in the upper (fixed-bed) region. With increasing u, the pressure drop reduced from –

ΔPmax to –ΔPb at Point B (as illustrated in Fig. 2.2), where the fully fluidized-bed regime 

started its occurrence. The corresponding superficial fluid velocity at Point B was termed 

the minimum velocity of full fluidization (umff). At this point, the entire bed was involved 

in fluidization, exhibiting a random appearance of small-size bubbles (splashes) on the 

bed surface. In the fully fluidization regime (path B→C), with increasing u in the range 

greater than umff, the net pressure drop stayed (almost) constant. At this stage, the 

fluidizing fluid released from the bed through the hump, formed on the top surface of the 

bed. When this occurred, the particles in the central zone of the bed accelerated in the 

upward direction, thus forming a core region with a relatively large voidage, while the 

particles in the peripheral zone moved downward at a rather low speed, forming the 

annulus of a lower voidage compared to the central zone, as shown in Fig. 2.1c. As 

observed during the transition regime of the bed (C→D), when u reached Point C, the 

hump started oscillating in the horizontal direction, forming a zig-zagging core, as seen in 
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Fig. 2.1d. However, the pressure drop fluctuated insignificantly in this transition regime. 

At Point D, when u was sufficiently high, the bed entered into the turbulent fluidized-bed 

regime, whereas the net pressure drop still remained at nearly the same level as in the 

proceeded regime. However, the bed turbulency in this regime was extremely high. As 

seen in Fig. 2.1e, the bed particles in this turbulent fluidized-bed regime moved 

randomly, showing however, no zig-zagging core. 

In the test for bed defluidization, the pressure drop as a function of decreasing u 

was represented by the path E→Dꞌ→Cꞌ→Bꞌ→Aꞌ→O, as seen in Fig. 2.2. At Point Bꞌ, 

where the superficial velocity was equal to the maximum velocity of partial 

defluidization (umpd), the bed regime was "switched" from the fully fluidized bed to the 

partially fluidized bed. When u was reduced to the maximum velocity of full 

defluidization (umfd), the fluidization stopped at all the bed layers.  
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Fig. 2.2 Net pressure drop as a function of the superficial fluid velocity (u) at the inlet of 

the tapered bed (Peng and Fan, 1997). 
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Studies on conical fluidized beds with various bed materials and fluidizing agents 

revealed bed behavior and characteristics quite similar to those of the tapered fluidized 

beds regimes (Kwauk, 1992; Jing et al., 2000; Li et al., 2003). 

Jing et al. (2000) studied the hydrodynamic behavior of the Geldard-D ceramic 

spheres in a conical test rig, using air as a fluidizing agent. Fig. 2.3 depicts the ∆p-u 

diagram for the bed during fluidization and defluidization processes investigated in this 

study. For the limited range of superficial air velocity (u), the bed exhibited three flow 

regimes: (i) the fixed-bed regime, (ii) the partially fluidized-bed regime, and (iii) the fully 

fluidized-bed regime. In the fixed-bed regime, the dependence of the pressure drop across 

the bed (∆P) on the superficial air velocity (u) from the fluidization test was represented 

by a non-linear (parabolic-like) profile. However, this conical bed showed behavior 

similar to the above tapered bed. At (critical) Point A, when u reached the minimum 

velocity of partial fluidization, the pressure drop attained a significant level (∆Pmax). With 

a further increase of u, the bed went through the partially fluidized-bed regime, showing a 

substantial reduction in ∆P. At Point B, when u was sufficiently high, the fluidized bed 

turned into one of the fluidization regimes: (1) slugging (at the cone angle of 20º), (2) 

bubbling fluidization (at the cone angle of 40º), or (3) spouting (at the cone angle of 60º), 

as reported by Jing et al. (2000) and Olazar et al. (1992). 
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Fig. 2.3 The ∆p-u diagram for a gas-solid conical bed (Jing et al., 2000). 
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The effects of the bed particle size and bed geometry have been reported to be 

important. When using Geldart-B particles (typical for biomass-fueled fluidized-bed 

combustion systems using inert bed materials), the bubbling fluidization regime likely 

occurs in a gas-solid bed of 30–45
o
 cone angle and 20–40 cm static bed height, as 

revealed by experimental results from some studies (Jing et al., 2000; Permchart and 

Kouprianov, 2004; Kaewklum and Kuprianov, 2008; Arromdee and Kuprianov, 2012a). 

However, the Geldart-D and even Geldart-B particles may be in the spouting fluidization 

regime, especially, in beds with a relatively high cone angle (e.g., 60), when the pressure 

drop across the bed gradually decreases with higher u. Besides, an undesirable slugging 

fluidization regime may occur in beds of groups of B/D particles when using small (less 

than 30) cone angles (Olazar et al., 1992; Jing et al., 2000).  

Arromdee and Kuprianov (2012a) studied the hydrodynamic characteristics of a 

conical bed of a 40º cone angle and 0.25 m inner diameter of the bed bottom plane. 

Alumina sand of 300–500 µm particle sizes was used as the bed material in the 

experiments, while air was the fluidizing agent. The tests were performed at three 

different static bed heights (BHs): 20 cm, 30 cm, and 40 cm. Fig. 2.4 shows the ∆p-u 

diagram of the conical bed using alumina sand for three selected BHs (solid dots), as well 

as the contribution of the pressure drop across the air distributor to the total pressure drop 

 
Fig. 2.4 Pressure drop across the air distributor versus operating air velocity and   the Δp–

u diagram of the alumina conical bed for different static bed heights  

(Arromdee and Kuprianov, 2012a). 
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Δp for variable u (open dots). The authors found that, for each BH, the bed exhibited 

three sequent flow regimes when varying u from 0 to 4–5 m/s: (1) the fixed-bed regime, 

(2) the partially fluidized-bed regime, and (3) the full bubbling fluidized-bed regime. 

From Fig. 2.4, BH affected on the hydrodynamic characteristics (umpf and umff) of the bed, 

showing some increase of these characteristics (a feature typical for conical gas–solid 

beds, as reported by Jing et al. (2000) and Kaewklum and Kuprianov (2008), which 

resulted in an increase of the corresponding maximum pressure drop across the bed.  

As revealed in Fig. 2.4, with increasing the superficial air velocity (u) in the 

bubbling fluidized-bed regime, Δp was found to gradually increase. This fact was mainly 

due to the contribution of the pressure drop across the air distributor. Therefore, if the 

pressure drop across the air distributor were subtracted from Δp, the pressure drop across 

only the fluidized bed, Δpbed, would be then represented by an invariant characteristic 

(i.e., Δpbed  constant), showing trends similar to those in the above-mentioned literature 

sources. 

2.2 Hydrodynamic characteristics of a conical fluidized bed using binary mixtures  

In a real fluidized-bed combustion system, the fluidized bed consists of the 

particles of material, as well as the fuel-char and fuel-ash particles. According to Basu 

(2006), the fuel particles account for from 1% to 3% (by wt.) of all solid matter in the bed 

of a typical fluidized-bed boiler. To investigate the effects of biomass presence in a 

fluidized bed of inert material, a cold-state hydrodynamic study of a binary (sand–

biomass) mixture fluidized in conical beds has been performed and reported (Arromdee 

and Kuprianov, 2012a). As revealed by this study, the hydrodynamic behaviors of the bed 

with the binary mixture are influenced by the properties of both bed material and 

biomass, the major effects being produced by the density and particle size of the two 

components of a binary mixture.  

The fluidization characteristics of binary mixtures were studied in a cone-shaped 

bed of 40º cone angle using alumina sand as the bed material by Arromdee and 

Kuprianov (2012a). Prior to cold-state tests, alumina sand was premixed with shredded 

peanut shells in different proportions (2.5–10 wt.%) of the biomass in the binary mixture. 
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Fig. 2.5 compares the ∆p-u diagram of the conical bed with different biomass-sand 

mixtures between the static bed heights of 20 cm, 30 cm, and 40 cm, presented in 

individual graphs for distinct biomass fractions in the mixture. Like in the previous-

discussed study with pure alumina, four fluidization regimes were observed in the bed 

with a binary mixture. However, the gradient d(∆p)/du for the binary mixtures, especially 

in the fixed-bed regime, was not as smooth as that for pure alumina sand. This result was 

explained by presence of peanut shells in the binary mixture, which likely led to the 

higher friction force between the particles of alumina sand and biomass compared to the 

pure bed material, resulting in a greater momentum of airflow required to overcome the 

friction force.  

 

Fig. 2.5 The ∆p-u diagram of a conical bed of alumina mixed with peanut shells (PNS) 

for variable weight percentage of biomass in the binary mixture for different static bed 

heights (Arromdee and Kuprianov, 2012a). 
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With increasing wt.% of biomass in the binary mixture at a fixed bed height, both 

umpf and umff somewhat increased, and the effect from static bed height strengthened with 

the higher static bed. For a bed of 30 cm height, with increasing the percentage (weight 

fraction) of biomass in the binary mixture from 2.5  to 5 wt.%, the umff increased from 0.7 

to 0.9 m/s, whereas the corresponding total pressure drop (at umff) was nearly the same, 

i.e., irrespective of the biomass fraction. The difference between umff and umpf in Fig. 2.5 

increased with a higher percentage of biomass. 

2.3 Conventional fluidized-bed combustion of biomass fuels 

A number of combustion technologies, including grate-fired, suspension-fired, 

and fluidized-bed combustion systems, have been used for burning biomass (Werther et 

al., 2000). However, as outlined in Section 3, the fluidized-bed combustion technology 

has been recognized to be the best option for energy conversion from biomass.  

A large pool of research publications have been devoted to individual firing of 

various biomasses in conventional fluidized-bed combustion systems 

(furnaces/combustors), typically of a prismatic shape with a single (bottom) air supply. In 

most biomass-fueled fluidized-bed systems, inert bed material (e.g., silica/quartz sand) 

fluidized by combustion air is used to sustain biomass ignition and combustion at the 

furnace/combustor bottom region. 

The major gaseous emissions from a conventional fluidized-bed combustion 

system, NOx and CO, are reported to depend on fuel properties (contents of N, S, 

moisture and ash), as well as on the combustor load and excess air, affecting the bed 

temperature (Kuprianov et al., 2006; Permchart and Kouprianov, 2004; Werther et al., 

2000). Excess air and bed temperature are the most important operating variables 

(parameters) of a fluidized-bed combustion. Typically, the bed temperature is ranged 

from 750 ºC to 950 ºC, while excess air is adjusted within the range from 20% to 60% 

when firing various biomass fuels. As revealed by a large number of research works, 

there is an opposite trend in behavior of NOx and CO emissions when varying 

combustion conditions. With increasing both excess air and combustion (bed) 

temperature, the NOx emissions increase, basically following the fuel-NO formation 
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However, a number of research studies have reported unacceptably high 

emissions of NOx and CO, particularly when burning some biomasses with elevated fuel-

N in conventional fluidized-bed combustion systems. 

Akpulat et al. (2010) studied the fluidized-bed combustion of olive cake. As 

revealed by this study, burning this biomass with elevated fuel-N resulted in the 

extremely high NO emission (up to 1400 mg/Nm
3
, at 6% O2 and on a dry gas basis), 

particularly at higher excess air values.  

Kaynak et al. (2005) investigated the combustion of peach and apricot stones in a 

bubbling fluidized-bed combustor using quartz sand as the inert bed material. The fuel 

feedrate in the tests on this combustor was ranged from 5 g/min to 20 g/min. The 

combustion efficiency (including effects of heat losses due to both CO and CxHy 

emissions) was reported to be in the range of 96–97% for peach stones and 93–96% for 

the apricot stones, when excess air was ranged from 40% to 100% during the tests with 

both fuels. An increase in excess air had a weak effect on the CO emission for firing 

apricot stones, which fluctuated around 1500 mg/Nm
3
. However, in the case with peach 

stones, the CO emissions increased from 6500 mg/Nm
3
 to 13,500 mg/Nm

3
 with 

increasing excess air. The CxHy emissions for the two biomasses increased (in almost 

linear relationship with excess air), remaining in the range of 340–460 mg/Nm
3
, i.e., at a 

substantial level. When burning these stones, the NO emission slightly increased as 

excess air was higher. The average NO emission was found to be 280 mg/Nm
3
 and 250 

mg/Nm
3
 for apricot and peach stones, respectively, despite the high levels of CO and 

CxHy in flue gas. Higher NO emissions from firing apricot stones can be attributed to the 

emissions, thus affecting the emission performance of a combustion system.  

mechanism, while the CO emission from the combustion system decreases at a rate 

strongly depending on the levels of excess air and temperature (Kouprianov and 

Permchart, 2003; Kuprianov et al., 2005). It should be noted that high levels of CO and 

hydrocarbons in the region of biomass devolatilization leads to a substantial mitigation of 

NO formation in the vicinity of fuel injection (Arromdee and Kuprianov, 2012; 

Kuprianov and Arromdee, 2013), and, consequently, to a reduction of the NOx
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higher fuel-N compared to peach stones. Due to insignificant fuel-S, the SO2 emission for 

the two biomass fuels was negligible.  

2.4 Combustion techniques with alternative design and hydrodynamics 

A number of research studies have been recently performed on a fluidized-bed 

combustor with cone-shaped bed (referred to as ‘conical FBC’) for firing some Thai 

biomasses, such as rice husk, sugar cane bagasse, various shells, and oil palm residues 

(Kuprianov and Arromdee, 2013; Kuprianov et al., 2006; Kuprianov et al., 2005). 

Compared to a columnar fluidized-bed combustion system (combustor/furnace), the 

conical FBC exhibits some apparent benefits, such as: (i) a relatively small amount of 

inert bed material, (ii) shorter start-up time of the combustor, and (iii) lower pressure 

drop across the fluidized bed (for identical bed material and static bed height), leading to 

the reduced operating costs of the combustor (Ninduangdee and Kuprianov, 2014; 

Ninduangdee and Kuprianov, 2013). 

due to high bed temperature (>1000 C) and excess air, exceeding the NO emission limit 

established in this country for local biomass-fuelled industrial applications. 

The studies revealed that these biomasses can be burned in the proposed 

combustor of the 200–350 kWth heat input (depending on biomass type) with high 

combustion efficiency and good environmental performance. Fuel properties (fuel-

moisture, fuel-N, biomass chemical structure and particle size) and operating conditions 

(combustor load and excess air) have apparent effects on the combustion and emission 

performance of the reactor. At optimum operating conditions, the combustor can be 

operated with the combustion efficiency of up to 99.5%, ensuring an acceptable level of 

the CO and NO emissions ( meeting the corresponding domestic emission standards 

for environmental protection).  

Madhiyanon et al. (2006) performed a study on firing Thai rice husk in a novel 

cyclonic fluidized-bed combustor (ψ-FBC) of the 100 kWth heat input. High (98.4–

99.6%) combustion efficiency at a rather low CO emission, 50–400 ppm (at 6% O2), 

were achieved when firing rice husk at excess air of 67–130%. However, the NO 

emission from this combustor was high, at a level of 350–425 ppm (at 6% O2), mainly 
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The conical fluidized-bed combustor, as well as ψ-FBC and SFBC techniques, 

have been tested for co-firing biomass and/or biomass/coal (as addressed below).  

2.5 Staged combustion technologies  

Staged combustion technologies (using air staging or/and fuel staging) have been 

developed and implemented on various combustion techniques with the aim to minimize 

NOx emissions (Nussbaumer, 2003; Salzmann and Nussbaumer, 2001).  

In air-staged combustion, primary air is supplied into the bed region with a 

deficiency of air, while secondary air is injected into the combustion chamber with a 

certain excessive amount (Nussbaumer, 2003; Okasha, 2007). The combustibles, such as 

CH4, H2, and CO, formed in the bottom region at a (primary) air deficiency are 

characterized by their high concentrations, mitigating NO formation in this region (as 

mentioned above). However, in the second stage (upper level), some part of NO can be 

formed by secondary air (Leckner et al., 2004), thus lowering the NO reduction 

efficiency of this method.   

Okasha (2007) burned rice straw in an atmospheric bubbling fluidized-bed 

combustor of 0.3 m inner diameter and 3.3 m height. Silica sand of 0.25–0.5 mm in 

diameter and 30 cm bed height was used as bed material. Prior to experiments, the 

biomass was pelletized. In all experiments, total excess air was constant, about 20%, 

whereas the proportion of secondary air was varied from 0% to 40% (of total air) at 

distinct values of bed temperature: 750 ºC, 800 ºC and 850 ºC.  

For each bed temperature, the CO emission increased with the higher percentage 

of secondary air, mainly due to (i) a greater carryover of gaseous combustibles (volatiles) 

from the combustor bottom to the freeboard, and (ii) rather low intensity of mixing 

A short-combustion-chamber fluidized-bed combustor (SFBC) has been recently 

proposed and studied by Madhiyanon et al. (2010) for firing rice husk at the heat input of 

250 kWth and excess air of 76%. Quite low CO emission, 15–130 ppm (at 6% O2), 

leading to the rather high combustion efficiency (> 97%) were achieved under these 

operating conditions, whereas the NO emission was high, 230–350 ppm (at 6% O2), 

exceeding the national NO emission limit. 
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between the combustion products from the bed zone and the secondary air. The CO 

emission was found to increase with lowering bed temperature, likely due to the 

diminishing of the combustibles oxidation rate (despite increased residence time of gases 

in the bed region). However, an increase in the amount of secondary air resulted in the 

lower NOx emissions, mainly due to the reduced temperature and increased 

concentrations of CO and light hydrocarbons in the fluidized bed. In addition, an increase 

in secondary air led to the higher heat loss with unburned carbon, resulting in the 

diminishing of the combustion efficiency. As shown in this study, the bed temperature of 

850 C and secondary air of 30% ensured the highest combustion efficiency (nearly 98%) 

at quite low NOx emissions (about 120 ppm), whereas the CO emission was high (about 

1500 ppm).  

Youssef et al. (2009) studied the effects of excess air ratio and air staging on the 

combustion characteristics of four types of biomass fuels (wheat straw, sawdust-wood, 

cottonseed burs, and corncobs) in a circulating fluidized-bed combustor. In this work, the 

feed rate of the biomass fuels was varied from 8.5 kg/h to 11.85 kg/h to maintain bed 

temperature at a fixed level, while varying the excess air ratio from 1.08 to 1.4. As the 

fuels were burned using air staging, secondary air pipes were installed at levels of 0.3 m 

and 0.8 m above the combustor bottom. During the experiments, the primary-to-total air 

ratio was controlled at a constant value of 0.5, whereas the secondary-to-total air ratio 

was maintained at about 0.15 at the first level and 0.25 at the second one. The ratio of 

carrier air to total air was about 0.1. As reported in this study, at (total) excess air of 24%, 

the emissions from the combustor can be adjusted at minimized levels for the selected 

proportions of primary and secondary air. However, a relatively low density of biomass 

causes an elevated carryover of fuel from the combustor bottom, leading to deterioration 

in the fuel burnout and, consequently, higher CO emissions, whereas the NOx emissions 

for all the fuels were at an acceptable level (below 300 mg/m
3 

at 7% O2). For this reason, 

sawdust and straw with their light particles cannot be recommended for their utilization 

in circulating fluidized-bed combustors/furnaces, while the high-density burs and corncob 
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are suitable for high-efficiency and low-emission combustion in the proposed system 

with air staging. 

The effects of air staging were also studied for firing cotton stalk in two 

combustion techniques: the 0.2 MWth bubbling fluidized-bed combustor (Sun et al., 

2008) and the 0.5 MWth circulating fluidized-bed combustor (Sun et al., 2010) at 

relatively high secondary-to-total air ratio (SA/TA), when maintaining total excess air in 

the two combustors at a constant value: 37% and 32%, respectively. The NO emission of 

both combustors (at 6% O2) decreased: from 183 ppm to 120 ppm, when changing 

SA/TA from 0.37 to 0.58 in the bubbling fluidized-bed combustor, and from 141 ppm to 

127 ppm, when switching SA/TA from 0.40 to 0.47 in the swirling fluidized-bed 

combustor. However, the CO emission of the combustors did not show a single trend: 

with increasing SA/TA, this emission was roughly the same and relatively low (190–270 

ppm) for the former combustor, but exhibited a substantial reduction, from 940 ppm to 

320 ppm, for the latter one. 

However, the combustion method, involving the fuel staging at conventional air 

supply, needs further studies with the aims to determine (i) the most effective biomass-

In the fuel-staged combustion, a primary fuel is fed into a bed region and 

therefore fired at excess air. Meantime, the rest part of fuel (or different, secondary fuel) 

is supplied into the above zone (with no air supply) to establish preferable conditions for 

NO reduction (high concentrations of CO and CxHy in the vicinity of the secondary air 

injection). This leads to the fuel biasing in the axial direction inside the combustor. 

Suheri and Kuprianov (2015) reported the results from the co-firing of two oil biomasses, 

palm kernel shell (primary fuel) and empty fruit bunch (secondary fuel), in a conical 

fluidized-bed combustor using fuel-staging at conventional (bottom) air supply into the 

reactor. Under optimal conditions (0.15 energy fraction of secondary fuel and 50% excess 

air), the combustor can be operated with high (about 99%) combustion efficiency, while 

reducing the NO emission by about 50% compared to firing pure palm kernel shell at 

similar heat input. 
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biomass couples, ensuring an essential NO reduction, and (ii) a general potential of this 

low-cost method.  

2.6 Co-firing biomass fuels in a fluidized bed  

Kuprianov et al. (2006) studied on the co-firing of premixed ‘as-received’ sugar 

cane bagasse and rice husk in a conical fluidized bed combustor with the aim of 

achieving more effective utilization of these biomasses. It was found that the co-firing at 

the rice husk energy fraction greater than 0.6 resulted in the sustainable combustion, with 

the 95–96% combustion efficiency, and lower NO emissions compared to firing pure rice 

husk. Through the co-firing with rice husk, an effective use of ‘as-received’ sugar cane 

bagasse becomes feasible for energy conversion in fluidized-bed combustion systems, 

whereas the attempts to burn raw bagasse were unsuccessful (Kuprianov et al., 2005). 

Coal was co-fired with rice husk using the ψ-FBC and SFBC techniques 

(reviewed above). As in the discussed cases of firing pure rice husk, the CO emission and 

the combustion efficiency were quite acceptable, whereas the NOx emissions was 

elevated (Madhiyanon et al., 2009), exceeding the national emission limit for this 

pollutant.  

2.7 Reburning technology 

Reburning has been suggested as the most effective solution to reduce the NOx 

emissions from different combustion systems. Fig. 2.6 depicts the schematic of a coal-

fired boiler using reburning. It can be seen in Fig. 2.6  that this combustion method 

involves fuel staging with: (1) the primary combustion zone where primary (main) fuel 

burns; and (2) the reburn zone where the reburn fuel (typically, natural gas) injected into 

the combustion chamber creates the fuel-rich conditions (with high concentration of H, 

CH, CH2 and radicals), causing some of NOx produced in the primary combustion zone to 

react with these radicals, thus converting NOx to molecular nitrogen (N2) and other 

nitrogenous species with the overall NOx reduction effect. The CHi radicals react with the 

NOx entering the reburning zone through the following reactions (Adams and Harding, 

1998; Casaca and Costa, 2009; Salzmann and Nussbaumer, 2001):  
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   CHi + NO = HCN +O     (2.1) 

   NO + NHi = N2 + H2O     (2.2) 

Hydrogen cyanide produced in (R1) is converted to N2 via the following 

reactions: 

 

O + HCN = NCO                                              (2.3) 

     NCO + H = NH + CO                                        (2.4) 

NH + H = N + H2                                                                     (2.5) 

N + NO = N2 + O                                             (2.6) 

 

Overfire air must be added in the region above the reburn zone (as seen in Fig. 

2.7) to ensure complete combustion. The key process design parameters of the reburning 

are: stoichiometric ratio (SR) at the primary zone, total excess air, energy fraction of 

reburn fuel, and residence time (τ). By using reburning, up to 70% NOx reduction is 

 
Fig. 2.6 Schematic of reburning technology in coal-fired boiler (DOE, 2015). 
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achievable with no adverse effects on boiler operation (Harding and Adams, 2000; 

Salzmann and Nussbaumer, 2001; Smoot et al., 1998).  

Many fuels have been investigated as a reburn fuel, e.g., natural gas, liquid and 

solid fuels (Ballester et al., 2008; Kicherer et al., 1994). Table 2.1 summarizes the results 

from a demonstration project on the reburning technology using different reburn fuels 

(DOE, 2015). As seen in Table 2.1, the percentage of NOx reduction varied from 30% to 

over 70%, depending on (i) furnace type and scale, (ii) reburning fuel and (iii) 

simultaneous use of low-NOx burners.  

Harding and Adams (2000) conducted experiments using hardwood and softwood 

as a reburning fuel in a pilot-scale test rig to determine the feasibility of reburning with 

wood, and compare the effectiveness of wood as a reburning fuel to coal and natural gas. 

In addition, effects of wood properties (moisture content, molecular composition, particle 

size) on the NOx reduction was also investigated in this study. Experimental results 

Boiler  Reburning fuel  NO and SO2 reduction  

60–110 MWe cyclone, coal-fired Coal  36–52%, w/bituminous 

40–75 MWe, tangential Natural gas 15–25% NOx: 67% 

SO2: 52–80% 

20–33 MWe, cyclone  Natural gas 22–33% NOx: 60–66% 

SO2: 32–63% 

172 MWe, wall-fired  

 

Natural gas 5–20% NOx: 30% (using low-NOx burners) 

NOx: 60–73% (using gas reburning 

coupled with low-NOx burners)  

Source: The U.S. Department of Energy (DOE, 2015).  

 

Compared with other fuels, biomass as a reburning fuel has several advantages: 

(i) biomass fuels contain lower levels of sulfur and nitrogen, suggesting their lower SO2

 and NOx emissions,  (ii)  they are  renewable  and nearly CO2-neutral  fuels,  and (iii) 

they  have  a  higher  content  of  volatile  matter,  leading  to  a  greater  reduction  of  NOx 

(Ballester et al., 2008; Harding and Adams, 2000). 

Table 2.1 

Demonstration projects for NOx emissions reduction by reburning technology.
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showed the NOx reduction of about 70% at 10–15% wood heat input. The stoichiometric 

ratio in the reburning zone was the most important variable affecting the NOx reduction. 

The highest reduction was at a reburn stoichiometric ratio of 0.85. The NOx reduction 

efficiency decreased to about 40–50% at higher stoichiometric ratios (0.9 < SR < 0.95) 

and to 30% at the stoichiometric ratio of approximately 1.0. The NOx reduction was 

strongly dependent on the initial NOx concentration and only slightly dependent on 

temperature: the temperature increased the NOx reduction efficiency. The wood 

properties including fuel-moisture and particle size exhibited insignificant effects on the 

NOx reduction. However, fuel-N in wood had important effects on the NOx emissions 

level. The findings also revealed that the CO emission was quite high, reaching 

maximum value of about 1600 ppm, when using coal as a reburn fuel. However, when 

using wood as the reburn fuel, CO emission was found to be at quite low level (e.g., 

typically below 40 ppm), but, higher than the CO emission obtained for natural gas as 

reburn fuel (less than 20 ppm). The authors therefore suggested wood can be effectively 

used as a reburning fuel which is capable to reduce NOx emission as compare to natural 

gas or coal. 

Kicherer et al. (1994) examined the NOx reduction during the combustion of 

pulverized fuel using different reburn fuels. Among them, light fuel oil (almost 100% 

volatiles), natural gas (100% volatiles) and straw (75% volatiles) led to the higher NOx 

reduction compared to coal (with 32% volatiles). When using light fuel oil, natural gas, 

and straw, substantial burnout efficiency was observed even at extremely high fuel-rich 

conditions in the reburn zone. Temperature had important effects, since a slow release of 

volatiles likely delayed the reactions between CHi  radicals and NO. 

Casaca and Costa (2005) investigated the effectiveness of the reburning process 

using rice husk, natural gas, and ethylene as reburn fuels in a large-scale laboratory 

furnace. As found in this study, the reburn zone residence time had an important effect on 

the NOx reduction efficiency. With increasing this operating parameter (from 0.31 s to 

0.93 s), the NO reduction was greater. The findings revealed that at the residence time of 
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about 0.7 s, the reburning performance of rice husk was comparable to that of natural gas, 

showing about 60% NOx reduction at the reburn fuel fraction of 25–30%.  

Ballester et al. (2008) performed an extensive experimental investigation of 

biomass (oak sawdust), used as reburn fuel, in a semi-industrial-scale furnace for the 

specified ranges of residence time (0.41–1.44 s) and stoichiometric ratio (0.85–1.05) at 

the reburn zone. For validation of experimental results, parallel testing with natural gas 

(NG) as reburn fuel was also conducted at similar operating conditions.  As found in this 

study, oak sawdust significantly reduced NOx emissions. As compared to NG reburning, 

the NOx reduction was 4–10%; however, higher HCN concentrations were in the reburn 

zone, mainly, due to fuel-N in oak sawdust, and HCN was higher with increasing the 

proportion of biomass. Meanwhile, biomass generated CO and some hydrocarbon 

compounds responsible for the NO reduction in the reburn zone. Also, the presence of 

biomass char and ash particles contributed to the NOx reductions, however at a small 

extent. 

Casaca and Costa (2009) investigated the effects of reburn fuel (rice husk) particle 

size on the NOx reduction. As revealed by the experimental results, an increase in the 

biomass particle size resulted in lowered burnout efficiency, but more significant NOx 

reduction. This fact can be explained by a high level of hydrocarbon compounds, such as 

CHi and HCCO in the reburn zone, which were preferable for the NOx reduction.  

The reburning experiments with six types of biomasses (including rice straw, wheat 

straw, maize stalk, cotton stalk, rice husk and baggase), and wheat straw char were 

carried out in an entrained flow reactor by Lu et al. (2013). In this study, the effects of (i) 

biomass type, (ii) stoichiometric ratio (SR2) and reaction temperature (T2) in the reburn 

zone, (iii) biomass particle size (dp), and (iv) reburning fuel fraction (Rff) on the NO 

reduction were investigated. The higher NO reduction efficiency (50–70%) was achieved 

at the range of SR2 = 0.7–0.8, when controlling Rff within 20–25% during reburning of all 

the biomasses. Compared to other selected reburn fuels, cotton stalk with higher volatiles 

and alkali metals (K, Na) exhibited better performance in the NO reduction. In the 
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meantime, with increasing dp, the NO reduction efficiency somewhat deteriorated 

insignificantly.   

Shu et al. (2015) investigated the potential of NO reduction through reburning 

three biomasses (rice husk, sawdust and corncob) in a horizontal fixed-bed quartz reactor. 

The effects of (i) O2 entering the reburning zone, (ii) particle size of the biomass, and (iii) 

the initial NO concentration on the reduction efficiency were the focus of this study. The 

findings indicated that the biomass type had a significant influence on the NO reduction 

efficiency. The maximum NO reduction (55 ± 2.4%) was found when using sawdust as 

reburn fuel, followed by corncob (44 ± 2.1%) and rice husk (43 ± 1.8%). Finer biomass 

particles promoted easier biomass devolatilization, which was beneficial for the NO 

reduction. The authors recommended that hydrocarbons in the fuel (mainly CH4) were 

mainly responsible for the reduction of NO emission, whereas CO and H2 had little 

effects on this result. 

2.8 Ash-related problems in biomass-fueled fluidized-bed combustion systems 

From many literature sources, the reburning technology has been proven to have a 

great potential for the NO emission reduction from the combustion of various types of 

fossil fuels in boilers with burners. This technology is also flexible to the type of reburn 

fuel. However, information on the reburning technology in fluidized-bed combustion 

systems, especially in those fueled with biomass, is currently not available. Therefore, 

research study in this area is needed, particularly on the systems burning local biomasses.  

Much research have been recently addressed ash-related problems of biomass 

combustion, such as bed agglomeration, as well as slagging and fouling, which may 

likely occur in a fluidized-bed combustion system when firing biomass with elevated 

content of alkali-based compounds in fuel ash and using silica/quartz sand as inert bed 

material. Severe agglomeration is reported to result in bed defluidization, even at rela 

tively low bed temperatures (typical for biomass combustion), which eventually leads to 

complete shutdown of the system (Chaivatamaset and Tia, 2015; Khan et al., 2009; 

Werther et al., 2000). An important contribution to investigation of the agglomeration

 mechanisms has been recently made by Thai researchers. 
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During fluidized-bed combustion of corncobs and palm shells, a risk of intensive 

bed agglomeration and fast bed defluidization is found to be high, as revealed by the 

study of Chaivatamaset et al. (2011). In this study, palm shells and corncobs with the 

potassium content in ashes of 5.8 wt.% and 33 wt.% (as oxides), respectively, were fired 

in a laboratory-scale fluidized-bed combustor using quartz sand as the bed material. In all 

experiments, palm shells and corncobs were tested at identical operating conditions. As 

reported by the authors, bed agglomeration occurred within few hours of combustion 

tests. The agglomerate samples were collected and then analyzed for their physical and 

chemical prosperities through a SEM–EDS analysis. The findings indicated that 

inorganic materials in biomass ash, especially alkali metals, play a significant role in bed 

agglomeration. Corncobs, as compared to palm shells, showed a higher tendency to bed 

agglomeration mainly due to the greater potassium content in fuel ash, which likely form 

a large amount of potassium silicate melts. 

Chaivatamaset et al. (2014) has reported the results from the combustion study of 

palm fruit bunch and rice straw with a substantial amount of K2O (21.4% for palm fruit 

bunch and 10.6% for rice straw) in fuel ash. It was found that, within only an hour of 

combustor operation, the complete defluidization occurred. The study revealed that the 

presence of potassium silicates liquid phase, generated by the melting and chemical 

reaction, was responsible for the agglomeration. Collisions between the sand particles 

and the burning fuel particles were the dominant mechanism of the inorganic migration. 

The condensation/deposition of alkali salts on the bed particle surface was another 

mechanism, especially important in the case of firing palm bunch with substantially high 

potassium content.  

Thus, when selecting biomass fuels for their use in the reburning combustion 

systems, special actions must be undertaken to prevent bed agglomeration (Khan et al., 

2009; Nussbaumer, 2003). 

2.9 The alternative bed materials to extend bed agglomeration tendency 

During the recent decade, a number of research studies have been performed on 

fluidized-bed combustion of K-rich biomasses using alumina sand and porous alumina as 
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bed material. Some of these studies have been devoted to combustion efficiency and 

emission performance of fluidized-bed combustion techniques when burning cotton stalk, 

cedar pellets, and, peanut and tamarind shells (Shimizu et al., 2006; Sun et al., 2008a; 

Kuprianov and Arromdee, 2013). The studies revealed high (about 99%) combustion 

efficiency and acceptable gaseous emissions, whereas no features of bed agglomeration 

were found in these studies.  

Shimizu et al. (2006) observed fast defluidization (within 1 h) when burning cedar 

pellets in a laboratory-scale bubbling fluidized-bed combustor using silica sand as bed 

material. However, these pellets were successfully burned in this combustor at relatively 

high (about 950 C) bed temperature by using porous alumina as the bed material, which 

prevented bed agglomeration during all experiments.  

Sun et al. (2008) used silica sand and alumina sand (Al2O3 = 79.2 wt.%, SiO2 = 

13.1 wt.%) as bed material in a 0.2 MWth bubbling fluidized-bed combustor firing cotton 

stalk with a substantial content of potassium (K2O = 33% in fuel ash). The combustor 

was operated at the bed temperature of 880 °C. The study showed a significant decrease 

in the bed agglomeration tendency after switching the bed material from silica sand to 

alumina sand.  

Arromdee and Kuprianov (2012a) performed experiments for burning peanut 

shells, with an elevated content of SiO2 (13.9 wt.%) and K2O (11.3 wt.%) in fuel ash, in 

the conical FBC using alumina sand (Al2O3 = 92%, SiO2 = 3.5%) as the bed material. In 

this study, the time-related behavior of particle size and changes in the composition of the 

bed material during biomass combustion were investigated. Neither bed agglomeration 

nor significant ash deposit on the combustor walls was observed during the 30-h 

experimental tests, though the bed temperature in some test runs was about 930 °C. 

However, the contents of SiO2 and K2O in the reused alumina significantly increased 

with operating time, indicating an intensive interaction between fuel ash and bed material 

fluidized in the bottom (conical) section of the combustor. As revealed by this study, the 

ash-sand interaction occurred likely via sequential formation of a coating on the surface 

of bed material particles, mainly due to the substantial proportions of Si and K in the fuel 
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ash. As a result, the (mean) particle size of the reused bed material showed some increase 

in volumetric diameter of the particles compared to the original (unused) alumina sand. 

Although no evidence of bed agglomeration was observed in this study, a substantial 

reduction of Al2O3 (about 39%) in the reused bed material pointed at weakening 

capability to withstand bed agglomeration with operating time.  

In spite of the gradual accumulation of the ash-related elements, causing a 

reduction of Al2O3 in the bed, alumina sand and porous alumina have been proven as 

effective bed materials, which can prevent agglomeration for a relatively long operating 

time (Liu et al., 2007; Arromdee and Kuprianov, 2012a; Kuprianov and Arromdee, 

2013). 

Although the aforementioned studies have proven that alumina sand can 

effectively mitigate bed agglomeration, particularly through the "melt-induced" 

mechanism, Ergudenler and Ghaly (1993) reported an occurrence of bed agglomeration 

during gasification of wheat straw, with significant contents of potassium (K2O = 36.2%), 

silica (SiO2 = 27.3%), and calcium (CaO = 10.8%), in a fluidized bed of alumina sand. 

As reported by the authors, the agglomeration was observed at the bed temperatures over 

920 ºC, likely due to unfavorable proportion of the ash-forming elements (K, Si, and Ca), 

responsible for the formation of low-melting K and K–Ca silicates in ash, which resulted 

in the "melt-induced agglomeration" of the alumina sand bed.  

Another bed material that can be alternatively employed in a fluidized bed is 

limestone (CaCO3). The use of limestone as a measure for bed agglomeration was 

proposed by Arvelakis et al. (2001). In this study, limestone of 0.5–1 mm particle sizes 

was used as a bed material in a lab-scale bubbling fluidized-bed combustor firing olive 

(K2O = 12.55 wt.%) and Danish straw residue (K2O = 23.99 wt.%). The experimental 

results revealed the capability of limestone to prolong the bed defluidization.  

Fernández et al. (2006) used limestone with 0.25–2 mm particle sizes as bed 

material in a pilot plant (1 MWth) bubbling fluidized-bed combustor fired with almond 

shell and thistle, both rich in alkali metals and Ca, and containing a small amount of Si 

and P. Along with the high-efficiency capturing of fuel S, limestone effectively prevented 
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bed agglomeration during the entire experimental time. This fact can be attributed to an 

intensive interaction of Ca-rich fine particles (from attrition of calcined limestone) and 

char/ash melts, which resulted in an increased melting point of the ash eutectics and, 

therefore, decreased adhesiveness of the char/ash particles.  

Dolomite (CaCO3·MgCO3) has been proposed as an alternative bed material, less 

prone to agglomeration. However, up to date, limited information on its applicability in 

fluidized-bed combustion systems has been presented. In light of the beneficial effects of 

Mg and Ca as additives, leading to the decreased agglomeration tendency (Fernández et 

al., 2008; Vamvuka et al., 2008), dolomite is expected to be a suitable bed material for 

biomass combustion. In addition, Bartels et al. (2008) reported in a review article the use 

of pre-calcined dolomite (CaO·MgO) as bed material in a heated batch fluidized bed 

(simulating a combustion system) with the addition alkali salts or alkali carbonates into 

the bed. The dolomite bed showed a great capability to fluidize at high operating 

temperatures, up to 1100 °C. 

Nuutinen et al. (2004) performed a study on fluidized-bed combustion of plywood 

and wood residues using GR Granule (SiO2 free) as a newly proposed alternative bed 

material. No bed agglomeration was observed during the tests, although a coating with 

two superimposed layers was found on the surface of the GR Granules by SEM–EDS 

analysis. The innermost coating layer was found to contain 40–65% calcium and 15–20% 

silicon, while a relatively thin outermost layer was rich in magnesium (up to 70%). 

Magnesium in the outer layer of the coating, originated from the attrition of the bed 

particles during biomass combustion. Due to the extremely high melting point of pure 

magnesium (2825 °C), this magnesium-rich outermost layer likely enhanced a bed 

capability to withstand bed agglomeration, whereas calcium inside the inner coating 

delayed and weakened the severity of bed agglomeration. 

As reported by Bartels et al. (2008), the GR Granules were appropriate as the bed 

material when firing plywood (33% Na2O in the fuel ash) in four bubbling fluidized-bed 

boilers (5–25 MW) with the aim to prevent bed agglomeration. During 9-month 

operation, there was no bed agglomeration observed in all the boilers.  
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Olivine (49% MgO, 41% SiO2, and 8.4% Fe2O3) and blast-furnace slag (34% 

SiO2, 32% CaO, and 18% MgO) have been used as counter measures for bed 

agglomeration during fluidized-bed combustion of woody and olive residues, as well as 

wheat straw (Burs et al., 2004; De Geyter et al., 2007; Davidsson et al., 2008; Grimm et 

al., 2012). The combustion experiments for burning the residues revealed a significant 

decrease in the bed agglomeration tendency after switching the bed material from quartz 

sand to olivine or blast furnace slag. This result was basically due to the lower reactivity 

of ash-forming K and Ca to both olivine and blast-furnace slag, compared to quartz/silica 

sand. Fine solids, which were originated from the attrition of bed particles of the two bed 

materials with a substantial content of Mg, facilitated the formation of a Mg-rich outer 

layer on the surface of bed particles, protecting them from agglomeration. However, like 

with an alumina sand bed (Ergudenler and Ghaly, 1993), in the tests for burning wheat 

straw, both olivine and blast-furnace slag was subject to severe agglomeration. 

However, as follows from the above overview, alternative bed materials can only 

prevent "coating-induced" agglomeration, while a risk of "melt-induced" agglomeration 

may still exist. In addition, there is a lack of information regarding: (i) the impact of the 

(alternative) bed material type on combustion and emission characteristics of a biomass-

fueled fluidized-bed combustor, (ii) the role of attrition of the bed particles in mitigating 

bed agglomeration, and (iii) the long-term (time-related) behavior of alternative bed 

materials and particulate matter (emitted from a reactor) during the combustion of high-

alkali biomass. 
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Chapter 3 

Materials and Methods 

3.1 The selected fuels and bed materials  

Table 3.1 

Properties of the selected biomasses used in co-combustion experiments. 

Biomass fuel 
Ultimate analysis, mass fraction (%)

a
  Proximate analysis, mass fraction (%)

b
 LHV

b
 

(MJ/kg) C H N O S  W VM FC A 

Base fuels 

PKS 51.66 7.32 0.14 40.87 0.01  9.9 60.4 27.3 2.4 16.4 

PRH 53.89 6.28 38.83 0.98 0.02  9.8 65.0 15.4 10.0 15.1 

PCR 50.51 5.94 1.16 42.32 0.07  10.6 68.3 16.0 5.0 15.5 

Secondary/reburn fuels 

EFB 23.87 9.45 0.43 29.68 0.08  41.1 44.9 10.8 2.9 5.8 

MRH 53.25 5.35 40.70 0.68 0.02  29.6 41.9 14.3 14.2 10.6 

EB 58.53 6.88 0.82 33.74 0.03  52.7 27.8 6.5 13.1 6.2 

a 
On dry and ash free basis 

b
 On “as-fired” basis 

 

A selection of primary and secondary fuels for co-firing tests with fuel staging 

and reburning was done based on recommendations in by Sirisomboon and Kuprianov 

(2017). To achieve a sensible reduction in NO emission from the conical FBC, the co-

fired fuels should have substantially different calorific values. While a primary fuel with 

a relatively high calorific value assures a stable and high-efficiency combustion in the 

primary combustion zone, the high-moisture (i.e., low-calorific) secondary/reburn fuel 

prevents a high temperature peak in the combustor and generates elevated/high 

concentrations of CO and CxHy (a source of light hydrocarbon radicals) responsible for 

NOx reduction in a secondary/reburn zone (Salzmann and Nussbaumer, 2001; Scala and 

Chirone, 2008; Werther et al., 2000). It is desirable (but not compulsory) to use a 

secondary fuel with fuel-N lower than in the base fuel to prevent intensive formation of 

NO in the vicinity of secondary/reburn fuel injection (Sirisomboon and Kuprianov, 2017; 

Suheri and Kuprianov, 2015). 
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In this project, palm kernel shell (PKS), pelletized rice husk (PRH), and pelletized 

casava rhizome (PCR) were selected as the base (or primary) fuel. Oil palm empty fruit 

bunch (EFB), moisturized rice husk (MRH), and eulyptus bark (EB) were choosen to be 

the secondary/reburn fuels.  

The proximate and ultimate analyses and the lower heating value of the selected 

fuels are shown in Table 3.1. From data in Table 3.1, the EFB, MRH and EB had a 

substantially higher fuel-moisture content led to a lower calorific value of these 

secondary fuels compared to the base fuels, complying with the above recommendation 

for selection of primary and secondary fuels for co-firing tests. Because of insignificant 

fuel-S in both fuels, this work disregarded all issues related to the formation and emission 

of SO2 during all test series. 
Table 3.2 shows the fuel-ash analyses of the base fuels and reburn fuels, 

determined using a wavelength dispersive X-ray fluorescence (XRF) spectrometer. Note 

that the fuel ash analysis of PRH and MRH is not included in Table 3.2. However, PRH 

and MRH ash typically includes 85–95% SiO2 and 1.5–2.5% K2O with negligible 

amounts of other ash-related elements, and therefore, was not reactive to all types of bed 

material, indicating a low propensity of rice husk for bed agglomeration. From the data in 

Table 3.2, a relatively high content of potassium in PKS, PCR, EFB, and EB indicates a 

tendency for bed agglomeration if these biomasses were burned in a fluidized bed of 

quartz/silica sand.  

As stated above, three bed materials: (1) silica sand (SS), (2) alumina sand (AS), 

and (3) AS and mixed with SS, were used in two case studies: (i) co-firing PKS and EFB 

Table 3.2 

Ash composition of the selected biomasses used in co-combustion experiments. 

Biomass ash 
Composition (as oxides, wt.%): 

SiO2 Al2O3 K2O CaO Na2O MgO Fe2O3 P2O5 SO3 Cl 

PKS 23.1 5.2 7.0 42.5 5.5 3.0 1.3 8.5 2.4 0.7 

PCR 9.6 1.9 26.2 37.6 0.3 12.9 1.6 4.6 3.8 1.1 

EFB 15.1 2.8 42.2 19.5 – 4.2 3.4 5.3 2.5 3.7 

EB 22.5 6.3 11.4 44.6 0.5 3.7 2.7 2.7 0.8 2.2 

 

 



34 

 

3.2 Experimental facilities 

3.2.1 Experimental set up for the cold-state hydrodynamic study  

The specific objective of the cold-state hydrodynamic study was to determine the 

major hydrodynamic regimes and characteristics of the bed, as well as the possible range of 

superficial air velocity ensuring safe and stable fluidization of a conical bed when firing the 

selected biomasses in scheduled combustion tests. 

A cold-state hydrodynamic study was performed on a special experimental model, 

which was constructed to reproduce the bottom part of the conical FBC (to be discussed in 

Subsection 3.2.2), as depicted in Fig. 3.1. The experimental rig was made of galvanized steel 

1 mm in thickness and consisted of two sections: (1) a cone-shaped section with a 40° cone 

angle and 250 mm inner diameter at the bottom base, and (2) a cylindrical section of 2000 

mm height and 1000 mm inner diameter. A transparent Plexiglas window, installed on the 

conical module of the apparatus, was used to monitor the bed behavior during the tests. In 

addition, the apparatus was equipped with measuring devices and instruments and a data 

acquisition system.  

A 25-hp air blower was used to supply fluidizing air to the test rig through an air pipe 

of 100 mm inner diameter. Air was injected into the bed through an air distributor. The air 

distributor consisted of nineteen bubble-cap stand pipes arranged in a staggered order on a 

Table 3.3 
Composition of the alumina sand and silica sand used in co-combustion experiments. 

Bed Material 
Composition (wt.%, as oxides): 

Al2O3 SiO2 CaO MgO K2O Na2O Fe2O3 

Alumina sand 79.09 19.53 0.09 – 0.63 0.53 0.06 

 Silica sand 6.59 87.82 0.06 0.13 4.24 0.27 0.55 

 
using fuel staging and (ii) co-firing PCR and EB using fuel staging and reburning to 

inhibit bed agglomeration. The compositions of silica sand (SS) and alumina sand (AS), 

quantified with the abovementioned XRF system are shown in Table 3.3. The mean 

particle size (volumetric diameter) of SS and AS was 0.49 mm and 0.47 mm, while the 

       solid density of these bed materials was 2500 kg/m
3
 and 3500 kg/m

3
, respectively. In all 

tests, the static bed height was 30 cm. Note that, in the case study for co-firng PRH and 

MRH, only silica sand  was used as the bed material.  
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steel plate of the 250-mm-diameter distributor plate. An individual stand pipe had sixty four 

holes each 2 mm in diameter, distributed evenly over the pipe surface, and also six 

rectangular slots 3 mm in width and 15 mm in height, located under the cap of 47 mm 

diameter. Airflow from each individual stand pipe penetrated into the space between the 

pipes (through the hole and slots) in a radial direction, facilitating a quasi-uniform 

distribution of airflow over the air distributor plate, and thus, preventing the occurrence of the 

spouting fluidization regime of the gas–solid bed. The net cross-sectional area of airflow at 

the distributor exit (calculated as the difference between the area of the 250-mm-diameter 

plate and the total area occupied by the caps) was Aair = 0.016 m
2
.  

The total pressure drop across a distributor–bed system (Δp), comprising the gas–

solid bed and the air distributor (AD), was measured for variable superficial air velocity (u) 

by using an another U-tube manometer with two static pressure probes: one was arranged in 

the air duct below the air distributor, while the another one was fixed over the bed, as shown 

in Fig 3.1. 

 

Fig. 3.1 Schematic diagram of the experimental set up for the cold-state hydrodynamic study. 
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3.2.2 Experimental set up for the (co-)combustion study 

A fluidized-bed combustor with a cone-shaped bed (referred to as a 'conical FBC') 

was used in this study. The experimental setup, including the conical FBC and auxiliary 

equipment (two air blowers, two screw-type fuel feeders, a cyclone for collecting 

particulate matter, and a diesel-fired start up burner), is shown in Fig. 3.2. During the test 

runs for individual firing fuel and co-firing pre-mixed fuels, the base fuel and biomass 

mixtures were supplied into the reactor by using a single fuel feeder located at level Z = 

0.6 m above the air distributor, while the combustion air was injected into the bottom 

(conical) section of the conical FBC by a 25-hp air blower through the bubble-cap air 

distributor at the reactor bottom plane.  

However, to perform co-firing tests for fuel staging and reburning methods, the 

combustor was additionally equipped with a secondary fuel feeder and secondary air 

system (the latter was used in reburning tests). During the tests of these two groups, 

primary and secondary fuels were delivered separately into the reactor by the two screw-

type fuel feeders, as shown in Fig. 3.2. The primary fuel was injected into the fluidized 

bed at Z = 0.6 m above the air distributor, whereas the secondary fuel was introduced into 

the cylindrical section (0.5 m higher) by a secondary fuel feeder. Primary (or fluidizing) 

air was injected into the bed by the above-mentioned 25-hp air blower through the air 

distributor, whereas in reburning tests, the secondary air (SA) was tangentially introduced 

into the reactor at Z = 1.65 m by a secondary (5-hp) blower. 
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During the combustor start up, the bed material (fluidized by primary air) is 

preheated using a diesel oil-fired burner from the Riello Burners Co. (model “Press 

G24”), fixed at a 0.5 m level above the air distributor, until the bed temperature rises to a 

level of about 700 C. At this instant, the start-up burner is turned off, and the combustor 

starts its normal operation using (primary) fuel. In tests for fuel staging and reburning, 

secondary/reburning fuel is injected at the specified rate. 

 

Fig. 3.2. Schematic diagram of the experimental setup for co-combustion tests with 

fuel staging and reburning. 
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During the tests, temperature is recorded at different points along the reactor 

centerline and at stack, using eight stationary Chromel-Alumel thermocouples. In each 

trial at fixed operating conditions, O2, CO, CxHy as CH4, and NO are measured along the 

combustor height and at stack using a new model “Testo-350” gas analyzer.  

A cyclone-type ash collector located downstream from the combustor is used to 

arrest predominant part of particulate matter (PM) originated from biomass (co-

)combustion, which is then analyzed for the unburned carbon content (required for 

assessing the heat loss due to unburned carbon). 

Table 3.4 

Operating parameters maintained or varied in the (co-)combustion tests 

Test series Parameters Specified value or 

range 

Case Study 1: Conventional fluidized-

bed combustion of individual biomass 

fuels 

Total heat input to the combustor 200 kWth 

Excess air (EA) 20–80% 

Case Study 2: Co-combustion of pre-

mixed biomass fuels in the fluidized-

bed combustor using conventional air 

supply 

Total heat input to the combustor 200 kWth 

Energy fraction (EF2) of 

secondary fuel in fuel blend  
0.1–0.25 

Excess air (EA) 20–80% 

Case Study 3: Co-combustion of the 

selected biomass fuels using fuel 

staging (injection of individual fuels 

into the combustor at different levels) 

and conventional air supply 

Total heat input to the combustor 200 kWth 

Excess air (EA) 20–80% 

Energy fraction (EF2) of 

secondary fuel in total fuel supply 
0.1–0.25  

Case Study 4: Co-combustion of the 

selected biomass fuels using reburning 

technology (integrating fuel staging 

and air staging) 

Total heat input to the combustor 200 kWth 

Excess air (EA) 20–80% 

Energy fraction of reburn fuel 

(EF2) 
0.1–0.25 

Secondary-to-total air ratio 

(SA/TA) 
0.1 – 0.4 
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3.3 Experimental planning 

During a test series (or Case Study with the selected combustion method), the 

value/range of operating parameters is maintained as given in Table 3.4.  

For comparability of the experimental results, all the tests are conducted at the 

identical (total) heat input to the combustor, 200 kWth. This allows using the energy 

fraction of secondary/reburn fuel (EF2) as a single operating variable for characterizing 

an individual test run for fuel staging/reburning. To study the effects of excess air on the 

combustion and emission characteristics, each Case Study includes test groups for four 

percentages of excess air: 20%, 40%, 60%, and 80%. In the reburning tests, the 

secondary-to-total air ratio (SA/TA) is another important parameter. at each (fixed) EA, 

the reburning tests were performed for four secondary-to-total air (SA/TA) ratios: 0.1, 

0.2, 0.3, and 0.4. 

3.4 Methods for determining operating parameters 

In this work, energy fraction of a secondary fuel (EF2) and excess air (EA) were 

selected as independent operating parameters, while the total heat input to the reactor was 

constant (200 kWth) in all experimental tests.  

It appears that EF2 is dependent on the mass fraction of secondary fuel (MF2) in 

total fuel supply, which is calculated using the feed rate of primary fuel ( f1m ) and 

secondary fuel ( f2m ) as: 

 

f2f1

f2
f2MF

mm

m






                                                (3.1) 

 

The EF2 is then determined by taking into account the lower heating value of 

primary fuel (LHVf1) and secondary/reburn fuel (LHVf2) as: 

 

f2f2f1f2

f2f2
f2

LHVMF)LHVMF  (1

LHVMF
EF


                             (3.2) 
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In this work, the tests in Case Studies 1–4 are performed at EF2 ranged from 0.1 to 

0.25. For fixed EF2, the proportion, or mass fraction of secondary/reburn fuel, is 

calculated from Eq. (3.2) by taking into account the heat input to the reactor and Eq. 

(3.1).   

Another independent operating parameter used in this work was the 

percentage of excess air (EA) determined according to Basu et al. (2000). Prior to 

determining EA for a test run, the excess air ratio (α) was predicted using the actual 

volume fractions of O2, CO, and CxHy (as CH4) measured at stack using a Testo 350 (all 

represented as the percentages on a dry gas basis), by neglecting H2 and assuming 79% 

N2 in the “dry” flue gas, as: 

)CH2CO5.0O(21

21

42 
                               (3.3)  

The percentage of EA at stack was then determined as: 

 

   )1(100EA                                            (3.4) 

3.5 Methods for determination of heat losses and combustion efficiency of the 

conical FBC  

For each co-firing test, the heat loss due to unburned carbon and that due to 

incomplete combustion of the combustor were predicted according to Basu et al. (2000) 

using a concept of 'equivalent fuel', whose properties were determined as the weighted 

averages by taking into account the corresponding properties and mass fractions (as the 

weight factors) of a base and secondary/reburn fuel (Sirisomboon and Kuprianov, 2017).  

The heat loss due to unburned carbon (quc,cf, %LHVcf) was predicted by using 

the carbon content in particulate matter (PM) emitted from the combustor (CPM, wt.%) 

and the properties of the 'equivalent fuel', such as ash content (Acf, wt.%) and lower 

heating value (LHVcf, kJ/kg), as:  

cf

cf

PM

PM
uc,cf

LHV

A

)C100(

C866,32


q                                       (3.5) 
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Afterwards, the heat loss due to incomplete combustion (quc,cf, %LHVcf) was 

quantified based on the CO and CxHy (as CH4) emission concentrations at stack (both in 

ppm, at 6% O2 and on a dry gas basis) and by taking into account the volume of dry 

combustion products originated from the combustion of the 'equivalent fuel' (Vdg,cf), as 

well as the LHVcf (kJ/kg) and the above-calculated quc,cf (%LHVcf), as:  

 

2x y @6%O

cf

4

dg,cf

uc,cf

ic,cf

(100 )
(126.4CO  358.2C H ) 10

LHV

q
q V




        (3.6) 

 

The combustion efficiency of the conical FBC (%LHVcf) was then quantified as: 

 

cf uc,cf ic,cf100 ( )q q                                                    (3.7) 

3.6 Methods for optimization of operating variables 

To determine the optimal operating variables (EF2, EA, and SA/TA), ensuring 

minimal "external" costs of the combustor for the selected co-firing options, a cost-based 

optimization method (Ninduangdee and Kuprianov, 2014) was applied in this work. An 

objective function for the optimization can be represented as: 

         

                         
ec NOx NOx CO CO CxHy CxHyMin( )J P m P m P m                    (3.8) 

 

In this study, the specific "external" costs of NOx (as NO2) and CxHy (as CH4) 

were assumed to be PNOx = 2400 US$/t and PCH4 = 330 US$/t, respectively, according to 

ESCAP-UN (1995). As reported in the related study (Salisdisouk, 1994; Wei, 2003), the 

ratio of PNOx to PCO generally ranges from 5 to 8. It was therefore decided to assume PCO 

= 400 US$/t (for PNOx/PCO = 6) in this optimization analysis.  

For given operating conditions, the mass fluxes of NOx (as NO2), CO, and CxHy 

(as CH4) emissions in Eq. (3.8) were predicted by taking into account the feed rate (kg/s) 

of the co-fired fuels, as well as the actual emission concentrations (ppm) measured at the 

cyclone exit, as: 
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x f1 f2

6

NO x dg,cf2.05 10 ( + )NOm m m V                       (3.9) 

f1 f2

6

CO dg,cf1.25 10 ( + )COm m m V                            (3.10) 

x y f1 f2

6

C H x y dg,cf0.71 10 ( + )C Hm m m V                       (3.11) 

 

where Vdg,cf is the volume of dry combustion products from the co-firing at actual 

excess air (Nm
3
/kg-fuel), determined according to Basu et al. (2000) by taking into 

account the mass fractions of the two fuels. 

3.7 Study of time-related characteristics of the bed materials and PM during co-

firing tests 

To understand the interaction mechanism between the selected bed material and 

fuel ash during long term co-firing tests, a SEM–EDS: JEOL, JSM-6610LV scanning 

electron microscope (SEM), integrated with an energy dispersive X-ray spectrometer 

(EDS), was used to examine the physiochemical characteristics of individual grains 

sampled from the bed at the end of co-firing testing with different bed materials. The 

objectives of the SEM−EDS test were to investigate the distribution of coatings (or that 

of binding materials in agglomerates, if any) over the bed particle surface, and determine 

the elemental composition of the coating at some selected spots on a bed particle.   

An X-ray fluorescence (XRF) system was employed to observe the time-related 

variation in the chemical composition of the used/reused bed materials (AS and AS/SS 

mixture), as well as that of PM. 
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Chapter 4 
Hydrodynamic Regimes and Characteristics of a Cone-Shaped Bed with 

a Sand-Biomass Binary Mixture 

4.1 Flow regimes of a cone-shaped bed 

Fig. 4.1 shows a Δp-u diagram that was typical for the cold-state experiment on 

the cone-shaped bed using different bed materials; alumina sand, dolomite, and limestone 

(all of 0.3–0.5 mm particle sizes) for two experimental procedures: bed fluidization (solid 

symbols) and defluidization (open symbols). It can be seen in Fig. 4.1 that with 

increasing superficial air velocity (u), the pressure drop across the bed and the air 

distributor (Δp) varied along the path O→A→B→C, showing the four sequent 

hydrodynamic regimes of the bed behavior: (I) fixed bed, (II) partially fluidized bed, (III) 

fully fluidized bed and (IV) turbulent fluidized bed, as indicated in Fig. 4.1. These 

hydrodynamic regimes have much in common with those found for the cone-

shaped/tapered beds using various bed materials and fluidizing fluids (Peng and Fan, 

1997; Jing et al., 2000; Kaewklum and Kuprianov, 2008).  

To facilitate understanding of the flow regimes and behaviors of the cone-shape 

fluidized beds, Fig. 4.2 illustrates the fluidizing behaviors of the gas-solid bed in this 

cone-shaped test rig, exhibiting different hydrodynamics regimes (corresponding to 

 

Fig. 4.1 A typical Δp-u diagram of a cone-shaped bed when using alumina/dolomite/limestone as 

bed material for fluidization/defluidization procedures. 
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different regions in Fig. 4.2), depending on the superficial air velocity. Note that the bed 

behaviors and regimes, shown in Fig. 4.2, were based on visual observation during the 

cold-state hydrodynamic experiments for constructing the Δp-u diagram in Fig. 4.1.  

The following is a summary of the flow regimes, occurring in the cone-shaped 

bed using alumina sand, dolomite, and limestone, all being fluidized by air: 

I: Fixed-bed regime (O→A). Within the fixed-bed region, the Δp-u profile in Fig. 

4.1 shows a quasi-linear relationship. With increasing u within this region, ∆p linearly 

increased until it reached the maximum value (∆pmax). Due to a relatively low rate of 

airflow in the fixed-bed regime, the bed particles did not move, and the bed was 

characterized by uniform voidage and fixed (static bed) height, as seen in Fig. 4.2a.  

II: Partially fluidized-bed regime (A→B). This transition regime was, in effect, an 

apparent feature of cone-shaped and tapered beds (Peng and Fan, 1997; Jing et al., 2000). 

As seen in Fig. 4.1, when increasing u beyond critical point A, ∆p abruptly reduced from 

∆pmax to ∆pmff (the pressure drop at the minimum velocity of full fluidization). At Point 

A, the lowest layer of the conical bed began to fluidize, resulting in a change in bed 

voidage and height, whereas the top layer of the bed was still static (as illustrated in Fig. 

4.2b). The corresponding superficial air velocity, starting the partially fluidized bed 

(a)                                (b)                                  (c)                                   (d) 

 

Fig. 4.2 Appearance of the cone-shaped bed in different hydrodynamic regimes:   (a) fixed 

(stationary) bed, (b) partially fluidized bed, (c) fully fluidized bed, and  

(d) turbulent fluidized bed. 
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regime, is termed the minimum velocity of partial fluidization (umpf) as proposed by Peng 

and Fan (1997). 

III: Fully fluidized-bed regime (B→C). This regime began at Point B where the 

bed exhibited the full fluidization. At this point, the entire bed was involved in the 

fluidization, showing a random appearance of small-size bubbles at the top surface of the 

bed. The corresponding superficial air velocity, starting this regime, is termed the 

minimum velocity of full fluidization (umff), introduced by Peng and Fan (1997). With a 

further increase of u in this regime, but less than that of Point C, the frequency of 

appearance and size of the bubbles released from the fluidized bed increased, resulting in 

an expansion of the bed (i.e., increased bed height), as illustrated in Fig. 4.2c. However, 

as revealed by data in Fig. 4.1, ∆p within this flow regime stayed nearly constant, Δp ≈ 

Δpmff. This finding is similar to those found in experimental studies elsewhere (Peng and 

Fan, 1997; Jing et al., 2000; Kaewklum and Kuprianov, 2008).  

IV: Turbulent fluidized-bed regime. With increasing superficial air velocity 

beyond Point C (see Fig. 4.1), the bed behavior has changed from the fully fluidized-bed 

regime (ended at Point C) to the turbulent fluidization regime. The corresponding 

superficial air velocity starting this regime is termed as the minimum velocity of 

turbulent fluidization (uk), as proposed by Peng and Fan (1997). During this regime, the 

movement of the bed particles became more violent and vigorous, and no bubbles were 

observed in the bed, as illustrated in Fig. 4.2d. Instead of the bubbles, one could see a 

turbulent motion of solid splashes and voids of gas of various sizes and shapes. 

Moreover, the turbulent fluidized bed exhibited a substantial expansion, occupying the 

(almost) entire volume of the cone-shaped section of the test rig. From the analysis of the 

Δp-u diagram in Fig. 4.1, Δp in this regime increased with higher u, which was mainly 

due to the effects of the pressure drop across the air distributor (to be discussed below). 

On the contrary, during bed defluidization when superficial air velocity was 

reduced, causing a gradual change in the bed behavior from the turbulent fluidization 

regime (at Point C*) to its entire defluidization at Point A* (where the superficial air 

velocity was reduced to the value termed the maximum velocity of full defluidization, 
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umfd), the bed unavoidably passed Point B* (where the upper layer of the bed was 

defluidized at the maximum velocity of partial defluidization, umpd), exhibiting the 

defluidization path C*→B*→A*→O in Fig. 4.1. Thus, during the fluidization-

defluidization procedures, the cone-shaped bed of the selected bed materials showed 

hysteresis in the Δp-u diagram. 

However, the Δp-u diagram of the bed defluidization provided no useful 

information that could be used for optimal design and operation of the combustor, since 

at umfd < u < umpd, the upper region of the bed did not fluidize. For this reason and 

because of the segregation of sand and biomass particles during turbulent and bubbling 

fluidization regimes, it was decided to only use in this study the Δp-u diagrams (for 

variable bed properties and characteristics) obtained from the fluidization tests. 

4.2 Hydrodynamics of a cone-shaped bed using monodispersed particles 

Fig. 4.3 shows Δp-u diagram of the cone-shaped bed using alumina sand, 

dolomite, and limestone (solid dots), and the contribution of the pressure drop across the 

air distributor (open dots) for variable u at distinct BHs. As seen in Fig. 4.3, the Δp-u 

diagrams of the cone-shaped beds with the selected bed materials exhibited similar 

trends, consequently, showing similar hydrodynamic regimes (indicated in Fig. 4.1), as 

described previously. 

It can be seen in Fig. 4.3 that, with an increase of BH in the fixed-bed region, both 

the umpf and the corresponding ∆pmax of all the beds showed a trend to increase, mainly 

due to the increase in the bed weight. This effect is typical for the conical gas-solid beds, 

as observed by Jing et al. (2000), Kaewklum et al. (2009), and Arromdee and Kuprianov 

(2012a). However, at given BH, these hydrodynamic characteristics of the bed using 

alumina sand were found to be somewhat greater than those of the other two beds. This 

fact can be attributed to the higher density of alumina sand, compared to those of 

dolomite and limestone.  

With increasing u from umpf to umff during the partially fluidized-bed regime, Δp 

abruptly reduced by 20–30% (depending on the bed material and static bed height), 

which resulted in an appearance of a sharp peak on each Δp-u diagram in Fig. 4.3. 
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Similar findings were reported by Jing et al. (2000), Kaewklum et al. (2009), and 

Arromdee and Kuprianov (2012a). As revealed by the data in Fig. 4.3, when increasing 

BH during this regime, the umff and corresponding Δpmff of all the beds increased, 

because of an increase in the total bed weight. In addition, the umff and Δpmff of the bed 

using alumina sand were somewhat greater than those of the bed using dolomite and 

limestone, at identical BHs. For example, at BH = 30 cm, umff for the alumina sand bed 

was 0.84 m/s (∆pmff = 4.5 kPa), whereas it was 0.72 m/s (∆pmff = 4.0 kPa) for the 

dolomite bed, and 0.65 m/s (∆pmff = 3.8 kPa) for the bed with limestone. This was mainly 

due to the above-mentioned difference in the density of the selected bed materials.  

       (a)                                                                   (b) 

         

                                      (c) 

 

Fig. 4.3 Pressure drop across the air distributor versus superficial velocity, and the ∆p-u diagram 

of the bed (including effects of AD) using pure bed materials: (a) alumina sand, (b) dolomite, and 

(c) limestone for different static bed heights. 
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With increasing u in the fully fluidized bed and turbulent fluidized bed, Δp 

increased, at nearly the same rate for all the bed materials and selected BHs. This fact can 

be explained by the effects of the pressure drop across the air distributor. However, the 

contribution of the air distributor to the total ∆p was relatively small about 1 kPa at u = 6 

m/s (see Fig. 4.3). 

         (a)                                                                 (b)  

   

   

    
Fig. 4.4 Pressure drop across the bed (including effects of AD) using alumina sand (upper), 

dolomite (middle), and limestone (lower) as the bed material mixed with PKS of 3–6 mm particle 

sizes in different proportions: (a) 2.5 wt.% and (b) 10 wt.%. 
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As found in the experimental tests, the fluidization regime of all the tested beds 

was switched from the fully fluidized-bed regime to the turbulent one at uk 1.5–3.0 m/s 

(depending on the bed material and bed height). 

4.3 Hydrodynamics of a cone-shaped bed with a sand-biomass binary mixture 

4.3.1 Behavior of a cone-shaped bed using a sand-PKS binary mixture  

As an illustration, Fig. 4.4 depicts the Δp-u diagrams of the cone-shaped beds of 

alumina sand, dolomite, and limestone mixed with PKS of 3–6 mm particle sizes for the 

two PKS mass fractions in a binary mixture (MF = 2.5 wt.% and MF = 10 wt.%) at three 

static bed heights: BH = 20 cm, BH = 30 cm, and BH = 40 cm. It should be noted that the 

∆p in Fig. 4.4 included the combined effects of the pressure drop across the bed with the 

mixture and that across the air distributor (AD). As seen in Fig. 4.4, all the Δp-u diagrams 

of the bed with the binary mixtures exhibited similar hydrodynamic regimes and 

characteristics, as those for the monodispersed particle systems, however, with some 

effects from the biomass fraction on the binary mixture.  

From the Δp-u diagrams in Fig. 4.4, with increasing proportion of PKS in the 

mixture (consequently, resulting in an increase of the biomass volume in the bed) at a 

fixed BH, both the umpf and the umff showed an increase. As the percentage of PKS in the 

mixture increased from 2.5 wt.% to 10 wt.% at BH = 30 cm, the umff of the alumina sand-

PKS mixture increased from 0.9 m/s to 1.2 m/s, whereas that of the dolomite-PKS 

mixture increased from 0.8 m/s to 1.1 m/s, and from 0.6 m/s to 1.0 m/s for the limestone-

PKS bed. This result can be explained by the presence of biomass particles in the bed, 

which led to a noticeable increase in the bed voidage. On the contrary, the Δpmax and the 

Δpmff showed a slight reduction with an increase in the percentage of PKS in the binary 

mixture, which can be explained by the decreased total weight of the bed. These results 

were in agreement with those found in the cylindrical/rectangular-shaped beds (Rao and 

Bheemarasetti, 2001; Sun et al., 2008a; Zhang et al., 2009). 

In addition, with higher percentage of biomass in the mixture, the difference 

between the umff and the umpf in all the tests was somewhat greater. Nevertheless, like in 

the trials with the monodispersed particle systems, the transition of the bed behavior from 
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the stationary mode to the fully fluidized-bed regime was accompanied by stepwise 

changes in the superficial air velocity (u) as well as in the total pressure drop (Δp), and 

this result was strengthened by the effects from the static bed height.  

Fig. 4.5 shows the Δp-u diagrams of the bed of alumina sand mixed with PKS of 

two size groups: 3–6 mm and 6–9 mm, for the same ranges of BH and MF in the binary 

mixture, as in Fig. 4.4. When compared between the trials for MF = 2.5 wt.% (Fig. 4.5a), 

the Δp-u diagrams of the binary mixture for the two particle size groups were quite 

similar, indicating the minor effects from the biomass particle size on the major 

hydrodynamic characteristics of the bed. However, the particle size of PKS had more 

noticeable effects on the hydrodynamic characteristics of the bed at the increased MF (10 

wt.%), as seen in Fig. 4.5b. With coarser biomass particles, the umpf and the umff exhibited 

an increase at fixed BH, likely in response to an increase in the "effective" density and 

diameter of solid particles, as follows from the analysis using Eqs. (3.1) and (3.2). At 

fixed BH, the corresponding pressure drops (Δpmax and Δpmff ) for the beds with the 

coarser particles were somewhat lower than those of the smaller ones because of the 

reduced bed weight. 

4.3.2 Behavior of a cone-shaped bed with a sand-EFB binary mixture 

Fig. 4.6 shows the Δp-u diagrams of the cone-shaped beds of alumina 

sand/dolomite/limestone mixed with EFB at MF = 1 wt.% and MF = 5 wt.%  at three 

  (a)                                                                           (b)  

        

Fig. 4.5 Effects of the static bed height and biomass particle size on the ∆p-u diagram of alumina sand 

mixed with PKS (including effects of AD) in different proportions: (a) 2.5 wt.% and (b) 10 wt.%. 
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static bed heights. As seen, the Δp-u diagrams in Fig. 4.6 exhibited similar hydrodynamic 

regimes and characteristics as those determined for the pure bed materials and the sand-

PKS mixture. However, the profiles in Fig. 4.6 were not as smooth as those depicted in 

Fig.s 4.3 and 4.4. This result was likely due to fibrous structure of EFB (previously-

addressed in Chapter 4), which could lead to higher frictional forces between the bed 

grains and the EFB fibers and, accordingly, a greater momentum of airflow required to 

overcome this, compared to the monodispersed particles, and sand-PKS binary mixtures.  

          (a)                                                                    (b) 

     

     

     
Fig. 4.6 Pressure drop across the bed (including effects of AD) using alumina sand (upper), 

dolomite (middle), and limestone (lower) as the bed material mixed with EFB in different 

proportions: (a) 1 wt.% and (b) 5 wt.%. 
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In addition, the umpf and the umff of the binary mixtures of sand-EFB were 

significantly greater than that of sand-PKS beds when compared at similar static bed 

height (even at the lower biomass percentage in the mixture). This fact can be attributed 

to the substantially lower solid densities of EFB particles, leading to greater voidage of 

          (a)                                                                      (b) 

       

       

       
Fig. 4.7 Relative pressure drop (including effects of AD) versus the relative superficial air velocity of the 

cone-shaped bed using alumina sand (upper graphs), dolomite (middle graphs), and limestone (lower 

graphs) mixed with (a) 3–6 mm PKS particles size and (b) 6–9 mm PKS particles in various proportions at 

different static bed heights. 
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the sand-EFB mixture. Differences between umpf and umff became more substantial as the 

proportion of EFB in the mixture increased, and this effect was strengthened at higher 

BH. Nevertheless, at a fixed static bed height, the corresponding pressure drops (∆pmax 

and ∆pmff)  for the sand-EFB mixture were lower than those of the sand-PKS mixture, 

mainly due to the decreased bed weight. 

4.4 Relative hydrodynamic characteristics of a cone-shaped bed with sand-biomass 

binary mixtures 

Fig. 4.7 depicts the dependencies of the relative pressure drop across the air 

distributor and sand-biomass bed (Δp/Δpmff) on relative superficial air velocity (u/umff) 

(a)                                                                            (b) 

     

                                       (c) 

 

Fig. 4.8 Relative pressure drop (including effects of AD) versus the relative superficial air 

velocity of the cone-shaped bed using (a) alumina sand, (b) dolomite, and (c) limestone mixed 

with EFB in various proportions at different static bed heights. 
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for the tests with the selected bed materials mixed with PKS in different proportions for 

the two size groups at different static bed height. The findings in Fig. 4.7 revealed that 

(Δp/Δpmff) = f(u/umff), obtained via treatment of the experimental data from different test 

runs, were almost independent of operating conditions, exhibiting an apparent similarity 

of the dimensionless characteristics, and therefore the feasibility of fitting by a single line 

with sufficient accuracy. 

The dependencies of the relative total pressure drop (Δp/Δpmff) on the relative 

superficial air velocity (u/umff) of the cone-shaped bed for the selected bed material mixed 

with EFB in different proportions at different BHs are shown in Fig. 4.8. Like with PKS, 

the dimensionless curves in Fig. 4.8 for the tests with EFB showed such similarity 

between the bed materials.  

Within the fixed-bed region characterized by a significant increase in the pressure 

drop, the Δp/Δpmff for all the tests with two biomasses exhibited a quasi-linear 

dependence of Δp/Δpmff on u/umff. For the fully and turbulent fluidized-bed regimes, the 

Δp/Δpmff of the binary mixtures exhibited slight positive gradients, d(Δp/Δpmff)/d(u/umff), 

however, to a different extent. These gradients were mainly due to the above-mentioned 

contribution of the air distributor to the total pressure drop across the bed–distributor 

system.  

   (a)                                                                          (b) 

        
 

Fig. 4.9 Nomograph for determining the pressure drop across the cone-shaped bed and AD when 

using of (a) sand-PKS and (b) sand-EFB binary mixtures.  
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Based on these relative hydrodynamic characteristics, a Nomograph representing 

the dependences of Δp/Δpmff on u/umff for different bed regimes was developed and 

proposed for practical use to predict the Δp for any fixed u.  

Fig. 4.9 depicts the Nomograph for predicting the total pressure drop across the 

cone-shaped bed, using the selected bed materials mixed with PKS/EFB, whose validity 

is limited by the range of operating variables used in this study (bed material type and 

properties, static bed height, mass fraction of biomass, biomass particle size, and cone 

angle), plotted based on the fitting curves previously derived for different regimes of the 

selected binary mixtures.  

Knowing the numerical values of umff and Δpmff for the particular operating 

variables (the biomass percentage in a binary mixture, biomass particle size, and static 

bed height) one can predict the total pressure drop, p, for any arbitrary superficial air 

velocity within the specified ranges of the operating variables (fuel feed rate and excess 

air specified for the combustion tests).  

4.5 Empirical models for predicting major hydrodynamic characteristics of a cone-

shaped bed with a binary mixture of the bed material mixed with palm kernel shell 

By using the umff obtained from the trials with selected bed materials under 

various operating conditions (static bed height, biomass fraction in a binary mixture, and 

"effective" particle size of the bed), empirical equations for estimating umff of a cone-

shaped bed (of the 40º cone angle) with different sand-PKS mixtures were derived as: 

 for a binary mixture of alumina sand and PKS (at R
2
 = 0.96): 
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 for a binary mixture of dolomite and PKS (at R
2
 = 0.96): 
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 for a binary mixture of limestone and PKS (at R
2
 = 0.97): 
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The derived correlations in Eqs. (4.1)–(4.3) provide an accurate fitting, at high 

value of R
2
, for all the trials. To validate the developed models, the predicted (by Eqs. 

(4.1)–(4.3)) and experimental umff values were compared, as presented in Fig. 4.10. It can 

be seen in Fig. 4.10 that the values of umff predicted by the models were in a good 

agreement with the experimental ones, which stayed within a ±15% error band with 

respect to the corresponding average of umff. 

The relationships for determining Δpmff were derived for the case studies as:  

 for a binary mixture of alumina sand and PKS (at R
2
 = 0.98): 
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 for a binary mixture of dolomite and PKS (at R
2
 = 0.98): 

 

 

Fig. 4.10 Comparison between the predicted and experimental umff for the cone-shaped beds 

using alumina sand, dolomite, and limestone mixed with PKS. 

 

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0
Experimental u mff   (m/s)

P
re

d
ic

te
d

 
u

m
ff
 (

m
/s

)

From Eq. (5.1): alumina sand-PKS mixture
From Eq. (5.2): dolomite-PKS mixture
From Eq. (5.3): limestone-PKS mixture

+15%

-15%

(4.1) 

(4.2) 
(4.3) 



57 

 

1.45

0.33

mff mff

o

 =2.77
h

p u
D

  
  

 
                                            (4.5) 

 

 

 for a binary mixture of limestone and PKS (at R
2
 = 0.99): 
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Fig. 4.11 depicts the Δpmff determined by Eqs. (4.4)–(4.6) and that obtained from 

the corresponding experiments. As seen from the data in Fig. 4.11, most of the predicted 

Δpmff were close to the experimental values, with the deviation being within ±10% for all 

the experiments.  

Based on the Nomograph in Fig. 4.9a, the pressure drop across the cone-shaped 

bed of a sand-PKS mixture can be estimated for any arbitrary u using the values of umff 

and Δpmff, predicted by Eqs. (4.1)–(4.6).  

 

Fig. 4.11 Comparison of between the predicted and experimental Δpmff for the cone-shaped beds 

using alumina sand, dolomite, and limestone mixed with PKS. 

 

  

0

2

4

6

8

0 2 4 6 8

Experimental Δp mff   (kPa)

P
re

d
ic

te
d

 Δ
p

m
ff
 (

k
P

a
)

From Eq. (5.4): alumina sand-PKS mixture
From Eq. (5.5): dolomite-PKS mixture
From Eq. (5.6): limestone-PKS mixture

-10%

+10%

(4.4) 
(4.5) 
(4.6) 



58 

 

Chapter 5 

Co-firing of Oil Palm Residues in a Fuel Staged Fluidized-bed Combustor 

using Mixtures of Alumina and Silica Sand as the Bed Material 

5.1 Optimizing operating parameters for co-firing PKS and EFB using pure 

alumina sand as the bed material 

To optimize the energy fraction of EFB (EF2) and excess air (EA) according to 

the cost-based optimization method presented in Section 3.6, the major gaseous 

emissions (CO, CxHy, and NO) were measured for the ranges of EF2 (from 0 to 0.25) and 

EA (from some 20% to about 80%) when (co-)firing PKS and EFB in the conical FBC 

using alumina sand as bed material (for preventing bed agglomeration).  

     

 

Fig. 5.1. Effects of the energy fraction of EFB in the total fuel supply (EF2) and excess air on the CO, CxHy 

(as CH4), and NO emissions when co-firing PKS and EFB in the conical FBC using alumina sand as the 

bed material. 
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Fig. 5.1 depicts the CO, CxHy, and NO emissions (all at 6% O2 and on a dry gas 

basis) from the preliminary tests on this fuel staged combustor, using alumina sand as the 

bed material, when co-firing PKS and EFB at the specified ranges of EF2 and EA, as 

compared to those for firing PKS alone (EF2 = 0). It can be seen in Fig. 5.1 that all the 

emissions had noticeable effects from the two operating parameters. However, the 

opposite trends were observed from EF2 and EA, the most significant at 20–40% EA.  

 With increasing EF2 (at similar EA), both CO and CxHy emissions were higher, 

mainly due to the strengthening effects from injection of EFB into the secondary 

combustion zone, whereas with a greater amount of EA (at fixed EF2), these two 

emissions decreased at a variable rate. On the contrary, an increase in EF2 (at constant 

EA) caused a noticeable reduction in the NO emission, mainly due to the increased 

concentrations of CO and CxHy in the secondary combustion zone (to be discussed 

below), both enhancing the rate of NO reduction reactions in this region (Baukal, 2001; 

Nussbaumer, 2003; Werther et al., 2000). However, higher EA (at fixed EF2) led to a 

greater emission of NO, which can be generally attributed to the fuel-NO formation 

mechanism (Werther et al., 2000).  

 

Fig. 5.2. Effects of the energy fraction of EFB (EF2) and excess air on the “external” costs of co-firing 

PKS and EFB in the conical FBC using alumina sand as the bed material. 
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Fig. 5.2 shows the "external" (emission) costs of the co-combustion of PKS and 

EFB in the conical FBC predicted from Eqs. (3.8)–(3.11) by using the measured CO, 

CxHy, and NO emissions, as well as other relevant parameters, all quantified for the 

ranges of EF2 and EA. From Fig. 5.2, the effects of EF2 and EA on the "external" costs 

were substantial. With increasing EF2 at relatively low amounts of EA, the total emission 

costs increased to a significant level, mainly due to the enhanced impacts of the CO and 

CxHy emissions. On the contrary, the effects of NO on the costs were more significant 

with diminishing EF2 and/or higher EA.  

As follows from the optimization, the minimal "external" costs were found at EF2 

≈ 0.15 and EA ≈ 55% (see Fig. 5.2). Under these conditions, the major emissions can be 

controlled at acceptable levels, i.e., below the national emission limits for biomass-fueled 

industrial applications: 740 ppm for CO and 205 ppm for NO (on a dry gas basis, as 

corrected to 6% O2 in the flue gas) (PCD, 2018). Furthermore, the fuel-staged co-

combustion of PKS and EFB at the optimal EF2 and EA led to a noticeable NO emission 

reduction, by about 35%, compared to firing pure PKS. 

5.2 Effects of operating variables on the heat losses and combustion efficiency of the 

combustor (co-)fired with PKS and EFB 

Table 5.1 shows the combustion-related heat losses and the combustion efficiency 

of the conical FBC (quantified by using the method provided in Subsection 3.4.5), 

together with the relevant parameters required for their prediction. For each (co-

)combustion fuel option, both heat losses showed a reduction as EA was increased at 

fixed EF2, following the behavior of unburned carbon content in the fly ash (see 

Appendix F), as well as CO and CxHy at stack.  

As seen in Table 5.1, the combustion efficiency was characterized by its 

maximum at EA = 60−80%, which, however, exhibited a small reduction with increasing 

EF2: from 99.699.7% (for firing pure PKS) to 98.698.5% (at EF2 = 0.25). Thus, the 

fuel staging had basically a minor impact on the combustion efficiency of this conical 

FBC compared to that of EA. 
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The optimal energy fraction of EFB in the total fuel supply (EF2 ≈ 0.15) seems to 

be a reasonable parameter, which was used at further stages of this thesis work (in case 

studies with the AS/SS bed mixtures). Indeed, lowering of EF2 would lead to a lesser NO 

Table 5.1 

Emissions and the combustion efficiency of the conical FBC using alumina sand as bed 

material when co-firing PKS and EFB at different operating conditions. 

Excess air 

(vol.%) 

O2
a 

(vol.%) 

Carbon 

in PM 

(wt.%) 

CO
a 

(ppm) 

CxHy
a
 

(ppm) 

Heat loss (%) due to: Combustion 

efficiency 

(%) 

unburned 

carbon 

incomplete 

combustion 

Firing 44.2 kg/h PKS (EF2 = 0) 

20 3.6 3.74 990 487 0.19 0.99 98.8 

40 6.1 2.28 360 200 0.11 0.45 99.4 

60 7.9 2.14 160 74 0.11 0.21 99.6 

78 9.2 1.87 110 49 0.09 0.15 99.7 

Co-firing 41.9 kg/h PKS and 4.2 kg/h EFB (EF2 = 0.05) 

20 3.6 5.32 1170 548 0.29 1.16 98.5 

42 6.3 4.92 410 230 0.27 0.54 99.2 

60 7.9 4.89 220 120 0.26 0.32 99.4 

82 9.5 4.33 150 78 0.23 0.24 99.5 

Co-firing 39.7 kg/h PKS and 8.4 kg/h EFB (EF2 = 0.10) 

23 4.1 5.47 1278 640 0.33 1.39 98.3 

42 6.3 5.4 520 311 0.32 0.73 99.0 

58 7.8 5.03 300 169 0.30 0.45 99.2 

82 9.5 4.83 220 101 0.29 0.34 99.4 

Co-firing 37.5 kg/h PKS and 12.7 kg/h EFB (EF2 = 0.15) 

20 3.8 4.79 1700 893 0.30 1.91 97.8 

39 6.0 4.17 860 418 0.26 1.07 98.7 

57 7.7 4.15 470 240 0.26 0.68 99.6 

80 9.4 3.76 360 150 0.23 0.54 99.7 

Co-firing 35.3 kg/h PKS and 16.9 kg/h EFB (EF2 = 0.20) 

22 4.1 8.04 1810 1008 0.58 2.19 97.2 

42 6.4 4.56 930 502 0.32 1.29 98.4 

58 7.8 4.02 570 303 0.28 0.87 98.8 

77 9.2 4.00 440 211 0.28 0.71 99.1 

Co-firing 33.1 kg/h PKS and 21.1 kg/h EFB (EF2 = 0.25) 

21 4.0 3.31 2330 1244 0.24 2.79 97.0 

41 6.3 2.47 1300 629 0.18 1.72 98.1 

56 7.7 2.23 860 392 0.16 1.23 98.6 

81 9.5 2.06 600 259 0.15 0.97 98.8 
a 
Measured at stack. 
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emission reduction, whereas higher values of EF2 would result in the increased CO and 

CxHy emissions, as well as higher risk of bed agglomeration. 

5.3 Radial profiles temperature and gas concentrations inside the conical FBC 

combustor co-fired with PKS and EFB at the optimal energy fraction of EFB 

Fig. 5.3 presents the distribution of temperature and gas concentrations (O2, CO, 

CxHy as CH4, and NO) in the radial direction inside this combustor with the alumina sand 

bed, at three selected levels (Z) above the air distributor, when co-firing PKS and EFB at 

    

   

 
Fig. 5.3. Radial profiles of temperature, O2, CO, CxHy (as CH4), and NO in the conical FBC using alumina 

sand as the bed material when co-firing PKS and EFB at EF2 = 0.15 for two excess air values: EA  40% 

and EA  80%. 
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the optimal energy fraction of EFB, EF2 = 0.15 (as determined from the above 

optimization procedure), for the two excess air values (40% and 80%). It can be seen 

in Fig. 5.3 that the radial temperature and gas concentration profiles were fairly uniform 

at all three levels above the air distributor despite that the secondary fuel (EFB) was 

injected over the fluidized bed. This result can be attributed to the highly intensive gas–

solid and gas–gas mixing across the reactor in various regions inside this fuel staged 

combustor operated at substantially different amounts of excess air. Based on this, it was 

decided to use axial profiles of the temperature and gas concentrations in further analysis 

of the combustion and emission performance of the conical FBC when using different 

bed materials.  

From the visual observation of the bed material (alumina sand), no features of bed 

agglomeration were found after finishing these preliminary tests, which lasted for 20 h 

in total.  

5.4 Effects of excess air on combustion characteristics and pollutant behaviors inside 

the reactor using a mixture of alumina and silica sand as the bed material  

Fig. 5.4 depicts the distribution of combustion characteristics (temperature and 

O2) and that of CO, CxHy (as CH4), and NO along the reactor centerline for the co-

combustion tests at EF2 = 0.15 and variable excess air, when using a (50% AS + 50% SS) 

mixture as the bed material to reduce the bed material cost. As seen in Fig. 5.4, the axial 

temperature profiles were fairly uniform, similar to case studies of individual burning of 

PKS and EFB in this conical FBC (Ninduangdee and Kuprianov, 2013; Ninduangdee and 

Kuprianov, 2016). There were some effects of EA on the bed temperature, as well as on 

the maximum temperature, the latter was observed in the vicinity of the secondary fuel 

injection. Thus, with increasing EA within the range, the maximum temperature dropped 

noticeably, from 940 C to 840 C, basically caused by air dilution effects. However, the 

behavior of axial O2 profiles pointed at the substantial consumption of O2 (or high rate of 

PKS burnout) within the conical section, and a low rate of fuel oxidation in the upper 

regions of the reactor. With higher EA, O2 increased at all points along the reactor height, 

mainly because of the increased airflow rate. 
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Unlike with the temperature and O2, the CO and CxHy axial profiles showed the 

apparent effects from fuel staging, namely, the formation of two peaks at Z = 0.6 m (in 

the vicinity of PKS injection) and Z = 1.5 m (caused by EFB injection). It should be 

noted that the second (upper) peaks of CO and CxHy played an important role in NO 

reduction in the secondary combustion zone, leading eventually to the reduced NO 

emission from this fuel staged reactor, as compared to burning pure PKS at similar EA 

       

   

 
Fig. 5.4. Axial profiles of temperature, O2, CO, CxHy (as CH4), and NO in the conical FBC using a (50% 

AS + 50% SS) mixture as the bed material when co-firing PKS and EFB at a constant energy fraction of 

EFB (EF2 = 0.15) for variable excess air. 
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(as shown in the preliminary tests with alumina sand). With lowering EA (at fixed EF2), 

the second peaks of CO and CxHy were higher, indicating a greater potential for NO 

emission reduction via fuel staging. 

In the meantime, as seen in Fig. 5.4, all axial profiles of NO had only one peak, 

observed in the vicinity of PKS injection (i.e., at Z  0.6 m), which was proportionally 

correlated with EA (according to the fuel-NO formation mechanism (Werther et al., 

2000). The “cut off” of a second NO peak can be attributed to the generation of elevated 

CO and light hydrocarbon radicals in the secondary combustion zone. The NOCO and 

NOCHi reactions were generally responsible for the effective NO reduction in this zone 

with lowered O2 (Nussbaumer, 2003; Sirisomboon and Kuprianov, 2017; Suheri and 

Kuprianov, 2015; Werther et al., 2000), preventing the formation of the second NO peak 

in the vicinity of EFB injection, and thus, ensuring a smooth decrease of NO in the 

reactor region at Z > 0.6 m, at nearly the same rate for all EA values.  

5.5 Effects of excess air and bed material type on the emissions and combustion 

efficiency 

Table 5.2 shows the CO, CxHy (as CH4), and NO emissions (all at 6% O2 and on a 

dry gas basis), the predicted heat losses (due to unburned carbon and incomplete 

combustion), and the combustion efficiency of the conical FBC co-fired with PKS and 

EFB at EF2 = 0.15, for the actual amount of EA (or O2 at stack) in test runs with the 

selected bed materials (AS/SS mixtures). The contents of unburned carbon in PM 

(required for quantifying the associated heat loss) for all the test runs are included in 

Table 5.2 as well. 

It appears that all presented characteristics were substantially affected by EA. 

With increasing EA within the range, the unburned carbon content in PM and the 

emission concentrations of CO and CxHy decreased for the three AS/SS bed mixtures, 

leading to a noticeable reduction in the combustion-related heat losses, and consequently, 

improvement in the combustion efficiency of the conical FBC. However, for each bed 

material, the NO emission increased as EA was higher, complying with the fuel-NO 
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formation mechanism, and because of the weakening effects from the NO reduction 

reactions. 

Data in Table 5.2 shows that a bed mixture with a higher proportion of AS 

resulted in a lower NO emission from this combustor at similar EA. Furthermore, during 

co-firing of PKS and EFB at EF2 ≈ 0.15 and EA ≈ 55% with pure alumina sand (100% 

AS), the NO emission was as low as 125 ppm (see Fig. 2). From the data in Table 5 under 

similar operating conditions, this emission was lower than that in the tests with the AS/SS 

bed mixtures: about 145 ppm, 185 ppm, and 190 ppm when using the bed materials with 

75%, 50%, and 25% of AS, respectively. These results can be generally attributed to the 

higher catalytic reactivity of AS, as compared with SS, for the (reduction) reaction of NO 

with CO (Li et al., 2014; Wang et al., 2012). From Table 5.2, high (up to 99.5%) 

combustion efficiency and acceptable CO and NO emissions (below the national 

emission limits (PCD, 2018) can be achieved through the co-firing of PKS and EFB at 

Table 5.2 
Emissions, heat losses, and combustion efficiency of the conical FBC, co-fired with PKS and EFB at a 

constant energy fraction of EFB (EF2 = 0.15) and variable excess air when using selected AS/SS mixtures 

as bed material. 

Excess air  

(vol.%) 

O2 at stack 

(vol.%) 

Carbon in PM 

(wt.%) 

Emissions 

a
 (ppm): Heat loss (%) due to: Combustion 

efficiency (%) 
CO CxHy NO unburned 

carbon 

incomplete 

combustion 

Testing with the (75% AS + 25% SS) bed mixture 

24 4.4 2.48 1542 1070 123 0.15 2.13 97.7 

42 6.6 1.90 701 425 126 0.12 1.04 98.8 

53 7.4 1.27 436 364 142 0.08 0.85 99.1 

82 9.5 1.16 310 121 152 0.07 0.45 99.5 

Testing with the (50% AS + 50% SS) bed mixture 

21 4.4 9.33 2225 1860 152 0.62 3.44 95.9 

41 6.5 5.72 1230 1100 173 0.36 2.32 97.3 

59 8.0 2.11 580 450 187 0.13 1.18 98.7 

83 9.7 1.66 445 362 200 0.1 1.03 98.9 

Testing with the (25% AS + 75% SS) bed mixture 

22 4.2 9.72 1895 1725 146 0.65 3.08 96.3 

40 6.3 9.66 1060 960 172 0.64 2.19 97.2 

57 7.8 1.82 560 420 189 0.11 1.04 98.9 

82 9.4 1.79 325 271 198 0.11 0.75 99.1 
a At 6% O2 (on a dry gas basis) 

 

China SE
Line
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50–80% excess air in the proposed fuel staged conical FBC with the selected AS/SS bed 

mixtures. 

A test for burning the base fuel (pure PKS) at EA ≈ 55% using a (50% AS + 50% 

SS) mixture as the bed material yielded an NO emission of about 250 ppm (at 6% O2 and 

on a dry gas basis) that was higher than the national emission limit for this pollutant. 

Thus, co-firing of PKS and EFB under optimal operating conditions (EF2 ≈ 0.15 and EA 

≈ 55%) with this bed mixture resulted in the reduction of the NO emission by about 25% 

(as compared to burning the base fuel) and ensured that the CO and NO emission 

concentrations were within the above-mentioned national emission limits.   

5.6 Physical condition and particle size distribution of the bed material at different 

operating times 

To investigate the time-related behavior of the bed material, "long-term" 

experiments for co-firing of PKS and EFB at the optimal operating conditions (EF2 = 

0.15 and EA 50%) were performed on the conical FBC using three bed mixtures with 

different AS/SS ratios. Visual observations of the selected bed mixtures showed apparent 

changes in a physical appearance of the bed materials with time. 

As revealed by visual inspections at different time instants, no bed agglomeration 

occurred in the conical FBC co-fired with PKS and EFB for the entire experimental time 

period when using (75% AS + 25% SS) and (50% AS + 50% SS) bed mixtures. Fig. 5.5 

(a)                                  (b) 

 

Fig. 5.5. Appearance of the bed materials: (a) a (75% AS + 25% SS) mixture after the 22-h co-combustion 

tests, and (b) a (50% AS + 50% SS) mixture after 26-h testing. 
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depicts the physical apperance of these bed materials after finishing the tests for 22 h and 

26 h, respetively. This apperance seems to be normal, as the two materials consisted of 

AS and SS grains capable to fluidize and be used in further reactor operation. 

Fig. 5.6 depicts the particle size distribution of original and reused bed materials 

for the (50% AS + 50% SS) bed mixtures, i.e., for the co-combustion tests when bed 

agglomeration was not observed despite a relatively high proportion of SS in the bed 

material. The analysis of the particle size distribution showed a apparent/substantial 

reduction in the mean bed particle size within the entire experimental time period: from 

about 950 m to 558 m. This fact can be solely explained by breakage and attrition of 

SS grains fluidized in the bed, despite the fact that the AS grains basically increase their 

mean particle size during the fluidized-bed combustion of high-alkali biomass with pure 

AS as bed material (Ninduangdee and Kuprianov, 2015). 

5.7 SEM-EDS analysis of the used/reused bed materials 

As revealed by visual inspections of the bed material for the entire experimental 

time, no bed agglomeration occurred in the conical FBC during co-combustion of PKS 

and EFB at the optimal EF2 and EA, when the AS/SS bed mixtures contained 50% of AS 

or higher. Fig. 5.7 shows the SEM images and respective EDS compositions at different 

 

Fig. 5.6. Comparison of the particle size distribution between the original and reused bed materials when 

using the (50% AS + 50% SS) bed mixture. 
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spots on some SS and AS particles, sampled after the co-firing test series with the (75% 

AS + 25% SS) and (50% AS + 50% SS) mixtures, lasting 24 h and 26 h, respectively.  

From the SEM image of the bed particles collected after the tests with the (75% 

AS + 25% SS) bed mixture (Fig. 5.7a, upper micrograph), the bed grains of both AS and 

SS exhibited a normal appearance. As seen in Fig. 5.7a (Points 1 and 2), SS particles 

were coated by a thin layer with brighter areas, mainly rich in Ca, Si, and K but also 

containing minor proportions of Al, Mg, Fe, and P, whereas no coating layers on the AS 

particles were detected. The bed material included a small proportion of the ash-derived 

melts (e.g., at Point 3), generally rich in Ca, K, and Si, the major constituents of low-

melting (adhesive) K2OCaOSiO2 eutectics originating from the PKS and EFB ashes 

(Lin et al., 2003; Ninduangdee and Kuprianov, 2015). It was also found that some small 

(a)                                                                    (b) 
 

   
 

      
Fig. 5.7. (a) SEM images and (b) EDS spot analyses of AS and SS particles sampled after the co-firing tests 

on the conical FBC using a (75% AS + 25% SS) mixture (upper micrograph) and a (50% AS + 50% SS) 

mixture (lower micrograph) as the bed material under optimal operating conditions. 
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particles of SS with high content of Si (e.g., indicated as Point 4) were adhered by the ash 

melts at Point 3. However, fine alumina particles, generated due to collisions and attrition 

of bed grains in this turbulent fluidized bed with predominant content of AS, were 

adhered by the partly molten chars/ashes and adsorbed by the bed grain coatings (when 

formed), decreasing adhesiveness of the melts and bed grains, and thus, preventing bed 

agglomeration (Ninduangdee and Kuprianov, 2016).      

The SEM image of the bed particles sampled after the tests with the (50% AS + 

50% SS) bed mixture (see Fig. 5.7a, lower micrograph) revealed that both AS and SS 

grains were covered with the coatings, of up to 40 µm in thickness, generally observed on 

the SS bed particles. From the EDS analysis, the elemental composition at some selected 

spots on the coatings of both AS and SS particles were quite similar, basically dominated 

by Si, Ca, and K, and included minor proportions of Al, Mg, Fe, and P. However, 

compared to the previous case, a greater proportion of SS in the bed material, and 

consequently, a higher proportion of fine SS particles in the fluidized bed (generated 

from the grains attrition) shifted the content of Si in all EDS spot analyses to a higher 

level. This indicates the increased adhesiveness of both ash melts and grain coatings, 

resulting in more intensive coating of the bed particles. 

As reported in a number of studies on the fluidized-bed combustion of biomass in 

systems using quartz/silica sand as the bed material, the coating of an individual bed 

(a)                                                                      (b) 

     
Fig. 5.8. (a) SEM image and (b) EDS spot analysis of agglomerates, sampled after 17-h co-firing tests on 

the conical FBC using a (25% AS + 75% SS) mixture as the bed material under optimal operating 

conditions. 
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particle may consist of several superimposed layers with different compositions, 

depending on the analysis of biomass ash and that of the bed material (Brus et al., 2005; 

Chaivatamaset and Tia, 2015; Öhman et al., 2000). However, as seen in the SEM 

micrographs in Fig. 6a, the coatings of both SS and AS grains were (almost) consistent in 

chemical composition. 

Summarizing the results presented in Fig. 5.7, the coatings on the AS and SS 

particles were likely formed due to: (i) interaction of bed grains with partly molten fuel-

char and ash particles, (ii) migration of the ash melts, generally consisting of low-melting 

K and K–Ca silicates, onto the surface of AS and SS particles, causing a grain coating in 

some surface areas, and (iii) adsorption of fine solid particles (generated in attrition of 

bed grains and fuel ash in a fluidized bed) onto the coated grain surface, thus affecting 

the coating adhesiveness (Brus et al., 2005). 

In the experiments with the (25% AS + 75% SS) mixture, bed defluidization was 

observed in the conical FBC after 17 h of combustor running. Some agglomerates were 

sampled and then analyzed for their physical and chemical properties. Fig. 5.8 shows the 

SEM–EDS analysis of agglomerates collected from this bed material after an emergent 

shutdown of the combustor. The SEM image in Fig. 5.8a revealed that the agglomerates 

were formed by binding the bed particles of different chemical compositions and sizes. 

The binding material that bonded the particles was rich in Si, K, and Ca with minor 

contents of Al, Mg, P, and Fe. The quantity and quality (i.e., chemical composition) of 

the binding materials at different spots in Fig. 5.8a indicated: (1) the formation of low-

melting K2O–SiO2 and K2O–CaO–SiO2 eutectics (generally formed on the surface of SS 

particles as a result of reaction of K-rich vapor species from biomass ash with SiO2 in SS 

grains) and (ii) the small contribution of the ash melts to bed agglomeration. 

It can be concluded that with a greater proportion of SS in a AS/SS mixture, the 

risk of (or tendency for) bed agglomeration increased significantly, mainly due to an 

increase in the SS surface area, on which the ash-derived K-rich vapor compounds 

reacted with SiO2 in SS, enhancing the bed agglomeration tendency. 
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5.8 Time-related changes in compositions of the bed materials and particulate 

matter 

Table 5.3 shows the composition of the bed mixtures, used/reused in the conical 

FBC during the co-firing tests for different operating time instants. Because of early bed 

agglomeration, the composition of the bed material, originally represented by the (25% 

AS + 75% SS) mixture, is presented in Table 5.3 only for the 8-h operating period. Due 

to the coating of AS and SS grains and because of presence of some PM retained in the 

bed, the ash-forming elements, particularly K, Ca, Mg, and Fe, showed an increase in 

their contents in all the bed mixtures with operating time. However, Al (that is 

responsible for mitigating bed agglomeration) showed a gradual time-domain decrease in 

the selected bed mixtures, which pointed at the diminishing capability of each bed 

material to withstand bed agglomeration. Note that the content of all constituents in a bed 

were noticeably affected by the bed AS/SS ratio.   

Table 5.3 

Composition of the bed materials used/reused in the conical FBC during co-firing of PKS and EFB under 

optimal operating conditions at different time instants of combustor operation. 

Operating time (h) Composition (as oxides, wt.%): 

Al2O3 SiO2 CaO MgO Na2O K2O Fe2O3 P2O5 

Testing with the (75% AS + 25% SS) bed mixture 

6 (used bed material) 30.50 56.50 3.27 0.73 0.38 6.52 1.02 0.70 

14 (reused bed material) 19.40 64.20 4.58 0.94 0.38 7.77 1.17 0.85 

24 (reused bed material) 18.00 65.90 5.18 0.93 0.28 6.92 1.51 0.84 

Testing with the (50% AS + 50% SS) bed mixture 

8 (used bed material) 18.50 72.20 1.36 0.22 0.29 5.07 0.77 0.20 

13 (reused bed material) 15.90 72.50 2.81 0.39 0.27 6.28 1.12 0.33 

21 (reused bed material) 13.00 74.10 3.33 0.54 0.22 6.83 1.05 0.52 

26 (reused bed material) 10.80 74.80 3.66 0.63 0.21 7.95 1.10 0.55 

Testing with the (25% AS + 75% SS) bed mixture 

8 (used bed material) 10.70 81.00 1.07 0.20 0.29 5.69 0.74 0.15 
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Table 5.4 presents the composition of PM originating from the co-combustion of 

PKS and EFB for the same bed materials and operating times, as in Table 5.3. The results 

in Tables 5.3 and 5.4 indicate the significant mutual impact of the bed mixture and fuel 

ash during co-combustion of PKS and EFB. However, as seen in Table 5.4, in the test 

series with different AS/SS bed mixtures, the contents of Al and Si in PM were greater at 

all time instants, compared to those in the fuel ashes of the selected PKS/EFB mixture. 

This fact was likely due to carryover of fine particles rich with Al and Si (generated 

during the attrition of AS/SS grains in the fluidized bed), which joined the PM. Carryover 

of Al-rich particles from the fluidized bed contributed to a time-related decrease of Al2O3 

in the bed material during the co-combustion tests (see Table 5.3).  

 

Table 5.4 

Composition of particulate matter originating from the co-firing of PKS and EFB in the conical FBC under 

optimal operating conditions when using selected AS/SS mixtures as the bed material for different 

operating times. 

Operating time (h) Composition (as oxides, wt.%): 

Al2O3 SiO2 CaO MgO Na2O K2O Fe2O3 P2O5 Cl 

Testing with the (75% AS + 25% SS) bed mixture 

6 (used bed material) 9.13 34.40 34.40 3.64 1.20 7.50 2.36 3.47 1.47 

14 (reused bed material) 4.03 43.40 33.10 2.91 0.58 6.99 2.10 3.49 0.91 

24 (reused bed material) 3.99 45.40 33.80 2.47 0.44 6.20 1.87 2.90 0.75 

Testing with the (50% AS + 50% SS) bed mixture 

8 (used bed material) 8.82 41.80 37.00 1.51 0.76 3.85 1.93 1.80 0.57 

13 (reused bed material) 6.75 43.00 35.70 1.92 0.75 4.51 2.25 2.29 0.64 

21 (reused bed material) 4.85 41.40 31.40 4.10 0.53 7.77 2.23 3.94 1.31 

26 (reused bed material) 3.88 43.10 29.60 3.32 0.44 9.56 2.44 3.71 1.55 

Testing with the (25% AS + 75% SS) bed mixture 

8 (used bed material) 5.54 55.10 25.90 1.92 0.40 5.06 1.97 2.32 0.29 
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Chapter 6 

Fluidized Bed Co-combustion of Rice Husk Pellets and Moisturized Rice 

Husk: The Effects of Co-combustion Methods on Gaseous Emissions 

6.1. Distribution of temperature and O2 in the conical FBC 

Fig. 6.1 shows the axial temperature and O2 profiles in the combustor for the 

selected co-combustion techniques, co-fired with PRH and MRH at EF2 = 0.15 (Fig. 

6.1a) and EF2 = 0.25 (Fig. 6.1b), and EA  40% with different SA/TA (applied in the 

reburning tests), as compared with the conventional combustion of the base fuel (PRH) at 

the specified EA.  

In all trials, the axial temperature profiles were rather uniform, particularly in the 

fluidized bed region (i.e., within the conical section of the combustor). There were some 

effects of EF2 and SA/TA on the bed temperature, including its maximum. When burning 

the base fuel on its own, a maximum bed temperature of about 920 C was observed in 

the vicinity of PRH injection (at Z = 0.6 m). However, during co-combustion of pre-

mixed PRH and MRH, the bed temperature was lower than that for firing pure PRH: by 

10 C at EF2 = 0.15 and by 35 C at EF2 = 0.25, likely due to the increased moisture 

content in the fuel blend.  

In the tests for fuel staging with bottom air injection, the temperature at all points 

in the bottom region was lower, compared to the other co-firing options. This was mainly 

due to the reduced feeding of PRH that resulted in an increased (local) excess air ratio at 

the primary combustion zone (i.e., in the fluidized bed). Because of the effects from 

secondary fuel injection, the maximum temperature for EF2 = 0.15, 910 C, was observed 

at a higher level, Z = 1.15 m (i.e., beyond the conical section), compared to burning pure 

PRH. However, during fuel-staged co-combustion at EF2 = 0.25 (i.e., at a higher feed rate 

of MRH), the maximum temperature, 890 C, was shifted to Z = 1.6 m due to the 

strengthened effects from the secondary fuel.   

It can be seen in Fig. 6.1 that during the reburning tests at SA/TA = 0.2 and 

SA/TA = 0.4, the temperatures inside the reactor were basically higher, as compared to 



75 

 

the other two co-firing options for similar EF2. This is mainly due to the lowered (local) 

excess air ratio in the primary combustion zone. Injection of secondary air at Z = 1.65 m 

resulted in the higher maximum temperature in the reburning tests, because of delayed 

oxidation of combustibles formed in the reburn zone and, therefore, shifting this 

temperature to a higher level (Z). Note that the maximum temperature in the reburning 

tests was almost independent of EF2. However, it was noticeably affected by SA/TA: 915 

C for SA/TA = 0.2 and 930 C for SA/TA = 0.4, observed at Z = 1.15 m for EF2 = 0.15 

and at Z = 1.6 m for EF2 = 0.25. 

In all the test runs, the temperature showed a gradual decrease in the upper part of 

the combustor, mainly because of the heat loss across the reactor walls, at nearly the 

same rate.  Therefore, the difference between the axial temperature profiles for the 
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Fig. 6.1. Axial profiles of temperature and O2 in the conical FBC co-fired with PRH and MRH at EA  

40%, using different co-firing options for (a) EF2 = 0.15 and (b) EF2 = 0.25, in comparison with the 

conventional combustion of PRH. 
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selected (co-)combustion methods was primarily affected by the magnitude and location 

of the maximum temperature in each test run. As a result, in the reburning tests at EF2 = 

0.25 and SA/TA = 0.4, the temperatures at similar points in the reactor top were higher, 

as compared to other test series.  

From Fig. 6.1, the axial profiles of O2 in the tests for burning pure PRH, co-firing 

of premixed PRH and MRH, and fuel-staged co-combustion of the two fuels showed 

similar trends, with weak effects from EF2. In these three test series, a substantial axial 

gradient of O2 was observed in the lower part of the reactor (Z < 1.6 m), comprising 

primary and secondary combustion zones, whereas in the upper region of the reactor, O2 

consumption and, respectively, fuel oxidation occurred along the combustor height with 

an insignificant rate. 

However, in the reburning tests (when air staging was used along with fuel 

staging), the O2 behavior was substantially different. In the primary and reburn zones, O2 

was noticeably lower, compared to the other three test series, which likely caused the 

above-mentioned delay in oxidation of the secondary fuel. It should be noted that by Z  

1.7 m, O2 regained to a level comparable with the other test series. At the reactor top (Z = 

3.2 m), O2 showed the concentration values that were similar to those for the other (co-

)combustion techniques, which were correlated with the selected amount of EA (40%).  

6.2. Formation and oxidation of CO and CxHy inside the conical FBC 

Fig. 6.2 shows the axial profiles of CO and CxHy (as CH4) in the conical FBC for 

the same (co-)firing techniques and operating parameters, as in Fig. 6.1. In all the test 

runs, these profiles showed two specific regions: (i) rapid generation of CO and CxHy in 

the bottom region of the combustor and (ii) gradual oxidation of these pollutants in the 

upper region of the reactor. 

In the bottom region, CO and CxHy increased drastically along the combustor 

height in all test series, primarily due to rapid devolatilization of PRH and fuel-char 

The axial CO and CxHy profiles for burning pure PRH, as well as for the co-firing 

of pre-mixed PRH and MRH, showed similar shapes, with a concentration peak at Z ≈ 0.6 

m, i.e., at the level of PRH (or PRH/MRH mixture) injection.  
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oxidation (at a lesser extent), both contributing to CO formation. The two pollutants were 

oxidized in this region at low rates, compared to their formation rates. According to 

(Turns, 2006), CO was generally oxidized to CO2 by O and OH radicals, whereas the 

CxHy oxidation involved two stages: (i) breakdown of CxHy to CO and (ii) further 

oxidation of CO to CO2.  

It can be seen in 6.2 that when co-firing premixed PRH and MRH, CO and CxHy 

at all points along the combustor height were somewhat higher, compared to burning pure 

PRH. This is mainly due to the reduced bed temperature (see Fig. 6.1), which led to the 

lower rates of CO and CxHy oxidation in the primary combustion zone.   

From Fig. 6.2, the use of fuel staging with bottom air injection led to the lowest 

level of both CO and CxHy in the primary combustion zone (i.e., in the fluidized bed). 
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Fig. 6.2. Axial profiles of CO and CxHy (as CH4) in the conical FBC co-fired with PRH and MRH at  

EA  40%, using different co-firing options for (a) EF2 = 0.15 and (b) EF2 = 0.25, in comparison with the 

conventional combustion of PRH. 
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This fact can be attributed to the reduced feed rate of the primary fuel (PRH) that resulted 

in the increased (local) excess air ratio at the reactor bottom. Both these factors enhanced 

the CO and CxHy oxidation rate in the primary combustion zone despite the reduced bed 

temperatures (as seen in Fig. 6.1). However, when using reburning, CO and CxHy in the 

primary combustion zone were highest, as compared to other test series. This is mainly 

due to the substantially decreased O2 at Z < 1. 5 m, which resulted in a lowered rate of 

CO and CxHy oxidation at the combustor bottom. 

Note that, in the trials for fuel staging and reburning, CO and CxHy in the 

secondary/reburn zone were substantially higher than those for the two other test series: 

for individual burning of PRH and co-firing of pre-mixed PRH and MRH. This result can 

be explained by the rapid devolatilization of the secondary fuel injected into the reactor at 

Z = 1.15 m. Furthermore, when using reburning, the reduced O2 concentrations resulted 

in a lower rate of CO and CxHy oxidation in both the primary and reburn zones. The 

highest peaks of CO and CxHy were therefore observed in the reburning tests at SA/TA = 

0.4 with weak effects from EF2. However, an increase of EF2 from 0.15 to 0.25 shifted 

the peaks of CO and CxHy from the primary combustion zone to a level close to MRH 

injection in the reburn zone, as can be seen in Fig. 6.2.  

In the region above the secondary fuel injection, where oxidation reactions 

prevailed, both CO and CxHy decreased gradually along the reactor height to their 

minimum values at the reactor top. In the reburning tests, CO and CxHy rapidly decreased 

downstream from the point of injection of secondary air (particularly at SA/TA = 0.4), 

which enhanced their oxidation rates in the middle region of the reactor. As a result, a 

substantial amount of heat was released in the vicinity of secondary air injection, which 

resulted in the increased temperatures in the cylindrical section of the reactor during 

reburning tests, especially at highest EF2 and SA/TA (see Fig. 6.1).  

6.3. Formation and reduction of NO inside the reactor  

During biomass combustion, NO is mainly formed from volatile matter in a fuel, 

via oxidation of volatile NH3 and HCN in multiple routes of the fuel-NO formation 

mechanism (with proportional effects of fuel-N, excess air, and temperature), whereas the 
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contributions of thermal-NO and prompt-NO are reported to be minor (Werther et al., 

2000; Winter et al., 1999). However, due to secondary reactions, such as the catalytic 

reduction of NO by CO on the char/ash surfaces (Karlström et al., 2017; Lu et al., 2009; 

Zhong et al., 2002) and homogeneous reactions of NO with some radicals (such as CHi, 

NH2/NH, and HCCO) in a flame (Ballester et al., 2008; Casaca and Costa, 2009; Smoot et 

al., 1998; Winter et al., 1999), NO formed in the primary reactions is reduced to a 

substantial extent. 

Fig. 6.3 depicts the axial profiles of NO in the conical FBC for the same (co-)firing 

techniques and operating parameters, as in Figs. 2 and 3. Note that in all the trials, the 

contribution of NO2 to NOx was negligible. In the analysis below, NOx is therefore 

represented only by NO.  

It can be seen in Fig. 6.3 that at Z < 0.6 m, NO was rapidly formed from volatile 

nitrogenous species in PRH (or PRH/MRH mixture), according to the above-mentioned 

fuel-NO formation mechanism, attaining a peak in the vicinity of fuel injection in all the 

test runs.  

During co-firing of the pre-mixed fuels at any selected EF2, NO at all points inside 

the combustor was lower, compared to burning PRH alone. An increase in EF2 from 0.15 to 

0.25 led to an insignificant reduction of NO at each point, generally because of the higher 
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Fig. 6.3. Axial profiles NO in the conical FBC co-fired with PRH and MRH at EA  40%, using 

different co-firing options for (a) EF2 = 0.15 and (b) EF2 = 0.25, in comparison with the 

conventional combustion of PRH. 
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CO and CxHy, both being a source of CHi and HCCO radicals, enhancing the NO reduction 

reactions (Ballester et al., 2008; Casaca and Costa, 2009). 

From Fig. 6.3, during experiments for fuel staging at EF2 = 0.15 and EF2 = 0.25, 

NO (including the peak values) was noticeable lower than in the test series for burning 

pure PRH and co-firing premixed PRH and MRH at similar EA. The reduced NO peaks 

can be explained by the lowered bed temperatures for both EF2 (see Fig. 6.1), despite that 

the local excess air ratio in the primary combustion zone increased because of the 

reduced feeding of PRH. When EF2 increased from 0.15 to 0.25, a significant reduction 

of NO was observed at 0.6 m < Z < 1.15 m. This fact can be attributed to the higher 

concentrations of CO and CxHy in the vicinity of secondary fuel injection, which 

enhanced the catalytic reduction and homogeneous reactions of NO in the secondary 

combustion zone with higher feeding of the MRH. Apart from this, at greater EF2, the 

concentration of fuel chars in the secondary combustion zone was higher, which facilitated 

the catalytic reduction of NO in this zone.  

In the reburning tests, the NO concentrations in the reactor bottom (at Z < 0.6 m), 

and  consequently, the NO peak were substantially lower than those in the other test series, 

mainly due to the higher concentration of reducing species, such as CO and CxHy, in this 

region. It should be noted that the axial NO profiles in the reburning tests exhibited the 

significant impacts of the secondary air. With increasing SA/TA at fixed EA and EF2 (i.e., 

with decreasing the air-to-fuel ratio in both the primary and reburn zones), NO in the 

primary combustion zone showed a noticeable decrease, mainly due to the lowered O2 (see 

Fig. 6.1). However, there was a substantial increase of both CO and CxHy in the two zones, 

which enhanced the rate of the secondary (reduction) reactions in the lower part of the 

combustor (Shu et al., 2015). 

In the upper regions of the combustor, NO showed a gradual decrease along the 

combustor height in all test series. The rate of NO reduction at each point was dependent 

on the NO formation/reduction history (in the primary combustion zone), as well as on the 

levels of CO and CxHy in the secondary/reburn zone. Note that, at EF2 = 0.25, a low 

secondary peak of NO can be observed in Fig. 6.3b in the vicinity of the secondary air 
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injection (at Z  1.65 m), which was likely caused by the NO formed from oxidation of 

nitrogeneous volatile species, released from MRH.    

At a lowered level of O2, the role of NH2/NH (generated from volatile nitrogenous 

species in rice husk) for NO reduction in the two combustion zones was important in the 

reburning tests (Casaca and Costa, 2009; Salzmann and Nussbaumer, 2001). Taking into 

account the reduced formation of NO in the primary combustion zone and highest levels of 

CO and CxHy in the reburn zone, the reburning method showed the highest potential for the 

NO reduction among the co-firing techniques studied in this work.  

Due to generation of substantial concentrations of CO and CxHy in the secondary 

combustion zone, the fuel-staged co-firing of PRH and MRH with bottom air injection also 

showed its effectiveness in terms of NO reduction, however, at a lesser extent compared to 

reburning. 

6.4. Effects of the co-firing options on gaseous emissions 

It can be seen in Fig. 5 that, in all the co-firing tests, the CO and CxHy emissions 

from the combustor were higher than in the tests for burning PRH alone, following the 

formation and oxidation of these pollutants in different regions inside the reactor. 

However, an increase in the CO and CxHy emissions during the co-firing of pre-mixed 

PRH and MRH (see Fig. 6.4a) was less important, compared to the fuel-staged and 

reburning tests.  

With increasing EA within the range (at fixed EF2 and SA/TA), both CO and 

CxHy emissions decreased in all the test runs, mainly due to the enhanced oxidation 

reactions in all regions inside the reactor. At higher values (6080%), EA showed its 

weak influence on these emissions. However, an increase of the two emissions was 

observed with higher EF2 and SA/TA (at fixed EA), mainly due to strengthening effects 

Fig. 6.4 depicts the CO, CxHy (as CH4), and NO emissions (all represented on a 

dry gas basis and at 6% O2) from the conical FBC (co-)fired with PRH and MRH under 

variable operating parameters using the proposed co-firing methods. For comparison, the 

national emission limits of CO (740 ppm) and NO (205 ppm), both represented on a dry 

gas basis and at 6% O2, are shown in Fig. 6.4.  
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from CO and CxHy at the lower part of the reactor (see Fig. 3). 

From Fig. 6.4, the minimal NO emission (about 50 cm
3
 m

–3
) was achieved when 

using reburning at the lowest EA, highest EF2, and highest SA/TA. Note that under these 

conditions, CO and CxHy in the reburn zone (and, consequently, the CO and CxHy 

emissions) attained their maximum, pointing at the important roles of CO and CxHy in the 

NO reduction reactions. As compared to individual firing of PRH at fixed EA, all the co-

firing options resulted in lower NO emission, and the NO emission reduction became 

more significant for increasing EF2 and/or SA/TA. This result can be attributed to the 

substantial contribution of elevated CO and CxHy to the NO reduction in secondary 

(reduction) reactions at different regions inside the reactor. Note that the fuel staging and 

reburning techniques provided better results for the NO emission reduction, mainly due 

to the higher CO and CxHy in the secondary/reburn zone, as compared to burning PRH on 

its own and co-firing of pre-mixed PRH and MRH. However, with increasing EA, the 

NO emission increased in all test runs, following the fuel-NO formation mechanism 

[9,34,35] and because of the lowered CO and CxHy.  

It can be concluded from the analysis of data in Fig. 6.4 that EA, EF2, and/or 

SA/TA had the opposite impacts on the NO and CO/CxHy emissions. Indeed, with 

decreasing EA, as well as with increasing EF2 and/or SA/TA, the CO and CxHy emissions 

showed their substantial increase, whereas the NO emission showed a decreasing trend. 

Therefore, there is a need to optimize the selected operating parameters, with an objective 

to minimize the environmental impacts by the combustor (as discussed below). 

6.5. Combustion efficiency 

Table 6.1 shows the predicted combustion-related heat losses (due to unburned 

carbon and incomplete combustion) and the combustion efficiency of the conical FBC, 

co-fired with PRH and MRH using the proposed co-combustion methods, along with the 

results for burning pure PRH. Data required for determining the actual amount of excess 

air and the heat losses, such as unburned carbon content in the PM and actual O2, CO, 

and CxHy (as CH4) at stack, are also included in Table 6.1 for all the test series and runs.  
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Fig. 6.4. Emissions of CO (upper), CxHy as CH4 (middle), and NO (lower) from the conical FBC 

when co-firing PRH/MRH under variable operating conditions using: (a) pre-mixed fuels, (b) fuel 

staging with bottom air injection, and (c) reburning. 
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An analysis of the heat losses and combustion efficiency of the conical FBC 

Table 6.1 
Combustion heat losses and efficiency of the conical FBC (co-)fired with PRH and MRH using selected 

(co-)firing techniques at variable operating parameters. 

Energy 

fraction of 

secondary  

fuel (EF2) 

Secondar

y to total 

air ratio 

(SA/TA) 

Excess 

air (%) 

O2 at 

stack 

(vol.%) 

CO
 

(ppm) 

CxHy
 

(ppm) 

Unburned 

carbon in 

PM (wt.%) 

Heat loss (%) due to: Combustion  

efficiency 

(%) Unburned 

carbon 

Incomplete 

combustion 

Conventional combustion of PRH   

  0  0  21 3.7 742 440 3.63 0.81 0.82 98.4 

 41 6.2 350 174 3.15 0.70 0.41 98.9 

 62 8.1 160 53 2.09 0.46 0.17 99.4 

 77 9.1 126 37 1.98 0.44 0.14 99.4 

Co-firing of premixed PRH and MRH  

  0.15  0  22 3.9 923 580 1.62 0.41 1.06 98.5 

 41 6.2 448 233 1.59 0.40 0.53 99.1 

 58 7.7 253 107 1.77 0.45 0.30 99.3 

 83 9.6 169 65 1.52 0.38 0.22 99.4 

  0.25  0  20 3.7 1100 720 1.28 0.35 1.27 98.4 

 38 5.9 604 340 1.55 0.43 0.73 98.8 

 59 7.9 367 172 1.09 0.30 0.46 99.2 

 79 9.3 229 126 1.07 0.29 0.35 99.4 

Co-firing PRH and MRH using fuel staging  

  0.15  0  20 3.7 1080 668 2.12 0.54 1.45 98.0 

 43 6.4 467 242 2.49 0.64 0.56 98.8 

 59 7.8 313 160 2.51 0.64 0.37 99.0 

 79 9.3 253 107 2.30 0.59 0.27 99.1 

  0.25  0  20 3.7 1704 817 2.09 0.78 1.51 97.7 

 39 6.0 783 380 1.96 0.63 0.76 98.6 

 59 7.9 464 232 2.13 0.65 0.44 98.9 

 80 9.4 391 206 2.33 0.61 0.35 99.0 

Co-firing PRH and MRH using a reburning technique 

  0.15  0.2  22 3.9 778 352 1.94 0.49 0.74 98.8 

 40 6.0 400 160 2.17 0.55 0.41 99.0 

 60 7.9 240 60 2.05 0.52 0.22 99.3 

 78 9.2 165 30 2.44 0.62 0.15 99.2 

 0.4  19 3.5 1108 569 2.27 0.58 1.05 98.4 

 40 6.1 591 262 2.50 0.64 0.60 98.8 

 64 8.2 284 100 2.68 0.69 0.30 99.0 

 80 9.3 220 77 1.81 0.46 0.26 99.3 

  0.25  0.2  20 3.7 1142 537 2.57 0.72 1.13 98.2 

 41 6.2 632 225 2.35 0.65 0.63 98.7 

 60 7.9 339 100 3.33 0.94 0.35 98.7 

 79 9.3 220 82 2.89 0.81 0.28 98.9 

 0.4  20 3.7 1300 844 2.47 0.69 1.48 97.8 

 40 6.2 705 384 2.74 0.77 0.85 98.4 

 59 7.9 480 237 3.26 0.92 0.62 98.5 

 79 9.3 418 220 2.15 0.60 0.63 98.8 
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showed the weak influence of the co-firing methods, but important effects of operating 

conditions on these characteristics. When burning PRH alone (i.e., at EF2 = 0), the heat 

loss due to unburned carbon decreased from 0.81% to 0.44%, whereas the heat loss due 

to incomplete combustion diminished from 0.82% to 0.14%, as EA ranged from about 

20% to 80%. As a result, with increasing EA within the range, the combustion efficiency 

of the reactor fired with pure PRH showed some improvement, from 98.4% to 99.4%.  

Note that, in the tests for co-firing premixed PRH and MRH in different 

proportions (EF2 = 0.15 and EF2 = 0.25), the combustion efficiencies were close to those 

for firing pure PRH at similar amounts of EA. However, when using fuel staging with 

bottom air injection, the combustion efficiency of the conical FBC was lower (by 

0.30.5%), compared to co-firing premixed PRH and MRH at similar operating 

conditions (EF2 and EA). This result was mainly due to an insignificant increase of the 

two heat losses (both were slightly higher at greater EF2) caused by the secondary fuel 

injection. In the reburning tests, the combustion efficiency was affected by the three 

operating parameters (EF2, EA, and SA/TA). Because of the effects from both fuel and 

air staging, the minimal combustion efficiencies, 97.898.8%, were observed at highest 

EF2 and SA/TA for EA from 2080%. 

6.6. Optimal operating conditions 

Fig. 6.5 depicts the 3-D surfaces representing the emission costs of the co-firing 

of PRH and MRH with the selected co-combustion methods, which were obtained using 

Eqs. (3.8)–(3.11) and the above-reported CO, CxHy, and NO emissions, as well as other 

relevant parameters, all quantified for the ranges of EF2, EA, and SA/TA. From Fig. 6.5, 

the operating conditions showed the substantial effects on the emission costs. At 

relatively low EA, but elevated EF2 and/or SA/TA, the emission costs for all the co-firing 

methods were generally high, mainly due to contributions of the CO and CxHy emissions. 

The effects of the NO emissions on the "external" costs were significant when co-firing 

PRH/MRH with high EA at relatively low EF2 and/or SA/TA. 

As seen in Figs. 6.5a and b, EF2 = 0.15 and EA = 45% were optimal for the co-

combustion of pre-mixed PRH and MRH, as well as for their co-firing using fuel staging 
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with bottom air injection. Under these operating conditions, the "external" costs of the 

conical FBC were minimal for both co-combustion methods. For the reburning technique, 

EA and SA/TA were optimized for EF2 = 0.15 that (as mentioned above) was optimal for 

the first and second co-firing techniques. From Fig. 6c, EA = 50% and SA/TA = 0.25 

were optimal for the co-firing using reburning at EF2 = 0.15.  

It can be seen in Table 3 that under optimal operating parameters, the combustor 

ensured high (about 99%) combustion efficiency, which was close for the selected co-

firing methods.  

(a)                                                                                   (b) 

    

                                          (c) 

 

Fig. 6.5. Emission ("external") costs of the conical FBC co-fired with PRH and MRH under variable 

operating conditions using: (a) a feedstock of the pre-mixed fuels, (b) fuel staging at bottom air injection, 

and (c) reburning at EF2 = 0.15. 
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Table 6.2 compares the CO, CxHy, and NO emissions (all on a dry gas basis and at 

6% O2), as well as the NO emission reduction, for the co-combustion techniques at the 

optimal operating parameters. For comparability, Table 6.2 presents the corresponding 

emission values for burning pure PRH at excess air of 45% and 50%. Through the co-

firing of PRH and MRH under optimal operating conditions, a noticeable/substantial 

reduction of the NO emission from the combustor can be achieved, as compared to 

burning PRH alone: by 13% (145 ppm against 167 ppm) when co-firing the pre-mixed 

fuels, by 37% (106 ppm against 167 ppm) for fuel-staged co-combustion of PRH and 

MRH at bottom air injection, and by 53% (82 ppm against 176 ppm) when using the 

reburning technique.  

However, under these operating conditions, the CO emission may increase by 

90130 ppm, as compared with burning pure PRH, to a level of 380450 ppm 

(depending on the co-combustion method), which is substantially lower than the national 

emission limit for CO (740 ppm). From Table 6.2, during co-combustion of PRH and 

MRH, the CxHy emissions may increase by 5085 ppm, as compared to firing PRH on its 

own, to 170235 ppm in different co-firing techniques. 

Table 6.2 

Major gaseous emissions from the conical FBC co-fired with PRH and MRH at optimal operating 

parameters when using the selected co-combustion methods, as compared with burning pure PRH at similar 

excess air. 

(Co-)combustion method Operating parameters 
Emission

a
 (ppm) NO 

emission 

reduction 
CO CxHy NO 

Conventional combustion of 

a base fuel (PRH) 

EA = 45% 320 150 167  

EA = 50% 270 120 176 

Co-firing premixed fuels EF2 = 0.15, EA = 45% 410 220 145 13% 

Co-firing using fuel staging EF2 = 0.15%, EA = 45% 450 235 106 37% 

Co-firing using reburning EF2 = 0.15%, EA = 

50%, SA/TA = 0.25 

380 170 82 53% 

a 
At 6% O2 on a dry gas basis 
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Chapter 7 

Co-firing of Pelletized Cassava Rhizome and Eucalyptus Bark in a Fluidized 

Bed: Studies on the Effects of Co-firing Methods and Bed Material Type on 

the Combustor Performance and Time-Related Bed Behavior 

7.1 Combustion and emission characteristics inside the conical FBC using silica 

sand as the bed material 

Fig. 7.1 shows the axial profiles of temperature and O2 in the conical FBC (with 

silica sand as the bed material), co-firing PCR and EB at different energy fractions, EF2 = 

0.15 (Fig. 7.1a) and EF2 = 0.25 (Fig. 7.1b), at excess air of about 40%. In this figure, the 

axial temperature and O2 profiles from the tests for fuel staging and reburning (at SA/TA 

= 0.2 and SA/TA = 0.4) are compared to those for the conventional combustion of PCR 

(EF2 = 0).  

In all test runs, the axial temperature profiles were fairly uniform, exhibiting the 

effects of EF2 and SA/TA (the latter using reburning). It can be seen in Fig. 7.1 that the 

temperatures at all points in the bottom region (including the peak temperature) during 

fuel-staged co-combustion of PCR and EB were lower, as compared to firing pure PCR 

and co-firing using reburning. This was mainly due to the reduced feed rate of the 

primary fuel (at fixed airflow through the air distributor), resulting in an increased excess 

air ratio in this region. With increasing EF2 from 0.15 to 0.25 in the fuel-staged co-

combustion tests, the bed temperature showed a decrease, whereas the temperature at the 

reactor top was apparently higher than that in the test for burning pure PCR, mainly due 

to a greater amount of heat released in the secondary combustion zone.     

However, the bed temperature in the reburning tests was higher, as compared to 

co-firing PCR and EB with fuel staging at similar EF2, mainly due to the reduced excess 

air ratio in the primary zone (caused by the air staging). This effect was more significant 

with greater SA/TA. An increase in EF2 from 0.15 to 0.25 shifted the peak temperature 

from Z = 1.1 m to Z = 1.3 m, likely due to the delayed oxidation of combustibles in the 

primary combustion zone. At the reactor top, the temperature at the greatest EF2 and 
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SA/TA was higher, as compared to other tests, because of a greater heat release 

downstream of the reburn zone.  

From Fig. 7.1, the axial O2 profiles for the conventional burning of the base fuel 

and fuel-staged co-combustion tests were similar, showing a gradual decrease along the 

reactor height, with almost no effects from EF2.  

However, in the tests for reburning, the O2 profiles exhibited a different behavior, 

compared to the other two options, showing substantially lower O2 at the reactor bottom, 

herefore, a higher potential of NOx reduction in both the primary and reburn zones 

(Werther et al., 2000). The profiles exhibited a noticeable influence of SA/TA and 

insignificant effects from EF2. Due to the secondary air injection, O2 in the tests for 

reburning increased at the upper part of the reactor to a level similar to that in the other 

options. 
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Fig. 7.1. Axial profiles of temperature and O2 in the conical FBC co-fired with PCR and EB at 

(a) EF2 = 0.15 and (b) EF2 = 0.25, using fuel staging and reburning at excess air of about 40%, 

compared to conventional combustion of PCR. 
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Fig. 7.2 shows the axial profiles of CO and CxHy (as CH4) in the conical FBC for 

the same (co-)combustion options and operating parameters, as in Fig. 7.1. In all the tests, 

these profiles showed two specific regions, pointing at rapid (net) formation of both 

pollutants in the bottom region of the conical FBC, as well as at high rates of CO and 

CxHy oxidation in the upper region (in effect, in the cylindrical section) of the reactor.  

In the bottom region of the reactor, CO and CxHy increased to their maximum 

values (peaks), mainly due to rapid devolatilization of the base (primary) fuel and fuel-

char oxidation (at a lesser extent), both contributing to the CO formation (Werther et al., 

2000). In the meantime, the two pollutants were oxidized in the reactor bottom at rates 

significantly lower than the corresponding formation rates. According to Turns (2006), 

CO is generally oxidized 2 by O and OH radicals, whereas the CxHy oxidation involves 

two major routes: (i) breakdown of CxHy to CO and (ii) further oxidation of CO to CO2.   
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Fig. 7.2. Axial profiles of CO and CxHy (as CH4) in the conical FBC (co-)fired with PCR and EB 

at (a) EF2 = 0.15 and (b) EF2 = 0.25, using fuel staging and reburning at excess air of about 40%, 

compared to conventional combustion of PCR. 
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In the vicinity of secondary/reburn fuel injection (i.e., at Z = 1.15 m), CO and 

CxHy in the tests with fuel staging and reburning techniques were noticeably higher than 

those for burning the base fuel alone, showing their peaks at EF2 = 0.25. In the reactor 

regions downstream from the CO and CxHy peaks, that were dependent on the co-firing 

method and EF2 value, the oxidation rates of both pollutants were greater than their 

formation rates, which resulted in a decrease of CO and CxHy along the combustor height 

to the minimal values at the combustor top.  

A similar trend was observed when comparing CO (CxHy) of the co-firing tests 

using reburning with the test for conventional combustion of the base fuel. However, 

when co-firing PCR and EB using reburning, the CO and CxHy in both the primary and 

reburn zones were substantially higher, as compared to other options, mainly due to the 

decreased O2, leading to the lower rates of CO and CxHy oxidation in the two zones. The 

highest CO and CxHy were observed at all points along the combustor height in the co-

firing test using reburning at EF2 = 0.25 and SA/TA = 0.4, thus providing a greater NO 

emission reduction in this conical FBC, compared to the fuel staging technique (to be 

discussed below). 

Fig. 7.3 depicts the axial profiles of NO in the conical FBC for the same (co-

)combustion options and operating conditions, as in Figs. 7.1 and 7.2. In all the test runs, 

the concentration of NO2 in NOx was negligible. In the below analysis, NOx is therefore 

represented only by NO. 

Similar to CO and CxHy, the axial NO profiles showed two specific regions in the 

combustor in all the test runs. In the bottom reactor region (at Z < 0.6 m), NO formed 

from volatile nitrogenous species in the primary fuel, mainly via oxidation of volatile 

NH3 and HCN in multiple routes of the fuel-NO formation mechanism (including the 

In Fig. 7.2, CO and CxHy in the primary combustion zone in the tests for fuel 

staging were close to those for the conventional combustion of PCR. However, the 

greatest difference between CO (CxHy) from the co-firing tests for fuel staging and CO 

(CxHy) from burning pure PCR was found to occur at Z = 1.15 m, and this difference 

increased with greater EF2 in the experiments for fuel staging.  



91 

 

proportional effects of fuel-N, excess air, and temperature) (Werther et al., 2000; Winter 

et al., 1999). Due to secondary reactions, such as the catalytic reduction of NO by CO (on 

the surface of the fuel char/ash particles) and homogeneous reactions of NO with 

radicals, such as CHi, NH2/NH, and HCCO, some part of NO formed in the primary 

reactions was decomposed in this region (Karlström et al., 2017; Nussbaumer, 2003; 

Zhong et al., 2002). However, the rate of NO formation reactions in this region was 

significantly higher than those of the secondary reactions, which resulted in a rapid 

increase of NO to its peak at the point of base/primary fuel injection.  

From Fig. 7.3, the NO peak in the tests for reburning was significantly lower, 

compared to the other two options, mainly due to the decreased O2 (diminishing NO 

formation rate) and significant concentrations of CO and CxHy (enhancing NO reduction 

reactions) in the bottom region of the conical FBC (see Figs. 7.1 and 7.2). With 

increasing SA/TA (leading to lower O2) and/or decreasing EF2 (resulting in higher CO 

and CxHy), the (net) rate of NO formation in the bottom region of the combustor (and 

accordingly, the NO peak) in the reburning test was lower. In the upper region of the 

combustor (at Z > 0.6 m), NO exhibited a decrease along the combustor height (at a 

variable rate) in all the test runs, as the rate of NO reduction in this part of the reactor 

prevailed over NO formation, despite the use of secondary/reburn fuel in the co-firing 

tests.  

It can be seen in Fig. 7.3 that during the tests for fuel staging, the rate of NO 
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Fig. 7.3. Axial profiles NO in the conical FBC (co-)fired with PCR and EB at (a) EF2 = 0.15 and 

(b) EF2 = 0.25, using fuel staging and reburning at excess air of about 40%, compared to 

conventional combustion of PCR 
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reduction at 0.6 m < Z < 1.5 m was noticeably higher than that for the conventional 

burning of PCR, particularly at a higher feeding rate of EB (i.e., at EF2 = 0.25), which led 

to the lowered NO at the reactor top. This result was primarily achieved due to elevated 

CO and CxHy in the vicinity of secondary fuel (EB) injection, which enhanced the NO 

reduction reactions in the secondary combustion zone.  

However, during the co-firing with reburning, the NO reduction at 0.6 m < Z < 

1.5 m was helped by the lowered O2 (see Fig. 7.1) and high levels of CO and CxHy (see 

Fig. 7.2) in the reburn zone (Shu et al., 2015). Some influence of SA/TA was observed 

(at insignificant effects of EF2) on the NO reduction rate in this region.  

As seen in Fig. 7.3, the NO peak correlated with NO at the reactor top in all (co-

)firing tests. Therefore, it is suggested that during the co-firing of PCR and EB using 

reburning, the local NO reduction in the primary combustion zone (due to very low O2 

and high CO and CxHy) played an important role in the overall reduction of NO emission 

from the conical FBC. This indicates the great potential of the reburning method in NO 

emission reduction, as compared to the fuel-staged co-combustion. 

7.2 Effects of (co-)combustion techniques on the emissions and combustion 

efficiency 

It can be seen in Fig. 7.4 that in the co-firing tests with fuel staging/reburning, the 

CO and CxHy emissions from the combustor were higher (at any fixed EA), as compared 

to burning PCR alone, showing an increase with higher EF2 (at fixed SA/TA in reburning 

tests), i.e., with a greater proportion of the secondary fuel injected into the reactor at a 

higher level (Z = 1.15 m). However, with increasing EA from ~20% to ~40% at given 

EF2 (and fixed SA/TA in reburning tests), both emissions decreased along the reactor 

height at variable rates.  

Fig. 7.4 depicts the CO, CxHy (as CH4), and NO emissions (all on a dry gas basis 

and at 6% O2) from the conical FBC with the silica sand bed, (co-)fired with PCR and EB 

using fuel staging and reburning, under variable operating conditions. For comparison, 

this figure shows similar characteristics for burning the base fuel alone.     
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Fig. 7.4. Emissions of CO, CxHy as CH4, and NO from the conical FBC co-fired with PCR and 

EB under variable operating conditions, using (a) fuel staging and (b) reburning, compared to 

conventional combustion of PCR. 

 
Compared to the conventional combustion of PCR at fixed EA, the selected co-

firing techniques resulted in a lower NO emission from the combustor, mainly due to: (1) 

elevated CO and CxHy in the secondary combustion zone (when using fuel staging at 

bottom air injection), and (2) substantially lowered O2 and increased CO and CxHy in the

 primary and reburn zone when using the reburning technique, as discussed previously. In 

the meantime, with increasing EA (when other operating parameters were fixed), the NO 
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emission from the combustor increased, following the fuel-NO formation mechanism 

(Werther et al., 2000; Winter et al., 1999). 

 As revealed by the results in Fig. 7.4, a significant NO reduction that can be 

achieved at lower EA but greater EF2 and/or SA/TA, i.e., when the CO and CxHy 

Table 7.1 

Heat losses and combustion efficiency of the conical FBC co-fired with PCR and EB, using fuel staging 

and reburning techniques at variable operating parameters, compared to burning pure PCR (bed material: 

silica sand). 

Energy 

fraction of 

secondary fuel 

(EF2) 

Secondary 

to total air 

ratio 

(SA/TA) 

Excess 

air (%) 

O2 at 

stack 

(vol.%) 

Unburned 

carbon in 

PM (wt.%) 

CO 

(ppm) 

CxHy 

(ppm) 

Heat loss (%) due to :  Combustion 

efficiency  

(%)  
unburned 

carbon 

incomplete 

combustion 

  Conventional combustion of PCR 

  0 0 19 3.6 12.3 1360 770 1.49 1.18 97.3 

40 6.1 1.96 610 360 0.21 0.65 99.1 

60 8.0 2.30 230 132 0.25 0.28 99.5 

83 9.5 3.25 160 50 0.36 0.16 99.5 

  Co-combustion of PCR and EB using fuel staging  

  EF2 = 0.15 0 20 3.8 1.72 2370 1157 0.33 1.82 97.8 

41 6.2 1.14 900 549 0.23 0.93 98.8 

57 7.7 0.92 390 260 0.18 0.48 99.3 

76 9.1 0.78 240 108 0.15 0.26 99.6 

  EF2 = 0.25 0 18 3.7 2.14 3690 1686 0.56 2.58 96.9 

39 6.1 1.57 1750 833 0.41 1.48 98.1 

59 7.9 1.17 740 451 0.31 0.83 98.9 

80 9.4 1.42 530 300 0.37 0.65 99.0 

  Co-combustion of PCR and EB using reburning 

  EF2 = 0.15  0.2 20 3.8 7.42 1602 940 1.57 1.56 96.9 

38 5.9 2.79 910 561 0.56 0.93 98.5 

60 7.9 2.88 476 217 0.58 0.40 99.0 

78 9.3 2.07 272 104 0.41 0.21 99.4 

 0.4 20 3.8 3.33 1745 915 0.67 1.65 97.7 

41 6.3 3.19 910 530 0.65 0.92 98.4 

59 7.9 2.73 508 248 0.55 0.46 99.0 

78 9.2 3.04 239 88 0.61 0.19 99.2 

  EF2 = 0.25 

   

 0.2 19 3.8 3.64 2130 1097 0.95 1.90 97.1 

40 6.2 2.82 1250 600 0.74 1.07 98.2 

62 8.1 2.79 670 281 0.73 0.53 98.7 

81 9.4 2.90 370 103 0.76 0.24 99.0 

 0.4 19 3.9 3.76 2727 1471 0.99 2.48 96.5 

39 6.1 3.45 1660 860 0.91 1.47 97.6 

59 7.9 3.39 1008 529 0.90 0.90 98.2 

77 9.2 2.57 639 353 0.67 0.59 98.7 
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emissions were substantially high. It is also noted that the key operating parameters (EA 

on one hand versus EF2 and SA/TA on the other hand) have opposite impacts on the NO 

and CO/CxHy emissions characteristics. It caused a necessity to perform an optimization 

analysis of the operating parameters (as discussed below) to ensure acceptable values of 

the major gaseous emissions for minimal environmental impacts from the co-firing.  

Table 7.1 shows the predicted combustion-related heat losses and combustion 

efficiency of the conical FBC with the silica sand bed, for the three tests series at variable 

operating parameters. Experimental data required for determining an (actual) amount of 

excess air and combustion-related heat losses, such as unburned carbon content in the PM 

and actual O2, CO, and CxHy (as CH4) at stack, are also included in Table 4 for individual 

runs. 

From Table 7.1, in all test series, the heat loss due to unburned carbon decreased 

with increasing EA (at fixed EF2 and SA/TA), pointing at a higher rate of fuel-char 

oxidation. At the lowest EA (~20%), the heat loss was highest in all test series, showing 

however rather close values at EA = 40–80%. However, in the co-firing of PCR and EB 

using fuel staging and reburning at fixed EA, this heat loss somewhat increased with 

higher EF2 and/or SA/TA, mainly due to the fuel/air staging effects. 

It can be seen in Table 7.1 that EF2, SA/TA, and EA have strong effects on the 

CO and CxHy emissions, and consequently, the heat loss due to incomplete combustion, 

which exhibited regular trends in response to the variation in the operating parameters. 

Thus, an increase in EA (at fixed EF2 and SA/TA) led to a significant decrease of this 

heat loss, mainly due to the enhanced rates of CO oxidation and CxHy decomposition. In 

contrast, with increasing EF2 and/or SA/TA (at fixed EA), the heat loss due to incomplete 

combustion increased, to a different extent. 

Taking into account the combined effects of the two heat losses, the combustion 

efficiency of the conical FBC can be improved by increasing EA (at fixed EF2 and 

SA/TA). However, the two co-firing techniques lead to a deterioration of the combustion 

efficiency, as compared to firing pure PCR, particularly at higher EF2 and SA/TA.     
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7.3 Optimal operating parameters for the co-combustion techniques with fuel 

staging and reburning 

Fig. 7.5 shows the "external" costs of the co-firing PCR and EB in the conical 

FBC with silica sand bed, predicted using the measured CO, CxHy, and NO emissions 

(see Fig. 7.4), as well as other relevant parameters, all quantified for the ranges of EF2 

and EA. It can be seen in Fig. 7.5 that the effects of EF2, EA, and SA/TA on the 

"external" costs were substantial. At relatively low EA, but elevated EF2 and/or SA/TA, 

the emission costs for the two co-firing techniques were high, mainly due to the 

noticeable CO and CxHy emissions. The impact of the NO emission on the "external" 

costs was significant, particularly when using high EA and maintaining EF2 and/or 

SA/TA at low levels. From Fig. 7.5, EF2 = 0.15 and EA ≈ 50% were optimal for co-firing 

of PCR and EB in this combustor using fuel staging with bottom air injection, whereas 

EA ≈ 60% and SA/TA ≈ 0.25 were the most appropriate for co-firing with the reburning 

technique at similar EF2. As compared to burning PCR (a base fuel) at similar EA, fuel 

staging and reburning techniques operated under optimal conditions can reduce the NO 

emission from the reactor by 30% and 60%, respectively (see Fig. 7.4).  

  
 

Fig. 7.5 Emission costs of the conical FBC co-fired with PCR and EB under variable operating 

conditions using: (a) fuel staging with bottom air injection and (b) reburning at EF2 = 0.15 (bed 

material: silica sand). 
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7.4 SEM-EDS analysis of the bed materials 

From the co-firing tests with SS as the bed material, a small proportion of the 

sand (5 wt.% when using fuel staging and 10% in reburning tests) was subjected to 

agglomeration within a short operating time (8 h). Fig. 7.6 shows the SEM–EDS spot 

analysis of agglomerates collected after the tests for fuel staging and reburning. The 

micrographs in Fig. 7.6 reveal that the agglomerates were formed via binding of bed 

particles with different shapes and sizes. The binding material that bonded the SS 

particles was rich in Si, K, and Ca, the components of K2O–CaO–SiO2 and K2O–SiO2 

eutectics with low melting points (Nuutinen et al., 2004; Öhman et al., 2000; Scala and 

Chirone, 2008), whereas the contents of Al, Mg, and Fe (basically increasing the melting 

point of the binding material) were negligible. The adhesive eutectics were generated on 

the surfaces of SS grains as a particle coating, which likely formed due to two 

mechanisms: (1) reaction of SiO2 in the sand with K-rich compounds vaporized from fuel 

(a) 

 

        (b) 

 

  

Fig. 7.6. SEM-EDS spot analyses of the bed agglomerates sampled after 8-h co-firing tests on 

the conical using (a) fuel staging and (b) reburning (bed material: silica sand). 
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ash, and (2) migration of ash-derived melts, released from the partly-melted fuel 

chars/ashes, onto the SS grain surfaces. As seen in Fig. 7.6 and found in visual bed 

observations, the agglomeration occurred in the reburning tests was more intensive, 

compared to the tests for fuel staging, mainly because of the higher bed temperatures (see 

Fig. 7.1). To avoid bed agglomeration for a relatively long time, it was therefore decided 

to perform long-term co-firing tests with alternative bed materials using a reburning 

technique in this conical FBC.    

As revealed by visual inspections of the bed materials at different operating times, 

no bed agglomeration occurred in the conical FBC during the reburning tests with pure 

AS and the AS/SS mixture. During the experiments with distinct bed materials, the 

operating parameters were maintained at EF2 = 0.15, EA = 50%, and SA/TA = 0.2 (i.e., 

close to optimal ones, as quantified in the preceded section). As an example, Fig. 7.7 

presents the SEM micrographs and EDS spot analyses of AS and AS/SS particles 

sampled from PM after finishing the 30-h experiments with the selected bed materials. 

From Fig. 7.7, the AS grains had a partly coated surface, and the bed particle coatings on 

(a)                                                                (b) 

  

                   
 

Fig. 7.7. SEM-EDS spot analyses of the bed particles sampled after 30-h reburning tests on the 

conical FBC using (a) alumina sand and (b) AS/SS mixture as the bed material. 
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both micrographs (see Figs. 7.7a and 7.7b) were thin and similar in thickness. Since 

Al2O3 in the bed material did not react with K-rich compounds vaporized from the fuel 

ash, the coating layer on the AS grains likely formed due to: (1) collisions of AS grains 

with the partly molten char/ash particles in the fluidized bed, (2) migration of ash melts 

onto the grain surfaces, forming the ash-melt coatings (Visser, 2004). Due to insignificant 

K and substantial/noticeable contents of Ca, Mg, Al, Fe, and P in the AS coatings, the 

adhesiveness of the coating layers (at the actual bed temperatures) was low (Visser, 2004; 

Nuutinen et al., 2004), thus resisting bed agglomeration. 

In the AS/SS bed sampled after the tests, SS grains had a greater (up to 40 μm 

thick) coating layer compared to that of AS grains (up to 15 μm thick), as seen in Fig. 

7.7. This can be attributed to the “coating-induced” mechanism for formation of a coating 

layer, mainly as a result of interactions of SiO2 in the SS grains with K-rich species 

vaporized from the fuel ash (Visser, 2004).  

When using AS and AS/SS beds, fine alumina-rich particles (generated in the 

turbulent fluidized bed due to collisions and attrition of AS grains), were adhered to by 

the partly molten chars and ashes, decreasing the adhesiveness of the melts transferred 

onto the surface of bed grains. Apart from this, fine alumina-rich particles can be 

absorbed by the grain coatings (when formed), resulting in the higher melting point of 

eutectics/melts in the coatings. These factors increase the resistance of the bed grains to 

bed agglomeration when burning high-alkali PCR and EB in this conical FBC when 

using pure AS and the AS/SS mixture as the bed material.  

7.5 Time-related changes in compositions of the bed materials and particulate 

matter 

Table 7.2 presents the composition of the bed materials used/reused in the 

conical FBC and that of PM generated during co-combustion of PCR and EB using 

reburning at EF2 = 0.15, EA = 50%, and SA/TA = 0.2, for selected operating times. It can 

be seen that the compositions of the bed materials were subjected to time-domain 

changes. Due to the coating of AS and SS grains and because of the presence of some PM 

retained in the bed (in spite of 1.5-h blowing after the reactor shut down), ash-forming 
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compounds, such as SiO2, CaO, K2O, MgO, Fe2O3, and P2O5, showed a time-domain 

increase of their fractions in both bed materials, i.e., accumulation of the ash-derived 

compounds in the bed. In the meantime, Al2O3 responsible for preventing bed 

agglomeration showed a gradual decrease with operating time, mainly due to (i) 

“dilution” of Al2O3 by the above-mentioned ash-related species and (ii) carryover of 

some alumina fine particles (generated in the fluidized bed in collisions and attrition of 

AS grains) from the reactor. This fact indicated a gradual time-domain decrease of the 

bed capability to withstand bed agglomeration.  

Data in Table 7.2 reveal that in the two test series, the content of Al2O3 in PM 

was greater than that in the ash of the “equivalent” fuel at all time instants. This directly 

pointed at the occurrence of carryover of fine alumina-rich particles, which joined PM. A 

time-domain decrease of Al2O3 in PM was likely due to a similar trend exhibited by 

Al2O3 in the two bed materials. 

Table 7.2 

Composition of the bed materials used/reused in the conical FBC and that of PM generated during co-combustion of 

PCR and EB using a reburning technique, for different time instants of combustor operation 
 

Operating time (h) Composition (wt.%) 

Al2O3 SiO2 CaO K2O Na2O MgO Fe2O3 P2O5 Cl SO3 

Bed samples from the tests with alumina sand        

     8 58.71 34.43 2.46 1.73 0.32 0.49 0.54 0.89 0.04 0.09 

   16 46.56 44.38 3.41 2.31 0.3 0.66 0.72 1.27 0.04 0.1 

   23 42.94 46.91 4.01 2.49 0.28 0.81 0.88 1.53 0.04 0.11 

   30 39.71 49.12 4.22 2.59 0.23 0.84 0.96 1.54 0.05 0.13 

Bed samples from the tests with alumina and silica sand mixted in equal proportions    

     8 19.86 66.74 5.16 4.02 0.12 1.08 0.99 1.62 0.03 0.07 

   16 17.45 69.23 4.95 4.12 0.13 1.03 1.1 1.55 0.03 0.06 

   23 12.14 65.82 11.42 4.18 0.1 1.42 1.36 2.05 0.07 0.27 

   30 10.89 67.4 11.54 4.14 0.13 1.46 1.59 2.03 0.06 0.23 

Particulate matter from the tests with alumina sand      

     8 9.02 63.27 10.77 6.38 0.33 2.13 2.67 3.5 0.44 0.79 

   16 5.52 57.17 15.53 7.32 0.27 2.87 2.99 4.81 0.6 2.06 

   23 6.13 60.03 13.95 6.78 0.24 2.58 3.12 4.19 0.53 1.62 

   30 5.06 63.78 12.55 6.78 0.19 2.37 2.71 3.95 0.42 1.28 

Particulate matter from the tests with alumina and silica sand mixted in equal proportions   

     8 5.44 48.81 21.88 7.59 0.45 3.2 3.44 4.42 1.01 2.58 

   16 5.03 60.67 14.01 7.02 0.26 2.87 2.8 4.37 0.55 1.46 

   23 4.39 40.66 31.02 8.32 0.27 3.19 3.57 3.95 1.15 1.93 

   30 4.77 42.75 28.12 8.34 0.28 3.05 3.68 4.23 1.16 2.26 
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Chapter 8 

Conclusions and Recommendations  

8.1 Conclusions 

The potential of potential of three co-firing methods: (i) burning pre-mixed fuels, 

(ii) using fuel staging with bottom air injection, and (iii) using reburning for reducing 

NOx emissions during biomass-biomass co-combustion in a fluidized-bed combustor has 

been investigated. Effects of the proposed co-combustion techniques, operating 

conditions, bed material type on the behavior of major pollutants (CO, CxHy, and NO) in 

different reactor regions, as well as on the emissions and combustion efficiency of the 

combustor, are studied in detail and compared for the proposed co-combustion methods. 

For safe co-firing of the selected biomasses, alumina sand (AS), mixed with silica sand 

(SS) in different proportions, is used as the bed material to inhibit bed agglomeration. 

Prior to the (co-)combustion tests, a cold-state hydrodynamic study has been 

performed in a cone-shaped fluidized bed using the alternative (sand-like) bed materials, 

with the main goal to investigate the major hydrodynamic characteristics and regimes of 

the bed with a sand-biomass binary mixture for variable superficial velocity of air (u) 

fluidizing the bed. The ∆p-u diagrams of the cone-shaped bed have been obtained for a 

range of operating variables, and then used for determining the hydrodynamic regimes 

and characteristics of the bed. The following conclusions have been derived from the 

results obtained in this study: 

 four sequent hydrodynamic regimes (fixed-bed, partially fluidized-bed, fully 

fluidized-bed, and turbulent fluidized-bed regimes) are observed in the cone-shaped 

fluidized bed when varying the air superficial velocity from 0 to 6 m/s; 

 a static bed height of 30 cm seems to be appropriate (irrespective of the bed 

material) for (co-)firing of the selected biomasses as ensuring (i) stable fluidization of the 

bed (at reasonable umff), and (ii) sustained ignition and combustion of biomass in a cone-

shaped fluidized bed; 
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 empirical models for predicting umff and Δpmff  of cone-shaped fluidized beds 

with binary mixtures (or pure bed materials) have been developed in this work. The umff 

and Δpmff predicted by the proposed models show good agreement with those obtained 

experimentally, thus, indicating the validity of the models; 

 a Nomograph has been proposed for practical use to assess the total pressure 

drop across a cone-shaped bed (with a binary mixture) and air distributor for any required 

superficial air velocity, for a range of operating variables. 

The findings of the co-combustion studies reveal that the proposed co-firing 

methods exhibit a great potential for NOx emission reduction, however, with different 

extents. Based on the findings, the following conclusions have been derived: 

 the effects of operating parameters, such as the energy fraction of 

secondary/reburn fuel in the total fuel supply (EF2), excess air (EA), and the secondary-

to-total air ratio (SA/TA) in the reburning tests, on the combustion and emission 

characteristics of the combustor are noticeable; 

 the selected co-firing techniques create reducing conditions for NO (due to 

substantial CO and CxHy) in the primary and secondary/reburn zones; 

 some increase in the CO and CxHy  emissions, consequently leading to a lower 

combustion efficiency, is observed when using the proposed co-firing techniques; 

 when using silica sand (conventional bed material) in the co-firing of PCR and 

EB combustor, a small proportion of agglomerates can be formed in the fluidized bed 

within a quite short time (~8 h) of combustor operation with both co-firing techniques. 

The agglomerates are formed in a silica sand bed by binding materials, such as low-

melting-point K2O–CaO–SiO2 and K2O–SiO2 eutectics, formed on the surface of silica 

sand grains; 

  by using the proposed co-combustion techniques,  the combustor  ensures 

high  (∼99%)  combustion  efficiency  and  reduced  NO  emission:  by  about  15%  when 

co-firing pre-mixed fuels, by 40% for the fuel-staged co-combustion, and by 55% 

when using reburning, as compared to burning the base fuel alone; 
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 with a proportion of alumina sand in the bed mixture of greater than 50% (by 

wt.), bed agglomeration can be prevented in the combustor for a relatively long 

operational time; 

 however, both alternative bed materials show time-domain changes in their 

physiochemical characteristics, pointing at a gradual decrease of the bed capability to 

withstand agglomeration, mainly due to continuous carryover of fine alumina-rich 

particles (generated in the fluidized bed in collisions and attrition of the AS grains) from 

the combustor. 

8.2 Recommendations for the future work 

Given below are some recommendations for future research studies: 

 other biomasses/wastes with elevated/high content of nitrogen should be 

studied; 

 other alternative bed materials (with low cost) decreasing the bed 

agglomeration can be considered for the biomass-biomass co-combustion in a fluidized-

bed combustor; 

 effects of reburning on fluidization quality of the bed should be investigated; 

 to assess a capability of the selected bed materials for a practical use, the tests 

should be performed for longer time; 

 the knowledge obtained from this research project should employed in 

practice. 
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A B S T R A C T

Flow regimes and hydrodynamic characteristics of a cone-shaped bed, the key element of a fluidized-bed
combustor, were studied in this work. Prior to the cold-state experiments, the bed material (alumina sand/
dolomite/limestone) was premixed with palm kernel shell in different proportions of the biomass in a binary
mixture: 0, 2.5, 7.5, and 10wt.%. In a test series with the selected bed material, the pressure drop across the bed
and air distributor (Δp) was measured versus superficial air velocity at the air distributor exit (u), for three static
bed heights (20, 30, and 40 cm). Four sequent flow regimes were found in the sand–biomass bed with for the
selected range of u. The findings revealed the effects of operating variables on the major hydrodynamic char-
acteristics: minimum velocity of partial fluidization (umpf), minimum velocity of full fluidization (umff) and
corresponding pressure drops (Δpmax and Δpmff), and entire Δp–u diagram of the bed. The mathematical models
for predicting umff and Δpmff, were empirically developed, both exhibiting good agreement with experimental
data. A nomograph for the assessment of the pressure drop across the conical bed with the binary mixture at any
arbitrary superficial air velocity has been proposed in this work.

1. Introduction

Fluidized-bed systems are widely used in various industrial appli-
cations, mainly related to chemical and energy conversion processes
[1–4]. Due to excellent gas–solid mixing in a bed, fluidized-bed systems
have become important competitors in combustion applications. Com-
pared to other combustion techniques (e.g., stoker-fired and pulverized
fuel firing systems), fluidized-bed boilers and combustors offer a
number of important advantages, such as wide fuel flexibility, better
heat transfer characteristics, thermal homogeneity, and relatively low
temperatures inside a system, resulting in lower NOx emissions from a
boiler/combustor [5–7]. With the use of co-firing of fuels with dedi-
cated combustion properties, the NOx emissions can be substantially
reduced via fuel staging and reburning, as compared to burning a base
fuel in a conventional fluidized-bed system [8].

To provide an optimal design of a fluidized-bed combustion system,
a knowledge of the hydrodynamic characteristics of a gas–solid flui-
dized bed is required. For constructing a new system, these character-
istics are important to: (i) obtain the best/optimal reactor design, (ii)

select proper auxiliary equipment for a combustion system, and (iii)
quantify a possible range of combustion operating conditions [9]. In
addition, the hydrodynamics has been reported to play a vital role in
the combustion and heat transfer characteristics of a fluidized-bed re-
actor [10,11].

A number of research studies have investigated flow regimes and
hydrodynamic characteristics of columnar (cylindrical/prismatic) flui-
dized gas–solid beds, widely used in fluidized-bed combustion systems,
and reported that the minimum fluidization velocity, umf, and the
corresponding pressure drop across the bed, Δpmf, are important hy-
drodynamic characteristics of these conventional fluidized-bed systems
[12,13].

During the last few decades, fluidized-bed combustion has been
increasingly employed in the combustion of various biomass fuels, with
the aim to decrease the emissions and, thus, minimize the environ-
mental impact of the energy production. In a biomass fluidized-bed
combustion system, quartz/silica sand is normally employed as the bed
material, to facilitate effective mixing between solids and gases (com-
bustion products), and thus, ensure stable ignition and combustion of
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fuel particles in the fluidized bed. However, when firing biomasses with
high/elevated alkali-metal contents using the conventional bed mate-
rial, the fluidized-bed combustion systems encounter bed agglomera-
tion [14–16]. To inhibit this problem, the use of alternative bed ma-
terials, such as alumina sand, dolomite, and limestone, have been
proposed [17,18]. Commonly, these bed materials are rather expensive,
compared to silica sand. Due to some advantages, such as a lesser
amount and/or cost of the bed material and a lower pressure drop
across the fluidized bed [9,19], fluidized-bed combustion systems with
a conical/tapered bed are treated to be promising techniques, compared
to those using cylindrical and prismatic beds (with similar bed heights),
particularly when using costly bed materials [17–19].

The hydrodynamic behavior and characteristics of conical/tapered
fluidized beds are reported to be quite different, as compared to cy-
lindrical and prismatic fluidized beds. In a conical/tapered fluidized
bed, the cross-sectional area of the bed increases along the bed height.
This geometrical feature results in a reduction of the fluidizing gas
velocity along the axial distance in the bed, leading to an insignificant
pressure gradient along the bed height and, consequently, to a steady
operation of the conical/tapered fluidized beds [20–23]. However,
compared to the systems using a wedge-shaped bed (also termed a ta-
pered bed), fluidized-bed combustors with a cone-shaped bed are ty-
pically operated in a turbulent fluidization regime (mainly due to the
relatively small airflow area at the air distributor exit), even at reduced
combustor loads and/or lowered excess air [17,18]. This regime en-
sures highly intensive mixing processes in the reactor bottom and re-
sults in a substantial expansion of the conical fluidized bed [23], which
is favorable for mitigating “melt-inducted” bed agglomeration in a
combustion system [17].

Because of the gas velocity axial gradient, the bed material may
exhibit different flow regimes in different layers of the conical/tapered
bed at relatively low gas flow rates [20,23]. As reported in a number of
research papers, the minimum velocity of full fluidization (umff) and
corresponding pressure drop across the bed (Δpmff) are crucial char-
acteristics of conical and tapered fluidized beds [9,24–26], and are used
for quantifying the possible range of superficial air velocity, ensuring a

desirable fluidization mode for stable burning of biomass in the flui-
dized bed at the specified load [24]. Unlike umf (basically applicable for
columnar beds), depending on physical properties of a bed material
(solid density, bed particle size, sphericity, and voidage) [12,13], umff of
a conical/tapered bed takes into account the combined effects from the
bed physical properties and geometry (the latter is characterized by
static bed height, cone angle, and diameter at the lower base), as well as
from the air injection/distribution technique [9,26,31].

Only limited studies have reported empirical models for predicting
umff and Δpmff of a reactor with the cone-shaped/tapered bed, using a
single bed material fluidized by air [25,26]. The models include the
above-mentioned physical properties and geometrical characteristics of
the bed, as well as the properties of the fluidizing agent (density and
viscosity). Besides, the model in Ref [26]. takes into account the effects
of bed voidage and particle sphericity. However, the proposed models
have been developed for either large taper angles [25] or small cone
angles [26], which are substantially different from that (of about 40°)
ensuring bubbling fluidization regime [31], favorable for fluidized-bed
combustion systems.

Note that in a fluidized-bed combustion system fired with biomass,
solid particles in the entire bed are not the only bed material particles
but also fuel char/ash particles (up to 5 wt.%) [27]. Thus, an under-
standing of hydrodynamic behavior and characteristics of a fluidized
bed, containing both sand and biomass particles (binary mixture), is
important for the optimal design and operation of biomass-fueled
fluidized-bed combustion systems using cone-shaped beds. However, no
reliable models for predicting umff and Δpmff of a conical bed with a
binary (sand–biomass) mixture, which can be operated in a bubbling/
turbulent fluidization regime, has been reported in the literature.

The main objective of this work was to examine the flow regimes
and hydrodynamic characteristics of a cone-shaped fluidized bed, using
three bed materials (alumina sand, dolomite, and limestone), as well as
those of a binary mixture in different proportions of the bed material
and biomass. At the first stage of this work, the effects of static bed
height, biomass weight fraction in the binary mixture, and biomass
particle size on the flow regimes and hydrodynamic characteristics of

Nomenclature

Aa Net cross-sectional area of airflow at the air distributor
exit (m2)

Ar Archimedes number (–)
BH Static bed height (experimental parameter) (cm)
Do Diameter at the conical bed lower section (at the air dis-

tributor exit) (m)
dBM Mean diameter of bed material particles (m)
dPKS Mean diameter of palm kernel shell particles (m)
dp,eff Effective diameter of solid particles in a binary mixture

(m)
g Gravitational acceleration (m/s2)
h Static bed height (in mathematical models) (m)
MF Biomass fraction in a binary mixture (wt.%)
Δp Total pressure drop (across the bed and air distributor)

(kPa)
Δpmax Total pressure drop at the minimum velocity of partial

fluidization (kPa)
Δpmf Pressure drop across the bed at the minimum fluidization

velocity (used for columnar beds) (kPa)
Δpmff Total pressure drop at the minimum velocity of full flui-

dization (kPa)
Qa Rate of airflow through the bed (binary mixture) (m3/s)
Re Reynolds number (–)
Remff Reynolds number at the minimum velocity of full fluidi-

zation (–)

u Superficial air velocity at the air distributor exit (m/s)
uk Minimum velocity of turbulent bed fluidization (m/s)
umf Minimum fluidization velocity (used for columnar beds)

(m/s)
umfd Maximum velocity of full defluidization of the bed (m/s)
umff Minimum velocity of full fluidization (of entire bed ma-

terial) (m/s)
umpd Maximum velocity of partial bed defluidization (m/s)
umpf Minimum velocity of partial bed fluidization (m/s)
wBM Weight (mass) fraction of a bed material (wt.%)
wPKS weight (mass) fraction of a biomass (palm kernel shell)

(wt.%)

Greek symbols

α Cone angle of a conical bed (º)
μ Dynamic viscosity of a fluidizing gas (air) (N s/m2)
ρBM Solid density of a bed material (kg/m3)
ρg Density of a fluidizing gas (kg/m3)
ρPKS Solid density of palm kernel shell (kg/m3)
ρp or ρs Solid density of bed material particles (kg/m3)
ρp,eff Effective density of a binary mixture (kg/m3)

Abbreviations

AD Air distributor
PK Palm kernel shell
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the bed fluidized by airflow were experimentally investigated.
Afterwards, empirical models for predicting major hydrodynamic
characteristics (such as minimum velocity of full fluidization, umff, and
corresponding total pressure drop across the bed and air distributor,
Δpmff) of the cone-shaped bed with a specified binary mixture (i.e., for
the ranges of weight fraction of the bed material and biomass) were
developed.

2. Methods

2.1. Experimental setup

Fig. 1 depicts the test rig, which was constructed to reproduce the
configuration of a conical fluidized-bed combustor, used in a number of
previous experimental works on individual firing and co-firing of var-
ious biomass fuels [17–19]. The experimental rig was made of 1-mm
thick galvanized steel and consisted of two sections: (1) a cone-shaped
section with a 40° cone angle and 250mm inner diameter at the bottom
base, and (2) a cylindrical section of 2000mm height and 1000mm
inner diameter. A transparent plexiglass window, installed on the
conical wall of the apparatus, was used to monitor the bed behavior
during the tests. Two digital cameras (Fujifilm FinePix HS20 EXR) were
used to record the particles movement in different bed fluidization re-
gimes. The experimental rig was also equipped with measuring devices
and instruments (see Fig. 1). A 25-hp air blower was used to supply
fluidizing air to the test rig through an air pipe of 100mm inner dia-
meter.

Air was injected into the bed through an air distributor, as shown in
Fig. 2. The air distributor consisted of nineteen bubble-cap stand pipes
arranged in staggered order on the steel plate of the 250-mm diameter
distributor plate, as depicted in Fig. 2a. An individual stand pipe had
sixty four holes, each of 2mm in diameter, distributed evenly over the
pipe surface, and also six rectangular slots of 3mm width and 15mm
height, located under a cap of 47mm diameter. Airflow from each in-
dividual stand pipe penetrated into the space between the pipes

through the hole and slots in a radial direction (as represented in
Fig. 2b), ensuring a quasi-uniform distribution of the airflow over the
air distributor plate, and thus, preventing a spouting fluidization regime
of the gas–solid bed. The net cross-sectional area of airflow at the dis-
tributor exit (calculated as the difference between area of the 250-mm-
diameter plate and total area occupied by the caps) was
Aair= 0.016m2.

The airflow rate (Qair) was adjusted by a globe valve arranged
downstream from the blower, and this operating variable was con-
trolled by using an orifice-type flowmeter equipped with a U-tube
manometer (see Fig. 1). A multifunction flowmeter "Testo-512″ with an
L-type Pitot tube was used to measure air velocity across the air pipe in
the calibration tests. The relationship between Qair (quantified in these
set-up tests by integrating the velocity profile across the air pipe) and
the valve opening was determined prior to the experimental study. The
measurement accuracy of air velocity was within ± 0.03m/s for the
range of airflow rates. However, due to some errors in physical mea-
surements of the pipe inner diameter (± 1%) and axial air velocity
(± 2%), the measurement uncertainty in airflow rate was±3%. For
selected operating conditions (i.e., for the particular test run), the su-
perficial air velocity at the distributor exit was quantified as u = Qair/
Aair.

The total pressure drop across the distributor–bed system (Δp),
comprising the air–solid bed and the air distributor (AD), was measured
for variable superficial air velocity at the air distributor exit (u) by using
another U-tube manometer with two static pressure probes. One probe
was arranged in the air duct below the air distributor, while the other
one was fixed at a level 0.7m above the air distributor plate, as shown
in Fig. 1.

2.2. Bed materials and biomass used for preparing binary mixtures

Three bed materials (alternative to silica sand conventionally used
in biomass-fueled fluidized-bed combustion systems): alumina sand,
dolomite, and limestone with similar sieved particle sizes of

Fig. 1. Schematic diagram of the experimental setup for this cold-state hydrodynamic study (unit: mm).
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0.3–0.5 mm, were used in this work. The mean particle size of the se-
lected bed materials was determined with a “Mastersizer 2000″ particle
size analyzer to be: 480 μm for alumina sand, 415 μm for dolomite, and
450 μm for limestone. The solid density of these bed materials was quite
different: 3500 kg/m3 for alumina, 2900 kg/m3 for dolomite, and
2600 kg/m3 for limestone. According to the particle size and density,
these bed materials were categorized as Geldart-B particles [28], which
are generally used for ensuring sustainable fluidization, and corre-
spondingly, excellent mixing between gas and solids in fluidized-bed
combustion systems.

Palm kernel shell (PKS) with a solid density of 1500 kg/m3 was used
as the tested biomass in this experimental work. Due to the irregular
shape and large particle size of "as-received” PKS, the biomass was
shredded and categorized into two size groups of particles: 3–6mm and
6–9mm by sieving. The mean particle size of a particular size group
was obtained according to Refs. [12,29] to be: 4.7 mm for the 3–6mm
size group, and 7.9 mm for the 6–9mm size group.

2.3. Experimental procedures

The bed material (alumina sand/dolomite/limestone) was premixed
with PKS of each size group in different mass fractions (MF) of biomass
in the binary mixture: 0 wt.% (when using only bed material), 2.5 wt.%,
5 wt.%, 7.5 wt.%, and 10wt.%. Prior to the tests, the bed material
(binary mixture) was placed in the conical module of the rig forming a
loosely packed bed. For each MF, the tests were performed for three
selected static bed heights (BHs): 20, 30, and 40 cm.

For fixed BH and MF, the pressure drop across the bed (Δp) was
measured versus superficial air velocity (u), to provide data for plotting
the Δp–u diagram of the conical bed. Afterwards, the Δp–u diagram was
used for determining major flow regimes and hydrodynamic char-
acteristics of the bed. For fixed BH and MF, the superficial air velocity
ranged from 0m/s to up to 6m/s, to observe different flow regimes of
the bed. Note that the tests with pure bed materials were performed for
both fluidization (via increasing u) and defluidization (via decreasing u)
of the bed, whereas experiments with the selected binary mixtures were
performed only for bed fluidization. All the tests were performed at the
ambient temperature (30 ± 2 °C) and pressure at the air blower inlet.
The relevant properties of air used in this study were therefore assumed
for a mean temperature of 30 °C: dynamic viscosity = × −μ 1.86 10 5 N·s/
m2 and density ρg= 1.165 kg/m3 [30].

2.4. Methods for empirical modeling umff and Δpmff of a binary mixture

In this work, the model for predicting the minimum velocity of full
fluidization (umff) for a cone-shaped bed with a binary mixture was

developed using statistical analysis of experimental data, as shown in
some previous relevant studies [31–33].

To determine umff based on analytical approach, the relationship
between the Reynolds number corresponding to the minimum velocity
of full fluidization (Remff) and the Archimedes number (Ar) is required.
To obtain this relationship (that can be simplified with some assump-
tions before its practical use), a dimensional analysis of the model,
describing the behavior of umff for variable physical properties (in-
cluding bed voidage and particle sphericity) and geometrical char-
acteristics of a conical/tapered bed [23,31] should be performed.
However, this approach is not feasible in the current studies dealing
with binary bed mixtures of an inert bed material and biomass. Com-
pared to this analytical approach, the statistical analysis applied in this
work is based on limited input data: the density and viscosity of the
fluidizing agent (air) and the density of the bed material, as well as
geometrical characteristics of the cone-shaped bed, such as the cone
angle (α), bed height (h), and bed diameter at the lower section (Do).
With these variables, the relationship = f h D αRe (Ar, , , )mff o can be em-
pirically developed for the range of operating conditions, assuming h ≈
BH and α=40°, and thus, avoiding the use of the bed voidage and
particle sphericity in this analysis.

Due to a significant difference in the density and particle size of the
bed material and biomass (the components of a binary mixture), the
effective density (ρp,eff) and effective diameter (dp,eff) of the solid bed
mixture (consisting of the inert bed material and PKS) [34,35] were
used, which are determined from:

= +
ρ

w
ρ

w
ρ

1

p,eff

BM

BM

PKS

PKS (1)

= +
d ρ

w
d ρ

w
d ρ

1
p,eff p,eff

BM

BM BM

PKS

PKS PKS (2)

where wBM and wPKS are the weight (mass) fractions of the bed material
and PKS, ρBM and ρPKS are the densities of the bed material and PKS,
and dBM and dPKS are the mean diameters of the bed material and PKS
particles, respectively.

Taking into account the effects of ρp,eff and dp,eff determined from
Eqs. (1) and (2), the Reynolds number for the state of full fluidization of
the bed (u= umff), and the Archimedes number, both applicable for a
conical/tapered fluidized bed, can be represented as:

=
ρ u d

μ
Remff

g mff p,eff

(3)

=
−ρ d ρ ρ g

μ
Ar

( )g p,eff
3

p,eff g
2 (4)

Fig. 2. Bubble-cap air distributor of an experimental rig: (a) arrangement of bubble caps on the air distributor plate, and (b) longitudinal view of stand pipes (unit:
mm).
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Using Eqs. (3) and (4), a formula for quantifying umff of the bed is
expressed as:

⎜ ⎟= ⎛

⎝
⎜

⎞

⎠
⎟

⎛
⎝

⎞
⎠

u a
μ

ρ d
h
D

Arb
c

mff 1
g p,eff o

1
1

(5)

In this work, a relationship for predicting Δpmff was developed based
on the dimensional analysis of Ergun’s equation, modified for conical/
tapered beds [31,32], by taking into account the apparent effects of umff

and the bed geometry. In a general form, this relationship is:

⎜ ⎟= ⎛
⎝

⎞
⎠

Δp a u h
D

( )b
c

mff 2 mff
o

2
2

(6)

In Eqs. (5) and (6), the coefficients and exponents (a1, b1, c1, a2, b2, and
c2) were determined by using a multiple linear regression analysis of
experimental data.

3. Results and discussion

3.1. Flow regimes of a cone-shaped fluidized bed

Fig. 3 shows a typical Δp–u diagram of a cone-shaped bed using a
pure bed material (alumina sand, dolomite, and limestone) with a
single range, 0.3–0.5mm, of particle sizes for two experimental pro-
cedures: fluidization (solid symbols) and defluidization (open symbols),
with ambient air being the fluidizing agent. As seen in Fig. 3, with in-
creasing superficial air velocity (u) within the selected range, the (total)
pressure drop across the bed and air distributor (Δp) varies following
the path O→ A→ B→ C and further. Four sequent flow regimes of the
bed were observed during the test run for bed fluidization: (I) fixed bed,
(II) partially fluidized bed, (III) fully fluidized bed, and (IV) turbulent
fluidized bed, as indicated in Fig. 3. These flow regimes have much in
common with those found for cone-shaped and tapered beds using
various bed materials and fluidizing agents [23,24,32].

To facilitate an understanding of the flow regimes and behaviors of
the cone-shape fluidized beds, Fig. 4 illustrates the gas–solid bed (ob-
served in this cone-shaped test rig at different levels of u), exhibiting
four hydrodynamics regimes corresponding to the regimes (regions) in
Fig. 3.

The following is a summary of the flow regimes, occurring in this
cone-shaped bed using the selected bed materials fluidized by air:

I: Fixed-bed regime (O→A). Within the fixed-bed region, the Δp–u
profile in Fig. 3 shows a quasi-linear relationship. With increasing u
within this region, Δp linearly increases until it reached the maximum
value (Δpmax). Due to a relatively low rate of airflow in the fixed-bed
regime, the bed particles do not move, and the gas–solid bed is char-
acterized by fixed (static) bed height and uniform bed voidage (see
Fig. 4a).

II: Partially fluidized-bed regime (A→ B). This transition regime is, in
effect, an apparent feature of cone-shaped and tapered beds [23,31].
From Fig. 3, when increasing u beyond critical point A, Δp abruptly
decreases from Δpmax to the pressure drop at the minimum velocity of
full fluidization (Δpmff). At Point A, the lowest layer of the conical bed
begins to fluidize, resulting in an axial change in bed voidage, whereas
the top layer of the bed is still static (see Fig. 4b). The corresponding
superficial air velocity, starting the partially fluidized-bed regime, is
termed the minimum velocity of partial fluidization (umpf) [23].

III: Fully fluidized-bed regime (B→ C). This regime begins at Point B
where the bed exhibits the full fluidization. At this point, the entire bed
is involved in the fluidization, showing a random appearance of small-
size bubbles at the top surface of the bed. The corresponding superficial
air velocity, starting this regime, is termed the minimum velocity of full
fluidization (umff) [23]. With a further increase of u in this regime, but
less than that of Point C, the frequency of appearance and size of the
bubbles released from the fluidized bed increases, resulting in an ex-
pansion of the bed (i.e., increased bed height), as illustrated in Fig. 4c.

However, as revealed by data in Fig. 3, Δp within this flow regime stays
nearly constant, Δp≈ Δpmff, similar to those reported elsewhere
[26,31,32].

IV: Turbulent fluidized-bed regime. With increasing superficial air
velocity beyond Point C (see Fig. 3), the bed behavior changes from the
fully fluidized-bed regime (ending at Point C) to the turbulent fluidi-
zation regime. The corresponding superficial air velocity starting this
regime is termed the minimum velocity of turbulent fluidization (uk), as
proposed in Ref. [23]. During this regime, the movement of the bed
particles became more violent and vigorous, and no bubbles are ob-
served in the bed (see Fig. 4d). Instead of bubbles, one can see a tur-
bulent motion of solid splashes and voids of gas of various sizes and
shapes. Moreover, the turbulent fluidized bed exhibits a substantial
expansion, occupying the (almost) entire volume of the cone-shaped
section of the test rig. From the analysis of the Δp–u diagram in Fig. 3,
Δp in this regime increases with higher u, which is mainly due to the
effects of the pressure drop across the air distributor (as discussed
below).

Note that the bed defluidization (via decreasing u) causes a gradual
change in the bed behavior, from the turbulent fluidization regime (at
Point C*) to its entire defluidization at Point A*, where the superficial
air velocity decreases to the maximum velocity of full defluidization
(umfd). During this process, the bed unavoidably passes Point B* (where
the upper layer of the bed is defluidized at the maximum velocity of
partial defluidization, umpd), exhibiting the path C*→ B*→A*→O.
Thus, during the fluidization-defluidization procedures, the cone-
shaped bed of the selected bed materials shows a hysteresis in the Δp-u
diagram.

However, the Δp–u diagram of the bed defluidization provides no
useful information that can be used for optimal design and operation of
the combustor, since at umfd < u < umpd, the upper region of the bed
is not fluidized. For this reason, it was decided to study and analyze the
Δp–u diagrams only from the fluidization tests.

3.2. Hydrodynamic characteristics of a cone-shaped bed using pure bed
materials

Fig. 5 shows the Δp–u diagrams of the cone-shaped bed using alu-
mina sand, dolomite, and limestone (solid dots) as the bed material
with the selected particle sizes, as well as the contribution of the
pressure drop across the air distributor (open dots) to Δp, for variable u
at different static bed heights (BHs). As seen in Fig. 5, at a given bed
material and BH, the conical bed exhibits similar trends in the behavior
of Δp and similar flow regimes (indicated in Fig. 3), as described pre-
viously.

The Δp–u diagrams reveal that an increase of BH results in higher

Fig. 3. Typical Δp–u diagram of a cone-shaped bed, using alumina sand/dolo-
mite/limestone as the bed material for fluidization/defluidization procedures.
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umpf and Δpmax (at the end of the fixed-bed region) of all the beds,
mainly due to the increase in the bed weight. This effect is quite typical
for conical gas–solid beds [24,31,32]. However, at a given BH, umpf and
Δpmax of the alumina sand bed are somewhat greater than those of the
other two bed materials. This fact can be attributed to the higher
density of alumina sand, compared to those of dolomite and limestone.

With increasing u from umpf to umff during the partially fluidized-bed
regime, Δp abruptly decreases by 20–30% (depending on the bed ma-
terial and static bed height), which results in the appearance of a sharp
peak at u= umpf on each Δp–u diagram in Fig. 5. Similar findings have
been reported elsewhere [26,32]. Like with umpf and Δpmax, an increase

of BH leads to higher umff and Δpmff (at the end of the partially fluidized-
bed regime) of all the tested beds, mainly because of the greater bed
weight. Moreover, the umff and Δpmff of a bed with alumina sand are
somewhat greater than those of a bed using dolomite and limestone as
the bed material, at identical BHs. It can be seen in Fig. 5 that at the
identical BH=30 cm, umff for the alumina sand bed is 0.84m/s (at
Δpmff=4.5 kPa), whereas it is 0.72m/s (at Δpmff=4.0 kPa) for the
dolomite bed, and 0.65m/s (at Δpmff=3.8 kPa) for the bed with
limestone. This is mainly attributed to the above-mentioned difference
in the density of the selected bed materials.

With increasing u within the fully fluidized-bed and turbulent

Fig. 4. Appearance of the cone-shaped bed in different flow regimes: (a) fixed (stationary) bed, (b) partially fluidized bed, (c) fully fluidized bed, and (d) turbulent
fluidized bed.

Fig. 5. Pressure drop across the air distributor (AD) versus superficial air velocity (u), and the Δp–u diagram of the cone-shaped bed (including effects of AD), using
pure bed materials: (a) alumina sand, (b) dolomite, and (c) limestone, for different static bed heights (20 cm, 30 cm, and 40 cm).
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fluidized-bed regimes, Δp increases at nearly the same rate for all the
bed materials and BHs. This can be explained by the effects of the
pressure drop across the air distributor. However, the contribution of
the pressure drop across the air distributor to the total Δp is small, about
1 kPa at u =6m/s (see Fig. 5).

As found in this work, the bed flow regime shifts from the fully
fluidized-bed regime to the turbulent one at the uk values of 1.5–3.0m/
s (depending on the bed material and BH).

3.3. Hydrodynamic characteristics of a cone-shaped bed using a
sand–biomass binary mixture

3.3.1. Effects of biomass proportion in a binary mixture
As an illustration, Fig. 6 compares the Δp–u diagrams of the cone-

shaped bed of alumina sand, dolomite, and limestone mixed with the
PKS of 3–6mm particle sizes, between the minimum (2.5 wt.%) and
maximum (10wt.%) mass fractions of biomass in the binary mixture,
for the three specified BHs (20 cm, 30 cm, and 40 cm). Like in Fig. 5, Δp
in Fig. 6 includes the combined effects of the pressure drop across the
fixed/fluidized bed and that across the air distributor (AD), leading to a

slight increase of Δp at u > umff. As seen in Fig. 6, all the Δp–u dia-
grams of the bed with the binary mixtures show similar hydrodynamic
regimes and characteristics, as those exhibited by the pure bed mate-
rials at specified BHs, however, with minor effects from the PKS mass
fraction in the binary mixture.

From the Δp-u diagrams in Fig. 6, with an increasing proportion of
PKS in the mixture (i.e., with a greater content of biomass in the binary
mixture), both the umpf and the umff show an increase at a fixed BH. For
instance, as the percentage of PKS in the mixture increases from 2.5 wt.
% to 10wt.% at BH=30 cm, the umff of the alumina sand–PKS mixture
increases from 0.9 m/s to 1.2 m/s, whereas that of the dolomite–PKS
mixture increases from 0.8m/s to 1.1 m/s, and from 0.6 m/s to 1.0m/s
for the limestone–PKS bed. This result can be explained by the presence
of biomass particles in the bed, which leads to a noticeable increase in
the bed voidage. On the contrary, the Δpmax and the Δpmff show a slight
decrease with an increase in the percentage of PKS in the binary mix-
ture, which can be explained by the decreased total weight of the bed.
All these experimental results were in agreement with those found in
columnar (cylindrical and prismatic) beds [36,37].

In addition, with a higher percentage of biomass in the mixture, the

Fig. 6. Δp–u diagram of the cone-shaped bed (including effects of the air distributor), using alumina sand (upper), dolomite (middle), and limestone (lower) as the bed
material, mixed with palm kernel shell of 3–6mm particle sizes and mass fraction (MF) of (a) 2.5 wt.% and (b) 10wt.%, for different static bed heights (BHs).
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difference between the umff and the umpf becomes greater at any fixed
BH, as seen in Fig. 6. Nevertheless, like in the tests with the pure bed
materials, the transition of the bed behavior from the stationary mode
to the fully fluidized-bed regime exhibits itself by stepwise (rapid)
changes in both superficial air velocity (from umpf to umff) and total
pressure drop (from Δpmax to Δpmff).

3.3.2. Effects of biomass particle size
Fig. 7 shows the Δp–u diagrams of the bed of alumina sand mixed

with PKS of two size groups: 3–6mm and 6–9mm, for the same ranges
of BH and MF of the biomass in a binary mixture, as in Fig. 6. Compared
with tests for MF=2.5 wt.% (see Fig. 7a), the Δp–u diagrams of the
binary mixture for the two particle size groups are quite similar, in-
dicating the minor effects from the biomass particle size on the major
hydrodynamic characteristics of the bed. However, the particle size of
PKS has more noticeable effects on the hydrodynamic characteristics of
the bed at the increased MF (10 wt.%), as seen in Fig. 7b. With coarser
biomass particles, the umpf and the umff exhibit an insignificant increase
(at a fixed BH), likely in response to an increase in the "effective"
density and diameter of solid particles in the binary mixture, as follows
from the analysis using Eqs. (1) and (2).

As can be compared between Fig. 7a and b, the pressure drops Δpmax

and Δpmff for the beds with a greater proportion of PKS in the binary
mixture are somewhat lower than those with the lowest biomass con-
tent in the mixture at identical BHs, because of the reduced bed weight.

3.4. Empirical models for predicting umff and Δpmff

Through the statistical data analysis (see Section 2.4), the empirical
constants/exponents a1, b1, and c1 from Eq. (5) were quantified for the
cone-shaped bed (of the 40º cone angle) using a binary mixture of
alumina sand/dolomite/limestone and biomass for the ranges of oper-
ating conditions (static bed height, biomass fraction in the binary
mixture, and the "effective" solid particle size of the bed). By taking into
account the numerical values of a1, b1, and c1, the umff can be predicted
for the selected options of the bed material as:

• for a binary mixture of alumina sand and biomass (R2= 0.96)

⎜ ⎟=
× ⎛

⎝
⎞
⎠

−
u

μ
ρ d

h
D

1.06 10
Armff

3

g p,eff

1.11

o

0.85

(7)

• for a binary mixture of dolomite and biomass (R2= 0.96)

⎜ ⎟=
× ⎛

⎝
⎞
⎠

−
u

μ
ρ d

h
D

2.58 10
Armff

5

g p,eff

1.55

o

0.69

(8)

• for a binary mixture of limestone and biomass (R2= 0.97)

⎜ ⎟=
× ⎛

⎝
⎞
⎠

−
u

μ
ρ d

h
D

3.69 10
Armff

5

g p,eff

1.52

o

0.75

(9)

The developed empirical models represented by Eqs. (7)–(9) pro-
vide an accurate fit, at a high value of R2, for all tests. To validate the
models, the predicted and experimental values of umff were compared,

Fig. 7. Effects of the static bed height (BH) and particle size of palm kernel shell on the Δp–u diagram (including effects of the air distributor) of alumina sand mixed
with the biomass of different proportions: (a) 2.5 wt.% and (b) 10wt.%.

Fig. 8. Comparison between the predicted and experimental values of umff for
cone-shaped beds using alumina sand, dolomite, and limestone, mixed with
palm kernel shell (PKS).

Fig. 9. Comparison between the predicted and experimental values of Δpmff

(including effects of the air distributor) for cone-shaped beds using alumina
sand, dolomite, and limestone, mixed with palm kernel shell (PKS).
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as presented in Fig. 8. It can be seen in Fig. 8 that the values of umff

predicted by the models are in a good agreement with the experimental
ones, which stay within a±15% error band with respect to the cor-
responding average of umff.

With empirical constants/exponents a2, b2, and c2 from Eq. (6) de-
termined via experimental data treatment, the Δpmff can be predicted
for the selected options of the bed material as:

• for a binary mixture of alumina sand and biomass (R2= 0.98)

⎜ ⎟= ⎛
⎝

⎞
⎠

−Δp u h
D

3.17mff mff
0.39

o

1.64

(10)

• for a binary mixture of dolomite and biomass (R2= 0.98)

⎜ ⎟= ⎛
⎝

⎞
⎠

−Δp u h
D

2.77mff mff
0.33

o

1.45

(11)

• for a binary mixture of limestone and biomass (R2= 0.99)

⎜ ⎟= ⎛
⎝

⎞
⎠

−Δp u h
D

2.28mff mff
0.51

o

1.54

(12)

Fig. 9 depicts the Δpmff predicted by the models and that from the
tests with the selected bed materials and operating conditions. As re-
vealed by the data in Fig. 9, most of the predicted Δpmff are close to the
experimental values, with the deviation within±10% for all the tests.

3.5. Modeling relative hydrodynamic characteristics

Fig. 10 depicts the dependencies of the relative pressure drop across
the sand-biomass bed and air distributor (Δp/Δpmff) on the relative
superficial air velocity (u/umff) for the experimental tests with the se-
lected bed materials, mixed with biomass in different proportions, for
the two size groups and different BHs. As seen in Fig. 10, the

Fig. 10. Relative pressure drop (including effects of AD) versus relative superficial air velocity of the cone-shaped bed, using alumina sand (upper), dolomite (middle),
and limestone (lower) mixed with palm kernel shell (PKS) of (a) 3–6mm and (b) 6–9mm particle sizes, in various proportions at different static bed heights (BHs).
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relationships Δp/Δpmff= f(u/umff) are almost independent of the oper-
ating conditions, showing, however, a weak effect from the bed mate-
rial and similarity (in shape) between the test runs.

In all the tests, within the fixed-bed region characterized by a sig-
nificant increase in the pressure drop, Δp/Δpmff of the binary mixtures
exhibit a quasi-linear dependence on u/umff for the two groups of bio-
mass particle sizes, as can be compared between Fig. 10a and b. Note
that a peak of Δp/Δpmff (occurring at u= umpf) is slightly affected by the
bed material type, showing, however, its independence of the operating
parameters. Within the fully and turbulent fluidized-bed regimes, Δp/
Δpmff of the binary mixtures shows an insignificant (positive) gradient,
d(Δp/Δpmff)/d(u/umff), which is slightly dependent on the bed material
type. This gradient is mainly due to the above-mentioned contribution
of the air distributor to the total pressure drop across the bed–-
distributor system (Δp).

Based on the relative hydrodynamic characteristics, a nomograph
showing the dependence of Δp/Δpmff on u/umff for different flow re-
gimes was developed, as depicted in Fig. 11, for its practical use. Based
on the nomograph, one can predict the pressure drop across the bed and
air distributor (Δp) for any arbitrary superficial air velocity (u), using
the umff and Δpmff estimated from Eqs. (7)–(12) (depending on the bed
material type).

From Fig. 11, the contribution of the air distributor to the total
pressure drop (Δp) increased with higher relative superficial velocity,
however to different extent for the selected bed materials. For instance,
at u/umff=5, the relative pressure drop across the air distributor is
about 10% when using alumina sand as the bed material, but near 20%
with dolomite.

4. Conclusions

Flow regimes and hydrodynamic characteristics of a cone-shaped
fluidized bed with a binary mixture, containing an inert bed material
(alumina sand/dolomite/limestone) mixed with biomass (palm kernel
shell), have been experimentally studied for variable operating para-
meters (static bed height, proportion of biomass in the binary mixture,
and biomass particle size). With the selected cone angle of the bed (40º)
and particle sizes of the bed material, the spouting bed regime can be
avoided for the ranges of operating parameters. When varying the su-
perficial air velocity (u) from 0 to 6m/s at the specified operating
conditions, four sequent flow regimes: (1) fixed bed, (2) partially flui-
dized bed, (3) fully fluidized bed, and (4) turbulent fluidized bed, are
observed in the conical bed. Static bed height and proportion of bio-
mass in the binary mixture have important effects on the major hy-
drodynamic characteristics of the bed with a binary mixture: minimum
velocity of partial fluidization (umpf), minimum velocity of full

fluidization (umff) and corresponding pressure drops across the bed and
air distributor (Δpmax and Δpmff), and entire Δp–u diagram of the bed.
The biomass particle size has weak effects on the major hydrodynamic
characteristics.

Empirical models for determining umff and Δpmff of a cone-shaped
fluidized bed with the selected bed materials mixed with biomass have
been developed in this work. The umff and Δpmff predicted by the pro-
posed models show good agreement with those obtained experimen-
tally for similar operating parameters. A nomograph representing the
dependence Δp/Δpmff= f(u/umff) has been developed and proposed for
the practical use to assess the total pressure drop across the bed of 40º
cone angle (with a binary mixture) and air distributor (Δp) for any
arbitrary superficial air velocity (u) at the desired (specified) operating
parameters of a fluidized-bed combustor.
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H I G H L I G H T S

• Two oil palm residues are co-fired in a fluidized-bed combustor using fuel staging.

• Mixture of alumina and silica sand is used as the bed material to inhibit bed agglomeration.

• Proportion of secondary fuel affects combustion and emission performance of the combustor.

• The proposed combustion method can reduce 25–35% of NO emission.

• Higher proportion of silica sand in the bed increases the bed agglomeration tendency.

A R T I C L E I N F O

Keywords:
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Bed agglomeration prevention

A B S T R A C T

Oil palm kernel shell (base fuel) and empty fruit bunch (secondary fuel) with elevated/high potassium contents
were co-fired in a conical fluidized-bed combustor with bottom air injection using fuel staging to reduce NO
emission. During the co-firing tests at a fixed heat input into the combustor and variable excess air, alumina sand
(AS), mixed with silica sand (SS) in different proportions, was used as the bed material to inhibit bed ag-
glomeration. The study revealed that the effects of energy fraction of the secondary fuel in the total heat input
(EF2) and excess air (EA) on the major gaseous emissions and combustion efficiency of the conical FBC were
substantial. Under optimal operating conditions (EF2≈ 0.15 and EA≈ 55%), the combustor with the selected
bed material can be co-fired at minimal “external” costs and reduced NO emission, as compared to burning the
base fuel alone. By using AS/SS bed mixtures with a prevailing proportion of rather expensive AS, bed ag-
glomeration can be prevented for a relatively long operating time. However, the AS/SS beds exhibited time-
related alterations in physiochemical characteristics. With a higher SS content in the AS/SS mixture, the NO
emission somewhat increased, mainly because of the lowered catalytic activity of the bed for the NO–CO re-
action, whereas the bed material showed a diminished capability to withstand bed agglomeration.

1. Introduction

In Thailand, palm kernel shell (PKS) and empty fruit bunch (EFB),
residues from the Thai palm oil industry, are important bioenergy re-
sources showing a great potential as a fuel in direct combustion ap-
plications. In 2016, due to substantial availability of PKS and EFB, the
domestic energy potential of these two oil palm residues accounted for
about 80 PJ [1].

Fluidized-bed combustion systems (boiler furnaces and combustors)
are recognized as most appropriate techniques for effective conversion
of biomass into energy. These systems have a number of important

advantages over grate-firing and pulverized fuel-firing systems, such as
excellent gas–solid and gas–gas mixing, intensive heat transfer, thermal
homogeneity, low emissions, and high combustion efficiency [2–4].
However, individual burning of “as-received” PKS and EFB with flui-
dized-bed combustion techniques may cause some operational pro-
blems from fuel properties. Previous studies revealed that firing of PKS
with elevated fuel-N is generally accompanied by substantial NO
emission [5,6], whereas fluidized-bed combustion of “as-received”
(high-moisture) EFB in a fluidized bed is expected to be unstable (or
even not feasible) because of the lowered bed temperatures [7,8].

Co-firing (or co-combustion) is an effective tool to remedy both
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environmental and operational problems, commonly occurring in sys-
tems burning a single problematic fuel (such as a fuel with low calorific
value, elevated fuel-N and fuel-S, and/or containing low-melting ash).
Co-firing is reported to be flexible for fuel type (fossil and biomass fuels,
combustible wastes, and refuse-derived fuels), and has shown its ef-
fectiveness in stoker-fired, pulverized fuel-fired, and fluidized-bed
combustion systems [8–12]. A large number of research papers have
addressed the co-combustion of coal pre-mixed with biomass in pul-
verized coal-fired boilers. These research studies have revealed that co-
combustion results in a significant reduction of CO2, NOx, and SO2

emissions and provides some other benefits, such as higher combustion
stability and lower costs of heat and power production, compared to
firing coal alone [12–15]. However, not much information has been
reported on the co-firing of two or more biomasses in a single com-
bustion technique. Some pioneering studies on biomass–biomass co-
combustion in grate-fired and fluidized-bed combustion systems have
shown that through co-firing of a problematic fuel with one of better
quality (or with dedicated fuel properties), the combustion and emis-
sion performance, and the operational safety of a combustion system
can be substantially improved [8,9,16].

Staged combustion methods/techniques (such as air staging, fuel
staging, and reburning) have been proposed to control/mitigate NOx

emissions in various combustion systems (co-)fired with a fossil fuel and
biomass, particularly in coal-fired power plants [17]. Some pilot studies
on the combustion of various types of biomass in grate-fired and flui-
dized-bed combustion systems have shown a substantial NOx reduction
(∼70%) via the use of air staging [18–20]. Furthermore, with a re-
burning method (that combines air staging and fuel staging), higher (up
to 80%) NOx reduction can be achieved, as demonstrated in some pilot
studies on the co-firing of woody residues in a grate-fired system [9,18].
However, both air staging and reburning may cause negative impacts
on the performance of a fluidized-bed combustion system, such as (i)
deterioration of bed fluidization quality and (ii) elevated temperatures,
either in a fluidized bed (in systems with air staging) or in a reburn zone
(when using reburning) [18]. Therefore, the two methods can be gen-
erally recommended for co-firing biomass fuels with high melting-point
ash. Apart from these drawbacks, air-staging and reburning techniques
require a more complicated control of the fuel/air supply to a com-
bustor/furnace, compared to conventional systems.

Unlike with the air-staging and reburning methods, the literature
review has shown a lack of information on the application of fuel sta-
ging (e.g., via axial biasing) in biomass-fueled fluidized-bed combustion
systems with bottom air injection [21], which is basically free of the
above-mentioned drawbacks of air staging and reburning. In fuel staged
co-firing of two fuels, a base (or primary) fuel is generally fed into the
bottom region of a combustor/furnace, together with all combustion
air, and therefore, burned in this region with excess air. In the mean-
time, a secondary fuel is injected into the combustor downstream from
the primary combustion zone, to establish favorable conditions for NO
reduction, mainly due to elevated CO and hydrocarbon radicals (such as
CHi and HCCO originated from CxHy) participating in decomposition of
NO in the secondary zone and leading, eventually, to a lower NO
emission from the system [9,22,23].

Another operational problem of the fluidized-bed combustion of
PKS and EFB is related to the ash composition of these two biomass
fuels. With elevated/high contents of potassium in fuel ash, both oil
palm residues have a strong propensity for bed agglomeration when
burned in a fluidized bed of conventional material (quartz/silica sand).
From pilot studies on burning PKS (K2O=5.6 wt.% in fuel ash) and
EFB (K2O=21.4 wt.% in fuel ash) in a fluidized-bed combustor, the
bed material (silica sand) is subject to severe bed agglomeration, which
inevitably resulted in fast bed defluidization at typical bed tempera-
tures [24–26]. Two groups of physiochemical mechanisms/processes,
commonly termed “coating-induced” agglomeration and “melt-in-
duced” agglomeration, are reported to be responsible for the formation
of bed agglomerates when burning high-alkali biomass fuels in a

fluidized bed of silica/quartz sand [27]. While “coating-induced” ag-
glomeration occurs due to sticky layers (coatings) formed on the bed
grain surfaces (as a result of chemical reactions between the ash-de-
rived K-rich species and SiO2 in quartz/silica sand [28,29]), “melt-in-
duced” agglomeration is generally caused by highly adhesive melts
(released from partly molten chars/ashes), “serving” as a binding ma-
terial in the formation of agglomerates [30].

Recent studies have proposed the use of alternative bed materials
(i.e., containing no or a minor proportion of Si), such as alumina sand,
limestone, and dolomite, to minimize (or prevent) bed agglomeration
for a relatively long operating time during combustion of K-rich bio-
masses, including PKS and EFB [6,31,32]. It was also reported that
during biomass combustion, the bed particles of limestone and dolomite
were subject to intensive calcination, breakage, and attrition, leading to
a substantial carryover of fine bed particles from the combustor, which
required a recurrent substitution of the entrained bed material [6,31].
On the contrary, alumina sand is found to be relatively stable, both
physically and chemically [31,32]. However, this bed material is rather
expensive, as compared to silica/quartz sand, limestone, dolomite, and
other types of minerals present in nature. Therefore, the use of mixed
bed materials (alternative and conventional ones) seems to be an ef-
fective way to inhibit bed agglomeration at reduced bed material costs
when burning K-rich biomass fuels in fluidized-bed systems.

This work aimed to study the combustion and emission performance
of a fluidized-bed combustor with a cone-shaped bed (referred to as
“conical FBC”), co-fired with PKS and EFB using fuel staging, to reduce
NO emission from the combustor. To inhibit bed agglomeration at
minimized bed material costs, alumina sand (AS), mixed with silica
sand (SS) in different proportions, was used as the bed material in this
conical FBC. The specific objectives of this work were: (1) to assess the
optimal mass/energy fraction of the co-fired fuels in the total fuel
supply and the optimal amount of excess air for the PKS/EFB co-firing,
(2) to study the effects of fuel staging, excess air, and bed material type
on the combustion and emission characteristics of the conical FBC, and
(3) to investigate the influence of the AS/SS ratio on the physiochem-
ical conditions of the selected bed mixtures at different operating times.

2. Materials and methods

2.1. Experimental facilities

Fig. 1 shows the experimental set up with the conical FBC and
auxiliary equipment (Fig. 1a), as well as the design features and geo-
metrical characteristics of the combustor (Fig. 1b). Besides the com-
bustor, the experimental facilities included: (i) two screw-type fuel
feeders delivering the co-fired fuels into the conical FBC at different
levels, (ii) a 25-hp blower supplying combustion air, (iii) a cyclone
collecting the particulate matter originated from the biomass (co-)
combustion, and (iv) a start-up diesel-fired burner.

The combustor consisted of a conical section of 0.9 m height, 40°
cone angle, and 0.25m inner diameter at the bottom plane, and a cy-
lindrical section of 2.5m height and 0.9 m inner diameter. As reported
previously, the conical FBC has been used in a number of studies on
individual burning of some problematic biomass fuels, including PKS
and EFB [6,31,32]. However, compared to the previous studies, the
combustor in the current work was equipped with an additional fuel
feeder. During co-firing tests, a base (or primary) fuel and a secondary
fuel were delivered into the conical FBC via separate routes. The pri-
mary fuel was injected into the conical section at Z=0.65m above the
air distributor, whereas the secondary fuel was introduced into the
lower region of the cylindrical section at Z=1.15m (as shown in
Fig. 1b). This technique of fuel injection at different levels ensured fuel
staging (or biasing) in the axial direction with a single air supply
system.

Combustion air at the ambient temperature was supplied to the
combustor by the above-mentioned blower, and then introduced into
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the bed material through the air distributor (as shown in Fig. 1b), which
generated a fluidized gas–solid bed in the conical section. The air dis-
tributor was comprised of nineteen bubble-cap standpipes, closely ar-
ranged on the air distributor plate. Each standpipe had 64 holes of
2mm in diameter, evenly distributed over the pipe outer surface, and
six vertical slots (15mm×3mm in sizes) located right below a stand
pipe cap of 47mm in diameter. The proposed design of the air dis-
tributor ensured the uniform distribution of airflow over the bed, thus,
avoiding bed spouting, at a small pressure drop across the device
[6,33].

Eight stationary Chromel-Alumel thermocouples of type K were
fixed at different levels inside the conical FBC, as well as at stack, to
monitor the temperature along the combustor centerline during start up
and transition modes of the combustor. In the start up mode, the bed
material was preheated with a diesel-fired burner to a temperature of
about 700 °C. Upon attaining this temperature, the start up burner was
turned off, and the combustor was then operated using either the base
fuel (when it was burned alone) or both primary and secondary fuels (in
co-firing tests).

Combustion products were extracted through the gas sampling ports
fixed on the combustor wall at different levels, as well as at the cyclone
gas exit, as shown in Fig. 1. During experiments under specified oper-
ating conditions (parameters), the temperature and gas concentrations
(O2, CO, CxHy as CH4, and NOx as NO) were measured in lateral and
axial directions inside the conical FBC, as well as at stack, using a
“Testo-350” gas analyzer. The measuring accuracies were:± 5% of
reading for the temperature up to 1200 °C,± 0.2 vol.% for O2,± 5% of
reading for CO from 200 to 2000 ppm,±10% of reading for CO higher
than 2000 ppm,±10% of reading for CxHy less than 40,000 ppm,
and±5% of reading for NO less than 2000 ppm.

2.2. The fuels

Pioneering studies on the biomass–biomass co-combustion using
fuel staging with bottom air supply have revealed that a substantial
reduction of NO emission can be achieved when primary and secondary
biomass fuels comply with some requirements [22,23]. It is important
that the lower heating value of the primary fuel be noticeably higher
than that of the secondary fuel, which should contain a substantial
amount of fuel moisture. This requirement ensures stable and high-ef-
ficiency combustion in the primary combustion zone, avoids a high
temperature peak in the combustor, and results in the generation of
elevated CO and CxHy (responsible for NO reduction) in the secondary
combustion zone. It is desirable (but not compulsory) to use a sec-
ondary fuel with fuel-N lower than that of the primary fuel, to prevent
an intensive formation of NO in the secondary combustion zone. Fol-
lowing these requirements, PKS was used in this work as the base
(primary) fuel, while high-moisture, low-calorific EFB was selected to
be the secondary fuel, when co-fired in the conical FBC.

The proximate and ultimate analyses, and the lower heating value of
the two oil palm residues used in co-combustion tests are shown in
Table 1. Based on the properties from Table 1, both PKS and EFB can be
treated as low-ash, high-volatile biomass fuels. However, the lower
heating value of PKS, LHV1=16.39MJ/kg, was substantially higher
than that of EFB, LHV2= 5.81MJ/kg (the latter was low because of the
high fuel moisture content). Due to insignificant fuel-S in both oil palm
residues (∼0.1 wt.%), the formation of SO2 in the combustor and its
impacts on the environment were neglected.

To assure a smooth fuel supply and stable operation of the conical
FBC, PKS and EFB were shredded prior to co-firing tests. After shred-
ding, the particle size of PKS ranged from 0.1mm to 9mm, whereas

Fig. 1. (a) Experimental set up for fuel-staged co-firing tests and (b) design details of the conical FBC.

Table 1
Ultimate and proximate analyses and the lower heating value (LHV) of palm kernel shell (PKS) and empty fruit bunch (EFB).

Biomass fuel Ultimate analysis (wt.%, on a dry and ash-free basis) Proximate analysis (wt.%, on an as-received basis) LHV (MJ/kg)

C H N O S W VM FC A

PKS 53.46 7.10 1.41 37.93 0.10 5.4 71.1 18.8 4.7 16.39
EFB 37.58 14.88 0.68 46.73 0.13 41.4 44.9 10.8 2.9 5.81
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individual fibers of EFB were up to 10mm in length.
The fuel ash analyses of PKS and EFB, both determined using a

wavelength dispersive X-ray fluorescence spectrometer, are represented
in Table 2. From this data, Ca, Si, K, and P were predominant in the PKS
ash, whereas K, Ca, and Si were major elements in the ash of EFB.
Elevated (in PKS) and significant (in EFB) K2O indicated a high pro-
pensity for bed agglomeration if these biomasses were burned in a
fluidized bed of quartz/silica sand [28–30].

2.3. The bed materials

To decrease the bed agglomeration tendency at a minimized bed
cost, alumina sand (AS) mixed with silica sand (SS) in different pro-
portions: (75% AS+25% SS), (50% AS+50% SS), and (25%
AS+75% SS), were used as the bed material in this conical FBC during
co-firing experiments. Table 3 shows the composition of original AS and
SS used for preparing the above-mentioned bed mixtures. Prior to
mixing, both AS an SS were sieved to ensure that the particle size of the
bed materials was within 0.3–0.5mm.

However, at the first stage of this work, mainly devoted to the op-
timization of the mass/energy fraction of the co-fired PKS and EFB,
pure alumina sand was used as the bed material to entirely prevent bed
agglomeration, as shown previously in studies of the individual burning
of these oil palm residues in a conical FBC during long-running ex-
periments [5,31].

Prior to co-combustion studies, “cold-state” experiments were per-
formed on a test rig (with a configuration identical to the combustor
conical section) using pure silica sand and pure alumina sand as the bed
material. As found in these “cold-state” studies, when the superficial air
velocity at the air distributor exit (u) was between the minimum ve-
locity of full fluidization (umff) and the minimum velocity of turbulent
fluidized-bed regime (uk) [33], the cone-shaped bed fluidized and
showed a bubbling fluidization regime for both bed materials. For PKS
and EFB with the above-mentioned sand particle sizes and bed di-
mensions (cone angle, static bed height, and diameter of the lower
base), the characteristic velocities were: umff≈ 0.8m/s and uk≈ 1.8m/
s for AS, but somewhat lower, umff≈ 0.7m/s and uk≈ 1.6 m/s, for SS.
For the selected AS/SS bed mixtures, umff and uk were expected to be
between those quantified for pure AS and SS. However, at u > uk, the
bed was operated in a turbulent fluidization regime, showing an ex-
panded volume of the gas–solid mixture, compared to the bubbling
fluidized-bed regime observed at umff≤ u < uk [33].

2.4. Experimental methods for co-combustion studies

For comparability between the co-firing options and operating
conditions, the total heat input by both fuels into the conical FBC was
constant (about 200 kWth) throughout the work, whereas the energy
fraction of the secondary fuel (EF2) and excess air (EA) were selected as
independent operating parameters of the combustor in individual test
runs. To assure this heat input, PKS and EFB were supplied into the
conical FBC at respective mass flow rates (ṁ1 and ṁ2) for each specified
value of EF2, defined as the ratio of energy contribution by EFB
(ṁ2LHV2) to the total heat input by the two fuels (ṁ1LHV1+ ṁ2LHV2).
For given EF2, the feed rates of PKS and EFB were determined using the
above-mentioned heat input into the combustor and the lower heating
value of the co-fired fuels. Table 4 presents the fuel feed rates of PKS
and EFB, as well as the weight (mass) fraction of EFB (in the total fuel
supply), for all the selected values of EF2.

Three groups (series) of co-firing tests, to determine the combustion
and emission characteristics of the conical FBC at variable EF2 and EA,
were performed with the selected bed materials. In different test series,
EF2 was within the range from 0 (i.e., when firing pure PKS) to 0.25,
whereas EA generally varied from 20% to 80% at fixed EF2.

Taking into account: (i) feed rates of the co-fired fuels (see Table 4),
(ii) amount of EA, (iii) stoichiometric amounts of air required for
burning PKS (4.83 Nm3/kg) and EFB (3.19 Nm3/kg), both calculated
according to Ref. [34]), and (iv) cross-sectional area of airflow (cal-
culated as the difference between area of the 250-mm-diamter plate and
total area occupied by the caps), the superficial air velocity at the air
distributor exit (u) was assessed for the selected (co-)firing options. For
instance, when burning pure PKS, the superficial air velocity varied
from 4.9 to 7.3m/s for 20–80% EA. However, during co-firing PKS and
EFB at EF2= 0.25, the u showed the highest values (6.1–9.0 m/s) for a
similar range of EA. It can therefore be concluded that, when using EF2
and EA within the specified ranges, the combustor operated in the
turbulent fluidized-bed regime in all test runs, as the values of u in these
experiments were much higher than the above-reported uk (1.6–1.8m/
s) for pure alumina and silica sand. During this fluidization regime, the
expanded bed occupied a predominant part of the conical section [33],
thus ensuring “in-bed” injection of PKS, whereas EFB was introduced
into the conical FBC at a level above the expanded bed (in the cylind-
rical section of the combustor).

2.4.1. Preliminary study on the conical FBC using pure alumina sand as the
bed material

In the first (preliminary) stage of the present work, devoted to op-
timizing the operating parameters of the co-combustion, PKS and EFB
were co-fired with 200 kWth heat input for five values of EF2 (within the
range of 0–0.25), whereas EA varied from 20% to 80% for each fuel
option. In a trial at fixed EF2 and EA, CO, CxHy, and NO emissions were
measured at stack. The actual amount of EA for an individual test run
was quantified according to Refs. [23,34], using experimental O2, CO,
and CxHy. In this test series, alumina sand was used as the bed material
to avoid bed agglomeration during the entire experimental period.

A cost-based optimization model [23,35] was used at this stage to

Table 2
Composition of fuel ash in PKS and EFB.

Fuel ash Composition (as oxides, wt.%)

SiO2 Al2O3 K2O CaO Na2O MgO Fe2O3 P2O5 SO3 Cl

Palm kernel
shell

23.1 5.2 7.0 42.5 5.5 3.0 1.3 8.5 2.4 0.7

Empty fruit
bunch

15.1 2.8 42.2 19.5 – 4.2 3.4 5.3 2.5 3.7

Table 3
Composition of alumina sand (AS) and silica sand (SS) in the AS/SS bed mix-
tures, used as the bed material in the co-firing tests.

Bed material Composition (wt.%, as oxides)

Al2O3 SiO2 CaO MgO K2O Na2O Fe2O3

Alumina sand 87.18 12.29 0.04 – 0.43 0.01 0.01
Silica sand 6.59 87.82 0.06 0.13 4.24 0.27 0.55

Table 4
Fuel feed rates of PKS and EFB in the co-firing tests at different mass/energy
fractions of EFB in the total fuel supply.

Energy fraction of the
secondary fuel (EFB)

Mass fraction of the
secondary fuel (EFB)

Feed rate of
PKS (kg/h)

Feed rate of
EFB (kg/h)

0 0 43.9 0
0.05 0.09 41.7 6.2
0.10 0.17 39.5 12.4
0.15 0.25 37.3 18.6
0.20 0.32 35.1 24.8
0.25 0.39 32.9 31.0

V.I. Kuprianov et al. Applied Thermal Engineering 144 (2018) 371–382

374



quantify the optimal values of EF2 and EA, leading to minimal “ex-
ternal” costs of the conical FBC. The “external” costs were mainly re-
presented by emission costs, paying for the damage done by gaseous
pollutants emitted from a combustion system to the environment and to
humans [36]. Ignoring the effects of SO2 (as indicated above) and CO2

(due to its low specific “external” costs and weak effects of operating
conditions on the CO2 emission rate), the objective function minimizes
the “external” costs during co-firing PKS and EFB and takes the fol-
lowing form:

= + +J P m P m P mMin( ̇ ̇ ̇ )ec NOx NOx CO CO CxHy CxHy (1)

For fixed EF2 and EA, the emission rates of NOx (as NO2), CO, and
CxHy (as CH4) in Eq. (1) were quantified using the feed rate (kg/s) of the
co-fired fuels and corresponding (measured) emission concentration
(ppm) of the pollutants as:

= × +
−m m m V̇ 2.05 10 ( ̇ ̇ )NONO

6
f1 f2 x dg,cfx (2)

= × +
−m m m V̇ 1.25 10 ( ̇ ̇ )COCO

6
f1 f2 dg,cf (3)

= × +
−m m m V̇ 0.71 10 ( ̇ ̇ )C HC H

6
f1 f2 x y dg,cfx y (4)

where Vdg,cf is the volume of dry flue gas (Nm3/kg-fuel) from co-firing
of PKS and EFB (at actual EA), estimated according to Ref. [23] using
the mass fractions of the co-combusted fuels.

However, the specific “external” costs of NOx (as NO2) and CxHy (as
CH4) were assumed to be PNOx= 2400 US$/t and PCxHy= 330 US$/t,
respectively, as provided in Ref. [36]. As revealed in some relevant
studies [37,38], the PNOx/PCO ratio typically varies from 5 to 8. It was
therefore decided to assume PCO= 400 US$/t in this optimization
analysis. At similar emission concentrations of the selected pollutants,
the contribution of NOx to the total “external” costs in Eq. (1) was
predominant, about 10 times greater than for CO and 20 times greater
than for CxHy. Thus, the reduction of NOx, emitted from a combustion
system, was a goal of paramount importance in this work.

At the final step of this preliminary stage, the temperature and gas
concentrations were measured in the lateral direction inside the conical
FBC co-fired at the optimal EF2, for two values of excess air (EA=40%
and EA=80%), at three levels (Z) to investigate the dependent vari-
ables for their uniformity across the combustor.

2.4.2. Study of combustion and emission characteristics inside the
combustor using a mixture of alumina and silica sand as the bed material

To investigate the effects of EA on formation and oxidation/reduc-
tion of the major gaseous pollutants at different points in the conical
FBC, a second series of co-combustion tests was performed with
200 kWth heat input using the optimal EF2, for four specified amounts of
EA: 20%, 40%, 60%, and 80%. In this stage, a (50% AS+50% SS) bed
mixture was employed as the bed material. During a test run at given
EA, the temperature, as well as O2, CO, CxHy, and NO, were measured
along the combustor centerline to obtain the axial profiles of the
combustion and emission characteristics.

2.4.3. Study of effects of excess air and bed material on the major emissions
and combustion efficiency of the conical FBC

In the third test series, the CO, CxHy, and NO emissions were mea-
sured in the flue gas for the range of EA, when using the above-men-
tioned three AS/SS bed mixtures, to access the impacts of EA and bed
material type on the emission performance and combustion efficiency
of the conical FBC. In this test series, PKS and EFB were co-fired at the
optimal amount of EF2.

After each test run, particulate matter (PM), generally consisting of
fly ash, was sampled and analyzed for unburned carbon. The heat loss
due to unburned carbon and that due to incomplete combustion, both
required for determining the combustion efficiency of the combustor,
were predicted according to Ref. [23], using the concept of “equivalent
fuel”. Based on this concept, all relevant properties of the “equivalent

fuel” were quantified for a given EF2 as the weighted averages, by
taking into account the corresponding properties of PKS and EFB and
the mass fractions of the two co-fired fuels.

2.5. Characterization of the bed materials and particulate matter at
different operating times

In order to study the behavior of the selected bed materials with
time, a fourth series of co-firing tests was performed with the three
selected AS/SS bed mixtures. For this purpose, the fuels were co-fired
for a relatively long operating time at optimal (fixed) EF2 and EA, both
quantified in the preceded studies.

To understand the interaction mechanism between the bed material
and fuel ash during the fuel staged co-firing of PKS and EFB, a JEOL
JSM-6400 scanning electron microscope (SEM), integrated with an
energy dispersive X-ray spectrometer (EDS system), was used for ex-
amining the physiochemical characteristics of individual particles
sampled from the bed mixtures after the co-firing tests. Prior to the
SEM–EDS analysis, the specimens were prepared by mounting the
sampled bed particles/agglomerates in an epoxy resin, cutting across
them by a diamond saw, then polishing, and finally coating individual
specimens with a thin layer of gold to make them electrically con-
ductive. The objectives of the SEM-EDS test were to investigate the
distribution of coatings over the bed particles (or that of binding ma-
terials in agglomerates), as well as to determine the elemental com-
position of coatings/materials at some selected spots on a specimen.

An X-ray fluorescence (XRF) system was employed to observe the
time-related variation in the chemical composition of the selected AS/
SS bed mixtures, as well as that of PM.

3. Results and discussion

3.1. Optimizing operating parameters for co-firing PKS and EFB using pure
alumina sand as the bed material

Fig. 2 depicts the CO, CxHy, and NO emissions (all at 6% O2 and on a
dry gas basis) from the preliminary tests on this fuel staged combustor,
using alumina sand as the bed material, when co-fired with PKS and
EFB at the specified ranges of EF2 and EA, as compared to those for
firing PKS alone (EF2= 0). It can be seen in Fig. 2 that all the emissions
had noticeable effects from the two operating parameters. However, the
opposite trends were observed from EF2 and EA, the most significant at
20–40% EA.

With increasing EF2 (at similar EA), both CO and CxHy emissions
were higher, mainly due to the strengthening effects from injection of
EFB into the secondary combustion zone, whereas with a greater
amount of EA (at fixed EF2), these two emissions decreased at a variable
rate. On the contrary, an increase in EF2 (at constant EA) caused a
noticeable reduction in the NO emission, mainly due to the increased
concentrations of CO and CxHy in the secondary combustion zone (to be
discussed below), both enhancing the rate of NO reduction reactions in
this region [2,9,22]. However, higher EA (at fixed EF2) led to a greater
emission of NO, which can be generally attributed to the fuel-NO for-
mation mechanism [2,39].

Fig. 3 shows the “external” (emission) costs of the co-combustion of
PKS and EFB in the conical FBC predicted from Eqs. (1)–(4) by using the
measured CO, CxHy, and NO emissions, as well as other relevant
parameters, all quantified for the ranges of EF2 and EA. From Fig. 3, the
effects of EF2 and EA on the “external” costs were substantial. With
increasing EF2 at relatively low amounts of EA, the total emission costs
increased to a significant level, mainly due to the enhanced impacts of
the CO and CxHy emissions. On the contrary, the effects of NO on the
costs were more significant with diminishing EF2 and/or higher EA.

As follows from the optimization, the minimal “external” costs were
found at EF2≈ 0.15 and EA≈ 50% (see Fig. 3). Under these conditions,
the major emissions can be controlled at acceptable levels, i.e., below

V.I. Kuprianov et al. Applied Thermal Engineering 144 (2018) 371–382

375



the national emission limits for biomass-fueled industrial applications:
740 ppm for CO and 214 ppm for NO (on a dry gas basis and at 6% O2 in
the flue gas) [40]. Furthermore, the fuel-staged co-combustion of PKS
and EFB at the optimal EF2 and EA led to a noticeable NO emission

reduction, by about 35%, compared to firing pure PKS.
Fig. 4 presents the distribution of temperature and gas concentra-

tions (O2, CO, CxHy as CH4, and NO) in the radial direction inside this
combustor with the alumina sand bed, at three selected levels (Z) above
the air distributor, when co-firing PKS and EFB at the optimal energy
fraction of EFB, EF2= 0.15 (as determined from the above optimization
procedure), for the two excess air values (∼40% and ∼80%). It can be
seen in Fig. 4 that the radial temperature and gas concentration profiles
were fairly uniform at all three levels above the air distributor despite
that the secondary fuel (EFB) was injected over the fluidized bed. This
result can be attributed to the highly intensive gas–solid and gas–gas
mixing across the conical FBC in various regions inside this fuel staged
combustor operated at substantially different amounts of EA. Based on
this, it was decided to use axial profiles of the temperature and gas
concentrations in further analysis of the combustion and emission
performance of the conical FBC with different bed materials.

From the visual observation of the bed material (alumina sand), no
features of bed agglomeration were found after finishing these pre-
liminary tests, which lasted for ∼20 h in total.

3.2. Effects of excess air on combustion characteristics and pollutant
behaviors inside the conical FBC using a mixture of alumina and silica sand
as the bed material

Fig. 5 depicts the distribution of combustion characteristics (tem-
perature and O2) and that of CO, CxHy (as CH4), and NO along the
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Fig. 2. Effects of the energy fraction of EFB in the total fuel supply (EF2) and excess air on the (a) CO, (b) CxHy (as CH4), and (c) NO emissions when co-firing PKS and
EFB in the conical FBC using alumina sand as the bed material.

Fig. 3. Effects of the energy fraction of EFB (EF2) and excess air on the “ex-
ternal” costs of co-firing PKS and EFB in the conical FBC using alumina sand as
the bed material.
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combustor centerline for the co-combustion tests at EF2= 0.15 and
variable excess air, when using a (50% AS+50% SS) mixture as the
bed material to reduce the bed material cost. As seen in Fig. 5a, the
axial temperature profiles were fairly uniform, similar to case studies of
individual burning of PKS and EFB in this conical FBC [5,31]. There
were some effects of EA on the bed temperature, as well as on the
maximum temperature, the latter was observed in the vicinity of the
secondary fuel injection. Thus, with increasing EA within the range, the
maximum temperature dropped noticeably, from 940 °C to 840 °C,

basically caused by air dilution effects. However, the behavior of axial
O2 profiles in Fig. 5b pointed at the substantial consumption of O2 (or
high rate of PKS burnout) within the conical section, and a low rate of
fuel oxidation in the upper regions of the combustor. At higher EA, O2

increased at all points along the combustor height because of the
greater airflow rate.

Unlike with the temperature and O2, the CO (Fig. 5c) and CxHy

(Fig. 5d) axial profiles showed the apparent effects from fuel staging,
namely, the formation of two peaks at Z=0.6m (in the vicinity of PKS
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Fig. 4. Radial profiles of (a) temperature, (b) O2, (c) CO, (d) CxHy (as CH4), and (e) NO in the conical FBC using alumina sand as the bed material when co-firing PKS
and EFB at EF2= 0.15 for two excess air values: EA≈ 40% and EA≈ 80%.
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injection) and Z=1.5m (caused by EFB injection). It should be noted
that the second (upper) peaks of CO and CxHy played an important role
in NO reduction in the secondary combustion zone, leading eventually
to the reduced NO emission from this fuel staged combustor, as com-
pared to burning pure PKS at similar EA (as shown in the preliminary
tests with alumina sand). With lowering EA (at fixed EF2), the second
peaks of CO and CxHy were higher, indicating a greater potential for NO
emission reduction via fuel staging.

In the meantime, as seen in Fig. 5e, all axial profiles of NO had only

one peak, observed in the vicinity of PKS injection (i.e., at Z≈ 0.6 m),
which was proportionally correlated with EA (according to the fuel-NO
formation mechanism [2,39]). The “cut off” of a second NO peak can be
attributed to the generation of elevated CO and light hydrocarbon ra-
dicals (CHi) in the secondary combustion zone. The NO–CO and
NO–CHi reactions were generally responsible for the effective local NO
reduction in this zone with lowered O2 [2,9,22,23], preventing the
formation of the second NO peak in the vicinity of EFB injection, and
thus, ensuring a smooth decrease of NO in the combustor region at
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Fig. 5. Axial profiles of (a) temperature, (b) O2, (c) CO, (d) CxHy (as CH4), and (e) NO in the conical FBC using a (50% AS+50% SS) mixture as the bed material
when co-firing PKS and EFB at a constant energy fraction of EFB (EF2= 0.15) for variable excess air.
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Z > 0.6m.

3.3. Effects of excess air and bed material type on the emissions and
combustion efficiency

Table 5 shows the CO, CxHy (as CH4), and NO emissions (all at 6%
O2 and on a dry gas basis), the predicted heat losses (due to unburned
carbon and incomplete combustion), and the combustion efficiency of
the conical FBC co-fired with PKS and EFB at EF2= 0.15, for the actual
amounts of EA (or O2 at stack) in test runs with the selected bed ma-
terials (AS/SS mixtures). The contents of unburned carbon in PM (re-
quired for quantifying the associated heat loss) for all the test runs are
included in Table 5 as well.

It appears that all presented characteristics were substantially af-
fected by EA. With increasing EA within the range, the unburned
carbon content in PM and the emission concentrations of CO and CxHy

decreased for the three AS/SS bed mixtures, leading to a noticeable
reduction in the combustion-related heat losses, and consequently,
improvement in the combustion efficiency of the conical FBC. However,
for each bed material, the NO emission increased as EA was higher,
complying with the fuel-NO formation mechanism, and because of the
weakening effects from the NO reduction reactions.

Data in Table 5 shows that a bed mixture with a higher proportion
of AS resulted in a lower NO emission from this combustor at similar
EA. However, during co-firing of PKS and EFB at EF2≈ 0.15 and
EA≈ 55% with pure alumina sand (100% AS), the NO emission was as
low as 125 ppm (see Fig. 2). Under similar operating conditions, this
emission was lower than that in the tests with the AS/SS bed mixtures:
about 145 ppm, 185 ppm, and 190 ppm when using the bed materials
with 75%, 50%, and 25% of AS, respectively, as can be seen in Table 5.
These results can be generally attributed to the higher catalytic re-
activity of AS, as compared with SS, for the (reduction) reaction of NO
with CO [41,42]. From Table 5, high (up to 99.5%) combustion effi-
ciency and acceptable CO and NO emissions (below the above-men-
tioned national emission limits [40]) can be achieved through the co-
firing of PKS and EFB at 50–80% excess air in the proposed fuel staged
conical FBC with the selected AS/SS bed mixtures.

A test for burning the base fuel (pure PKS) at EA≈ 55% using a
(50% AS+50% SS) mixture as the bed material yielded an NO emis-
sion of about 250 ppm (at 6% O2 and on a dry gas basis) that was higher
than the national emission limit for this pollutant. Thus, the co-firing of
PKS and EFB under optimal operating conditions (EF2≈ 0.15 and
EA≈ 55%) with this bed mixture resulted in the reduction of the NO

emission by about 25% (as compared to burning the base fuel alone)
and ensured that the CO and NO emission concentrations were within
the national emission limits.

3.4. SEM-EDS analysis of the used/reused bed materials

As revealed by visual inspections of the bed material for the entire
experimental time, no bed agglomeration occurred in the conical FBC
during co-combustion of PKS and EFB at the optimal EF2 and EA, when
the AS/SS bed mixtures contained 50% of AS or higher. Fig. 6 shows the
SEM images and respective EDS compositions at different spots on some
SS and AS particles, sampled after the co-firing test series with the (75%
AS+25% SS) and (50% AS+50% SS) mixtures, lasting 24 h and 26 h,
respectively.

From the SEM image of the bed particles collected after the tests
with the (75% AS+25% SS) bed mixture (Fig. 6a, upper micrograph),
the bed grains of both AS and SS exhibited a normal appearance. As
seen in Fig. 6a (Points 1 and 2), SS particles were coated by a thin layer
(with brighter areas), mainly rich in Ca, Si, and K but also containing
minor proportions of Al, Mg, Fe, and P, whereas no coating layers on
the AS particles were detected. The bed material included a small
proportion of the ash-derived melts (e.g., at Point 3), generally rich in
Ca, K, and Si, the major constituents of low-melting (adhesive)
K2O–CaO–SiO2 eutectics originating from the PKS and EFB ashes
[6,30]. It was also found that some small and fine particles of SS with
high content of Si (e.g., indicated as Point 4) were adhered by the ash
melts at Point 3. However, fine alumina particles, generated due to
collisions and attrition of the bed grains in this turbulent fluidized bed
with a predominant proportion of AS, were adhered by the partly
molten chars/ashes and adsorbed by the bed grain coatings (when
formed), decreasing adhesiveness of the melts and bed grains, and thus,
preventing bed agglomeration [31].

The SEM images of the bed particles sampled after the tests with the
(50% AS+50% SS) bed mixture (see Fig. 6a, lower micrograph) re-
vealed that both AS and SS grains were covered with the coatings, of up
to 40 µm in thickness, generally observed on the SS bed particles. From
the EDS analysis, the elemental composition at some selected spots on
the coatings of both AS and SS particles were quite similar, basically
dominated by Si, Ca, and K, and also included minor proportions of Al,
Mg, Fe, and P. However, compared to the previous case, a greater
proportion of SS in the bed material, and consequently, a higher pro-
portion of fine SS particles in the fluidized bed (generated from the
grains attrition) shifted the content of Si in all EDS spot analyses to a

Table 5
Emissions, heat losses, and combustion efficiency of the conical FBC, co-fired with PKS and EFB at a constant energy fraction of EFB (EF2=0.15) and variable excess
air when using selected AS/SS mixtures as bed material.

Excess air (vol.%) O2 at stack (vol.%) Carbon in PM (wt.%) Emissiona (ppm) Heat loss (%) due to Combustion efficiency (%)

CO CxHy NO Unburned carbon Incomplete combustion

Testing with the (75% AS+25% SS) bed mixture
24 4.4 2.48 1542 1070 123 0.15 2.13 97.7
42 6.6 1.90 701 425 126 0.12 1.04 98.8
53 7.4 1.27 436 364 142 0.08 0.85 99.1
82 9.5 1.16 310 121 152 0.07 0.45 99.5

Testing with the (50% AS+50% SS) bed mixture
21 4.4 9.33 2225 1860 152 0.62 3.44 95.9
41 6.5 5.72 1230 1100 173 0.36 2.32 97.3
59 8.0 2.11 580 450 187 0.13 1.18 98.7
83 9.7 1.66 445 362 200 0.10 1.03 98.9

Testing with the (25% AS+75% SS) bed mixture
22 4.2 9.72 1895 1725 146 0.65 3.08 96.3
40 6.3 9.66 1060 960 172 0.64 2.19 97.2
57 7.8 1.82 560 420 189 0.11 1.04 98.9
82 9.4 1.79 325 271 198 0.11 0.75 99.1

a At 6% O2 (on a dry gas basis).
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higher level. This indicates the increased adhesiveness of both the ash
melts and grain coatings, resulting in more intensive coating of the bed
particles.

As reported in a number of studies on the fluidized-bed combustion
of biomass in systems using quartz/silica sand as the bed material, the
coating of an individual bed particle may consist of several super-
imposed layers with different compositions, depending on the analysis
of biomass ash and that of the bed material [28,29,43]. However, as
seen in the SEM micrographs in Fig. 6a, the coatings of both SS and AS
grains were (almost) consistent in chemical composition.

Summarizing the results presented in Fig. 6, the coatings on the AS
and SS particles were likely formed due to: (i) interaction of bed grains
with partly molten fuel-char and ash particles, (ii) migration of the ash
melts, generally consisting of low-melting K and K–Ca silicates, onto the
surface of AS and SS particles, causing a grain coating in some surface
areas, and (iii) adsorption of fine solid particles (generated in attrition
of bed grains and fuel ash in a fluidized bed) onto the coated grain
surface, thus affecting the coating adhesiveness [29].

In the experiments with the (25% AS+75% SS) mixture, bed de-
fluidization was observed in the conical FBC after 17 h of combustor
running. Some agglomerates were sampled and then analyzed for their
physical and chemical properties. Fig. 7 shows the SEM–EDS analysis of
agglomerates collected from this bed material after an emergent shut-
down of the combustor. The SEM image in Fig. 7a revealed that the
agglomerates were formed by binding the bed particles of different
chemical compositions and sizes. The binding material that bonded the
particles was rich in Si, K, and Ca with minor contents of Al, Mg, P, and
Fe. The quantity and quality (i.e., chemical composition) of the binding
materials at different spots in Fig. 7a indicated: (i) formation of low-

melting K2O–SiO2 and K2O–CaO–SiO2 eutectics (generally formed on
the surface of SS particles as a result of reaction of K-rich vapor species
from biomass ash with SiO2 in SS grains) and (ii) small contribution of
the ash melts to bed agglomeration.

It can be concluded that with a greater proportion of SS in a AS/SS
mixture, the risk of (or tendency for) bed agglomeration increased
significantly, mainly due to an increase in the SS surface area, on which
the ash-derived K-rich vapor compounds reacted with SiO2 in SS,
forming low-melting-point eutectics, and thus enhancing the bed ag-
glomeration tendency.

3.5. Time-related changes in compositions of the bed materials and
particulate matter

Table 6 shows the composition of the bed mixtures, used/reused in
the conical FBC during the co-firing tests for different operating time
instants. Because of early bed agglomeration, the composition of the
bed material, originally represented by the (25% AS+75% SS) mix-
ture, is presented in Table 6 only for the 8-h operating period. Due to
the coating of AS and SS grains and because of presence of some PM
retained in the bed, the ash-forming elements, particularly K, Ca, Mg,
and Fe, showed an increase in their contents in all the bed mixtures
with operating time. However, Al (responsible for mitigating bed ag-
glomeration) showed a gradual time-domain decrease in the selected
bed mixtures, which pointed at the diminishing capability of each bed
material to withstand bed agglomeration. Note that the content of all
constituents in a bed were noticeably affected by the bed AS/SS ratio.

Table 7 presents the composition of PM originating from the co-
combustion of PKS and EFB for the same bed materials and operating
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Fig. 6. (a) SEM images and (b) EDS spot analyses of AS and SS particles sampled after the co-firing tests on the conical FBC using a (75% AS+25% SS) mixture
(upper micrograph) and a (50% AS+50% SS) mixture (lower micrograph) as the bed material under optimal operating conditions.
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times, as in Table 6. The results in Tables 6 and 7 indicate the sig-
nificant mutual impact of the bed mixture and fuel ash during co-
combustion of PKS and EFB. However, as seen in Table 7, in the test
series with different AS/SS bed mixtures, the contents of Al and Si in

PM were greater at all time instants, compared to those in the fuel ashes
of the selected PKS/EFB mixture. This fact was likely due to carryover
of fine particles rich with Al and Si (generated during the attrition of
AS/SS grains in the fluidized bed), which joined the PM. Carryover of
Al-rich particles from the fluidized bed contributed to a time-related
decrease of Al2O3 in the bed material during the co-combustion tests (as
seen in Table 6).

4. Conclusions

Oil palm kernel shell and empty fruit bunch with elevated/high
potassium contents can be safely co-combusted in a fluidized-bed
combustor with a cone-shaped bed using a mixture of alumina and si-
lica sand as the bed material for decreasing the bed agglomeration
tendency. Fuel staging, via injection of the biomass fuels into a com-
bustor at different levels, leads to a substantial reduction in the NO
emission from the combustor. The co-combustion of the selected oil
palm residues at the optimal energy fraction of empty fruit bunch
(∼0.15) and optimal excess air (50–55%) can ensure minimal “ex-
ternal” (emission) costs of the combustor at about 25–35% NO emission
reduction (depending on the bed material type), compared to firing
pure palm kernel shell. With a proportion of alumina sand in the bed
mixture of greater than 50% (by wt.), bed agglomeration can be pre-
vented in the combustor at reduced bed costs for a relatively long op-
erational time. However, the bed material shows substantial time-do-
main changes in physical appearance and chemical composition, with a
decrease in capability of the bed material to withstand bed agglom-
eration, especially when using mixtures with a relatively high propor-
tion of silica sand in the bed mixture. When using a bed containing 75%
silica sand mixed with 25% alumina sand, the bed material has a
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Fig. 7. (a) SEM image and (b) EDS spot analysis of agglomerates, sampled after 17-h co-firing tests on the conical FBC using a (25% AS+75% SS) mixture as the bed
material under optimal operating conditions.

Table 6
Composition of the bed materials used/reused in the conical FBC during co-
firing of PKS and EFB under optimal operating conditions at different time
instants of combustor operation.

Operating time (h) Composition (as oxides, wt.%)

Al2O3 SiO2 CaO MgO Na2O K2O Fe2O3 P2O5

Testing with the (75% AS+25% SS) bed mixture
6 (used bed
material)

30.50 56.50 3.27 0.73 0.38 6.52 1.02 0.70

14 (reused bed
material)

19.40 64.20 4.58 0.94 0.38 7.77 1.17 0.85

24 (reused bed
material)

18.00 65.90 5.18 0.93 0.28 6.92 1.51 0.84

Testing with the (50% AS+50% SS) bed mixture
8 (used bed
material)

18.50 72.20 1.36 0.22 0.29 5.07 0.77 0.20

13 (reused bed
material)

15.90 72.50 2.81 0.39 0.27 6.28 1.12 0.33

21 (reused bed
material)

13.00 74.10 3.33 0.54 0.22 6.83 1.05 0.52

26 (reused bed
material)

10.80 74.80 3.66 0.63 0.21 7.95 1.10 0.55

Testing with the (25% AS+75% SS) bed mixture
8 (used bed
material)

10.70 81.00 1.07 0.20 0.29 5.69 0.74 0.15

Table 7
Composition of particulate matter originating from the co-firing of PKS and EFB in the conical FBC under optimal operating conditions when using selected AS/SS
mixtures as the bed material for different operating times.

Operating time (h) Composition (as oxides, wt.%)

Al2O3 SiO2 CaO MgO Na2O K2O Fe2O3 P2O5 Cl

Testing with the (75% AS+25% SS) bed mixture
6 (used bed material) 9.13 34.40 34.40 3.64 1.20 7.50 2.36 3.47 1.47
14 (reused bed material) 4.03 43.40 33.10 2.91 0.58 6.99 2.10 3.49 0.91
24 (reused bed material) 3.99 45.40 33.80 2.47 0.44 6.20 1.87 2.90 0.75

Testing with the (50% AS+50% SS) bed mixture
8 (used bed material) 8.82 41.80 37.00 1.51 0.76 3.85 1.93 1.80 0.57
13 (reused bed material) 6.75 43.00 35.70 1.92 0.75 4.51 2.25 2.29 0.64
21 (reused bed material) 4.85 41.40 31.40 4.10 0.53 7.77 2.23 3.94 1.31
26 (reused bed material) 3.88 43.10 29.60 3.32 0.44 9.56 2.44 3.71 1.55

Testing with the (25% AS+75% SS) bed mixture
8 (used bed material) 5.54 55.10 25.90 1.92 0.40 5.06 1.97 2.32 0.29
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significant propensity for agglomeration, which may lead to fast bed
defluidization in the combustor (within 17 h).
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A B S T R A C T

This work explores the potential of three co-combustion methods for reducing NOx in a fluidized-bed combustor.
Pelletized rice husk (base fuel) was co-fired with moisturized rice husk (secondary fuel) in this reactor using
silica sand as the bed material. Four groups of experiments for (1) conventional combustion of rice husk pellets,
(2) co-firing pre-mixed fuels, (3) co-firing using fuel staging with bottom air injection, and (4) co-firing using a
reburning method combining fuel staging and air staging, were performed at a 200 kW heat input to the reactor.
In the test series, the energy fraction of the secondary fuel in the total fuel supply (EF2) was within 0–0.25, with
excess air (EA) varying from 20% to 80% at given EF2. During the reburning tests, the secondary-to-total air ratio
(SA/TA) ranged from 0.1 to 0.4, at each EA. The findings revealed that the effects of EF2, EA, and SA/TA on the
combustion and emission characteristics of the reactor were substantial. An optimization analysis was performed
to determine the optimal EF2, EA, and SA/TA, leading to minimal emission costs of the applied co-firing tech-
niques. Under optimal operating conditions, the combustor ensures high (∼99%) combustion efficiency with
minimum emission costs and reduced NO emission: by about 13% when co-firing pre-mixed fuels, by 37% for the
fuel-staged co-combustion, and by 53% when using reburning, as compared to 167–176 cm3m−1 from burning
the base fuel alone. However, some increase in the CO and CxHy emissions was observed when using the pro-
posed co-firing techniques.

1. Introduction

In Thailand, rice husk is an important biomass energy resource,
showing an energy potential of 93 PJ per year, mainly because of great
availability and the relatively high calorific value of this agricultural
residue [1]. Due to some advantages over grate firing and pulverized
fuel firing techniques, bubbling, circulating, vortexing, and swirling
fluidized-bed combustion systems (combustors/furnaces) are effective
for converting rice husk into energy, mainly because of excellent so-
lid−gas mixing, temperature homogeneity and effective emission
control [2–6]. However, pioneering studies on these combustion sys-
tems have reported difficulties in achieving high combustion efficiency
and controlling CO and NOx emissions, mainly because of elevated fuel-
N and fuel-ash contents. In spite of moderate bed temperatures (typi-
cally, below 850 °C), the NOx emissions from the above-listed fluidized-
bed combustors were elevated, up to about 200 cm3m−3, while the CO
emission was within 800 cm3m−3 (both at 6% O2 on a dry gas basis).
The combustion efficiency of properly designed and operated fluidized-
bed combustion systems was 96–98%. Some studies on circulating,

vortexing, and swirling fluidized-bed combustors showed weak effects
of air staging on NOx and CO emissions when burning rice husk [4–6].
However, the use of flue gas recirculation in the vortexing fluidized-bed
combustor resulted in relatively low NOx emissions, 65–83 cm3m−3 (at
11% O2 on a dry gas basis), mainly because of the lowered bed tem-
perature (about 700 °C) and dilution effects from the recycled flue gas
[7].

A cyclonic fluidized-bed combustor, ensuring biomass oxidation in a
strongly swirled flow, has been developed for firing rice husk [8]. High,
over 99%, combustion efficiency was achieved with this technique
when burning rice husk under optimal operating conditions, mainly due
to the reduced CO emission, below 400 cm3m−3 (at 6% O2 on a dry gas
basis). However, the NOx emissions from the cyclonic fluidized-bed
combustor were high, 350–425 cm3m−3, likely because of the high
combustion intensity (or heat release rate per unit combustor volume)
and elevated excess air, as compared to other fluidized-bed combustion
systems.

Co-firing (or co-combustion) of two or more fuels with different
properties is one of the most effective ways of improving the emission
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performance of a combustion system, while maintaining its combustion
efficiency at a relatively high level. Some related studies on grate-firing,
pulverized fuel-firing, cyclone-firing, and fluidized-bed combustion
systems revealed that the co-firing is flexible for fuel type (coal, bio-
mass, RDF, combustible wastes, etc.) and combustion method [9–12].
However, the combustion and emission performance of a combustion
system was affected by the method of fuel injection into the combustor/
furnace.

A large number of studies on the co-firing of coal and biomass,
commonly used as blended fuels in modified pulverized coal-fired
boilers, have reported a reduced (net) production of CO2, as well as a
noticeable reduction in NOx and SO2 emissions, compared to burning
coal on its own [11–16]. Limited knowledge, regarding the co-firing of
biomass with another biomass in a single fluidized-bed combustion
system, is reported in the literature. However, some pilot studies re-
vealed that biomass–biomass co-firing systems can effectively utilize
problematic fuels (e.g., with unacceptable emission characteristics and/
or very low calorific value) with lower emissions of NOx, compared to
burning the base fuel alone [17,18].

Fuel-staged combustion methods, such as fuel biasing and re-
burning, have been proposed to reduce NOx in various combustion
systems (co-)fired with coal/biomass. When using fuel biasing (a type of
fuel staging), the base fuel is injected into the main (or primary)
combustion zone together with combustion air, whereas the rest of the
fuel or another fuel is added downstream of the primary zone with no
air supply [19]. As a result, chemical reactions occurring in the sec-
ondary zone generate precursors (radicals) to participate in the reduc-
tion of NOx, previously formed in the primary zone. A recent study on
the co-firing of palm kernel shell (primary fuel) and high-moisture
empty fruit bunch (secondary fuel) in a fluidized-bed combustor has
revealed a 35% NO emission reduction that was achieved via the use of
fuel-staged combustion with bottom air injection. However, the NOx

reduction level was found to depend on the mass/energy share of the
secondary fuel and excess air used [20].

A reburning method has been suggested as one of the most effective
solutions to reduce NOx emissions from different combustion systems.
This method is, in fact, a combination of fuel staging and air staging
[10]. The relevant processes occur within three sequent zones of the
reactor: (i) primary zone where primary (main) fuel burns, (ii) reburn
zone where the reburn (secondary) fuel is injected into the reactor to
create fuel-rich conditions, resulting in a reduction of NOx formed in
the preceding zone, and (iii) burnout zone, where the burnout (sec-
ondary) air is introduced for achieving complete combustion [21,22].
The reburning method has been extensively studied on large-scale
pulverized coal-fired boilers and grate-fired biomass-fueled systems,
with different types of reburn fuel. Some pioneering studies have re-
ported that up to 70% NOx reduction can be achieved with this method,
with no adverse effects on the operation of a combustion system
[21–24]. However, very limited information on applications of both
fuel staging and reburning in fluidized-bed systems co-firing different
types of biomass has been reported in the literature.

The main purpose of this work was to explore the potential of three
co-firing methods: (i) burning pre-mixed fuels, (ii) using fuel staging
with bottom air injection, and (iii) using reburning, with the aim to
reduce the NOx emissions of a fluidized-bed combustor co-fired with
pelletized rice husk (PRH) and moisturized rice husk (MRH). Effects of
operating conditions on the behavior of major pollutants (CO, CxHy,
and NO) in different reactor regions, as well as on the emissions and
combustion efficiency of the combustor, were compared for the pro-
posed co-combustion methods. Special attention was given to the op-
timization of operating parameters, minimizing the emission costs of
the co-firing techniques. The novelty of this work is knowledge on the
influence of the selected co-combustion methods on the extent of NO
emission reduction, as well as practical guidelines on optimal operating
conditions, during biomass−biomass co-firing in fluidized-bed com-
bustion systems.

2. Materials and methods

2.1. Experimental setup

A fluidized-bed combustor with a cone-shaped bed (referred to as a
‘conical FBC’) was used in this study. The experimental setup, including
the conical FBC and auxiliary equipment (two air blowers, two screw-
type fuel feeders, a cyclone for collecting particulate matter, and a
diesel-fired start up burner), is shown in Fig. 1. The combustor con-
sisted of two steel sections assembled coaxially: (1) a conical section of
0.9 m height with 40° cone angle and 0.25m inner diameter at the
bottom plane, and (2) a cylindrical section of 2.5m height and 0.9m
inner diameter. A more detailed description of the combustor's con-
figuration has been provided in previous studies on individual firing of
biomass with this combustion technique [25,26].

In the current work, during the test runs for individual firing PRH
and co-firing pre-mixed PRH and MRH, the base fuel and the biomass
mixtures were supplied into the reactor by using a single fuel feeder
located at level Z=0.6m above the air distributor, whereas the com-
bustion air was injected into the bottom (conical) section of the conical
FBC by an 18.7 kW air blower through the air distributor at the reactor
bottom. The air distributor, comprising nineteen bubble-cap standpipes
(closely arranged on the distributor plate), induced fluidization of the
bed material in the conical section. Each stand pipe had 64 holes of
2mm in diameter, evenly arranged over the pipe outer surface, and six
vertical slots (15mm × 3mm in sizes) at the top of the pipe. The pro-
posed design of the air distributor ensured quite uniform distribution of
airflow over the bed (i.e., avoiding bed spouting) with an insignificant
pressure drop across the device [26].

To perform co-firing tests for fuel staging and reburning methods,
the combustor was additionally equipped with a secondary fuel feeder
and a secondary air system (the latter was used in reburning tests).
During the tests of these two groups, primary and secondary fuels were
delivered separately into the reactor by the two screw-type fuel feeders,
as shown in Fig. 1. The primary fuel was injected into the fluidized bed
at Z=0.6m above the air distributor, whereas the secondary fuel was
introduced into the cylindrical section of the combustor, at Z=1.15m,
by a secondary fuel feeder. Primary (or fluidizing) air was injected into
the bed by the above-mentioned 18.7 kW air blower through the air
distributor, whereas in reburning tests, the secondary air (SA) was
tangentially introduced into the reactor at Z=1.65m by a secondary
3.7 kW blower.

2.2. Fuels and bed material

As shown in previous studies on fuel-staged biomass co-combustion
with bottom air supply, a substantial reduction of the NOx emissions
can be achieved when primary and secondary biomass fuels comply
with two major requirements [20,27]. Firstly, the calorific value of a
primary fuel should be noticeably higher than that of the secondary
fuel, mainly due to substantial moisture content in the secondary fuel.
This requirement ensures stable and high-efficiency combustion in the
primary combustion zone, avoiding a high temperature peak inside the
reactor. Secondly, it is desirable (but not compulsory) to use a sec-
ondary fuel with the fuel-N content lower than that in the primary fuel,
to prevent intensive NO formation in the secondary combustion zone.
With the use of reburning, the NOx reduction is expected to be more
significant, as compared with the fuel-staged co-combustion, mainly
due to the more active mitigation of NO formation reactions and
strengthening of secondary (NO reduction) reactions in the primary and
reburn zones.

In this work, pelletized rice husk (PRH) was used as the base (pri-
mary) fuel, while low-calorific moisturized rice husk (MRH) was se-
lected to be the secondary fuel. PRH was supplied by a local company
manufacturing pelletized biomass fuels. Prior to the pelleting process
that used a flat-die fuel pellet machine, “as-received” rice husk was
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conveyed to a sieving system (to remove solid impurities) and then
ground by a grinding mill to the specified particle size. At a next step,
ground rice husk was fed, together with a specified amount of water,
into a 75 kW pelletizer, which pressed the ground biomass into cy-
lindrical pellets of 6mm in diameter and about 15mm in length. At the
final stage, the pellets were spread onto a wire screen for cooling and
drying, and afterwards, were packed in fabric sacks to keep stable fuel
quality for a relatively long time. Prior to testing, MRH was prepared by
adding a specified amount of water to “as-received” rice husk, supplied
from a local rice mill. The MRH particles were (on average) about 2mm
in width, 0.5 mm thick, and 10mm in length.

The proximate and ultimate analyses, as well as the lower heating
values of PRH and MRH, are represented in Table 1. The analyses

showed a significant difference in properties of the two fuels. Due to
substantially higher fuel-moisture content in MRH, the lower heating
value of this secondary fuel, LHVf2= 10.6MJ/kg, was noticeably lower
than that of the primary fuel, LHVf1= 15.1MJ/kg. Because of insig-
nificant fuel-S in both fuels, this work disregarded all issues related to
the formation and emission of SO2 during (co-)firing PRH and MRH.

The fuel ash of both fuels included 85–95% SiO2 and 1.5–2.5% K2O
with negligible amounts of other ash-related elements, and therefore,
was not reactive to all types of bed material, indicating a low propensity
of rice husk for bed agglomeration [28]. Therefore, a conventional bed
material, silica sand with 2500 kgm−3 solid density, 0.3–0.5mm par-
ticle sizes, containing 88% SiO2 (by weight), was used in this com-
bustor. In all experiments, the bed height was maintained at 30 cm

Table 1
Properties of pelletized rice husk (PRH) and moisturized rice husk (MRH), used in co-combustion experiments.

Biomass Proximate analysis, mass fraction (%)a Ultimate analysis, mass fraction (%)b LHVa (MJ kg−1)

W VM FC A C H O N S

PRH 9.81 64.9 15.39 9.90 53.89 6.28 38.83 0.98 0.02 15.1
MRH 29.56 41.9 14.33 14.21 53.25 5.35 40.70 0.68 0.02 10.6

a On “as-fired” basis, after pre-treatment of “as-received” rice husk.
b On dry and ash-free basis.

Fig. 1. Schematic diagram of the experimental setup for co-combustion experiments.
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(under static conditions).
As observed in “cold-state” experiments on a test rig with the con-

figuration identical to the combustor conical section, when the super-
ficial air velocity at the air distributor exit (u) was between the
minimum velocity of full fluidization (umff) and the minimum velocity
of turbulent fluidized-bed regime (uk), the cone-shaped bed of silica
sand fluidized by airflow showed a bubbling fluidization regime. From
the “cold-state” experiments, for the conical bed of silica sand with the
specified sand particle sizes and bed dimensions (cone angle, static bed
height, and diameter of the lower base), the characteristic velocities
were: umff≈ 0.7m s−1 and uk≈ 1.6 m s−1. At u > uk, the fluidized bed
turned into a turbulent fluidization regime, exhibiting an expanded
volume of the bed gas−solid mixture, compared to the bubbling flui-
dized bed. Similar behavior of the conical bed (however, at different
umff and uk) has been reported for some alternative bed materials, such
as alumina sand, dolomite, and limestone [26].

2.3. Experimental methods for the co-combustion tests

At the preliminary stage of this work, a test series for burning pure
PRH, using bottom air injection into the reactor, was performed to
obtain combustion and emission characteristics of the base fuel. During
the tests, PRH was fed into the reactor by the lower fuel feeder. In the
main study, three series of co-firing tests, aimed at reducing NOx

emissions from the combustor, were conducted: (i) co-firing of pre-
mixed PRH and MRH, (ii) co-firing of the selected fuels using fuel sta-
ging with bottom air injection, and (iii) co-firing of the two types of rice
husk using a reburning technique (combining fuel and air staging). For
comparability, all test series were performed at a constant (200 kW)
heat input to the conical FBC. This allowed using the energy fraction of
the secondary fuel (EF2) as an independent operating parameter in the
co-combustion tests.

To ensure the specified heat input, PRH and MRH were delivered
into the combustor with respective mass flow rates (ṁf1 and ṁf2) at any
given EF2, defined as the energy share of MRH (ṁf2LHVf2) in the total
heat input to the reactor (ṁf1LHVf1+ ṁf2LHVf2). In this work, the trials
(except for reburning) were performed for five values of EF2: 0 (i.e., for
firing pure PRH), 0.1, 0.15, 0.2, and 0.25. Table 2 shows the feed rates
of the primary and secondary fuels, as well as the mass fraction of MRH
in the total fuel supply, for each selected EF2.

In all four test series, the experiments were performed at four spe-
cified amounts of excess air (EA) at stack: 20%, 40%, 60%, and 80%.
For each test run, an actual value of EA was determined according to
Ref. [29], by using relationships provided in Appendix A and taking
into account actual O2, CO, and CxHy (as CH4), all measured at stack
with a “Testo-350” gas analyzer. The measuring accuracies of the gas
concentrations were:± 0.2% for O2 (as a volume fraction),± 5% of
reading for CO from 200 to 2000 cm3m−3,± 10% of reading for CO
higher than 2000 cm3m−3,± 10% of reading for CxHy (as CH4),
and±5% of reading for NO not over 2000 cm3m−3.

To save experimental time and fuels, the reburning tests were
conducted at two (close to typical) values of the secondary fuel energy
fraction [20,27]: EF2= 0.15 and EF2=0.25 for the above-mentioned

range of EA. However, at each (fixed) EA, the reburning tests were
performed for four secondary-to-total air (SA/TA) ratios: 0.1, 0.2, 0.3,
and 0.4.

To investigate the effects of the applied co-firing methods and op-
erating variables (EF2, EA, and SA/TA) on the co-combustion char-
acteristics, as well as on the formation and oxidation/reduction of the
gaseous pollutants inside the conical FBC, temperature, O2, CO, CxHy

(as CH4), and NO were measured along the reactor centerline, using the
“Testo-350” gas analyzer, for some selected operating conditions.

To study the influence of the operating variables on the gaseous
emissions and combustion efficiency of the conical FBC, the CO, CxHy

(as CH4), and NOx (as NO) emission concentrations were measured at
stack, along with O2, for the specified EF2, EA, and SA/TA. In all test
runs, fly ash was sampled and analyzed for unburned carbon.
Afterwards, the combustion efficiency of the conical FBC was de-
termined for each run using the heat-loss method, according to Ref.
[29]. However, in the current work, the heat loss due to unburned
carbon and that due to incomplete combustion, were predicted based
on a concept of “equivalent fuel”, as proposed in Ref. [27] and pre-
sented in Appendix B. The relevant properties of “equivalent fuel”, such
as the lower heating value (LHVcf, in units of kJ kg−1), the ash content
(Acf, as a mass fraction in units of %), and the volume of dry flue gas
(Vdg,cf, in units of m3 kg−1 under standard conditions), were quantified
by taking into account the corresponding properties and mass fractions
(the latter as weighting factors) of the co-fired PRH and MRH [27].

By taking into account: (i) the stoichiometric amount of air required
for burning 1 kg “equivalent fuel” (V0, in units of m3 kg−1 under
standard conditions, calculated according to Refs. [27,29]), (ii) the feed
rate of the co-fired PRH and MRH, (iii) the amount of excess air, and
(iv) the cross-sectional area of airflow, the superficial air velocity at the
air distributor exit (u) was assessed for the selected (co-)combustion
options. For instance, when burning pure PRH with V0= 4.15m3 kg−1,
the superficial velocity varied within 4.1–6.2m s−1 for 20–80% EA.
However, during co-firing PRH and MRH using reburning at EF2= 0.25
and SA/TA=0.4 (when V0 counted for 3.68m3 kg−1 at a reduced
flowrate of the primary air), the values of u were lowest (1.7–2.5 m s−1)
for the same range of EA, as compared to the other three test series.
Thus, when using the selected operating parameters (EF2, EA and SA/
TA), the combustor was operated in the turbulent fluidized-bed regime,
as u was greater than the above-reported uk for the silica sand bed of the
selected configuration. During this fluidization regime, the expanded
bed occupied a predominant part of the conical section, ensuring “in-
bed” injection of PRH, whereas MRH was injected into the reactor
above the expanded bed.

2.4. Optimization method for operating variables

To determine the optimal operating variables (EF2, EA, and SA/TA),
ensuring minimal “external” costs of the combustor for the selected co-
combustion options, a cost-based optimization method [27,30] was
applied in this work. The “external” costs were mainly represented by
emission costs, paying for the damage done by gaseous pollutants
emitted from a combustion system to the environment and humans
[31], thus disregarding damage costs associated with long-term climate
change. Ignoring the effects of SO2 (because of its negligible emission)
and CO2 (due to the low specific “external” costs of CO2 and weak ef-
fects of operating conditions on the CO2 emission rate), the objective
function to minimize the “external” costs of co-combustion of PRH and
MRH can be represented as:

= + +J P m P m P mMin( ˙ ˙ ˙ )ec NOx NOx CO CO CxHy CxHy (1)

In this study, the specific “external” costs of NOx (as NO2) and CxHy

(as CH4) were assumed to be PNOx= 2400 $ t−1 and PCH4= 330 $ t−1,
respectively, according to Ref. [31]. As reported in some related study
[6,32,33], the ratio of PNOx to PCO generally ranges from 5 to 8. It was
therefore decided to assume PCO=400 $ t−1 (for PNOx/PCO= 6) in this

Table 2
Feed rate of pelletized rice husk (PRH) and moisturized rice husk (MRH) in the co-
combustion tests at different energy/mass fractions of the secondary fuel (MRH) in total
fuel supply.

Energy fraction of
MRH (EF2)

MRH feed rate
(kg h−1)

PRH feed rate
(kg h−1)

Mass fraction of
MRH (MF2)

0 0 47.7 0
0.10 6.8 42.9 0.14
0.15 10.2 40.5 0.20
0.20 13.6 38.1 0.26
0.25 17.0 35.8 0.32
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optimization analysis.
For given operating conditions, the mass fluxes of NOx (as NO2), CO,

and CxHy (as CH4) emissions in Eq. (1) were predicted by taking into
account the feed rate (kg/s) of the co-fired fuels, as well as the actual
emission concentrations (in cm3 m−3), measured at the cyclone exit as:

= × +
−m m m V˙ 2.05 10 ( ˙ ˙ )NONO

6
f1 f2 x dg,cfx (2)

= × +
−m m m V˙ 1.25 10 ( ˙ ˙ )COCO

6
f1 f2 dg,cf (3)

= × +
−m m m V˙ 0.71 10 ( ˙ ˙ )C HC H

6
f1 f2 x y dg,cfx y (4)

where Vdg,cf is the volume of dry combustion products from the co-
firing of MRH and PRH at actual excess air (in m3 kg−1, under standard
conditions), determined according to Refs. [27,29] using the mass
fractions of the two fuels.

Taking into account the selected specific “external” costs (PNOx, PCO,
and PCH4) and differences in the density of NOx (as NO2), CO, and CxHy

(as CH4), it can concluded that the contribution of NOx to the total
“external” costs in Eq. (1) is predominant. For a given co-combustion
technique and similar emission concentrations of the pollutants (at
stack), the NOx emissions cost is about 10 times greater than for CO,
and 20 times greater than for CxHy. Thus, the NOx reduction inside the
reactor is a goal of great importance.

3. Results and discussion

3.1. Distribution of temperature and O2 in the conical FBC

Fig. 2 shows the axial temperature and O2 profiles in the combustor
for the selected co-combustion techniques, co-fired with PRH and MRH
at EF2=0.15 (Fig. 2a) and EF2=0.25 (Fig. 2b), and EA ≈ 40% with
different SA/TA (applied in the reburning tests), as compared with the
conventional combustion of the base fuel (PRH) at the specified EA.

In all trials, the axial temperature profiles were rather uniform,
particularly in the fluidized bed region (i.e., within the conical section
of the combustor). There were some effects of EF2 and SA/TA on the
bed temperature, including its maximum. When burning the base fuel
on its own, a maximum bed temperature of about 920 °C was observed
in the vicinity of PRH injection (at Z=0.6m). However, during co-
combustion of pre-mixed PRH and MRH, the bed temperature was
lower than that for firing pure PRH: by 10 °C at EF2= 0.15 and by 35 °C
at EF2= 0.25, likely due to the increased moisture content in the fuel
blend.

In the tests for fuel staging with bottom air injection, the tempera-
ture at all points in the bottom region was lower, compared to the other
co-firing options. This was mainly due to the reduced feeding of PRH
that resulted in an increased (local) excess air ratio at the primary
combustion zone (i.e., in the fluidized bed). Because of the effects from
secondary fuel injection, the maximum temperature for EF2= 0.15,

Fig. 2. Axial profiles of temperature and O2 in the conical FBC when co-firing PRH and MRH at EA ≈ 40%, using different co-firing options for (a) EF2= 0.15 and (b) EF2= 0.25, in
comparison with the conventional combustion of PRH.
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910 °C, was observed at a higher level, Z=1.15m (i.e., beyond the
conical section), compared to burning pure PRH. However, during fuel-
staged co-combustion at EF2= 0.25 (i.e., at a higher feed rate of MRH),
the maximum temperature, 890 °C, was shifted to Z=1.6m due to the
strengthened effects from the secondary fuel.

It can be seen in Fig. 2 that during the reburning tests at SA/
TA=0.2 and SA/TA=0.4, the temperatures inside the reactor were
basically higher, as compared to the other two co-firing options for
similar EF2. This is mainly due to the lowered (local) excess air ratio in
the primary combustion zone. Injection of secondary air at Z=1.65m
resulted in the higher maximum temperature in the reburning tests,
because of delayed oxidation of combustibles formed in the reburn zone
and, therefore, shifting this temperature to a higher level (Z). Note that
the maximum temperature in the reburning tests was almost in-
dependent of EF2. However, it was noticeably affected by SA/TA:
915 °C for SA/TA=0.2 and 930 °C for SA/TA=0.4, observed at
Z=1.15m for EF2= 0.15 and at Z=1.6m for EF2= 0.25.

In all the test runs, the temperature showed a gradual decrease in
the upper part of the combustor, mainly because of the heat loss across
the reactor walls, at nearly the same rate. Therefore, the difference
between the axial temperature profiles for the selected (co-)combustion
methods was primarily affected by the magnitude and location of the
maximum temperature in each test run. As a result, in the reburning
tests at EF2= 0.25 and SA/TA=0.4, the temperatures at similar points
in the reactor top were higher, as compared to other test series.

From Fig. 2, the axial profiles of O2 in the tests for burning pure
PRH, co-firing of premixed PRH and MRH, and fuel-staged co-com-
bustion of the two fuels showed similar trends, with weak effects from
EF2. In these three test series, a substantial axial gradient of O2 was
observed in the lower part of the reactor (Z < 1.6m), comprising
primary and secondary combustion zones, whereas in the upper region

of the reactor, O2 consumption and, respectively, fuel oxidation oc-
curred along the combustor height with an insignificant rate.

However, in the reburning tests (when air staging was used along
with fuel staging), the O2 behavior was substantially different. In the
primary and reburn zones, O2 was noticeably lower, compared to the
other three test series, which likely caused the above-mentioned delay
in oxidation of the secondary fuel. It should be noted that by Z≈ 1.7 m,
O2 regained to a level comparable with the other test series. At the
reactor top (Z=3.2m), O2 showed the concentration values that were
similar to those for the other (co-)combustion techniques, which were
correlated with the selected amount of EA (40%).

3.2. Formation and oxidation of CO and CxHy inside the conical FBC

Fig. 3 shows the axial profiles of CO and CxHy (as CH4) in the conical
FBC for the same (co-)firing techniques and operating parameters, as in
Fig. 2. In all the test runs, these profiles showed two specific regions: (i)
rapid generation of CO and CxHy in the bottom region of the combustor and
(ii) gradual oxidation of these pollutants in the upper region of the reactor.

The axial CO and CxHy profiles for burning pure PRH, as well as for
the co-firing of pre-mixed PRH and MRH, showed similar shapes, with a
concentration peak at Z≈ 0.6m, i.e., at the level of PRH (or PRH/MRH
mixture) injection.

In the bottom region, CO and CxHy increased drastically along the
combustor height in all test series, primarily due to rapid devolatili-
zation of PRH and fuel-char oxidation (at a lesser extent), both con-
tributing to CO formation. The two pollutants were oxidized in this
region at low rates, compared to their formation rates. According to
Turns [34], CO was generally oxidized to CO2 by O and OH radicals,
whereas the CxHy oxidation involved two stages: (i) breakdown of CxHy

to CO and (ii) further oxidation of CO to CO2.

Fig. 3. Axial profiles of CO and CxHy (as CH4) in the conical FBC when co-firing PRH and MRH at EA≈ 40%, using different co-firing options for (a) EF2= 0.15 and (b) EF2=0.25, in
comparison with the conventional combustion of PRH.
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It can be seen in Fig. 3 that when co-firing premixed PRH and MRH,
CO and CxHy at all points along the combustor height were somewhat
higher, compared to burning pure PRH. This is mainly due to the re-
duced bed temperature (see Fig. 2), which led to the lower rates of CO
and CxHy oxidation in the primary combustion zone.

From Fig. 3, the use of fuel staging with bottom air injection led to
the lowest level of both CO and CxHy in the primary combustion zone
(i.e., in the fluidized bed). This fact can be attributed to the reduced
feed rate of the primary fuel (PRH) that resulted in the increased (local)
excess air ratio at the reactor bottom. Both these factors enhanced the
CO and CxHy oxidation rate in the primary combustion zone despite the
reduced bed temperatures (as seen in Fig. 2). However, when using
reburning, CO and CxHy in the primary combustion zone were highest,
as compared to other test series. This is mainly due to the substantially
decreased O2 at Z < 1.5 m, which resulted in a lowered rate of CO and
CxHy oxidation at the combustor bottom.

Note that, in the trials for fuel staging and reburning, CO and CxHy

in the secondary/reburn zone were substantially higher than those for
the two other test series: for individual burning of PRH and co-firing of
pre-mixed PRH and MRH. This result can be explained by the rapid
devolatilization of the secondary fuel injected into the reactor at
Z=1.15m. Furthermore, when using reburning, the reduced O2 con-
centrations resulted in a lower rate of CO and CxHy oxidation in both
the primary and reburn zones. The highest peaks of CO and CxHy were
therefore observed in the reburning tests at SA/TA=0.4 with weak
effects from EF2. However, an increase of EF2 from 0.15 to 0.25 shifted
the peaks of CO and CxHy from the primary combustion zone to a level
close to MRH injection in the reburn zone, as can be seen in Fig. 3.

In the region above the secondary fuel injection, where oxidation
reactions prevailed, both CO and CxHy decreased gradually along the
reactor height to their minimum values at the reactor top. In the re-
burning tests, CO and CxHy rapidly decreased downstream from the
point of injection of secondary air (particularly at SA/TA=0.4), which
enhanced their oxidation rates in the middle region of the reactor. As a
result, a substantial amount of heat was released in the vicinity of
secondary air injection, which resulted in the increased temperatures in
the cylindrical section of the reactor during reburning tests, especially
at highest EF2 and SA/TA (see Fig. 2).

3.3. Formation and reduction of NO inside the reactor

During biomass combustion, NO is mainly formed from volatile
matter in a fuel, via oxidation of volatile NH3 and HCN in multiple

routes of the fuel-NO formation mechanism (with proportional effects
of fuel-N, excess air, and temperature), whereas the contributions of
thermal-NO and prompt-NO are reported to be minor [9,35]. However,
due to secondary reactions, such as the catalytic reduction of NO by CO
on the char/ash surfaces [36–38] and homogeneous reactions of NO
with some radicals (such as CHi, NH2/NH, and HCCO) in a flame
[21,35,39,40], NO formed in the primary reactions is reduced to a
substantial extent.

Fig. 4 depicts the axial profiles of NO in the conical FBC for the same
(co-)firing techniques and operating parameters, as in Figs. 2 and 3.
Note that in all the trials, the contribution of NO2 to NOx was negligible.
In the analysis below, NOx is therefore represented only by NO.

It can be seen in Fig. 4 that at Z < 0.6m, NO was rapidly formed
from volatile nitrogenous species in PRH (or PRH/MRH mixture), ac-
cording to the above-mentioned fuel-NO formation mechanism, at-
taining a peak in the vicinity of fuel injection in all the test runs.

During co-firing of the pre-mixed fuels at any selected EF2, NO at all
points inside the combustor was lower, compared to burning PRH
alone. An increase in EF2 from 0.15 to 0.25 led to an insignificant re-
duction of NO at each point, generally because of the higher CO and
CxHy, both being a source of CHi and HCCO radicals, enhancing the NO
reduction reactions [39,40].

From Fig. 4, during experiments for fuel staging at EF2= 0.15 and
EF2= 0.25, NO (including the peak values) was noticeable lower than
in the test series for burning pure PRH and co-firing premixed PRH and
MRH at similar EA. The reduced NO peaks can be explained by the
lowered bed temperatures for both EF2 (see Fig. 2), despite that the
local excess air ratio in the primary combustion zone increased because
of the reduced feeding of PRH. When EF2 increased from 0.15 to 0.25, a
significant reduction of NO was observed at 0.6 m < Z < 1.15m. This
fact can be attributed to the higher concentrations of CO and CxHy in
the vicinity of secondary fuel injection, which enhanced the homo-
geneous reduction reactions of NO in the secondary combustion zone
with higher feeding of the MRH. Apart from this, at greater EF2, the
concentration of fuel chars in the secondary combustion zone was
higher, which facilitated the catalytic reduction of NO in this zone.

In the reburning tests, the NO concentrations in the reactor bottom
(at Z < 0.6m), and consequently, the NO peak were substantially
lower than those in the other test series, mainly due to the higher
concentration of reducing species, such as CO and CxHy, in this region.
It should be noted that the axial NO profiles in the reburning tests ex-
hibited the significant impacts of the secondary air. With increasing SA/
TA at fixed EA and EF2 (i.e., with decreasing the air-to-fuel ratio in both

Fig. 4. Axial profiles of NO in the conical FBC when co-firing with PRH and MRH at EA≈ 40%, using different co-firing options for (a) EF2= 0.15 and (b) EF2=0.25, in comparison with
the conventional combustion of PRH.

P. Ninduangdee, V.I. Kuprianov Biomass and Bioenergy 112 (2018) 73–84

79



the primary and reburn zones), NO in the primary combustion zone
showed a noticeable decrease, mainly due to the lowered O2 (see
Fig. 2). However, there was a substantial increase of both CO and CxHy

in the two zones, which enhanced the rate of the secondary (reduction)
reactions, particularly in the lower part of the combustor [41].

In the upper regions of the combustor, NO showed a gradual de-
crease along the combustor height in all test series. The rate of NO
reduction at each point was dependent on the NO formation/reduction
history (in the primary combustion zone), as well as on the levels of CO
and CxHy in the secondary/reburn zone. Note that, at EF2= 0.25, a low
secondary peak of NO can be observed in Fig. 4b in the vicinity of the
secondary air injection (at Z≈ 1.65m), which was likely caused by the
NO formed from oxidation of nitrogenous volatile species, released
from MRH.

At a lowered level of O2, the role of NH2/NH (generated from vo-
latile nitrogenous species in rice husk) for NO reduction in the two
combustion zones was important in the reburning tests [24,39]. Taking
into account the reduced formation of NO in the primary combustion
zone and highest levels of CO and CxHy in the reburn zone, the re-
burning method showed the highest potential for the NO reduction
among the co-firing techniques studied in this work.

Due to generation of substantial concentrations of CO and CxHy in
the secondary combustion zone, the fuel-staged co-firing of PRH and
MRH with bottom air injection also showed its effectiveness in terms of
NO reduction, however, at a lesser extent compared to reburning.

3.4. Effects of the co-firing options on gaseous emissions

Fig. 5 depicts the CO, CxHy (as CH4), and NO emissions (all re-
presented on a dry gas basis and at 6% O2) from the conical FBC (co-)
fired with PRH and MRH under variable operating parameters using the
proposed co-firing methods. For comparison, the national emission
limits of CO (740 cm3m−3) and NO (205 cm3m−3), both represented
on a dry gas basis and at 6% O2, are shown in Fig. 5 as well [42].

It can be seen in Fig. 5 that, in all the co-firing tests, the CO and
CxHy emissions from the combustor were higher than in the tests for
burning PRH alone, following the formation and oxidation of these
pollutants in different regions inside the reactor. However, an increase
in the CO and CxHy emissions during the co-firing of pre-mixed PRH and
MRH (see Fig. 5a) was less important, compared to the fuel-staged and
reburning tests.

With increasing EA within the range (at fixed EF2 and SA/TA), both
CO and CxHy emissions decreased in all the test runs, mainly due to the
enhanced oxidation reactions in all regions inside the reactor. At higher
values (60–80%), EA showed its weak influence on these emissions.
However, an increase of the two emissions was observed with higher
EF2 and SA/TA (at fixed EA), mainly due to strengthening effects from
CO and CxHy at the lower part of the reactor (see Fig. 3).

From Fig. 5, the minimal NO emission (about 50 cm3m−3) was
achieved when using reburning at the lowest EA, highest EF2, and
highest SA/TA. Note that under these conditions, CO and CxHy in the
reburn zone (and, consequently, the CO and CxHy emissions) attained

Fig. 5. Emissions of CO (upper), CxHy as CH4 (middle), and NO (lower) from the conical FBC when co-firing PRH and MRH under variable operating conditions, using: (a) pre-mixed fuels,
(b) fuel staging at bottom air injection, and (c) reburning.
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their maximum, pointing at the important roles of CO and CxHy in the
NO reduction reactions. As compared to individual firing of PRH at
fixed EA, all the co-firing options resulted in lower NO emission, and
the NO emission reduction became more significant for increasing EF2
and/or SA/TA. This result can be attributed to the substantial con-
tribution of elevated CO and CxHy to the NO reduction in secondary
(reduction) reactions at different regions inside the reactor. Note that
the fuel staging and reburning techniques provided better results for the
NO emission reduction, mainly due to the higher CO and CxHy in the
secondary/reburn zone, as compared to burning PRH on its own and co-
firing of pre-mixed PRH and MRH. However, with increasing EA, the
NO emission increased in all test runs, following the fuel-NO formation
mechanism [9,34,35] and because of the lowered CO and CxHy.

It can be concluded from the analysis of data in Fig. 5 that EA, EF2,
and/or SA/TA had the opposite impacts on the NO and CO/CxHy

emissions. Indeed, with decreasing EA, as well as with increasing EF2
and/or SA/TA, the CO and CxHy emissions showed their substantial
increase, whereas the NO emission showed a decreasing trend. There-
fore, there is a need to optimize the selected operating parameters, with

an objective to minimize the environmental impacts by the combustor
(as discussed below).

3.5. Combustion efficiency

Table 3 shows the predicted combustion-related heat losses (due to
unburned carbon and incomplete combustion) and the combustion ef-
ficiency of the conical FBC, co-fired with PRH and MRH using the
proposed co-combustion methods, along with the results for burning
pure PRH. Data required for determining the actual amount of excess
air and the heat losses, such as unburned carbon content in the PM and
actual O2, CO, and CxHy (as CH4) at stack, are also included in Table 3
for all the test series and runs.

An analysis of the heat losses and combustion efficiency of the
conical FBC showed the weak influence of the co-firing methods, but
important effects of operating conditions on these characteristics. When
burning PRH alone (i.e., at EF2= 0), the heat loss due to unburned
carbon decreased from 0.81% to 0.44%, whereas the heat loss due to
incomplete combustion diminished from 0.82% to 0.14%, as EA ranged

Table 3
Combustion-related heat losses and combustion efficiency of the conical FBC (co-)fired with PRH and MRH at actual operating variables using the selected (co-)combustion techniques.

Energy fraction of
secondary fuel
(EF2)

Secondary to total
air ratio (SA/TA)

Excess air
at stack (%)

O2 at
stack
(%)a

CO at
stackb (cm3

m−3)

CxHy at
stackb (cm3

m−3)

Unburned
carbon in PM
(%)c

Heat loss (%) Combustion
efficiency (%)

Due to
unburned
carbon

Due to incomplete
combustion

Conventional combustion of PRH
0 0 21 3.7 742 440 3.63 0.81 0.82 98.4

41 6.2 350 174 3.15 0.70 0.41 98.9
62 8.1 160 53 2.09 0.46 0.17 99.4
77 9.1 126 37 1.98 0.44 0.14 99.4

Co-combustion of premixed PRH and MRH
0.15 0 22 3.9 923 580 1.62 0.41 1.06 98.5

41 6.2 448 233 1.59 0.40 0.53 99.1
58 7.7 253 107 1.77 0.45 0.30 99.3
83 9.6 169 65 1.52 0.38 0.22 99.4

0.25 0 20 3.7 1100 720 1.28 0.35 1.27 98.4
38 5.9 604 340 1.55 0.43 0.73 98.8
59 7.9 367 172 1.09 0.30 0.46 99.2
79 9.3 229 126 1.07 0.29 0.35 99.4

Co-combustion of PRH and MRH using fuel staging
0.15 0 20 3.7 1080 668 2.12 0.54 1.45 98.0

43 6.4 467 242 2.49 0.64 0.56 98.8
59 7.8 313 160 2.51 0.64 0.37 99.0
79 9.3 253 107 2.30 0.59 0.27 99.1

0.25 0 20 3.7 1704 817 2.09 0.78 1.51 97.7
39 6.0 783 380 1.96 0.63 0.76 98.6
59 7.9 464 232 2.13 0.65 0.44 98.9
80 9.4 391 206 2.33 0.61 0.35 99.0

Co-combustion of PRH and MRH using a reburning technique
0.15 0.2 22 3.9 778 352 1.94 0.49 0.74 98.8

40 6.0 400 160 2.17 0.55 0.41 99.0
60 7.9 240 60 2.05 0.52 0.22 99.3
78 9.2 165 30 2.44 0.62 0.15 99.2

0.4 19 3.5 1108 569 2.27 0.58 1.05 98.4
40 6.1 591 262 2.50 0.64 0.60 98.8
64 8.2 284 100 2.68 0.69 0.30 99.0
80 9.3 220 77 1.81 0.46 0.26 99.3

0.25 0.2 20 3.7 1142 537 2.57 0.72 1.13 98.2
41 6.2 632 225 2.35 0.65 0.63 98.7
60 7.9 339 100 3.33 0.94 0.35 98.7
79 9.3 220 82 2.89 0.81 0.28 98.9

0.4 20 3.7 1300 844 2.47 0.69 1.48 97.8
40 6.2 705 384 2.74 0.77 0.85 98.4
59 7.9 480 237 3.26 0.92 0.62 98.5
79 9.3 418 220 2.15 0.60 0.63 98.8

a As a volume fraction.
b At actual O2 at stack.
c As a mass fraction.
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from about 20% to 80%. As a result, with increasing EA within the
range, the combustion efficiency of the reactor fired with pure PRH
showed some improvement, from 98.4% to 99.4%.

Note that, in the tests for co-firing premixed PRH and MRH in

different proportions (EF2= 0.15 and EF2=0.25), the combustion ef-
ficiencies were close to those for firing pure PRH at similar amounts of
EA. However, when using fuel staging with bottom air injection, the
combustion efficiency of the conical FBC was lower (by 0.3–0.5%),
compared to co-firing premixed PRH and MRH at similar operating
conditions (EF2 and EA). This result was mainly due to an insignificant
increase of the two heat losses (both were slightly higher at greater EF2)
caused by the secondary fuel injection. In the reburning tests, the
combustion efficiency was affected by the three operating parameters
(EF2, EA, and SA/TA). Because of the effects from both fuel and air
staging, the minimal combustion efficiencies, 97.8–98.8%, were ob-
served at highest EF2 and SA/TA for EA from 20 to 80%.

3.6. Optimal operating conditions

Fig. 6 depicts the 3-D surfaces representing the emission costs of the
co-firing of PRH and MRH with the selected co-combustion methods,
which were obtained using Eqs. (1)–(4) and the above-reported CO,
CxHy, and NO emissions, as well as other relevant parameters, all
quantified for the ranges of EF2, EA, and SA/TA. From Fig. 6, the op-
erating conditions showed the substantial effects on the emission costs.
At relatively low EA, but elevated EF2 and/or SA/TA, the emission costs
for all the co-firing methods were generally high, mainly due to

Fig. 6. Emission (“external”) costs of the conical FBC when co-firing PRH and MRH under variable operating conditions, using: (a) pre-mixed fuels, (b) fuel staging at bottom air injection,
and (c) reburning at EF2= 0.15.

Table 4
Major gaseous emissions from the conical FBC co-fired with PRH and MRH at optimal
operating parameters when using the selected co-combustion methods, as compared with
burning pure PRH at similar excess air.

(Co-)combustion
method

Operating
parameters

Emissiona (cm3 m−3) NO
emission
reductionCO CxHy NO

Conventional
combustion of
a base fuel
(PRH)

EA=45% 320 150 167
EA=50% 270 120 176

Co-firing premixed
fuels

EF2=0.15,
EA=45%

410 220 145 13%

Co-firing using
fuel staging

EF2=0.15%,
EA=45%

450 235 106 37%

Co-firing using
reburning

EF2=0.15%,
EA=50%, SA/
TA=0.25

380 170 82 53%

a At 6% O2 on a dry gas basis.
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important contributions of the CO and CxHy emissions. The effects of
the NO emissions on the “external” costs were significant when co-
firing PRH/MRH with high EA at relatively low EF2 and/or SA/TA.

As seen in Fig. 6a and b, EF2= 0.15 and EA=45% were optimal for
the co-combustion of pre-mixed PRH and MRH, as well as for their co-
firing using fuel staging with bottom air injection. Under these oper-
ating conditions, the “external” costs of the conical FBC were minimal
for both co-combustion methods. For the reburning technique, EA and
SA/TA were optimized for EF2= 0.15 that (as mentioned above) was
optimal for the first and second co-firing techniques. From Fig. 6c,
EA=50% and SA/TA=0.25 were optimal for the co-firing using re-
burning at EF2= 0.15.

It can be seen in Table 3 that under optimal operating parameters,
the combustor ensured high (about 99%) combustion efficiency, which
was close for the selected co-firing methods.

Table 4 compares the CO, CxHy, and NO emissions (all on a dry gas
basis and at 6% O2), as well as the NO emission reduction, for the co-
combustion techniques at the optimal operating parameters. For com-
parability, Table 4 presents the corresponding emission values for
burning pure PRH at excess air of 45% and 50%. Through the co-firing
of PRH and MRH under optimal operating conditions, a noticeable/
substantial reduction of the NO emission from the combustor can be
achieved, as compared to burning PRH alone: by 13% (145 cm3m−3

against 167 cm3m−3) when co-firing the pre-mixed fuels, by 37%
(106 cm3m−3 against 167 cm3m−3) for fuel-staged co-combustion of
PRH and MRH at bottom air injection, and by 53% (82 cm3m−3 against
176 cm3m−3) when using the reburning technique.

However, under these operating conditions, the CO emission may in-
crease by 90–130 cm3m−3, as compared with burning pure PRH, to a
level of 380–450 cm3m−3 (depending on the co-combustion method),
which is substantially lower than the national emission limit for CO
(740 cm3m−3). From Table 4, during co-combustion of PRH and MRH,
the CxHy emissions may increase by 50–85 cm3m−3, as compared to firing
PRH on its own, to 170–235 cm3m−3 in different co-firing techniques.

4. Conclusions

The effects of co-firing methods and operating parameters on the
emissions and combustion efficiency of a conical fluidized-bed com-
bustor co-fired with pelletized rice husk (base fuel) and moisturized rice
husk (secondary fuel) have been investigated for a variable energy
fraction of moisturized rice husk (in total fuel supply), excess air, and
secondary-to-total air ratio. The proposed co-combustion methods and
the operating parameters have noticeable effects on the major gaseous
emissions and combustion efficiency of the combustor. The selected co-
firing techniques create reducing conditions for NO (due to substantial
CO and CxHy) in the primary and secondary/reburn zones. To minimize
the emission costs of the combustor, EF2= 0.15 and EA=45% are
optimal for co-combustion of the pre-mixed fuels, as well as for their co-
firing using fuel staging with bottom air injection, while EF2= 0.15,
EA=50%, and SA/TA=0.25 are most appropriate when co-firing the
fuels using a reburning method. When operated optimally, the conical
FBC can ensure high (∼99%) combustion efficiency at a noticeable
reduction of the NO emission: (i) by 13% when co-firing the pre-mixed
fuels, (ii) by 37% for fuel-staged co-combustion with bottom air injec-
tion, and (iii) by 53% when using a reburning technique, as compared
to the NO emission of 167–176 cm3m−3 from burning PRH alone.
However, the CO emission may show some increase, by
90–130 cm3m−3 depending on the co-firing technique, to a level of
380–450 cm3m−3 (which is substantially lower than the national CO
emission standard), whereas the CxHy emissions can be maintained
within 170–235 cm3m−3.
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Appendix A. Determining excess air for individual test runs

Prior to determining EA for a test run, the excess air ratio (α) was predicted using the actual volume fractions of O2, CO, and CxHy (as CH4)
measured at stack (all represented as the percentages on a dry gas basis), by neglecting H2 and assuming 79% N2 in the “dry” flue gas, as:

=α 21
21–(O –0.5CO–2CH )2 4 (A.1)

The percentage of EA at stack was then determined as:

EA=100(α – 1) (A.2)

Appendix B. Heat losses and combustion efficiency for co-combustion tests

For each test run, the heat loss due to unburned carbon (quc,cf, as the percentage of LHVcf) was predicted by using the mass fraction of unburned
carbon in the sampled fly ash (Cfa, %) determined in the laboratory analysis and the lower heating value and ash content of the “equivalent fuel” as:

=

−

×q 32,866C
100 C

A
LHVuc,cf

fa

fa

cf

cf (B.1)

The heat loss due to incomplete combustion (qic,cf, as the percentage of LHVcf) was quantified, based on the actual CO and CxHy (as CH4)
emissions (both in units of cm3 m−3 on a dry gas basis), using Vdg,cf, LHVcf, and the above-estimated quc,cf as:

= + ×

−
−q V

q
(126.4CO 358.2C H ) 10

(100 )
LHVic,cf x y

4
dg,cf

uc,cf

cf (B.2)

The combustion efficiency of the reactor (ηc, as the percentage of LHVcf) was predicted as:

ηc= 100–(quc,cf + qic,cf) (B.3)
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Abstract 
 
This paper presents an experimental study on co-combustion of two types of rice husk with substantially different 

properties in a fluidized-bed combustor using fuel staging for lowering NO emission. Rice husk pellets were burned as a base (or 

primary)  fuel, whereas moisturized rice husk was injected downstream from the primary combustion zone as a secondary fuel. 

The experiments were conducted at 200 kWth heat input to this reactor with a bottom air supply, while the energy fraction of the 

secondary fuel in the total heat input ranged from 0 to 0.25, and excess air was within 2080%  for each co-firing option. The 

study revealed significant effects of the operating parameters on combustion and emission performance of the combustor. 

Compared to burning of the base fuel, a nearly 40% NO emission reduction is achievable with fuel staging, while controlling the 

CO and CxHy emissions from the combustor to acceptable levels.  However, fuel staging causes some deterioration in the 

combustion efficiency. 

 

Keywords: fluidized bed, rice husk, co-combustion, fuel staging, NO reduction 

 

 

1. Introduction 
 

For many years, rice husk has been an important 

resource of bioenergy in Thailand.  In 2014, some 8 million 

tons of rice husk were produced in this country, which is 

equivalent to 2,840 ktoe (or about 120 PJ)  energy potential 

(Department of Alternative Energy Development and Effi-

ciency [DEDE], 2014). 

Due to its excellent combustion properties, rice husk 

has shown high potential and suitability as a fuel in the direct 

combustion systems at heat and power plants.  A number of 

studies have reported high effectiveness of fluidized-bed 

combustion systems converting rice husk into energy (Fang et 

al., 2004; Janvijitsakul & Kuprianov, 2008; Kuprianov et al.,

 
2010) . When using conventional bed materials ( silica/quartz 

sand) , these systems are commonly free of the operational 

problem known as bed agglomeration (Duan et al., 2013; 

Janvijitsakul & Kuprianov, 2008). This fact can be attributed 

to the favorable composition of rice husk ash (with a 

predominant content of Si and a rather low proportion of K), 

which prevents "coating-induced" and/or "melt-induced" bed 

agglomeration when burning rice husk (Visser et al., 2008).  

However, fluidized-bed combustion of rice husk is 

generally accompanied by elevated/ high NOx emissions, 

whose level is dependent on fuel-N, operating conditions, and 

combustion method/technique used (Madhiyanon et al., 2010; 

Sirisomboon et al., 2010; Werther et al., 2000) .  Having an 

insignificant fuel-N content, 0. 20. 5% ( by wt. , on an as-

received basis), rice husk, nevertheless, can generate elevated 

and, in some cases, high NOx emissions: up to 180 ppm (on a 

dry gas basis, and at 6%  O2)  when fired in conventional 

fluidized-bed combustion systems (Chyang et al., 2007; Fang 
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et al., 2004; Kuprianov et al., 2010), and up to 425 ppm when 

burning this biomass in fluidized-bed combustion systems 

with alternative hydrodynamics and/ or high combustion 

intensity (Madhiyanon et al., 2004, 2006, 2010).   

Co-firing of two or more fuels seems to be an 

effective technique to remedy this deficiency.  The most 

important advantage of co-firing is its flexibility with regard 

to fuel type and combustion method, as established in studies 

on grate-firing, pulverized fuel-firing, and fluidized-bed 

combustion techniques (Areeprasert et al., 2016; Nussbaumer, 

2003; Sami et al., 2001) .  A large number of studies have 

addressed various aspects of co-firing coal and biomass, 

commonly combusted as a blended feedstock in modified 

pulverized coal-fired boilers.  In most co-firing tests on these 

boilers, a lowered net production of CO2 and a substantial 

reduction in NOx and SO2 emissions have been achieved with 

a more stable combustion process and reduced costs of 

heat/ power generation compared to burning coal on its own 

(Narayanan & Natarajan, 2007; Sahu et al., 2014; Sami et al., 

2001;).  

However, not much information regarding biomass 

biomass co-firing in fluidized-bed combustion systems is 

available in literature. The recent studies on (i) co-combustion 

of rice husk premixed with sugar cane bagasse and ( ii)  co-

combustion of rubberwood sawdust blended with eucalyptus 

bark have revealed that problematic fuels ( e. g. , with rather 

low calorific value and/ or elevated emissions) can be 

effectively utilized by co-firing in a fluidized-bed combustor 

(Chakritthakul & Kuprianov, 2011; Kuprianov et al., 2006) . 

From these two studies, co-combustion of a biomass with a 

relatively high calorific value and a different one of higher 

fuel-moisture and/ or lower fuel-N can lead to a substantial 

reduction of NOx emissions, whose level is dependent on the 

energy proportions of the blended fuels and on the amount of 

excess air.  

Fuel staging has been proven an effective technique 

for reducing NOx in a combustion system (co-) fired with 

coal/ biomass.  In fuel-staged combustion, a base fuel is fed 

into the bottom region of the reactor together with combustion 

air and therefore fired with excess air.  Meantime, the rest of 

the fuel (or a different fuel with dedicated properties) is deli-

vered into the above zone with no air supply to create 

preferable conditions for NOx reduction (Baukal, 2001). This 

technique can be readily applied in a co-firing system with the 

aim to ensure fuel staging (biasing) along the reactor height. 

In a combination with the air-staged injection into a 

combustion system, the fuel staging can ensure a significant 

reduction in NOx emissions, as shown in studies on the co-

firing of two woody residues in a laboratory scale grate-fired 

system ( Salzmann & Nussbaumer, 2001, 2003) .  Apparently, 

such a system requires a more complicated configuration of a 

furnace/ combustor (and so is more expensive)  and a rather 

difficult control of primary air injection compared to that with 

a conventional (bottom)  air supply.  However, the literature 

sources lack information on biomassbiomass co-firing in 

fluidized-bed combustion systems using fuel staging (i. e. , 

separate injection of primary and secondary fuels into a 

system) with a single-flow air injection through the air 

distributor fixed at the reactor bottom.  

This work was therefore aimed at studying the 

effects of fuel staging ( i. e. , mass/ energy fraction of the co-

fired fuels in the total heat input) and excess air on the 

combustion and emission performance of a fluidized-bed 

combustor co-fired with rice husk pellets and moisturized rice 

husk using a conventional ( bottom)  air injection system. An 

assessment of the NO emission reduction for specified opera-

ting parameters of the proposed combustor using fuel staging 

was the main focus of this work. 

 

2. Materials and Methods 
 

2.1 Experimental setup 
  
Figure 1 shows a schematic diagram of the experi-

mental setup with the cone-shaped fluidized-bed combustor 

( referred to as 'conical FBC')  used in this work.  The setup 

included the combustor (equipped with a nineteen bubble-cap 

air distributor)  and auxiliary facilities, such as an air blower, 

two screw-type fuel feeders, a cyclone for collecting parti-

culate matter, and a diesel-fired start up burner.  

The conical FBC has been previously employed in 

studies on individual burning of some problematic biomass 

fuels, as reported by Ninduangdee and Kuprianov (2015 and 

2016). However, compared to the previous configuration with 

a single fuel supply, the combustor was modified for the 

current study (equipped with an additional fuel feeder) to 

conduct co-firing tests for fuel staging. During the experi-

ments, primary and secondary biomass fuels were delivered 

separately into the conical FBC by the two screw-type fuel 

feeders, as shown in Figure 1.  The primary fuel was injected 

into the fluidized bed at 0.65 m level above the air distributor, 

whereas the secondary fuel was introduced into the cylindrical 

section 0. 5 m higher, thus ensuring co-firing of the two 

biomass fuels using fuel staging with bottom air supply. 
 

 
 

Figure 1. Schematic diagram of the experimental setup for fuel-
staged co-firing of two biomass fuels. 

 

2.2 The fuels and bed material 
 

In co-combustion tests, pelletized rice husk ( PRH) 

was used as the base ( or primary)  fuel, whereas moisturized 

rice husk (MRH) was injected downstream from the primary 

combustion zone as the secondary fuel.  
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PRH was supplied by a local company manufac-

turing pelletized biomass fuels.  Prior to the pelleting process 

using a flat die fuel pellet machine, as-received rice husk was 

conveyed to a sieving system (to remove solid impurities) and 

then ground in a grinding mill to the specified particle size. 

Afterwards, the ground rice husk was fed together with some 

amount of water into the 100-hp pelletizer, which pressed the 

ground biomass into cylindrical pellets with a diameter of 6 

mm and a variable length (between 5 and 15 mm). At the final 

stage, the pellets were spread onto a wire screen for cooling 

and drying, and, afterwards, were packed in fabric super sacks 

to keep up the fuel quality. 

However, the secondary fuel was prepared by 

adding a specified amount of water to “as-received” rice husk 

supplied from a local rice mill.  The average dimensions of 

MRH particles were 2-mm width, 0.5-mm thickness, and 10-

mm length. Compared to burning "as-received" rice husk, the 

use of MRH with rather low calorific value prevented inten-

sive formation of fuel-NO in the secondary combustion zone 

(mainly by low fuel-N content in MRH and reduced local 

temperature) and increased CO and CxHy levels, which 

enhances NO reduction reactions in this zone (Nussbaumer, 

2003; Sirisomboon & Kuprianov, 2017). 

Typically, rice husk contains about 40% C, 30% O, 

5% H, up to 20% ash, and up to 10% moisture (all by weight, 

on as-received basis) , whereas N and S contribute only small 

weight percentages (Fernandes et al., 2016; Kuprianov et al., 

2011; Wannapeera et al., 2008). However, during fuel pro-

cessing (pelletizing and moisturizing) , the fuel properties are 

subject to significant changes. 

Table 1 presents the proximate and ultimate 

analyses, and the lower heating value of PRH and MRH ( all 

presented on an " as-fired"  basis)  used in co-combustion 

experiments.  From Table 1, the two types of rice husk had 

substantial contents of volatile matter making them highly 

reactive. Due to the higher moisture content in MRH, the 

lower heating value of this secondary fuel, LHVf2 =  10. 6 

MJ/kg, was noticeably lower than that of PRH, LHVf1 = 15.1 

MJ/ kg.  It can be concluded that with its higher content of 

volatiles and high calorific value, PRH burned in the primary 

combustion zone (in effect, in the fluidized bed) and was more 

reactive than the MRH injected over the fluidized bed. 

Because of the insignificant S contents of both fuels, this work 

disregarded all issues related to formation and emission of 

SO2 during co-firing of the selected fuels.  

Silica sand ( SiO2 ≈  88 wt. %), with 0. 3–0. 5 mm 

particle size and solid density of 2500 kg/m3, was used as the 

bed material in this combustor when co-firing PRH and MRH. 

In all experiments the bed height was 30 cm (in a static state). 

 
Table 1. Ultimate and proximate analyses, and the lower heating 

value (all on an as-fired basis) of the selected fuels used in 

(co-)combustion experiments. 

 

 

Bio-

mass 

Ultimate analysis (wt.%) Proximate analysis (wt.%) LHV 

(kJ/ 

kg) 
C H O N S W VM FC A 

           

PRH 43.27 5.04 31.17 0.79 0.02 9.81 64.9 15.39 9.90 15,100 

MRH 29.94 3.01 22.93 0.34 0.01 29.56 41.9 14.33 14.21 10,600 
           

2.3 Experimental methods for co-firing tests 
 

In this work, the energy fraction of secondary fuel 

( EF2)  and the excess air ( EA)  were selected as independent 

operating parameters, while the total heat input to the reactor 

was constant (200 kWth) across all the experimental tests. To 

ensure this heat input, PRH and MRH were delivered into the 

reactor at respective mass flow rates ( f1m  and f2m ) for each 

( fixed)  EF2, quantified as the ratio of energy contribution by 

MRH ( f2m LHVf2) to the total heat input to the combustor by 

both fuels ( f1m LHVf1 + f2m LHVf2).     
 

In the first stage of this study, PRH was co-fired 

with MRH at different values of EF2 ( 0, 0.1, 0.15, 0.2, and 

0.25) while maintaining excess air constant (40% ), with the 

aim to investigate the effects of fuel staging on formation and 

oxidation/ reduction of major gaseous pollutants inside the 

conical FBC. During a test run at fixed operating parameters 

(EF2 and EA), temperature, O2, CO, CxHy (as CH4) , and NO 

were measured along the reactor axial distance on centerline, 

as well as at the cyclone gas exit, using a new model "Testo-

350" gas analyzer.  

To investigate the effects of the operating para-

meters on emissions and combustion efficiency of the conical 

FBC, another test series was performed for the selected range 

of EF2 while EA was varied from 20%  to 80%  for each fuel 

option. In this experimental series, only CO, CxHy (as CH4) , 

and NO emission concentrations were measured along with O2 

at the cyclone gas exit. 

In each individual test run (at fixed EF2 and EA) of 

the two experimental series, the actual amount of EA was 

quantified according to Basu et al. (2000), by using O2, CO, 

and CxHy (as CH4) measured at the cyclone exit. 

 

2.4 Heat losses and combustion efficiency of  

      the conical FBC for the co-firing tests 
 

For each co-firing test, the heat loss due to unburned 

carbon and that due to incomplete combustion in the com-

bustor were predicted according to Basu et al. ( 2000)  using 

the 'equivalent fuel' concept, whose properties were deter-

mined as a weighted average from the corresponding pro-

perties and mass fractions (as the weights) of PRH and MRH 

(Sirisomboon & Kuprianov, 2017).  

The heat loss due to unburned carbon (quc,cf, % 

LHVcf) was predicted by using the carbon content in 

particulate matter ( PM)  emitted from the combustor ( CPM, 

wt.% )  and the properties of the 'equivalent fuel', such as ash 

content (Acf, wt.% ) and lower heating value (LHVcf, kJ/kg), 

as:  

cfPM
uc,cf

PM cf

A

) LHV

32,866C

(100 C
q


                                      (1) 

 

Afterwards, the heat loss due to incomplete 

combustion (quc,cf, % LHVcf) was quantified based on the CO 

and CxHy (as CH4) concentrations at stack (both in ppm, at 6% 

O2 and on a dry gas basis)  and by taking into account the 

volume of dry combustion products originated from the 

combustion of the 'equivalent fuel' (Vdg,cf) , as well as the 

LHVcf (kJ/kg) and the above-calculated quc,cf (%LHVcf), as:  
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(126.4CO  358.2C H )x yic,cf @6%O
2

q     

           
(100 )

uc,cf410
dg,cf LHV

cf

q
V


                 (2) 

 

The combustion efficiency of the conical FBC 

(%LHVcf) was then quantified as: 

 

100 ( )
cf uc,cf ic,cf

q q                     (3) 

 

3. Results and Discussion 
 

3.1 Effects of fuel staging on the axial temperature  

      and O2 profiles in the reactor 
 

 Figure 2 depicts the major combustion characteris-

tics  the axial distribution of temperature and O2  in the 

conical FBC (co-) fired with PRH and MRH in various 

proportions at constant excess air.  It can be seen in Figure 2 

that the energy fraction of the secondary fuel (MRH), or fuel 

biasing, had noticeable effects on profiles of both temperature 

and O2 inside the combustor. 

In each trial (at fixed EF2) , the axial temperature 

profile was fairly uniform, exhibiting, however, a slight 

positive gradient in the bottom region of the combustor and a 

negative gradient in its upper region.  The positive gradient 

was likely due to the impacts from (i) combustion air injected 

through the air distributor and (ii)  endothermic devolatili-

zation of PRH (occurred in the vicinity of fuel injection), 

whereas the negative gradient was mainly caused by the heat 

loss through combustor walls.  These two regions met above 

the air distributor level at location of the peak temperature 

inside the reactor.  
 
 

 
(a) 

 
(b) 

 

Figure 2. Effects of the energy fraction of secondary fuel (EF2) on 

the axial profiles of (a) temperature and (b) O2 in the 
conical FBC (co-)fired with PRH and MRH in different 

proportions at constant excess air ( 40%). 

  From Figure 2a, with increasing EF2 (at fixed EA), 

temperature at all points in the bottom region ( including the 

peak temperature) was lower, mainly due to the reduced 

supply of the primary fuel (PRH), which increased the excess 

of air in this region. In the meantime, an increase of EF2 from 

0 to 0.25 shifted the peak temperature location from Z = 0.6 m 

(the level of PRH injection above the air distributor) to Z = 1.6 

m, which was somewhat above the level of MRH injection. 

It can be seen in Figure 2b that, in all the test runs, 

O2 decreased along the reactor height, however with a 

weakening rate. A substantial axial gradient of O2 was 

observed in the lower part of the reactor (Z < 1. 6 m), com-

prising primary and secondary combustion zones, whereas in 

the upper part, the O2 consumption (and, accordingly, fuel 

oxidation) along the combustor height occurred at an 

insignificant rate.  However, unlike with temperature, O2 did 

not show apparent effects from EF2 in the fluidized-bed 

(bottom) region. 

  

3.2 Formation and oxidation/reduction of gaseous  

      pollutants in the conical FBC 
 

Figure 3 shows the axial profiles of CO, CxHy (as 

CH4) , and NO in the conical FBC for the same operating 

parameters as in Figure 2.  In all experiments, these profiles 

showed two specific regions (with an opposite behavior of the 

profiles) pointing at: (1) rapid (net) formation of the pollutants 

at the bottom part of the conical FBC and (2) highly-intensive 

secondary reactions in the reactor freeboard, such as oxidation 

of CO and CxHy, and reduction of NO.  The shape of these 

profiles was mainly determined by the difference between the 

rate of primary (formation) processes/reactions and that of the 

secondary reactions in these two regions.  

In the primary combustion zone (i.e., in effect, in 

the conical section with primary fuel injection), CO and CxHy 

originated from the fuel volatile matter and drastically 

increased along the combustor height, primarily due to the 

prompt devolatilization of PRH, followed/accompanied by 

oxidation of CO and CxHy, and fuel chars. While the CO 

oxidation occurred via its reactions with O2 and OH, the CxHy 

oxidation reactions involved a breakdown of CxHy to CO, 

followed by oxidation of CO to CO2 (Turns, 2006). It can be 

seen in Figure 3 (a and b) that in all the test runs, CO at 

different points inside the combustor was noticeably higher 

than CxHy, mainly due to the breakdown of CxHy to CO at 

high-temperature conditions. 

At a rather low contribution of the secondary fuel 

(EF2 = 00.15), the peaks of CxHy and CO were observed at 

the level of PRH injection (Z  0.6 m), whereas at a greater 

heat input by MRH (EF2 = 0.200.25), these peaks shifted to 

the secondary combustion zone (to the level of secondary fuel 

injection, Z  1.15 m), as can be seen in Figure 3 (a and b).  

With increasing EF2 within the specified range (at fixed EA of 

the reactor), the maximum values of CO and CxHy in the 

primary zone (Z  0.6 m) decreased, mainly due to the 

reduced PRH feed rate and the corresponding increase (local) 

in excess air at this zone, which enhanced the oxidation of CO 

and CxHy in spite of the decreased bed temperature (Figure 2). 

However, CO and CxHy measured at Z  1.15 m showed the 

opposite trend, generally due to the rapid devolatilization of 

MRH in the vicinity of its injection into the combustor. 
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(a) 

 
(b) 

 
(c) 

 

Figure 3. Effects of the energy fraction of secondary fuel ( EF2)  on 
the axial profiles of (a) CO, (b) CxHy (as CH4), and (c) NO 

in the conical FBC (co-) fired with PRH and MRH in 

different proportions at constant excess air ( 40%). 

 
With increasing EF2 within the specified range ( at 

fixed EA of the reactor), the maximum values of CO and CxHy 

in the primary zone (Z  0.6 m) decreased, mainly due to the 

reduced PRH feed rate and the corresponding increase (local) 

in excess air at this zone, which enhanced the oxidation of CO 

and CxHy in spite of the decreased bed temperature (Figure 2). 

However, CO and CxHy measured at Z  1.15 m showed the 

opposite trend, generally due to the rapid devolatilization of 

MRH in the vicinity of its injection into the combustor. 

In the region above the secondary fuel injection, 

where the rate of the secondary (oxidation) reactions prevailed 

over the primary (formation) processes and reactions, both CO 

and CxHy gradually decreased along the reactor height to their 

minima (at the reactor top) , showing the same effects from 

EF2 as at Z  1.15 m.  

Like CO and CxHy, NO originated from the biomass 

volatile matter, via oxidation of volatile NH3 and HCN by the 

numerous routes of the fuel-NO formation mechanism, 

including the proportional effects from fuel-N, excess air and 

temperature (Winter et al., 1999; Werther et al., 2000). How-

ever, due to some secondary reactions, such as heterogeneous 

reduction of NO by CO ( mainly on the surface of fuel char 

particles)  and homogeneous reactions of NO with light CxHy 

and NH2/NH radicals, NO generated in the primary reactions 

was likely reduced to a substantial extent (Winter et al., 1999; 

Werther et al., 2000). It can be seen in Figure 3 (a and b) that 

the fuel staging extended the region with high concentrations 

of CO and CxHy, covering the secondary combustion zone, 

thus creating conditions for reducing a part of NO ( formed 

during combustion of PRH in the bottom region) to N2 in the 

secondary combustion zone. 

Like with CO and CxHy, all axial NO profiles 

showed two specific regions in the combustor, as seen in 

Figure 3c. In the first ( lower) region (Z < 0.6 m), where the 

rate of the NO formation reactions was significantly higher 

than that of the NO reduction reactions, NO increased rapidly 

along the combustor height, attaining the NO peak at Z =  0.6 

m ( at the level of primary fuel feeding)  in all the test runs. 

With increasing EF2, the NO peak at this point somewhat 

decreased, despite the increased excess air ratio at the primary 

combustion zone.  This result can be likely attributed to the 

lowered bed temperature (Figure 2)  and increased concentra-

tions of CO and CxHy in this zone.  

In the upper region of the axial NO profiles (Z > 0.6 

m) , the rate of the reactions responsible for NO reduction 

prevailed over NO formation, which led to a gradual decrease 

of NO along the reactor height. However, as seen in Figure 3c, 

with increasing EF2, the NO reduction rate at 0.6 m < Z < 1.5 

m was much higher than that at the combustor top, particu-

larly at EF2 =  0.25. This fact can be explained by the highest 

concentrations of both CO and CxHy in the vicinity of 

secondary fuel injection ( when testing at the highest feeding 

of MRH), which enhanced the catalytic reduction of NO at the 

secondary combustion zone.  Therefore, in the test at EF2 = 

0.25, NO at all points inside the combustor was at a minimal 

level, compared to the other tests. 

 

3.3 Effects of operating parameters on the major  

      gaseous emissions  
 

 Figure 4 depicts the CO, CxHy ( as CH4) , and NO 

emissions from the conical FBC (all on a dry gas basis and at 

6%  O2)  when co-firing PRH and MRH at variable EF2 and 

EA.  

It can be seen in Figure 4 ( a and b)  that in all test 

runs with fuel staging, the CO and CxHy emissions from the 

combustor were increased compared to burning pure PRH. On 

increasing EA from about 20%  to 40%  (at fixed EF2), these 

two emissions decreased significantly, showing however a 

rather weak effect of this operating parameter at its high 

values (60–80% ) . According to the domestic environmental 

legislation regarding biomass-fueled industrial applications 

(PCD, 2017), in order to meet the national emission limit for 

CO (740 ppm, as corrected to 6% O2 on a dry gas basis), PRH 

and MRH should be co-fired at EF2  not higher than 0.2 and 

EA = 40–80%. 

In contrast, at fixed EA the fuel staging (via injec-

ting MRH downstream from the primary combustion zone) 

gave lower NO emissions than individual burning of PRH 

(delivered through the lower fuel pipe), and the NO emission 

reduction became more significant as EF2 was increased. This 

result can be generally attributed to the increased CO and
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(a) 

 
(b) 

 

 
(c) 

 

Figure 4. Emissions of (a) CO, (b) CxHy (as CH4), and (c) NO from 

the conical FBC (co-)fired with PRH and MRH in different 
proportions at various air excess levels. 

 
CxHy in the secondary combustion zone, which enhanced the 

catalytic reduction of NO in this zone. However, with in-

creasing EA ( for each fuel option) , the NO emission was 

observed to increase, following the fuel-NO formation 

mechanism. 

Note that, in all the tests with fuel staging, the NO 

emission was noticeably below the national emission limit for 

this pollutant (205 ppm, as corrected to 6%  O2 on a dry gas 

basis), as regulated by PCD (2017). 

Figure 5 shows the NO emission reduction, as a 

function of EF2 and EA.  It can be seen in Figure 5 that this 

index was substantially affected by EF2 but exhibited a weak 

effect from EA.  At EF2 =  0. 1, the reduction efficiency was 

rather low, 1222% , for the specified range of EA. However, 

as seen in Figure 5, the NO emission reduction can be in-

creased to about 40%  by switching EF2 to 0.20.25 (regard-

less of EA).  

Thus, fuel-staged co-firing of PRH and MRH with 

bottom air injection shows an apparent potential to reduce the 

NO emission from the conical FBC despite the elevated O2 

levels in the primary combustion zone.  

 
 

Figure 5. Effects of the energy fraction of secondary fuel (EF2) and 

excess air on the NO emission reduction of the conical 

FBC when using fuel staging, relative to baseline use of 

only the primary fuel. 

 

3.4 Heat losses and combustion efficiency of  

      the conical FBC in test runs 
 

Table 2 presents the predicted heat loss due to un-

burned carbon and that due to incomplete combustion together 

with the combustion efficiency of the proposed combustion 

technique co-fired with PRH and MRH at actual EF2 and EA 

(or O2 at stack) .  Some supporting variables required in 

Equations (1)(3), such as the content of unburned carbon in 

PM and the CO and CxHy emission concentrations, are 

included in Table 2 as well. 

As seen in Table 2, the two heat losses had im-

portant effects on the combustion efficiency of the conical 

FBC. When firing pure PRH (EF2 =  0), the unburned carbon 

content in PM decreased from 3.63%  to 1.98%  as EA was 

increased from 21% to 77%, thus pointing at an increased rate 

of the char-C burnout with higher airflow rate.  When using 

fuel staging, the impact of EA on unburned carbon in PM was 

minor. At EF2 = 0.10.25, the carbon content in PM changed 

insignificantly when varying EA.  

However, the CO and CxHy emissions, and con-

sequently, the heat loss due to incomplete combustion showed 

quite strong influences of both EF2 and EA. With increasing 

EA within the range (at any fixed EF2), this heat loss 

decreased substantially.  This result was generally due to the 

enhanced rates of CO and CxHy oxidation reactions.  In 

contrast, with increasing EF2 (at fixed EA), the heat loss due to 

incomplete combustion somewhat increased, which slightly 

reduced the combustion efficiency. 

 

3.5 Operating conditions recommended for  

      fuel-staged co-firing PRH and MRH 
 

To reduce the environmental impact of NO emis-

sion, a more harmful pollutant than CO and CxHy, it is sug-

gested that, at a fixed energy fraction of secondary fuel (EF2), 

the excess air (EA) in the combustor be controlled to its least 

possible value, controlling however the CO emission to a level 

somewhat below the national limit for this pollutant. Based on 

this approach and aiming at the maximum reduction in NO 

emission, EF2  0.2 and EA  40% can be regarded as the best 

option for the operating parameters when co-firing PRH and 

MRH in the conical FBC using fuel staging. 
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Table 2. Heat losses and combustion efficiency in the conical FBC when co-firing PRH and MRH at various combinations of EF2 and EA. 

 

aAt 6% O2 on dry gas basis 

 

Under these conditions, an NO emission reduction 

by about 40% can be achieved from that with individual firing 

of the base fuel ( PRH) , while operating the combustor with 

quite high (99% ) combustion efficiency and controlling the 

CO emission within the national emission limit. 

 

4. Conclusions 
 

The effects of fuel staging on the emissions and 

combustion efficiency of a conical fluidized-bed combustor 

co-fired with pelletized rice husk (primary fuel)  and mois-

turized rice husk (secondary fuel)  have been investigated 

across a range of energy fractions of moisturized rice husk (in 

the total fuel supply)  and a range of excess air.  These two 

operating parameters have substantial effects on the formation 

and the oxidation/ reduction of the major gaseous pollutants 

(CO, CxHy, and NO) in the primary and secondary combustion 

zones, as well as in the freeboard, and, consequently, on the 

emissions and combustion efficiency of the proposed 

combustion technique.  With increasing the energy contribu-

tion of the secondary fuel to the reactor heat input and/or on 

lowering excess air, CO and CxHy in the secondary combus-

tion zone increase, thus facilitating a noticeable decrease in 

NO in this zone and lowering the NO emission from this 

combustor using fuel staging with bottom air injection.  The 

proposed co-firing method may insignificantly deteriorate the 

combustion efficiency.  However, the co-firing of rice husk 

pellets and moisturized rice husk at 20%  energy contribution 

by the secondary fuel ( to the reactor heat input)  and with 

about 40% excess air can ensure 99% combustion efficiency 

and result in NO emission reduction by 60%  from that when 

burning pelletized rice husk on its own. 
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Excess air (%) 
O2 at the cyclone exit 
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Unburned carbon 
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COa (ppm) CxHy

a (ppm) 
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efficiency  
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Incomplete 
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