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Abstract    

The paper starts by reviewing the increasing production of waste and the growing 

importance of its thermal treatment, which aims at volume reduction of the waste, at 

the destruction, capture, and concentration of hazardous substances, and at the 

recovery of energy (WtE).  

Incineration is a generally applied thermal treatment technique, whereas pyrolysis 

and gasification are still under development. Within the incineration techniques, 

bubbling, rotating and circulating fluidized beds have found specific and growing 

applications. As technical information on fluidized bed waste incinerators is spread 

throughout literature, the present review paper collates the relevant literature and 

critically examines the parameters that govern the design and operation of these 

incinerators.  

Secondly, the design strategy of a fluidised bed incinerator is outlined, which involves 

considerations of hydrodynamic (velocities, mixing), thermal (heat balances) and 

kinetic (reaction rate and burn-out) nature. Application of the design equations and 

recommendations will facilitate the sizing of an appropriate fluidized bed incinerator. 

Since during waste incineration pollutants are formed, the origin and fate of the 

pollutants and their abatement are reviewed. 

Finally, special attention is given to the specific de-fluidization problems often 

encountered during fluidized bed combustor operation, mainly because of 

agglomeration and sintering. The mechanisms of agglomeration and sintering are 

discussed, and possible remedies are given.  Additionally, important issues of 

equipment erosion and uniform feeding of the waste into the fluidized bed reactor are 

considered. 
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1. Introduction and objectives 

1.1. Waste production and disposal  

This section discusses waste production, the waste treatment hierarchy and waste 

treatment options including recycling, landfill, incineration and waste-to-energy (WtE) 

technologies. Special attention is given to the impact on climate change of these 

waste treatment techniques. For each issue, the situation in Europe, in the US and 

other high GDP-countries, in China, in India and, where possible, in some low income 

countries is reviewed. 

In modern industrialized society, large quantities of waste are produced. In the EU27, 

about 2600 Mton (106 metric ton) of waste were generated in 2008, corresponding to 

5300 kg/capita. Municipal solid waste (MSW) collected by or on behalf of 

municipalities and including waste produced by households and similar waste from 

e.g. offices and small business amounts to 520 kg/capita [1]. In Europe, MSW thus 
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corresponds only to about 10% of the total waste generated. Table 1 shows that the 

amounts of construction waste, of waste from the manufacturing industry and of 

mining waste significantly exceed those of MSW. 

Table 1. MSW and industrial waste in the EU25(a) in 2002 [1]. 

EU25 Agriculture 

and forestry 

Mining 

and 

quarrying 

Manu-

facturing 

industry 

Energy 

production, 

water 

treatment  

Construction Others MSW Hazardous 

waste 

Mton 29 300 425 127 510 17 241 58 

kg/capita 64 664 994 281 1126 28 531 129 

 (a) EU25, prior to the EU-membership of Romania and Bulgaria 

In the US, MSW generation was estimated at 351Mton in 2008, corresponding to 

1200 kg/capita [2], and generation of industrial waste at 7.6 Gton corresponding to 26 

000 kg/capita [3]. Annual MSW production worldwide ranges from 350 to 1200 kg 

MSW/capita in high-income countries, from 250 to 550 kg MSW/capita in medium-

income countries and from 150 to 250 kg/capita/year in low-income countries [4]. 

Under the industrial wastes, sludge holds an important position for the purpose of this 

review. In the EU-27, wastewater treatment plants (WWTPs) produced 0-30 kg 

sludge (dry solids, DS) per capita in 2009. In Flanders, Belgium, sludge production 

(2009) comprised about 92 kton (DS) of WWT sludge, 9.4 kton of drinking water 

sludge, 44 kton of sewer sludge, 30 kton of sludge from the food industry, 115 kton 

sludge from the of de-inking industry and 4.7 kton of sludge from the textile industry 

[5-7]. The US produces yearly 6.5 Mton WWT sludge corresponding to 29 kg/capita 

(dry solids content not specified). 

In most countries, controlled and uncontrolled landfill of waste is the main final 

disposal method. In contrast to MSW, which is suitable for incineration with energy 

recovery as a result of its 70% combustible organics content, industrial waste is 

mostly inorganic which makes recycling and landfill more suitable treatment options 

than incineration. Densely populated industrialised countries generally try to divert 
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recyclable and combustible waste from landfill, initially to reduce land areas occupied 

by landfills, and more recently driven by the increasing awareness for resource 

conservation and climate change. Indeed, recycling and energy recovery from non-

recyclable combustible waste alleviates the use and dependence of fossil fuel and of 

other resources. 

The European Landfill Directive 1999/31/EC, imposes EU-member states by 2016 to 

reduce the amount of biodegradable waste landfill by 65% in comparison with the 

1995 situation. Ten countries of the EU27 already met the target in 2010, with 

Germany, The Netherlands, Sweden, Austria, Denmark and Belgium as most 

successful in reducing the dependence on landfill by combining material recycling, 

biological treatment (composting and anaerobic digestion) and WtE technology. This 

is clearly shown in Figure 1, where the percentage of MSW recycled and composted, 

incinerated and landfilled is compared for the EU27 countries, showing major 

differences between the member states. The Waste Framework Directive 

2008/98/EC sets the hierarchy of the waste policy and management, with Prevention, 

Preparing for re-use, Recycling, Other recovery (e.g. energy recovery), and Disposal 

as options of decreasing priority.  
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Figure 1. Treatment of MSW in EU27 [8] 

As a consequence of the coordinated efforts of the EU27 countries, MSW-landfill 

dropped from 57% (1998) to 39 % (2008), while incineration increased from 14 % to 

19 % over the same period. From the total amount of waste (MSW + industrial waste) 

generated by the EU-27 members in 2008, 48.9% was landfilled, only 5.4% (mainly 

MSW) incinerated and 45.7% recovered [1,4,9]. As a specific case, the situation 

relative to MSW and industrial waste treatment in Flanders (Northern part of Belgium 

with 6.3 million inhabitants) is given: in 2009 3.4 Mton of MSW was generated, with 

72% selectively collected for reuse and recycling; of the residual 28%, being 

collected in special plastic bags or containers, 25% is incinerated and 3% is 

landfilled. Segregated waste collection provides high levels of recycling. The situation 

in Flanders is slightly different from Belgium as a whole (Figure 1). In 2008 21.8 Mton 

of industrial waste was generated in Flanders, of which 63% was used for material 

recycling, 11% was incinerated, 8% was landfilled, and the balance was treated 

several times [10].  
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A number of high-GDP countries (Australia, Canada, the US and New-Zealand) did 

not yet legally discourage landfilling, which thus remains the cheapest and preferred 

disposal option. A similar and even more detailed waste treatment hierarchy than in 

the EU was however promoted in the US, particularly by the Waste-to-Energy 

Research and Technology Council (WTERT). To date in the US, 69% of the MSW is 

landfilled, 24% is recycled and composted and 7% is incinerated [2,11]. A WTERT 

survey of 2007 showed that the global capacity for waste incineration with energy 

recovery increased in the period 2001-2007 by about 4 Mton per year.  

According to estimates of the Zhejiang University, 668 cities in China landfilled about 

235 Mton of MSW in 2007, whilst the annual growth of MSW amounts to 6-8%. The 

accumulated amount of MSW in non-regulated landfills was estimated at 6 Gton [12-

13].  

Approximately 130 Mton of waste are currently incinerated across 35 countries of the 

Organisation of Economic Co-operation and Development (OECD) [14]. In Europe 

about 50 Mton/year of waste are currently (2007) thermally treated in some 420 

waste-to-energy (WtE) plants. Denmark and Luxembourg treat more than 50% of the 

MSW through incineration, mostly with energy recovery. France, Sweden, the 

Netherlands, Belgium and Switzerland also have high rates of incineration with 

energy recovery [14]. In 2010 WtE plants in Europe supplied about 50 109 kWh of 

renewable energy. In 2020, generation of 67 109 kWh of renewable energy is 

expected, a figure that can grow to 98 109 kWh if all MSW remaining after waste 

prevention, reuse and recycling (about 70 Gton in 2008) is used in WtE plants [15]. 

Estimates depend on whether electricity, heat or combined heat and power (CHP) 

are assumed to be produced. European waste incinerators are reported to have 

conversion efficiencies of 15-30% for electricity production and 60-85% for heat 



10 
 

production (% based on the lower heating value of the waste) [16]. In Northern, 

Central and Eastern Europe it is fairly common to find district heating networks 

powered by waste incinerators.  As an example, three WtE plants supply heat to the 

network of Copenhague, one of the world’s largest district heating networks in 

Europe (50 km). The waste incinerators from Indaver in Doel (Belgium) generate 780 

000 MWh/year, corresponding to the electricity consumption of 220 000 families, in 

addition to generating steam which is distributed to nearby industry. Also different UK 

WtE plants (e.g. Runcorn) provide heat and/or power to adjacent industries. 

The highest rate of thermal waste treatment in the world is encountered in Japan (40 

Mton/year), where transportation of “as collected” MSW from one municipality to 

another is not encouraged. As a result WtE facilities are often relatively small or 

MSW is processed to refuse derived fuel (RDF) and then transported to a central 

WtE that serves several communities.  

China counted about 67 WtE plants in 2007 with a total capacity of 4 Mton. The rapid 

development of WtE in China has been enhanced by scarcity of land near cities, by 

the ability of recovering energy and by government incentives for WtE: the 

incineration of MSW with energy recovery increased from 1.7% in 2000 to 5% in 

2005. Due to the high efficiency of scavenging recyclable materials, Chinese MSW 

has a calorific value of 5 MJ/kg only, half the EU or US value, and is usually mixed 

with 15% coal when incinerated [12]. 

In low-income countries, waste is characterized by a low calorific value (3-4 MJ/kg), a 

high percentage of putrescent waste (50-80%) and a high moisture content, making it 

unsuitable for incineration without considerable pre-treatment. India had limited 

success with thermal treatment projects, turning MSW into refuse derived fuel (RDF) 
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to produce energy or to supplement fuel for cement kilns, as the recycling sector in 

Indian cities recovers much of the dry, high calorific material from MSW, leaving a 

moist residue with high green waste content. The organic fraction is subjected to 

composting in ward level composting units, whereas the non-recyclable fraction is 

disposed off in landfills [4, 17]. 

Bogner et al. [14] estimated the 2009 worldwide impact of waste incineration on 

climate change at 40 Mton CO2-eq, compared to 700 Mton CO2-eq for waste 

landfilling. The European Environment Agency states that recycling and incineration 

with energy recovery of MSW will result in a considerable reduction of the emission of 

CO2-equivalents by 2020 in the EU27. Depending on the scenario examined, this 

reduction will vary from 45 to 146-244 Mton/year, the latter corresponding to a 

reduction by 24 - 41% of the CO2 emissions to be realized by 2020 [15, 18].  

 

1.2. Technologies for thermal treatment of waste; waste incineration in fluidised 

beds  

 

Thermal treatment aims at a volume reduction of the waste; at the destruction, 

capture, and concentration of hazardous substances; and evidently at the recovery of 

energy (WtE). Thermal treatment technologies, applied to industrial, agricultural, and 

municipal solid waste, include mainly high temperature incineration, gasification and 

pyrolysis.  

Mass-burn incineration refers to combustion of MSW in a furnace with little or no pre-

screening or separation and is the most commonly applied technology. It can be 

performed in a grate-furnace incinerator, a fluidized bed incinerator, or a rotary kiln. 
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Plasma incineration, gasification and pyrolysis may also be used, but should still be 

considered as emerging technologies [16,19-20]. 

In a fluidized bed combustor (FBC), a bed of sand, combustion ash, or other sand-

like material is suspended in an upward flowing airstream. The high turbulence 

created enhances combustion and promotes efficient heat transfer and uniform 

mixing. Three types of fluidized bed reactors are used for waste incineration: the 

traditional bubbling fluidized bed (BFBC), the rotating fluidized bed (RFBC) and the 

(external) circulating fluidized bed (CFBC). 

In bubbling fluidized bed combustors (BFBC), an initially stationary bed of solid 

particles, located in the bottom part of the combustor, is brought into a fluidized state 

by primary air, supplied through a distributor: the bed particles are kept in suspension 

at fluidization velocities between 0.5 and 3.0 m/s. For BFBC applications, the size 

distribution of the feed should be carefully considered, to avoid excessive carry-over 

of fines prior to complete burnout, or segregation of large particle that will not fluidize 

properly. BFBC are applied for e.g. coal, bio-solids, plastic solid waste and 

wastewater treatment sludge. The particles collected in the primary cyclone of a 

BFBC are usually partly returned to the bed to achieve a high degree of burnout. 

In contrast to BFBCs, rotating fluidized bed combustors (RFBC) rely on an uneven 

distribution of the primary air over the distributor, causing an internally imposed 

circulation through the sand bed with zones of strong aeration (upflow sand stream) 

and zones with less aeration (downflow sand stream), and creates an imposed 

mixing pattern [21], extending the use of bubbling fluidized beds to a wide range of 

waste types and sizes, from sludge to MSW and comparable industrial waste, after 

minimal pretreatment. The feed size of a RFBC can moreover be coarser (< 30 mm) 
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than in a traditional BFBC (< 10 mm) since the RFB-imposed bed circulation 

guarantees a more readily mixed feed and bed material. 

In (external) circulating fluidized beds (CFBCs), higher gas velocities of (3.0 to 9.0 

m/s) are employed, and solids are continuously carried out of the combustor. The 

well defined surface of the bed, prominent in BFBCs and RFBCs, disappears, and 

different solids transport modes occur ranging from lean to dense transport [22]. The 

entrained particles are separated in an external cyclone and almost completely 

returned to the bottom of the fluidization vessel, hence the name of (external) 

circulating fluidized bed. Particles below the cut-size of the cyclone (ash) are carried 

forward to the boiler and de-dusting part of the plant.  

In BFBC, RFBC and CFBC, secondary air is generally used. In a BFBC and RFBC, it 

is introduced at the top of the bed (splash zone) and further higher up (freeboard, 

also called tertiary air) through well distributed air inlets over the entire width of the 

freeboard. In a CFBC, secondary and tertiary air are introduced in the riser, at some 

distance above the re-entry point of the solids from the external recycle loop. The 

temperature normally varies between 800 and 900°C. For a waste feed of high 

calorific value, the temperature is controlled by either an internal heat exchanger, or 

by the amount of cold air fed to the combustor. For very wet feeds of low calorific 

value, such as sludge, pre-heated air is commonly used as fluidizing gas. 

Fluidized bed incineration offers a high potential for the treatment of several types of 

industrial waste, for sewage sludge, and more recently also for MSW. Fluidised bed 

incineration has several advantages compared to more traditional incinerators such 

as grate furnaces: 
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 It is adaptable to a wide variety of waste types. New developments reduce 

also the required extent of pre-treatment to reduce size, as they accept 

coarser waste materials. Older types of fluidized bed incinerators necessitated 

extensive size reduction to obtain a small particle size of good homogeneity. 

 The technique is suited to burn high moisture wastes with low calorific value, 

such as sludge. In this case, pre-heating of the fluidization air, and/or a pre-

drying of the wet sludge feed is generally required in order to reach the 

required incineration temperature of about 800°C. An interesting development 

consists in co-incinerating sludge with high calorific waste. Part of the energy 

in the high calorific waste is then in fact used to evaporate water from the 

sludge whilst the excess heat is used to generate steam and electricity 

(energy recovery). In Flanders, Belgium, 83 kton (corresponding to 90 % of 

total production) of WWT sludge and 120 kton (corresponding to 80 % of total 

production) of industrial sludge were incinerated in 2009, mainly in FBCs [7]. 

Due to the thermal inertia of the bed, changes in moisture content and calorific 

value of the waste can more easily be absorbed by the system than in 

traditional thermal waste treatment systems e.g. grate furnaces [23-24]. 

 The eroding action of the turbulently mixed bed material on the waste particles 

strips away carbonates and char layers formed around the waste particles: O2 

reaches the combustible waste more readily, hence increasing the rate and 

the efficiency of the combustion. 

 Turbulence in the freeboard along with the scouring effect and the thermal 

inertia of the bed material assures complete, controlled and uniform 

incineration (complete burnout) with a minimum amount of char in the residues 

and low stack emissions. Emissions are lower than in other technologies, with 
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low combustion temperatures and low excess air reducing NOx formation, 

whilst the high combustion efficiency significantly reduces CO levels. 

Despite these advantages some design challenges for fluidized bed combustors 

need to be considered [25]: 

 As already mentioned in the previous paragraph, fuel preparation is 

sometimes required. An example is the size reduction of coarse wastes as 

these can negatively influence the fluidization of the bed, resulting in 

operational problems. Another example is the removal of alkali metal 

components by a leaching process to prevent corrosion and agglomeration 

problems [26]. 

 If waste with highly different HHV is co-incinerated, proper mixing before 

introduction of the waste is essential.  

 For waste types with a high ash content, a well designed system for ash 

removal must be present [27]. 

 A high chlorine content of the waste can enhance boiler corrosion and bed 

agglomeration (as discussed in Section 4), and causes increased emissions of 

pollutants, such as HCl and PCDD/Fs (as discussed in Section 3).  

Wastes such as wood bark, petroleum coke and polyolefin plastics are applicable for 

fluidized bed incineration without considerable challenges. The incineration of wood 

biomass, coloured or printed plastics, and plywood presents however some 

challenges for the operation and the boiler design. Multiple design and operational 

challenges including size reduction and mixing of the different wastes have to be 

dealt with when demolition wood, fibre residue, PVC, RDF and MSW are incinerated 

[25].  
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The application of BFBCs to slurries, sewage sludge, coal, bark, ASR and mixed 

wastes has been dealt with in various publications [28-32]. 

CFBCs have been used for the thermal destruction of hazardous wastes [33] even as 

a mixture of slurries and solids. They are able to destroy over 99.9% of industrial 

waste at 1363K with a 2 seconds residence time [34]. Rickman et al. [34] further 

reported that these incinerators can burn a variety of wastes in the presence of dry 

limestone to control acid gases without costly wet scrubbers and associated 

additional costly waste. They concluded that CFB waste incinerators are simple in 

their design as they use high turbulence in the reaction zone to eliminate 

afterburners, scrubbers or multiple feeders while providing excellent combustion 

efficiencies. Other benefits include autothermal operation, HCl-capture in excess of 

99%, waste volume reductions up to a ratio of 40:1, while emissions of NOx and CO 

can be below 100 ppmv. 

 

In recent years, CFBC plants using coal or biomass have become established in the 

capacity range from 250 to 350 MWel [35]. A further capacity increase up to 600 MWel 

is expected. The introduction of supercritical steam boilers further improves the 

energy recovery efficiency and reduces CO2 emissions [35]. 

 

An environmental application of CFBs, connected to combustors and incinerators, is 

the desulphurisation of flue gases. Introduced by Lurgi in the early eighties, over 100 

plants are in commercial operation worldwide [36-48]. The semi-dry process is based 

on the conversion of calcium hydroxide with SO2 to calcium sulfite and calcium 

sulfate. Based on the efficiency of current industrial scale CFB desulfurisation 

processes, Leuschke et al. [39] have shown that it is possible to achieve 
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desulfurisation efficiencies in excess of 99%, reducing residual SO2 emissions to 

about 50 mg/Nm3. 

As illustrated in the Figures 2 to 5, the fluidized beds are the combustors and hold the 

bed material: they are the key part of the total plant, the remaining parts being the 

heat recovery and flue gas de-pollution stages. In general, in WtE the hot combustion 

gas is used to produce steam in the boiler, commonly in a superheater-boiler-

economizer arrangement.. The remaining heat of the flue gas, after steam 

production, is used to preheat the water in an economizer. The produced steam can 

have various thermal applications, internally or externally, or can be used to generate 

electricity. 

BFBC applications are illustrated in Figures 2 and 3. A typical RFBC application is 

shown in Figure 4, whereas a CFBC is the central part of the unit of Figure 5. 

Figure 2 depicts a BFBC for waste water treatment sludge: the feed consists of 2.5 

ton/h of dry solids (DS), fed at an average moisture content of 65 %. The bed is 

operated at 800-830 °C with a superficial gas velocity of 2.2 to 2.5 m/s. Here, the hot 

combustion gas indirectly preheats the primary combustion air (number 4 of Figure 2) 

[40].  

The plant of Figure 3 burns automotive shredder residue (ASR): Nissan modified a 

BFBC at its Oppama plant to recover energy from ASR [41]. Full-scale incineration of 

4800 ton/year of ASR along with other waste from Nissan plants started in 2005. The 

generated heat is recovered in a steam boiler; the steam is used as energy carrier in 

the production process e.g. for paint baking and for general heating. 

Figure 4 shows a typical Ebara-Lurgi RFBC, burning 100,000 ton/year of solids 

derived fuel (SDF) and other waste streams (such as sewage sludge, or ASR) [28]. 
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The RFBC is operated at a temperature of 850°C. Also in this installation, WtE is 

achieved by heat recovery in a steam boiler.  5% of the steam generated in the boiler 

is used internally. The rest of the steam is used to produce electricity, with an 

efficiency of around 27% [43]. In turn, almost 13% of the produced electricity is for 

internal use. 

Figure 5 finally presents a CFBC for burning 9 ton/hr of coal, wood bark and sewage 

sludge. Operating data are given with the Figure. The CFBC consists of a riser where 

the combustion occurs, followed by a cyclone which separates solids form air 

allowing only very fine particles to be carried out of the system. The cyclone is fitted 

with a standpipe to collect solids from the cyclone and provides a solids reservoir for 

the re-circulation valve. This mostly non-mechanical valve controls the feed of solids 

back into the riser [42]. 

 

Figure 2. BFBC of sewage sludge at Brugge (Belgium) [28]                                                                        

(1) sludge feed, (2) fluidized bed, (3) freeboard, (4) pre-heater of primary air, (5,6) 
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secondary air, (7) air to start-up burner (8), (9) windbox, (10) distributor, (11) make-

up sand, (12) exhaust to further heat recovery, ESP, pollutant abatement, stack. 

 

Figure 3.  BFBC for ASR [29] 

 

Figure 4. Ebara-Rowitec RFBC for mixed waste at Indaver, Belgium [30] 
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Flow rate (m3/s) Pressure (mbar) Temperature (°C) 

S1 2.17 PR1 189.75 TR1 822-831 

S2 0.76 PR2 33.37 TR2 816-829 

S3 0.76 PR3 1.01 TR3 770-778 

S4 1.55 PBex -10.45 TBex 392-398 

P1 3.11 PEex -24.82 TEex 152-161 

P2 11.31 PID -27.64 TID 146-152 

ID fan 17.64  TH2O 208 

Figure 5.  CFBC at Caledonian Paper, Ayr (U.K.) [31] 

 

In BFBC and RBFC applications, the superficial gas velocity (U) is the dominant 

parameter [21]. In a CFBC application, both solid circulation flux (G) and superficial 

gas velocity of the riser (U) determine the operational hydrodynamics [22]. Design 

values for these operating parameters will be provided in Section 2.  

Other thermal applications of the BFB and CFB principles, outside the scope of the 

present review paper, include the gasification and pyrolysis of e.g. biomass, plastic 

solid waste and RDF. Some additional references of CFBC applications are 

summarized in Table 2. 
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Table 2. CFB applications [27,43-44] 

Reactions References 

Combustion of coal, wood, biomass [28,38,45,46-52] 

Waste incineration [28,36-37,53] 

 

1.3. Objectives of the review paper    

Due to the increasing importance of fluidized bed incineration within the thermal 

treatment technologies presented in Sections 1.2 and 1.3, with technical information 

spread throughout literature, the present review paper critically examines the 

parameters that govern the design and operation of fluidized bed waste combustors.  

Section 2 provides the reader with the design strategy of a fluidised bed combustor, 

involving considerations of hydrodynamic (velocities, mixing), thermal (heat balances) 

and kinetic (reaction rate and burn-out) nature.  

Combustion of waste is associated with the emission of pollutants and produces 

residues. As reducing atmospheric emissions below the emission limits is often 

considered an important aspect of incineration, Section 3 reviews the emission 

problems both towards their fate and extent, and towards the current air pollution 

control strategies. The fate of the residues is also discussed. 

Fluidized bed incineration of waste materials moreover faces problems of de-

fluidization, due to agglomeration and sintering. Section 4 discusses the mechanisms 

of agglomeration and possible remedies.  Additionally, important issues of equipment 

erosion and uniform feeding of the waste into the fluidized bed reactor are 

considered. 

Section 5 summarizes all essential findings and provides the reader with essential 

recommendations towards design and/or operation. 
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2. Design strategy of FBCs 

2.1. General design strategy  

Since Fluidized bed combustors involve a bed of inert material (sand, ash, …), 

primary and secondary combustion air, a waste feed of varying composition and 

consistence according to the source, and the possible evaporation of water in the 

case of a wet feed, the design needs to account for these various inputs and is 

performed according to a set strategy, as illustrated in Figure 6. The different stages 

of the design procedure are to a large extent similar for BFBC, RFBC and CFBC, 

although specific considerations apply to either of these FBC’s in particular. The 

strategy of Figure 6 therefore sidesteps for specific considerations. The different 

steps are discussed hereafter. 
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Figure 6. Design strategy of fluidized bed combustors 
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2.2. Data gathering 

2.2.1. Properties of solid or liquid wastes 

As previously highlighted, FBCs guarantee the efficient combustion of wastes with 

different compositions and characteristics such as moisture content, heating value, 

ash content and density [55-56]. Combustion or co-combustion experiments have 

been reported for many waste types, including MSW, RDF from mechanical 

biological treatment (MBT) of MSW, sludge from wastewater treatment, biomass 

including agro-wastes, wood, pulp and paper waste, plastic waste and special 

industrial wastes such as ASR. 

The properties of the solid or liquid wastes are important to evaluate alternative 

process flow sheets and equipment needs. These properties include the identification 

of the individual components that make up industrial or domestic wastes, the 

densities and moisture content of the wastes, and their proximate and ultimate 

composition. Although a wide range of waste components can be dealt with in a FBC, 

the lists below have been chosen as being readily identifiable and adequate for 

characterizing the wastes for most applications (Tables 3 and 4). With waste 

segregation applied in several countries (glass, paper, plastics, etc.), some classes 

will vary widely according to the origin. The densities and moisture content (Table 3) 

of the different wastes vary markedly with geographic location, season of the year, 

and length of storage time. Automotive shredder residue is not added in the tables 

below, since its characteristics vary widely with composition, particle size, possible 

pre-treatment, etc. [32]. 
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Refuse derived fuel (RDF) has a higher heating value and better combustion 

performance than MSW due to a series of pre-treatment processes, such as size 

reduction, separation, drying and densification [59]. 

In general, the bulk composition of biomass in terms of carbon, hydrogen, and 

oxygen (CHO) does not differ much among different biomass sources. As can be 

seen from Table 4, typical dry weight percentages for C, H, and O are 30 to 60%, 5 to 

6%, and 30 to 45% respectively. Nitrogen, sulfur and chlorine can also be found in 

dry weight percentages below 1%. Compared to coal, biomass generally has less 

carbon, more oxygen, more silica, chlorine and potassium, less aluminum, iron, 

titanium and sulfur, and sometimes more calcium. 

In many FBCs, different waste types and/or conventional fossil fuels are mixed in a 

ratio depending on their chemical composition, physical properties (e.g. state of 

aggregation) and thermal characteristics (e.g. heating value and moisture content), in 

order to reach high combustion efficiency and steady combustion characteristics [60-

61]. A large number of papers discuss the co-incineration of MSW, RDF or biomass 

in existing coal fired FBCs for energy production [55, 60, 57,62-76]. One of the 

advantages of this form of co-incineration is that the waste can be energetically 

valorized without high investment costs. Furthermore, as the carbon in MSW, RDF 

and biomass is up to 100% of biogenic origin, the net CO2 emission per unit of 

energy produced decreases compared to coal combustion [57, 59, 61, 63, 66, 69, 

73]. Due to the different composition and combustion characteristics of MSW, RDF or 

biomass and coal (Table 4), the emission of certain pollutants during co-combustion 

can change significantly compared to pure coal combustion [77, 64, 60, 69, 72, 75-

76]. This will be discussed in more detail in Section 3. 
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Table 3. Density and moisture content for domestic, commercial and industrial solid 
waste [27] 

 density  
(kg/m³) 

moisture content  
(% by mass) 

item range typical range Typical 

 
LOOSE RESIDENTIAL WASTE 
  food waste (mixed) 
  paper 
  cardboard 
  plastics 
  rubber 
  garden trimmings 
  wood 
  dirt, ashes, etc. 
  ashes 
  MSW (mixed) 
  waste water treatment sludge 
 
COMMERCIAL WASTE 
  food wastes (wet) 
  wooden crates 
  tree trimmings 
   
INDUSTRIAL WASTE 
  chemical sludge (wet) 
  fly ash 
  oils, tars, asphalts 
  sawdust 
  textile wastes 
  wood (mixed) 
 
AGRICULTURAL WASTE 
  agricultural (mixed) 
  fruit wastes (mixed) 
  manure (wet) 
  vegetable wastes (mixed) 

 
 
130-480 
40-130 
40-80 
40-130 
100-200 
60-225 
130-320 
320-1000 
650-830 
90-180 
 1000-1050 
 
 
475-950 
110-160 
100-180 
 
 
800-1100 
700-900 
800-1000 
100-350 
100-220 
400-675 
 
 
400-750 
250-750 
900-1050 
200-700 

 
 
290 
85 
50 
65 
130 
100 
240 
450 
745 
130 
1030 
 
 
535 
110 
150 
 
 
1000 
800 
950 
290 
180 
500 
 
 
360 
360 
1000 
360 

 
 
50-80 
4-10 
4-8 
1-4 
1-4 
30-80 
15-40 
6-12 
6-12 
5-20 
50-75 
 
 
5-85 
10-30 
20-80 
 
 
75-99 
2-10 
0-5 
10-40 
6-15 
10-40 
 
 
40-80 
60-90 
75-96 
50-80 

 
 
70 
6 
6 
2 
2 
60 
20 
8 
6 
15 
35 
 
 
75 
20 
30 
 
 
80 
4 
2 
15 
10 
20 
 
 
50 
75 
94 
65 

 

 

The proximate and ultimate analysis determines the energy content and combustion 

characteristics of the waste streams. Approximate values are given in Table 4 below. 

The approximate values of the energy content on a dry basis (db), can be determined 

from the proximate analysis using a modified Dulong formula [42, 50]: 
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SOHCkgkJ 95
8

1
1428337/ 










       (1)
 

with C, H, O and S the wt% of the elements. 

Table 4. Typical ultimate-analysis data for components in domestic, commercial and 
industrial solid waste [27, 59, 76] 

 percent by mass (dry basis) energy 
content  
(db, MJ/kg) 

Components C H O N S ash 

 
FOODS AND FOOD 
PRODUCTS 
  fats 
  food wastes (mixed) 
  fruit wastes 
  meat wastes 
 
PAPER PRODUCTS 
  cardboard 
  magazines 
  newsprint 
  paper (mixed) 
  waxed cartons 
 
PLASTICS 
  plastics (mixed) 
  polyethylene 
  polystyrene 
  polyurethane 
  polyvinylchloride 
 
WOOD, TREES, ETC. 
  garden trimmings 
  green timber 
  hardwood 
  wood (mixed) 
  wood chips (mixed) 
 
OILS, PAINTS 
 
MSW 
 
 
RDF 
 
SEWAGE SLUDGE 
 
 
BITUMINOUS COAL 

 
 
 
73.0 
48.0 
48.5 
59.6 
 
 
43.0 
32.9 
49.1 
43.4 
59.2 
 
 
60.0 
85.2 
87.1 
63.3 
45.2 
 
 
46.0 
50.1 
49.6 
49.5 
48.1 
 
66.9 
 
18-40 
 
 
44.7 
 
30-35 
 
 
60-75 

 
 
 
11.5 
6.4 
6.2 
9.4 
 
 
5.9 
5.0 
6.1 
5.8 
9.3 
 
 
7.2 
14.2 
8.4 
6.3 
5.6 
 
 
6.0 
6.4 
6.1 
6.0 
5.8 
 
9.6 
 
1-5 
 
 
6.2 
 
1-20 
 
 
3.4-6 

 
 
 
14.8 
37.6 
39.5 
24.7 
 
 
44.8 
38.6 
43.0 
44.3 
30.1 
 
 
22.8 
- 
4.0 
17.6 
1.6 
 
 
38.0 
42.3 
43.2 
42.7 
45.5 
 
5.2 
 
15-22 
 
 
38.4 
 
10-25 
 
 
7-9 

 
 
 
0.4 
2.6 
1.4 
1.2 
 
 
0.3 
0.3 
<0.1 
0.3 
0.1 
 
 
- 
<0.1 
0.2 
6.0 
0.1 
 
 
3.4 
0.1 
0.1 
0.2 
0.1 
 
2.0 
 
0.2-1.5 
 
 
0.7 
 
1-4 
 
 
1.2-2.2 

 
 
 
0.1 
0.4 
0.2 
0.2 
 
 
0.2 
0.1 
0.2 
0.2 
0.1 
 
 
- 
<0.1 
- 
<0.1 
0.1 
 
 
0.3 
0.1 
<0.1 
<0.1 
<0.1 
 
- 
 
0.1-0.5 
 
 
<0.1 
 
0.2-1.5 
 
 
0.5-2.1 

 
 
 
0.2 
5.0 
4.2 
4.9 
 
 
5.0 
23.3 
23.3 
6.0 
1.2 
 
 
10.0 
0.4 
0.3 
4.3 
2.0 
 
 
6.3 
1.0 
0.9 
1.5 
0.4 
 
16.3 
 
20-35 
 
 
9.9 
 
1-60 
 
 
6-26 

 
 
 
38.3 
14.0 
18.6 
30.0 
 
 
12.7 
19.7 
- 
17.6 
27.2 
 
 
32.0 
43.5 
38.3 
26.1 
22.7 
 
 
15.1 
9.8 
- 
19.4 
19.3 
 
38.0 
 
7-15 
 
 
20.2 
 
2-14 
 
 
27-30 

 

 



28 
 

A specific waste commonly burned in a FBC is wastewater treatment sludge, with 

high contents of water and minerals. Sludge varies considerably both in dry solids 

(DS) concentration (5-20% for refinery sludge, 15-40% for dewatered sewage 

sludge), and the percent combustibles (50-75% of dry solids) and consequently the 

calorific values vary [30]. Depending on the composition of combustibles, the desired 

operating temperature and the amount of heat recovery achieved, the minimum 

solids concentration required for auto-thermal operation is fixed. This will be 

illustrated in Section 2.3 for typical commercial applications. For municipal sewage 

sludge, various studies, reported by Baeyens and Van Puyvelde [30], have shown 

that the composition of the organic matter averages to (CH1.65O0.34N0.1)m. Depending 

on the ash content, the calorific value lies between 4000 and 22000 kJ/kg DS. The 

calorific value of digested sludge is 15% lower due to a higher fraction of minerals 

being present. 

2.2.2. Essential data of the FBC 

Particle characteristics include particle size distribution and average size, absolute 

and bulk density, and specific heat. Important gas characteristics include gas density, 

viscosity and specific heat, which are all temperature dependent. Moreover, the 

composition of the combustion gas mixture is also an important parameter in 

combustor design. The reaction kinetics and thermodynamics can be defined by 

literature data or by experimental work. 

For BFBCs and RFBCs, particle sizes of the bed material are in the range of 0.5-3 

mm. At start-up, the combustors use sand (ρp = 2600 kg/m³), which is gradually 

supplemented and replaced by combustion ash (ρp = 2200 to 2500 kg/m³). The bed 

characteristics should therefore relate to ash, rather than to sand.   
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CFBCs are also operated with an inert (sand/ash) bed. The average particle size in a 

CFBC is around 200 - 300 µm. 

The dominant operating parameter in bubbling bed fluidization is the gas velocity. In 

circulating fluidized beds, both the gas velocity and the solids circulation flux are 

important. 

Figure 7 is adapted from [78-79], with representative values of the major 

characteristic parameters. Umf is the minimum fluidization velocity, Uc the velocity of 

transition from bubbling to turbulent fluidization and UTR is the onset velocity of the 

circulating fluidized bed mode. 

 

Figure 7. Characteristics of various fluidization regimes 
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Table 5 presents a few empirical equations to predict the regime transition velocity, 

Utrans. 

Table 5. Transition velocities  

Utrans Equation Value(a) (m/s) 

Umf 
2
mf

07.1
mf Re27.21Re1823Ar 

             [79] 0.009 

Uc 
45.0

c Ar24.1Re 
  for 2 < Ar < 108      [80] 1.33 

UTR 
5.0

TR Ar53.1Re                                  [81] 2.05 

(a) For a 100 µm particle of ρp = 2600 kg/m³ 

 

It should be remembered that Ar and Re represent respectively the Archimedes and 

Reynolds-number for the particle-gas system, as defined in the Nomenclature. In 

both dimensionless numbers, particle properties (size and density) and gas 

properties (density and viscosity) are grouped. 

A bubbling fluidized bed operates at velocities well in excess of the minimum 

fluidization velocity. Optimum mixing in the bed and maximum heat transfer are 

achieved within specific velocity limits that are function of the particle size of the bed 

material [21]. These operating velocity ranges are given in Figure 8, Umin 

representing the minimum gas velocity, and Umax the maximum velocity required to 

achieve good mixing and heat transfer. The Figure moreover includes a few 

illustrations of commercial applications: each pair of velocities corresponds to flow 

with and without the evaporation of water and corresponds roughly to the velocities at 

the distributor and at the top of the bed respectively. Most beds operate well above 

Umin in order to reduce the bed diameter, but this velocity needs also to consider 

particle entrainment and required complete burn-out of entrained waste particles. 
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commercial 
unit 

D (m) T (°C) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2.5 

2.1 

1.7 

0.6 

2.5 

3.3 

3.3 

4.4 

2.6 

3.7 

3.4 

4.6 

800 

750 

800 

720 

800 

800 

850 

800 

750 

825 

790 

825 

 

Figure 8. Optimum mixing velocity limits 

For RFBCs, the operating velocity is no longer uniform throughout the cross-sectional 

area of the fluidized bed: the central part of the air distributor is fed with an excess air 

flow of about 20%, thereby creating a deliberate mal-distribution and imposed solids 

circulation from the centre of the bed to the wall area. This is illustrated in work by 

Whitehead and Dent [83]. 

A circulating fluidized bed riser operates at high velocities and with an external 

circulation of bed material. Gas and solids are close in temperature due to the high 

inter-phase heat transfer rates. The temperature profile along the length of the riser is 

uniform for reactions of low energy change [84] and the types and rates of chemical 

reactions thus taking place (which are temperature dependent) can also be easily 
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and uniformly controlled. A stable CFB-operation requires external solids circulation 

and is only possible at velocities in excess of the transport velocity UTR. Van de 

Velden et al. [44-45] demonstrated that the equation in Table 5, derived by Bi and 

Grace [82], provides a fair prediction of UTR for a wide variety of powders. The 

accuracy is expected to be about 10 %, so that it is recommended to operate the 

riser at a velocity in excess of UTR. Most of the CFBCs operate at 3-9 m/s as velocity 

range, with 40-90 kg/m²s as solid circulation flux [22]. 

2.3. Heat balance, net energy yield and flow rates 

A heat balance over the FBC determines the net energy yield. At sufficient excess 

gas velocity (BFBC) and circulation rates (CFBC) the bed can be assumed 

isothermal [84-85]. Considerations of the reaction kinetics and heat exchange 

aspects result in an optimum temperature.  

For waste with a high calorific value, such as RDF, biomass, ASR, plastic solid 

waste, there is normally an excess of heat generated in the combustor. To maintain 

the bed at its operating temperature, systems for the removal of heat have to be 

chosen and the exchange surface area has to be determined for imbedded tubes or 

for a wall-mounted jacket. Once the operating temperature is known, the temperature 

dependent gas properties in the FBC can be determined. The stoichiometry enables 

to calculate the air requirements for complete combustion allowing for approximately 

20% excess air. In general 80% of the total air is introduced through the windbox 

(primary air) and 20% into the freeboard of the BFBC, or higher up the riser of a 

CFBC (secondary air).  

For waste with a low calorific value, such as mechanically dewatered municipal 

sewage sludge, autothermal operation generally requires the pre-heating of the 



33 
 

fluidization air, and/or a pre-drying of the wet sludge feed. Figure 9 illustrates the heat 

balance including heat recovery in the case of such a wet feed. The relative amounts 

of heat input into the air and/or sludge can be determined. The possible pre-drying of 

the sludge has moreover consequences on the pumping or handling properties of the 

sludge at various concentrations: the lower limit for readily pumpable sewage sludge 

is between 80 and 90 % water. Sludge of any sort with less than 80% water generally 

has to be fed by screw conveyor or slinger. 

 

Figure 9. Heat balance [33] 

The volumetric flow rate of primary and secondary air, as well as the total exhaust 

gas volume throughout the combustor, including water vapour, can now be 

calculated. Special burners are often used at start up to increase the volumetric flow 

rate of gas because the fan is often not large enough to fluidise the bed with cold air.  

An example of the heat balance for the BFBC of sewage sludge is given in Figure 10. 

It appears that the percentage dry solids in the raw sludge feed determines the range 

of auto-thermal operation. With enhanced heat recovery, the % dry solids in the feed 

can be considerably reduced and coincides with the achievable dry solids content of 

mechanically dewatered sludge (> 25 wt% DS). 
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Figure 10. Amount of additional fuel (38 MJ/kg) required for combustion of sewage 

sludge with heating value 8900 kJ/kg dry solids, combustible concentration 50% of 

dry solids, temperature 800°C, excess air 20% 

2.4. Operating gas velocity and cross sectional area of the combustor 

Generally, the inert bed material is quartz sand in the size range of 0.6-3 mm for a 

BFBC and RFBC. Coarse particles are used only because they have higher terminal 

and incipient fluidization velocities, but also because they are less affected by 

stickiness due to fewer inter-particle contacts and greater particle momentum, which 

breaks incipient bonds. Agglomeration of bed material can indeed occur [30] when 

chemical sludge is treated, or whenever salt concentrations are high: this will be 

discussed in detail in Section 4. Common operating velocities are associated with 

rapid solids mixing and are only achieved within the previously defined gas velocities 

between Umin and Umax, as illustrated in Figure 8. The total gas flow within the BFBC 

and the selected operating velocity (at operating temperature) then fix the required 

cross sectional area of the BFBC.  
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In a CFBC, superficial gas velocities are higher (3-9 m/s) although the bed material 

has a smaller size (0.1-0.3 mm) than in a BFBC. Temperatures are in the same order 

of magnitude, and attention to agglomeration remains the same, although 

agglomeration is slightly less important due to the high shear rate achieved. Solids 

circulation fluxes are between 40 and 90 kg/m²s. Again, total gas flow and selected 

operating velocity define the cross sectional area of the CFBC. 

For a RFBC, the uneven distribution of the fluidization air, will induce a significant 

internal solids circulation (hence the name rotating fluidized bed), providing better 

mixing of the feed particles within the bed material. No general design rules can be 

given. 

Once the volumetric flow of the fluidisation air and of the total exhaust gas volume 

have been determined from the considerations of Section 2.3, and the operating gas 

velocity has been selected for either bubbling or circulating fluidization mode, the 

required cross-sectional area of the BFBC or CFBC is determined by the ratio of the 

volumetric flow rate of the exhaust gas volume and the operating velocity. 

2.5. Combustion kinetics and required residence time 

To determine the required residence time of the waste feed into the FBC, combustion 

kinetics need to be considered. In the combustor, de-volatilisation and combustion of 

volatiles and char take place. Release of vapour from the waste particle core cools 

the particle’s surface and keeps its temperature low, so that it can be assumed that 

char combustion starts only after de-volatilisation is completed. 

Boroduyla et al. [86] investigated the combustion of wood particles (dp = 3.5-21.5 

mm) in a fluidized bed of sand particles at temperatures from 750 to 850°C. The 

particle size was found to decrease insignificantly during drying and de-volatilisation, 
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with these processes mainly coinciding in time. Furthermore, the volatile extinction 

time of wood i.e. the time needed to completely evolve volatile components, can be 

estimated from: 

3.112000 pvo dt                                                                                        (2)    

with tvo in seconds and dp in m.                                                                                                                              

To calculate the burnout time of char particles, a reaction model is required. With the 

assumptions that the reaction is mass transfer limited and that it occurs in two 

successive steps with CO as intermediate, the burnout time tch for a char particle can 

be theoretically derived as [50]: 

22 OO

2
0M

ch
CD4

R
t




                                                                                     (3)                                                                                                                                                  

When waste particles are introduced in the BFBC, they stay in the bottom part of the 

bed, considered as the dense bed, until their terminal velocity becomes small enough 

to carry them up the freeboard with the gas stream. The transport of large particles in 

the riser occurs not only due to the drag force of the gas, but also due to the impact 

of the fine sand particles on the large waste particles. 

The terminal velocity, Ut, can be calculated as first approximation from the 

relationship between the particle-gas Archimedes number, Ar, and the Reynolds 

number at the terminal velocity, Ret [30]: 

2
tt Re33.0Re18Ar                                                                           (4)                                                                                                                                   
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Illustration of the characteristic design parameters is given below. The terminal 

velocity at 850°C for different combinations of particle sizes and densities is given in 

Table 6. 

Table 6. Terminal velocities 

dp (cm) 0.1 0.5 1 1.1 1.5 2 

ρp (kg/m³) 

Ut (m/s) 

600 

1.5 

600 

4.9 

600 

7.5 

600 

7.9 

420 

7.9 

290 

7.9 

 

The required time for de-volatilisation and the burnout time of the char particles can 

be calculated from equations (2) and (5) respectively. When using 20% excess 

fluidization air, the concentration of O2 varies through the riser from 1.03 mol/m³ after 

combustion of the volatiles to 0.296 mol/m³ in the flue gases. The concentration of O2 

is assumed to vary linearly during the char combustion. Results are given in Table 7. 

Table 7. Theoretical reaction times for waste feed particles of size dp 

dp (cm) 0.1 0.5 1 1.1 1.5 2 

tvo (s) 

tch (s) 

ttotal (s) 

1.51 

2.26 

3.77 

12.3 

56.5 

68.7 

30 

226 

256 

34 

273 

307 

51 

508 

559 

74 

904 

978 

 

Clearly, for smaller waste particles as used in a CFBC, de-volatilisation and char 

combustion times are comparable, and very short. In a BFBC, normally using coarser 

feed particles, the char combustion determines the overall required residence time. 

The impact of the required residence time on the height of a BFBC is reflected in the 

bed volume (and hence bed height, since the cross-sectional area is fixed by the gas 

flow rate). Commercial FBCs operate with be heights of 0.5 to 0.6 m [30], which 

represents a compromise between the need to minimize the compressor power whilst 
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providing a sufficient residence time for the combustion. In a CFBC, the circulation 

loop offers an additional degree of flexibility and the required residence time reflects 

itself in a combination of solids circulation flux, cyclone efficiency and riser height 

[50]. 

The treatment presented above offers a simplified design approach, applicable as a 

first approximation and with reasonable engineering design accuracy. A more 

complete review of the combustion kinetics is given by Lanauze et al. [87]. 

2.6. Additional design considerations 

2.6.1. The freeboard of a BFBC  

It is common for BFBC’s to have tapered bed zone to allow for the extra volume of 

gases produced by the evaporated water. This taper may be continued into the 

freeboard (or the freeboard diameter may be increased more sharply) to minimize the 

elutriation of fines. A high gas velocity in the bed gives a smaller bed diameter but 

leads to several disadvantages: (i) the coarse inert particles are ejected at high 

velocity by the bursting bubbles, and unless the freeboard is very high, some will be 

carried out; and (ii) the injected fines will be carried out of the bed zone rapidly, and 

although their residence time in the incinerator can be increased by having a large 

freeboard, much of the combustion would then taken place above the bed rather than 

in it. The design of the bubbling fluidized bed freeboard and carry-over has recently 

been reviewed and modelled [24]. If a considerable amount of fines is carried out of 

the BFBC, the freeboard height needs to be designed specifically to guarantee the 

complete combustion of the entrained particles. This has been previously presented 

by Baeyens and Geldart [88] and is summarized below. It is especially important 
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when burning sewage sludge, where the sludge particles are of the order of 0-100 

µm, hence prone to elutriation before complete burnout. 

In the event of solids being deposited on the bed as a result of sintering, causing an 

increase in particle size, a solids removal system must be provided at the bottom of 

the bed, and the design must allow for particle growth.  

Gaseous volatiles are produced during de-volatilization and these require a 

residence time in the freeboard of approximately 2 seconds for their destruction at 

750°C. Since freeboard velocities are usually 0.7-1 m/s, this time is always 

exceeded. Most municipal and water treatment sludge consist of solids < 100 µm and 

it is the burnout of the elutriated particles which determines the height of the 

freeboard. 

In the treatment proposed by Baeyens and Geldart [88], the burnout length L is 

calculated as: 
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(5) 

The height of the freeboard should obviously be larger than the burnout length L. The 

burnout length is a function of the gas velocity in the freeboard of the BFBC, as 

shown in Figure 11. Freeboard heights for various commercial incinerators are shown 

on the same figure for comparison, and clearly exceed the theoretical values. 
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Figure 11. Theoretical burn-out length versus freeboard velocity                                                 

(numbers relate to the freeboard heights for commercial units listed in Figure 8) 

2.6.2. Additional considerations for a CFBC 

Although the waste combustion is achieved in the riser of the CFBC, the cyclone, 

standpipe and non-mechanical valve are essential parts of the unit and were studied 

in detail by various researchers with the most relevant publications listed in Table 8. 

The reader is referred to these relevant references if specific design 

recommendations of these high temperature CFBC items are required. 

For high temperature cyclones, the treatment by Dewil et al. [95] is very 

comprehensive and enables an accurate design approach. As far as standpipes and 

L-valves are concerned, appropriate design equations are included in Chan et al. 

[104] and Chan et al. [112]. 
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Table 8. Auxiliary equipments of the CFB unit: some relevant publications 

Auxiliary equipment Contributions 

Cyclones [89-96] 

Standpipes [98-105] 

L-valves [106-113] 

 

3. Stack emissions: Problems and remedies 

3.1 Generalities 

Various pollutants are emitted by a FBC, with CO, HCl, SOx, NOx, particulate matter 

(dust), polychlorinated dioxins and furans (PCDD/Fs) and heavy metals being of 

major environmental concern. The formation of these pollutants in FBCs depends on 

operating conditions as well as on fuel properties [113].  

Table 9 illustrates the concentrations of the main pollutants reported in stack 

emissions of full scale MSW incinerators equipped with adequate flue gas cleaning 

technology. For reasons of comparison, the emission concentration ranges for grate 

furnace waste incinerators and the emission limits according to the European 

Directive on waste incineration (Directive 2000/76/EC) are also included. 

Table 9. Typical pollutant concentrations in stack emissions of MSW incinerators 
(daily average values in mg/m³ unless otherwise stated). 

Pollutant FBC [115-116] Grate furnace 
[115,117] 

Limit values EU Directive 
2000/76/EC 

CO 
HCl 
SOx

 as SO2 
NOx as NO2 
PM10 
TOC 
Hg 
Cd+Tl 
Sb+As+Pb+Cr+ 
Co+Cu+Mn+Ni+V 
PCDD/Fs 

14 - 40 
0.1 - 8 
1 - 1.6 
90 - 150 
0.6 - 1 
0.9 - 5 
0.013 
< 0.016 
0.05 
 
0.008 

6.0 -14 
0.9 - 6.1 
1.6 -10.3 
65 - 145 
0.0 - 0.8 
0.1 - 1.8 
< 0.0005 – 0.013 
0.0001 
0.09 
 
0.001 - 0.01 

50a 
10a 
50a 
200a 
10a 
10a 
0.05b 
0.05b 
0.5b 
 
0.1c ngTEQ/m³ 

a daily average value 
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b average values over a period of 6 to 8 hours 
c average values over a period of 30 minutes to 8 hours 

  

Table 9 demonstrates that the pollutant concentrations in the stack emission of full 

scale FBCs remain below the Directive limits. The concentrations are moreover very 

similar to considered stack emissions of grate furnace type MSW incinerators, which 

is not surprising since both types of incinerators apply similar flue gas treatment 

technologies. 

The formation and abatement of major pollutants in flue gas of FBCs is discussed in 

detail in the following sections. 

3.2 Major pollutants in the flue gas 

3.2.1 Carbon monoxide (CO) 

Carbon monoxide (CO) in the flue gas of FBCs and of incineration plants in general is 

the product of incomplete combustion of carbon based compounds [58]. The CO-

concentration in combustion gases generally increases when the proportion of 

biomass in the waste feed increases [62, 65, 69]. Kaynak et al. [69] reported that the 

CO-concentration in the raw combustion gas of a pilot scale BFBC, burning peach 

and apricot stones with lignite coal, increased with increasing biomass/coal ratios, 

due to the high volatile matter content of the fruit stones: upon feeding, the stones 

immediately started to release volatile matter, entrained with the gas phase resulting 

in a limited residence time and hence in incomplete combustion. In contrast to the 

previous findings, Madhiyanon et al. [73] found that the CO-concentration in the raw 

flue gas of a pilot scale cyclonic FBC co-incinerating rice-husk and coal decreased 

when the rice husk/coal ratio was increased from 75/25 to 100/0. The authors explain 
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the decrease by the fact that coal is denser and possesses more char than rice husk 

and thus would require a longer residence time for complete combustion.    

Crucial to minimizing CO in the combustion gases is maintaining an optimum excess 

air ratio, high enough to provide enough oxygen for complete combustion, but low 

enough to guarantee sufficient residence time for volatile matter to combust 

completely. This has been dealt with in Section 2.6.1 where the required height for 

complete combustion was designed. In general, and certainly when waste mixes with 

high volatile matter content are incinerated, the injection of secondary combustion air 

in the freeboard is recommended to assure complete combustion of volatiles 

entrained with the primary air [56, 69, 117-118]. 

3.2.2 Hydrochloric acid (HCl) 

Wastes incinerated in FBCs contain varying amounts of chlorine in the form of 

chlorinated organic compounds or chlorides. In municipal waste, typically about 50 % 

of the chlorine comes from PVC [58]. During combustion, almost all the chlorine in 

the incinerated waste is volatilized and emitted mostly as gaseous HCl with limited 

amounts of volatile metal chlorides [58, 119]. Chyang et al. [59] co-incinerated coal 

and RDF in a vortexing FBC. The coal was assumed to contain only small traces of 

chlorine, but the MSW-derived RDF contained 0.85 wt% chlorine due to the presence 

of PVC and NaCl. The authors demonstrated that the HCl concentration in the raw 

flue gas increased linearly from approximately 650 to 1000 ppm when the RDF/coal 

ratio was increased from 0.5 to 1.0. The HCl volatilized from the waste can partly 

convert to Cl2 following the Deacon reaction: 

4HCl + O2 ↔ 2Cl2 + 2H2O (6) 
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Liu et al [119] demonstrated using a lab scale FBC, fed with simulated raw flue gas, 

that the formation of Cl2 was favored at temperatures above 600 °C, in oxygen rich 

atmospheres and with relatively high HCl concentrations. Furthermore, the addition of 

ash in the FBC increased the HCl to Cl2 conversion rate, which might be due to the 

presence of CuCl2, Cu2Cl2 or other transition metal salts that are known catalysts of 

the Deacon reaction. The conversion rates (HCl to Cl2) were in the order of a few 

percent. 

Both HCl and Cl2 can cause corrosion problems in the combustor and in the post 

combustion zone, typically in the boiler tubes [46, 76]. Furthermore, Cl2 appears the 

major chlorinating agent in the formation of toxic PCDD/Fs [119-120], so measures 

for HCl and Cl2 abatement in the flue gas are general practice in waste incinerating 

FBCs. The addition of calcium based compounds such as CaCO3 (limestone), CaO, 

Ca(OH)2 or CaSO4 is a commonly applied technique for this purpose [59, 76, 118-

119]. Limestone is mostly introduced into the fluidized bed itself, and within the 

temperature range typical for waste incineration (750–900°C), the limestone is rapidly 

calcined to the porous calcium oxide, that can subsequently capture hydrogen 

chloride to form CaCl2 [76]. Chyang et al. [59] incinerated RDF mixed with different 

amounts of CaCO3 and demonstrated that the HCl concentration in the combustor 

gas decreased sharply with an increase in molar ratios of Ca/Cl from 0 to 5, but a 

further increase of the Ca/Cl ratio had little further decreasing effect. Typical 

temperatures in FBCs (700 – 850°C) do not favor the exothermic reaction of HCl and 

CaO, and a higher HCl retention efficiency is measured in the temperature range of 

550-650 °C. This was also demonstrated by Chyang et al. [59], who observed that 

the chlorine content in the fly ash further increased at Ca/Cl ratios in the RDF-

limestone mixtures of 5 to 15 and explained this effect by a continuation of HCl 
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binding when sorbent particles in the combustor are entrained into the low-

temperature zone behind the combustor such as heat exchanger, cyclone and other 

flue gas paths. In most commercial FBCs for waste incineration, in-bed removal of 

acid gases is commonly combined with a post-combustor injection of CaO, NaHCO3 

or milk of lime (Ca(OH)2) as part of the dry or semi-dry flue gas treatment in order to 

reduce acid gas concentrations in the stack to far below emission standards. The 

reaction products generated are solid and need to be separated from the flue-gas as 

dust in a subsequent de-dusting stage, normally using a baghouse filter. In some 

installations, further removal of HCl takes place in a dedicated scrubber, using water 

at a pH close to neutral or alkaline by addition of NaOH [58]. 

3.2.3 Sulphur oxides (SOx) 

During incineration the sulfur containing compounds in the waste are oxidized and 

the acid gas SO2 is formed [58]. Xie et al. [76] and Liu et al. [119] suggest that SO2 

can be oxidized to SO3 by Cl2 according to the reaction: 

Cl2 + SO2 + H2O ↔ 2 HCl + SO3 (7) 

The BREF on waste incineration [58] states that the proportion of SO3 can be around 

5 % at the inlet to the flue gas cleaning stage when MSW is incinerated. 

Both SOx and HCl are acid flue gas compounds and need to be removed; similar 

abatement techniques can be used. When wastes with relatively high calcium 

contents such as MSW, sludge, some biomass species, and MBM are co-incinerated 

with e.g. coal, the Ca2+ present as CaO in the fly ash can also act as SOx/HCl 

absorption agent [60]. This explains why the co-incineration of calcium rich wastes in 

FBCs of high sulfur coal for energy production, reduces SOx emissions to a larger 

extent than expected from the reduction of the sulfur content of the waste-coal mix 
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alone [55, 60, 73]. Figure 12 illustrates the SO2 capturing efficiencies for the CFBC of 

Figure 5 using CaO as in-bed reactant. Efficiencies well in excess of 95% are 

common at Ca2+-contents in the bed of 1 to 2 wt%. 

 

Figure 12. Efficiency of SO2 removal by CaO at Ca/S ~ 2.7 versus operating velocity 

at different solid circulation fluxes and temperatures in a 58 MWth CFBC 

In order to investigate the effect of HCl on SOx absorption, Xie et al. [76] co-

combusted PVC and coal in a bench scale FBC. They concluded that the SOx 

capturing efficiency of CaO (injected as such or from calcined CaCO3) increased with 

increasing chlorine content of the fuel mix. SOx are trapped by reaction with CaO to 

form CaSO4 at the surface of the injected particles. Since the molar volume of CaSO4 

exceeds that of CaO, CaSO4 shields the CaO at the interior of the particle. Xie et al. 

[76] suggest that CaCl2 formed by the reaction of CaO with HCl, and with lower molar 

volume, keeps the reacted sulfate-shell porous, thus providing diffusion paths for SOx 

toward the interior of the particle, leading to increased SOx capture. Hernandez 

Anatol et al. [56] confirmed that the SOx capturing efficiency of calcium compounds is 

sensitive to the chloride content of the combusted waste. 
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One of the drawbacks of increasing the SOx capture in the combustion gases is an 

increase in the concentration of soluble sulfates in the fly ashes or flue gas cleaning 

residue. In this way, the sulfate concentration in the leachate from these solid 

residues may exceed the limits for the acceptance as inert or even non-hazardous 

waste set by the EU Directive 2003/33/EC while also impeding further recycling 

options [55]. 

3.2.4 Nitrogen containing emissions : NOx and N2O 

Nitrogen oxides (NOx) are generally emitted as nitric oxide (NO), accounting for up to 

95% of NOx emissions [23], and contribute to acidification, photochemical ozone 

creation and eutrophication. Nitrous oxide emissions (N2O) are negligible for most 

combustion processes, but can become significant in fluidized bed combustion, 

because of its specific temperature range; N2O is considered a greenhouse gas. 

Because of the low operating temperatures of a FBC, oxidation of the organically 

bound nitrogen in the fuel (fuel-N) is found to be the main source of NOx and N2O. 

Figure 13 illustrates the most important pathways of the conversion of fuel-N in an 

FBC [121].  
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Figure 13. Most important fuel-N conversion pathways 
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The distribution of the fuel-N between volatiles and char, as well as the distribution of 

the volatile N species depends mainly on the operating conditions (e.g. temperature, 

excess air) of the incinerator and on the properties of the solid fuel [122-123]. During 

fluidized bed combustion most of the fuel-N (66-80%) is released during 

devolatilization as volatile-N species [57, 124]. Depending on the functionality of the 

nitrogen in the input, one of the primary intermediates NH3 or HCN will preferentially 

be formed. High rank solid fuels (with a high carbon content) mainly contain nitrogen 

bound in heterocyclic ring structures, and will mainly form NH3 as primary 

intermediate, while low rank fuels mainly contain nitrogen in the form of amines and 

quaternary-N and will rather form HCN [121]. The main oxidation routes of NH3 lead 

to NO and N2, whereas HCN is generally seen as the most important precursor to 

N2O, especially in the temperature range of a FBC. This way, the combustion of 

biomass in a FBC will lead to substantially less formation of N2O, in contrast to the 

combustion of coal, which is a higher rank solid fuel. The accurate prediction of NO 

and N2O emissions from different solid fuels during fluidized bed combustion has 

been found difficult, due to the complexity of their formation process, described by 

hundreds of elementary reactions [122, 125-126]. Various literature sources have 

proposed a linear relationship between the conversion of fuel-N to NO and the O/N, 

H/N or CH/N weight ratios of the solid fuel [121, 127-129]. General agreement thus 

exists on the inverse linear correlation of fuel-N and its conversion to NO, because 

high concentrations of fuel-N (hence low O/N,H/N or CH/N ratios) result in more 

nitrogen containing species (intermediates and oxides) that can react to form N2 and 

N2O as can be seen in Figure 13. 

There are various ways to control and/or reduce NOx emissions during fluidized bed 

combustion. The most important techniques are combustion modifications, such as 
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air and/or fuel staging, and a DeNOx installation (SCR or SNCR) [23, 58, 130]. The 

basic idea of air staging is controlling NOx formation by controlling the oxygen 

availability, as NOx emissions are positively correlated to the air excess. Air staging 

limits the oxygen availability in the high temperature zone, creating an oxygen lean 

primary combustion zone in which a considerable part of the fuel-N is released as N2 

[131-132]. The oxygen excess in the secondary combustion zone is kept to a strict 

minimum, preferably as low as 3%, reducing the total amount of NO finally formed. 

Problems can occur, however, when the oxygen level is so low that combustion is 

incomplete (Section 3.2.1). By applying air staging, the NOx emissions can typically 

be reduced by 30-60% [23, 130]. Fuel staging of waste feed, where a proportion of 

fuel is injected above the combustion zone to create a fuel rich secondary 

combustion zone where the NOx already formed in the primary combustion zone is 

reduced by about 50 % through decomposition, is however difficult to achieve in 

FBCs.  

Besides these preventive combustion modifications, many FBCs nowadays 

implement DeNOx techniques (SCR or SNCR), enabling further reduction of 50-80% 

of NOx emissions by addition of NH3. Mahmoudi et al. [23] demonstrated that a 

maximal reduction of NOx emissions of about 84% could be achieved by SNCR for a 

NH3/NO-ratio of 0.9-1.2, independent of the original NOx concentration, but 

influenced by the operating temperature, as illustrated in Figure 14. 



50 
 

 

Figure 14. DeNOx-efficiencies in a CFBC at various NH3/NOx ratios and 

temperatures [24] 

3.2.5 Particulate matter (PM) 

Particulate matter (PM) or dust is generally classified according to the aerodynamic 

diameter of the dust particles. PM 10 for instance, refers to particulate matter with an 

aerodynamic diameter smaller than 10 µm. PM 10 is generally not retained in the 

nose and throat and can settle in the bronchi and lungs thus causing health problems 

such as asthma and lung cancer. Particles with an aerodynamic diameter smaller 

than 2.5 µm, PM 2.5, tend to penetrate into the gas exchange regions of the lung, 

and ultrafine particles (aerodynamic diameter < 0.1 µm) may pass through the lungs 

leading to e.g. plaque deposits in arteries, causing atherosclerosis, which can lead to 

heart attacks and other cardiovascular problems [133]. 

Particulate emissions from a fluidized bed combustion system can be classified into 

two broad classes: particles from incomplete combustion (soot, condensed organic 

matter or tar) and carbonaceous residues or char on the one hand, and particles from 

the mineral compounds in the fuel on the other hand. In the latter class, the coarser 
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particles (1–10 µm) result from agglomeration of non-volatile elements in burning 

char particles; the finer particles (< 1µm), are largely produced from nucleation and 

condensation of compounds based on volatile elements such as K, Na and Cl. [46, 

71].  

Compared to the formation of the pollutants described in Sections 3.2.1 to 3.2.4, the 

formation of particulate matter in FBCs incinerating waste received little attention so 

far. Lopes et al. [71] investigated the influence of the co-incineration of biomass with 

coal on the particle size distribution of PM emitted at the stack of a pilot scale FBC in 

which fly ash was retained in a two stage cyclonic separator. They concluded that, 

when the share of biofuels was increased and also during combustion of pure 

biofuels, especially olive bagasse, straw and MBM, the fraction of particles with an 

aerodynamic diameter of less than 1 µm in the flue gas increased. They accord this 

to the production of higher amounts of KCl and/or NaCl aerosols, since the biofuels 

contain a higher total amount of K, Na and Cl. Furthermore, the addition of the 

biofuels, which have a high volatile matter content, enhanced the combustion 

efficiency of coal thus decreasing the amount of coarser PM. 

When waste is incinerated in FBCs with energy recovery, the coarser part of the PM 

present in the raw flue gas is removed in the steam boiler and collected as boiler ash. 

In most installations, an electrostatic precipitator or a baghouse filter is used to 

further remove PM from the flue gas before it is treated to remove acid gases 

(Section 3.2.2). This has the advantage that the fly ash is separated from the other 

flue gas cleaning residues which allows its separate treatment. Depending on the 

design and size of the de-dusting unit, the PM concentration in the flue gas can 

normally be reduced to 15 - 25 mg/m³. PM not retained at this stage, can be removed 

with the residue of the semi-dry flue gas treatment. As shown in Table 9, PM 10 
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concentrations in the flue gas emitted at the stack of FBCs incinerating waste are 

generally very low. 

3.3. Pollutants present in both flue gas and ashes 

3.3.1. Polychlorinated dioxins and furans (PCDD/Fs) 

PCDD/Fs constitute a group of 75 PCDD- and 135 PCDF-congeners with chlorine 

atoms at different positions of the two aromatic rings of the molecules. Because of 

their resistance to chemical degradation, these toxic pollutants can remain intact for 

many years and become widely distributed throughout the environment. They 

accumulate in the fatty tissue of animals and humans and their toxic effects include 

cancer, allergies and developmental effects. 

It was found that in full scale FBCs the incoming PCDD/Fs from the waste are 

effectively destroyed during incineration, regardless of their concentration [134-135]. 

FBCs can effectively destroy PCDD/Fs and other hazardous substances at relatively 

low temperatures (typical hazardous waste incinerators such as rotary kilns generally 

maintain temperatures of 1 000° C or higher, approximately 150°C higher than in 

FBCs) because the incineration process is a “continuum of flaming combustion” 

offering highly isothermal conditions, longer residence times, and better mixing than 

many conventional combustion systems such as grate or rotary furnaces [136]. 

PCDD/Fs found in the flue gas, the fly and boiler ash and the FGCR do not originate 

directly from the waste, but are the result of de novo synthesis: a re-combination 

reaction of carbon (bound in an aromatic matrix), oxygen and chlorine on ash 

particles in the post combustion stage, at temperatures of 250 - 450 °C. The 

formation of PCDD/Fs from suitable products of incomplete combustion called 

precursors such as chlorinated benzenes (PCBz) and phenols (PCPh), which has 
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been shown to be an important formation pathway in many lab-scale experiments 

[120], appears of no significance in actual, full scale FBCs [134-135]. 

The parameters influencing PCDD/F reformation in FBCS were investigated by 

different research groups [66-67, 136-137]. Huotari and Vesterinen [67] 

demonstrated that in a lab scale FBC co-incinerating RDF with peat, wood bark and 

coal the following variables positively correlated with the PCDD/F concentration in the 

flue gas: CO and PAH concentration in the flue gas, the number of CO concentration 

peaks in the flue gas during the measuring period, the chlorine concentration in the 

fuel and the Cl/S of the fuel, the concentration of PCBz, PCPh and PCBs in the flue 

gas and the copper concentration in the fly ash. The combustion temperature was 

negatively correlated with the PCDD/F concentration in flue gas. The PCDD/F 

concentration (pg/g) in the fly ash separated by the ESP was also studied and it was 

found that the PCDD/F concentration increased with increasing concentration of 

combustibles, chlorine and 1,2,4-chlorobenzene in the fly ash.  

The role of the Cl/S ratio of the fuel in the formation of PCDD/Fs in FBCs was 

investigated in more detail by Anthony et al. [136], Preto et al. [137] and Gulyurtlu et 

al. [66]. In general, when the Cl/S ratio of the fuel decreases, lower amounts of 

PCDD/Fs are formed. The possible interactions of chlorine and sulfur in the formation 

of PCDD/Fs were already theoretically suggested in the 1980s [136]. First of all, SO2 

can react with Cl2 to form HCl (reaction 7 in Section 3.2.3), which has been proven to 

be a poor chlorinating agent for aromatics compared to Cl2 [120]. Furthermore, SOx 

can reduce the activity of CuCl2, Cu2Cl2 or other copper salts that catalyze the 

Deacon reaction, in which Cl2 is formed from HCl (reaction 6 in Section 3.2.2), and 

catalyze the formation of PCDD/F in fly ash. Anthony et al. [136] demonstrated by 

means of lab scale experiments that when the Cl/S ratio of the combusted fuel was 
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decreased from 12.5 to 1, the PCDD/F concentration in the flue gas decreased by 

approximately 20%. When however the Cl/S ratio was further decreased to 0.5, the 

PCDD/F concentration in the flue gas increased again. Anthony et al [136] explain 

this increase by the fact that SO2 can suppress radical populations towards 

equilibrium levels, where in general in FBCs the oxidation of CO and volatiles is 

controlled by super-equilibrium concentrations of free radicals. The suppression of 

free radicals enhances the production of unburned hydrocarbons, which can serve as 

reaction surface in the novo synthesis of PCDD/Fs.  Lopes et al. [71] showed that 

PCDD/F emissions increased as the share of MBM or straw in the waste-coal feed 

mix increased. In accordance with Anthony et al. [136], the authors attribute the 

increase to the lower SOx concentrations in the flue gas when the share of coal, 

containing more sulfur and less calcium than the two biowastes, decreased. They 

also found that relatively more fine particulate matter (< 1µm) was present in the fly 

ash of waste mixes with higher shares of MBM and straw. As smaller particles have a 

larger specific surface, relatively more area was available for PCDD/F formation. In 

addition, the presence of chlorine from the biowastes enhanced copper volatility 

resulting in higher concentrations of copper in the smaller size particles, which may 

also have contributed to higher PCDD/F emissions with the increasing biowaste 

addition. Van Canegem et al. [135] also reported that copper and PCDD/F 

concentrations in FBC-fly ash are positively correlated. 

Achieving the emission level of 0.1 ngTEQ/Nm³ set by the European Waste Directive 

(2000/76/EC), generally involves a combination of preventive, combustion related 

techniques to reduce PCDD/F formation, and end-of-pipe measures to reduce the 

concentration in the flue gas before emission at the stack. The main prevention of 

PCDD/F-formation in FBCs is a well controlled combustion process, preventing the 
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presence of products of incomplete combustion that may act as reaction surface and/ 

or as precursors. Optimization of both the design of the FBC (Section 2) and of the 

operating parameters such as residence time, air distribution, combustion 

temperature, waste throughput etc are crucial to achieve complete burnout and 

hence limit the formation of PCDD/Fs. Also the limitation of the flue gas residence 

time in the 200 to 400°C temperature zone, typically achieved in the boiler and during 

the first steps of flue gas cleaning can help to reduce PCDD/F formation. Especially 

in dust removal devices (commonly electrostatic precipitators or bag filters) gas 

temperatures should be kept below 200 °C. The most commonly used end-of-pipe 

technique to remove PCDD/Fs from dedusted flue gas is adsorption on activated 

carbon or lignite powder particles, often injected along with lime or sodium 

bicarbonate used for acid gas removal [58]. The injected reagents and their reaction 

products are then collected in a secondary deduster, usually a baghouse filter. SCR 

systems, primarily used for NOx reduction can, if large enough, also sufficiently 

destroy PCDD/Fs in dedusted flue gas through catalytic oxidation, since the catalysts 

used for both reactions are the same [138-139]. The emission standard of 0.1 ng 

TEQ/Nm³ is then easily met. The advantage of SCR, if placed upstream of further 

flue gas treatment, is that the flue gas cleaning residue is less contaminated with 

PCDD/Fs. 

3.3.2 Polyaromatic hydrocarbons (PAHs) 

Polyaromatic hydrocarbons consist of at least 2 fused aromatic rings and contain only 

carbon and hydrogen atoms. Their toxicity is related to their structure; several PAHs 

such as benz[a]anthracene, benzo[a]pyrene and chrysene have been shown 

carcinogenic, mutagenic and/or teratogenic. 
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PAHs are considered as products of incomplete combustion [140]. The PAHs found 

in the flue gas and in the fly ash of FBCs incinerating waste can either be directly 

volatilized from the waste or can be the result of recombination of free radicals 

resulting from cracking of volatilized organic compounds during the pyrolysis step of 

combustion, called pyrosynthesis. When the volatilized or recombined PAHs are 

entrained with the combustion air without further destruction (by oxidation), they are 

found in the flue gas, fly ash and FGCR [140-143]. Atal et al. [143] incinerated a 

mixture of pulverized coal and waste automobile tire crumb spiked with deuterium 

labelled PAH standards of fluorene, phenanthrene and pyrene in a lab scale 

combustor at a temperature of 1150 °C, which is higher than in most FBC systems. 

They demonstrated that the PAHs in the flue gas and in the ash should be attributed 

to pyrosynthesis as the PAHs detected in these outputs contained none of the 

deuterated species added to the coal-waste mix. The fact that PAHs in the waste are 

destroyed and that the PAHs found in the flue gas and fly ash are newly formed was 

also confirmed by the results of Van Caneghem et al. (unpublished results). They 

measured the concentration of the 16 EPA-PAHs in ASR, RDF from MSW and 

wastewater treatment sludge fed into a commercial FBC and compared the PAH 

concentration profiles or “fingerprints” to those of the flue gas and fly ash. The PAH 

fingerprints of ASR and RDF were dominated by PAHs with at least 3 rings, 

fluoranthene, fenanthrene and chrysene being the most important. In the flue gas 

however, 99% of the total PAH concentration was accounted for by naphthalene (two 

ring PAH), which was not detectable (< 1 mg/kg) in ASR and contributed for only 6% 

to the total PAH concentration in RDF. 

The influence of the combustion temperature on PAH formation is twofold. At lower 

temperatures, the formation rate of PAHs during the pyrolysis step is lower, resulting 
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in lower PAH concentrations in the raw flue gas. At higher temperatures, however, 

also the rate of destruction by oxidation of newly formed PAHs increases and when it 

exceeds the rate of formation, the PAH concentration in the raw flue gas drops. 

Gulyurtlu et al. [140] incinerated coconut shells in a pilot scale FBC at temperatures 

between 675 and 850°C and found that at 750 °C the PAH concentration in the raw 

flue gas was highest. The authors also showed that the moisture content and particle 

size (1 to 3.2 mm) of the coconut shells did not have a significant influence on the 

PAH concentration in the flue gas. 

As mentioned in Section 3.3.1, sulfur can suppress the formation of free radicals 

during the pyrolysis step of combustion, leading to an increased amount of products 

of incomplete combustion, such as PAHs. This was confirmed by measurements of 

the PAH concentration in the raw flue gas of a lab-scale FBC [136]: when the Cl/S 

ratio of the waste mix decreased from 12 to 1, the PAH concentration in the flue gas 

almost doubled.  

Considering PAHs in incineration ashes, it appears that ash particles with 

intermediate diameters (75-100 µm) show the lowest PAH concentrations [141]. 

Smaller particles (45-75 µm and 0.5-45 µm) have higher PAH concentrations, which 

can be explained by the higher specific surface area increasing PAH adsorption per 

mass unit.  In the particular case of rice husk incineration in a conical pilot scale FBC, 

the coarsest fly ash particles (> 200 μm) showed the highest PAH concentration, 

which could be explained by their particular surface texture with hygroscopic pore 

structures increasing the surface available for PAH adsorption. This theory was 

supported by SEM images of the coarse, fine and intermediate fly ash particles [141]. 
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In order to limit the PAH concentration in the flue gas, it is important to maintain an 

adequate excess air ratio to favor mixing of waste and combustion air, hence 

minimizing the formation of ‘fuel rich pockets’, which favor PAH formation and 

maximizing complete oxidation of PAHs formed [140].  

Techniques used to control the PAH emissions of FBCs incinerating waste are the 

same as for the  control of PCDD/F i.e. good control of the combustion process 

ensuring complete burnout and injection of adsorption agents such as activated 

carbon in the flue gases [58]. 

3.3.3 Heavy metals  

Heavy metals represent a loosely-defined group of metal elements including As, Cd, 

Co, Cr, Cu, Hg, Mn, Ni, Pb, V and Zn. Some of these metals, such as Co, Cu, Mn 

and Zn, are trace elements meaning they are essential to the normal metabolism of 

humans but can be toxic at high levels of exposure. Other heavy metals such as Hg 

and Pb are xenobiotic: they have no known vital or beneficial effect and can exert 

toxic effects when they accumulate in e.g. bone or liver, kidney and brain tissue [144-

145]. 

Metals present in the waste incinerated in a FBC can either remain in the bottom ash, 

be retained in the fly ash or be vaporized and entrained with the raw flue gas. This so 

called partitioning not only depends on the physical en chemical properties of the 

metal, but is also related to the presence of gaseous pollutants such as HCl, SO2, 

unburned carbon, and particulate matter in the flue gas, to the design of the 

installation e.g. the location and amount of secondary air injection and to the 

temperatures during flue gas treatment [70]. Figure 15 gives the vapor pressure of 

relevant heavy metals and their salts as an indication of their volatility [40]. 
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Figure 15. Vapor pressure of relevant heavy metals and their salts [28]. 

3.3.3.1 Mercury (Hg) 

Hg is the most volatile heavy metal; it has a boiling point of 357 °C. It is vaporized as 

elemental Hg inside the furnaces, and, as the flue gas cools, while passing through 

the subsequent heat exchangers and flue gas treatment, oxidation may take place, 

generating Hg+ or Hg2+ -oxides and -salts, e.g. HgO, HgCl2 or Hg2Cl2 and HgSO4 

depending on the availability of Hg, oxidants and on temperature. The formed Hg-

oxides and -salts can be adsorbed on the entrained fly ashes [70]. Hg present in the 

waste as oxide or chloride may be directly vaporized as such. 

When biomass is co-incinerated with coal, the Hg retention in the generated fly ashes 

increases compared to pure coal combustion [70, 146]. Lopes et al. [70] studied the 

partitioning of Hg during the co-combustion of sewage sludge with coal in a 90 kW 

pilot scale FBC. The total amount of Hg (reported as the sum of Hg bound to 

particulate matter and Hg in the vapor phase) in the flue gas, after collection of fly 

ash in a series of two cyclones, increased when sewage sludge was co-incinerated, 
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but less than could be expected from the increase of the Hg concentration in the 

sludge-coal mix compared to coal. Lopes et al. [70] generally concluded that 

retention of Hg in the cyclone ashes was very important, probably because of the 

high quantities of unburned carbon, having a positive catalytic effect on the oxidation 

of Hg.  

Results from different lab scale experiments [63, 70, 146] suggest that at sufficient 

residence times and at temperatures below 300°C, as in e.g. the ash collection 

devices, SO2 adsorbed on the ash particles can generate SO3 and H2SO4, leading to 

formation of HgSO4, which is chemically adsorbed.  

Van de Velden et al. [40] investigated the partitioning of heavy metals in a real scale 

FBC for sludge incineration and concluded that Hg was not retained efficiently in the 

fly ash and was significantly present in the flue gas emitted at the stack, despite the 

presence of scrubbers. The stack gas emissions complied however with local 

regulations. Since the mass balance for Hg could not be closed (the outputs only 

contained 65% of the Hg in the input) due to the limited sampling of the flue gas, it 

was not possible to quantitatively discuss the partitioning. 

Metallic Hg is virtually insoluble in water (59µg/l at 25 °C). HgCl2 is much more 

soluble (73 g/l) and can therefore be separated in wet scrubbers, but the removal 

efficiency can be reduced if SO2 is also present. Efficient removal of HgCl2 therefore 

requires prior and distinct SO2 removal by limestone injection. The removal of 

metallic Hg is obtained by direct deposition on sulfur doped activated carbon, hearth 

furnace coke, or zeolites [58]. 

3.3.3.2 Other heavy metals 
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The partitioning of heavy metals in FBCs not only depends on the properties of the 

metal in question, but also on its speciation, which depends on the chlorine and 

sulfur concentration in the fluidized bed. 

Different lab scale experiments show that Co and Cu mostly remain in the bottom 

ash, while Cd, Pb and Zn are mostly found in the fly ash; Cr, Mn, Ni and V are more 

or less equally distributed between bottom and fly ash [70, 146-147].  Miller et al. 

[146] paid, next to the partitioning of Hg and Cd, special attention to the partitioning 

of Mn by co-combusting agricultural waste, pulp sludge or plastic waste with spruce 

wood-bark under simulated fluidized bed conditions. The ratio between the Mn mass 

retained in the total ash (fly ash and bottom ash) residue and the mass in the fuel fed 

into the reactor was calculated. The Mn retention in ashes of pure wood-bark 

combustion was good, (75-90%) but addition of agricultural waste, pulp sludge or 

plastic waste reduced retention in the ashes markedly (in some cases to as little as 

30%). The authors do however not suggest reasons for this observation and only 

state serious attention must be given to the behavior of Mn when co-combusting fuels 

with different compositions. The same study showed that besides Hg (Section 

3.3.3.1), Cd was the only heavy metal for which the retention ratio decreased (more 

Cd was entrained with the flue gas) when any of the three wastes were co-

combusted with wood-bark. The bad retention of Cd is not surprisingly as 

thermodynamic equilibrium modeling predicts that the metal completely vaporizes 

above 730 °C (as one or more of the species CdOH, elemental Cd or CdCl2) and the 

experiments were carried out at 800 and 900 °C. The lab scale observations of 

Lopes et al. [70], Miller et al. [146] and Shao et al. [147] do not fully corroborate the 

findings of Van de Velden et al. [40], who showed that in a real scale FBC 
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incinerating sewage sludge, not only Cr, Cu and Ni but also Cd, Pb and Zn were 

efficiently retained in the fly ash. 

3.3.3.3 Leaching of heavy metals from FBC ashes 

In the EU, the classification of FBC ashes and residues as inert, non-hazardous or 

hazardous waste partly depends on the leaching of heavy metals and is regulated by 

council decision 2003/33/EC. The recycling of waste incinerator ashes as e.g. 

construction material or fertilizer is not yet regulated on the European level, but in 

many countries limit values for the leaching of heavy metals from waste to be 

recycled exist [148]. The leaching behavior of heavy metals in fly ash is strongly 

influenced by their concentration, speciation and mode of occurrence [55, 68, 149], 

which on their turn depend on the composition of the incinerated waste.  

Izquierdo et al. [68] studied the influence of the waste composition on leaching of 

heavy metals from FBC fly ash resulting from the incineration of wood pellets, 

sewage sludge and blends of these wastes with coal and coal tailings in real scale 

installations. There was no significant difference in the overall leaching of the fly ash 

samples of the different waste blends. Cd, Ni, Pb, Hg, Cu or Zn showed markedly low 

extractable levels and leaching was well below the acceptance landfill criteria of inert 

waste set by EU Directive 2003/33/EC. Se, Sb, Mo, Cr and As behaved however as 

oxyanions in the alkaline liquid/solid environment and showed considerable leaching. 

As a result, the acceptance landfill criteria of inert waste were not met for these 

elements. Only a few heavy metals (Mo, Sb and V) revealed a correlation between 

their concentration in the fly ash and the leached concentration. Gulyurtlu et al. [55] 

conducted MBM and coal co-combustion experiments and also concluded that for 
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most heavy metals there was no correlation between the concentration in the ashes 

and their leachability. 

Abbas et al. [149] studied the behavior of Cr in different ashes from a real scale FBC 

incinerating a mixture of MSW and comparable industrial waste. Even though the 

total Cr concentration was similar in all ashes (bottom, hopper, cyclone and filter ash) 

studied, Cr(VI) levels in test leachates from the bottom ash were about thousand 

times higher than in test leachates from the other ashes. However, it was found that 

the leached amount of Cr(VI) from the bottom ash decreased significantly when this 

ash was mixed with the hopper ash. The authors suggest the coupled oxidation of 

Al(0) to Al(III) and reduction of Cr(VI) to Cr(III) as the most probable cause for the 

decrease. The finding that the mixing of two ash streams from the same boiler could 

result in the immobilization of Cr points at a simple stabilization method. 

Table 10 summarizes, for the major gaseous pollutants, the concentrations formed in 

the combustor, the recommended abatement techniques and typical concentrations 

to be expected in the emitted flue gas of commercial FBC boilers incinerating MSW. 

Table 10. Elemental ash composition (expressed as oxides) of different FBC feeds 

Sample SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 

Forest residue 20.7 47.6 10.2 5.1 3.0 7.2 1.4 2.9 1.6 0.4 

Sawdust 26.2 44.1 10.8 2.3 4.5 5.3 1.8 2.1 2.5 0.4 

Wheat straw 50.4 8.2 24.9 3.5 1.54 2.7 0.88 4.2 3.5 0.09 

Rice husks 94.5 0.97 2.3 0.54 0.21 0.19 0.22 0.92 0.16 0.02 

Chicken litter 5.6 56.9 12.2 15.4 1.0 4.1 0.45 3.6 0.6 0.03 

Meat and bone 
meal 

0.02 41.2 3.2 40.9 2.4 1.38 0.25 4.2 6.4 0.01 

Biomass 
mixture 

34.8 13.2 3.1 18.1 11.4 2.3 10.4 4.6 1.25 0.95 

Demolition 
wood 

36.3 21.4 7.0 5.1 9.7 4.8 7.3 4.1 2.8 1.6 
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Furniture 
waste 

57.2 13.8 3.7 0.5 12.1 3.3 5.6 0.99 2.3 0.5 

Mixed waste 
paper 

28.6 7.6 0.16 0.2 53.5 2.4 0.82 1.7 0.54 4.4 

Greenhouse 
plastic waste 

28.4 25.8 9.7 3.8 3.9 5.7 18.4 2.7 0.8 0.81 

Refuse-
derived fuel 

38.7 26.8 0.23 0.77 14.5 6.5 6.3 3.0 1.36 1.9 

Sewage 
sludge 

33.3 13.0 1.6 15.9 12.9 2.5 15.7 2.1 2.3 0.8 

Peat 37.5 10.0 1.1 2.8 20.1 2.1 13.8 12.1 0.1 0.31 

Coal 54.1 6.6 1.6 0.5 23.2 1.8 6.9 3.5 0.82 1.05 

Lignite 44.9 13.1 1.5 0.2 17.1 2.5 10.8 8.6 0.48 0.81 

Sub-
bituminous 
coal 

54.7 7.1 1.7 0.08 22.9 2.1 5.3 4.1 1.09 1.0 

Bituminous 
coal 

56.1 4.9 1.6 0.22 24.8 1.6 6.7 2.2 0.77 1.15 

 

4. Operating problems during FB waste incineration 

4.1. Agglomeration, sintering and de-fluidization 

A FBC operates with a selected bed material (mostly silica sand, and/or mixtures of 

sand and combustion ash), of a given average particle size, and at such a gas 

velocity that optimum mixing and heat transfer are achieved. Common ranges of 

operating conditions have been described in Section 2. This gas velocity and the 

corresponding gas flow rate can only be changed within certain limits to e.g. avoid 

excessive carry-over or to operate the FB in the slugging regime, where bubbles of 

large diameter cause significant pressure fluctuations in the FB. Although a limited 

particle growth can hence be tolerated, segregation and subsequent de-fluidization 

are likely to occur if the particle size exceeds the allowable maximum in view of bed 

mixing [150]. 
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The problems of high-temperature FBC de-fluidization due to agglomeration, 

sintering or other particle-growth phenomena have been investigated and reported by 

numerous research teams, both for lab-scale and full-scale combustors. Sintering 

and agglomeration are often interchangeably used to describe the same resulting 

effect i.e. the increasing particle size of the bed material due to specific operating 

parameters; the mechanisms of agglomeration and sintering are however different.  

Agglomeration is often the result of the in-bed formation of low melting point eutectic 

mixtures through the reaction of mostly alkali compounds of the waste feed with the 

silica bed materials: chemical transformations play an important role, and Na and K 

are the main alkali metals responsible for agglomeration, whereas calcium is a known 

inhibitor. The ratio Ca/(K + Na) is hence presented as a useful indicator for the risk of 

agglomeration in a FBC. Agglomeration can already occur at relatively low 

temperatures. The underlying mechanisms will be discussed in Section 4.2.  

Sintering of the bed materials can also cause particle growth if the bed material is 

allowed to reach its sintering temperature, due to e.g. a non-uniform temperature and 

local hot spots in the bed. 

Agglomeration can however also occur as a result of liquid and/or salt bridges (near 

the feeding point of wet feed), or can be due to aggregate formation of the bed 

material with the char (i.e. the carbonaceous residue remaining after combustion) or 

with partly burned polymers. 

Whereas sintering and agglomeration result in an increasing particle size of the bed 

material and/or residual ash, attrition reduces the particle size. Attrition of the bed 

material (sand or similar inert material) is normally limited to an insignificant amount 

(less than 50 kg/week of bed material that is lost in a large-scale fluidized bed 
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incinerator). Attrition of the waste being fed is more important and needs to be 

considered with the design of the freeboard to guarantee an acceptable burn-out, as 

dealt with in Section 2.6.1 of this paper.  

Since the particle growth of the bed material will eventually (on a very short or longer 

time scale) lead to de-fluidization, an appropriate prediction of the 

agglomeration/sintering characteristics is essential, and preferably coupled with on-

line follow-up measurements. De-fluidization will lead to a required shutdown of the 

FBC. Preventive and counteracting measures may need to be taken, such as 

reducing the operating temperature, reducing the feed rate, selecting alternative bed 

materials, or using additives to avoid the formation of a sticky layer by preferentially 

forming other components with higher melting points. These single or combined 

measures will also be dealt with in the following sections. 

Since the waste incinerated in a FBC usually contains organic and inorganic 

compounds, the ash content and its chemical composition, as well as char-residue 

from incomplete burn-out, are a strong function of the waste species under scrutiny. 

The most important elements in the ash are O, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, 

Mn, and Ti [151]. An extensive literature survey [23, 30, 151-161] and own analyses 

have provided detailed data on the ash composition for some types of biomass. 

These are shown in Table 11 along with data for fossil fuel and other potential FBC-

feedstock. 

Table 11: Major gaseous pollutants: concentrations formed in the combustor, 

recommended abatement techniques and typical concentrations to be expected in 

the emitted flue gas of commercial FBC boilers incinerating MSW. 
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Pollutant Reference 
and waste 
type 

Concentration 
formed 
mg/m³ 

Recommended 
abatement 
technique 

Expected emission 
concentration 
mg/m³ [115-116, 
135] 

CO [57] Paper and 
plastic waste + 
coal 
 
[58] Plastic, paper, 
wood and textile 
blend 
 
[63] Meat&Bone 
meal + coal 
 
[67] Peach stone 
Apricot stone 
 
[71] Rice husk + 
coal 
 

120 – 520* 
 
 
 
150-300  
 
 
 
200-1400*  
 
 
1500 
6500 – 13000 
 
60-300* 

Complete combustion by 

 sufficient residence 
time (design, gas 
velocity) 

 optimum excess air 
ratio by injection of 
secondary air 

14 - 40 
 

HCl [56] RDF + coal 
 
[64] Meat&Bone 
meal + coal 
 
[74] PVC + coal 
 
 

220 – 1600* 
 
25 – 150 
 
 
90 – 250* 
 
 

 addition of calcium 
based compounds 
(CaCO3 , CaO, 
Ca(OH)2 or CaSO4) 
into the bed  

 injection of CaO, 
NaHCO3 or milk of 
lime (Ca(OH)2) in the 
post combustor zone 

 scrubbing with water 
at neutral or alkaline 
pH 
 

0.1 – 8 

SOx [57] Paper and 
plastic waste + 
coal 
 
[58] Plastic, paper, 
wood and textile 
blend 
 
[63] Meat&Bone 
meal + coal 
 
[64] Meat&Bone 
meal + coal 
 
[67] Coal 
 
[71] Rice husk + 
coal 
 
[74] PVC + coal 
 

400 – 920* 
 
 
 
20 – 80 
 
 
 
650 – 800* 
 
 
30 – 1000 
 
 
2300 
 
10 – 300* 
 
 
70 – 250* 

Same techniques as for the 
abatement of HCl 

1 – 1.6 

NOx [56] RDF + coal 
 
[57] Paper and 
plastic waste + 
coal 
 
[63] Meat&Bone 
meal + coal 
 
[58] Plastic, paper, 
wood and textile 
blend 
 
[67] Peach or 

270 – 380* 

 
220 – 550* 

 
 
 
470 – 950*  
 
 
80 – 240 
 
 
 
200 - 300 

 Air staging to obtain 
O2 lean primary 
combustion and 3% 
O2 excess in 
secondary 
combustion zone 

 SCR or SNCR 

90 - 150 
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Apricot stone 
 

PM10 [54] Meat&Bone 
meal + coal 
 
[69] Different 
biomass + Coal 

88 – 392 
 
 
250 – 1000 
 
 

Electrostatic precipitator 
or baghouse filter 

0.6 – 1 

PCDD/Fs [56] RDF + coal 
 
[64] Meat&Bone 
meal 
 
[69] Coal 
Meat&Bone meal 
Straw pellets 
 
[137] Wood + PVC 
pellets 
 
[138] Salt-laden 
waste wood 
 

0.39 – 0.45 ngTEQ/m³ 
 
0.496 ng I-TEQ/m³ 
 
 
1.1 ng I-TEQ/m³ 
549 ng I-TEQ/m³ 
42950 ng I-TEQ/m³ 
 
0.03 – 0.11 ngTEQ/m³ 
 
 
< 1 – 120 ngTEQ/m³ 

 Assuring complete 
combustion (see CO) 

 Limitation of flue gas 
residence time in 200 
-400°C temperature 
zone 

 Adsorption on 
injected reagents e.g. 
activated carbon 
powder 

 Catalytic oxidation 
 

0.001 - 0.01 ngTEQ/m³ 

PAHs [137] Wood + PVC 
pellets 
 
[141] Coconut 
shells 
 
 
 

2.74 – 6.92 µg/m³ 
 
 
9588 – 43123 µg/m³ 
 

Same techniques as for the 
abatement of PCDD/Fs 

0.80 – 7.4 µg/m³ 

* calculated from ppm 

Ash and/or char not only cause agglomeration and de-fluidization, but also lead to 

deposits in ducts or on boiler tubes where they reduce heat transfer, and can cause 

severe corrosion at high temperature [155].   

4.2. Fundamentals of agglomeration 

4.2.1. Mechanisms of agglomeration 

In the context of the present paper, agglomeration is considered as the “sticking” of 

particles “stick” together and inducing particle growth due to:                              

 physical or chemical forces between individual particles.                                                                                                     

 chemical or physical modifications of the solids triggered by specific 

process conditions. 
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 the presence of binding substances that adhere chemically or physically to 

the solid surfaces forming an inter-particle bridge. 

Due to the particle growth, the reduced mixing at the given operating gas velocity can 

lead to segregation with poor combustion at the bottom of the bed (lower 

temperature) and excessive combustion in the upper bed region with associated 

higher temperatures, thus increasing the risk of further agglomeration and even 

sintering of the bed material. The partial, localized segregation can induce 

channeling of the bed, as indicated by an abrupt decrease in bed pressure drop. 

Finally, the operation must be stopped and the bed material emptied and replaced. 

Normally, quartz sand is used as bed material in FBCs. Öhman et al. [162] proposed 

a three-step agglomeration mechanism based on experimental investigations, and 

illustrated in Figure 16.  

Step 1: Ash is deposited on the surface of the bed material by combined attachment 

of small particles on the bed particle surface, condensation of gaseous alkali species 

(e.g. KCl, KOH, K2SO4) and chemical reaction of alkali metals on the bed material 

surface.  

Step 2: Continuous deposition of ash on the bed particles proceeds and the inner 

layer of the coating is probably homogenized and strengthened via sintering.  

Step 3: Partial melting continues along with and further agglomeration of covered 

particles, controlled by adhesive inter-particle forces.  
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Figure 16. Agglomeration mechanisms [163]. 

The chemical composition of the coating layer affects its melting temperature. When 

the coating has built up an adequate amount of the molten phase, it develops the 

adhesive forces that can cause bed agglomeration, which in the most severe case 

results in de-fluidization. The first two steps cause the layer to grow outward on the 

particles and all the elements in the layer originate from the waste feed material. In 

the third step, the layer extends as the reactive elements react with the bed particles. 

In all three cases, growth is hampered by abrasion of the layer by the shear action of 

bed particles [21, 163]. As the deposition on the bed particles proceeds with time, the 

inner layer of the coating is homogenized and strengthened via sintering, started as 

neck growth between the particles, resulting at first in a porous network of particles 

attached to each other, however progressively densifying into a continuous, non-

porous coarser particle.  

Figure 6. Melt-induced agglomeration (Visser et al., 2002).

defluidization, although abrasion could reduce the size of the

agglomerates to a certain extent.

Coating Induced Agglomeration

The other type of agglomeration, called “coating-induced”

agglomeration, is more common and is the dominant process in

most commercial scale installations. Here, a coating or “onion-

ring layering” (Saleh et al., 2003) is formed on the surface of the

bed materials. The coating-induced agglomeration is also called

heterogeneous agglomeration since the amounts of alkali and

silicon that come from fuel ash or from additives are relatively

low. Thus the sticky phase formed by their reaction is only able

to cover the bed particles with a very thin layer as shown in

Figure 7.

Ohman et al. (2000) described the process of agglomeration

as ash deposition on the bed material. It is a combination of

the three processes: an attachment of small ash particles to the

surface of the bed particles, condensation of gaseous alkali species

(KCl, KOH, K2SO4, and K) on the bed particles and/ or a chemical

reaction of gaseous alkali substances with the surface of the bed

particles. The first two types cause the layer to grow outward on

the particles which act as inert carriers for the layer material.

Figure 7. Coating-induced agglomeration (Visser et al., 2002).

In this case all the elements in the layer originate from the fuel.

In the third process, the layer grows inward into the particle as

the reactive elements react with the bed particles. In all three

cases, growth is tempered by abrasion of the layer by other bed

materials and/ or diffusion limitations (Onderwater et al., 2006).

The deposition of solids on bed materials occurs by a

combination of the three processes (see left hand sketch on

Figure 8). With time, as the deposition on the bed particles

proceeds, the inner layer of the coating is homogenised and

strengthened via sintering (middle sketch on Figure 8). The

chemical compositions of the homogeneous coating layer affect

the first melting temperature of the coating. Ohman et al. (2000)

studied eight types of biomass fuels (wheat straw, wood, peat,

cane trash, wood residue, reed canary grass, bark and RDF), but

did not find alkali sulphates and chlorides in the homogeneous

layer of the coating. Thus alkali sulphates and chlorides are

unlikely to participate in the bed agglomeration process. When

the coating has built up adequate amount of the molten phase

it develops the adhesive forces that can cause bed agglomeration,

which in the most severe case results in defluidization (right hand

sketch on Figure 8) (Ohman et al., 2000).

Figure 8. Agglomeration process (Ohman et al., 2000).
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Additional less important mechanisms of forming agglomerates have been identified, 

i.e. through deposition of fine sand particles onto a char particle [46].  

4.2.2. The chemistry of agglomeration 

The majority of the agglomeration phenomena at high temperature is induced by 

chemical reactions that produce cohesive particles, low-melting ash forming the 

dominant contribution [164]. Sulfur, chlorine, iron, phosphorus, vanadium, alkali and 

alkaline earth metals take part in the agglomeration reactions, as illustrated in the 

examples below. 

If a waste sludge containing sulfur is incinerated or if high-sulfur fuel is used as 

auxiliary fuel, the eutectic melting temperature of combined chlorides or sulfates can 

be quite low. A 65/35 mixture of Na2SO4 and NaCl has a melting point of 621°C, 

compared to 884 °C for Na2SO4 and 801 °C for NaCl. Magnesium has a similar 

effect, and a 60/40 mixture of Na2SO4 and MgSO4 melts at 660°C [165]. 

Chlorine plays a very important role in terms of the formation of alkali silicates as it 

increases the volatility (or mobility) of the alkali metals. Alkali metals can be released 

them as alkali chlorides and hydroxides in the gas phase. The chlorine concentration 

often determines the amount of alkali metal vaporized during combustion more 

strongly than the alkali metal concentration itself. In most cases, chlorine appears to 

play a shuttle role, facilitating the transport of alkali metals from the fuel to the 

surface. In the absence of sulfur, chlorides often reside on the surface [46]: the 

presence of chlorine in the feed leads to increased deposition rates, while the 

presence of sulfur suppresses deposition. 

It has also been mentioned that an excess of sulfur in the flue gas prevents fouling by 

facilitating the sulfation of alkali chlorides and making the ash less sticky: According 
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to equation 8, the sulfation reaction is complete when the (starting) Cl/S molar ratio is 

below 2, with higher ratios corresponding to an excess of chloride.  

2MCl+SO2 +1/2 O2 +H2O  M2SO4 +2HCl, where M = K or Na (8) 

Assuming that sulfation reactions are correlated with lower deposition rates, it would 

ideally be expected that deposition is reduced for Cl/S below 2 mol/mol. It is however 

possible that less S is available than anticipated from the fuel ash analysis since S 

may be captured by Ca2+ compounds. Another explanation for the excess 

requirement of S could be kinetic restraints of the sulfating reaction, especially during 

the intermediate step of SO3 formation [166-167]. A recent patent claims that 

spraying a solution of ammonium sulfate into the flue gas prevents deposit formation 

[168]. 

If sufficient Fe2O3 is present in the ash, the rate of formation of agglomerates may be 

reduced since Fe2O3 reacts preferentially with the alkali compounds present in the 

bed according to equation 9: 

Fe2O3  + M2O  M2Fe2O4  and  Fe2O3 + M2CO3  M2Fe2O4 + CO2 (9) 

(where M can be K or Na). 

Alkali metals are hence no longer available, whilst compounds with melting 

temperatures in excess of 1135 °C are produced [169]. Fe2O3 can moreover convert 

sodium or potassium silicate glass into a high-melting-point crystalline form by 

equation 10 [165, 170]: 

Na2O•3SiO2 + Fe2O3 + SiO2  Na2O•Fe2O3•4SiO2 (acmite, with melting point 955°C) 

(10) 
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Meta-phosphate of sodium (NaPO3) and/or of potassium (KPO3) can be formed if a 

sludge contains organic phosphorus: these meta-phosphates melt at low 

temperatures (682°C and 807°C, respectively). Scale formation in the exhaust gas 

duct or on the wall of the reactor occurs by a two-step reaction. In the first step, iron 

phosphate reacts with calcium chloride in the solid phase to produce calcium 

phosphate with the release of gaseous iron chloride according to equation 11:  

2FePO4(s) + 3CaCl2(s) Ca3(PO4)2(s)+ 2FeCl3(g) (11) 

In the second step, gaseous iron chloride reacts with water vapor in the reactor 

freeboard and exhaust gas duct to form specular hematite, releasing hydrochloric 

acid, according to equation 12:  

2FeCl3(g) + 3H2O(g)  Fe2O3 + 6HCl(g) (12)                                                                                                 

The precipitated product forms scales and layers of red deposits in the duct and on 

the roof dome of the combustor [165]. The formed HCl is moreover a source of 

concern, both for its corrosive character and towards stack emissions (Section 

3.2.2.). 

Heavy metal elements (such as vanadium and nickel) can significantly lower the ash-

melting point when petroleum coke is co-fired with limestone in CFB boilers, leading 

to agglomeration problems in the combustor or loop seal of a CFBC due to the 

formation of molten ash compounds. Increasing the amount of limestone cannot only 

enhance the effect of desulfurization, but also catch vanadium into ash. The 

vanadium in the deposits is present as high melting point calcium vanadates and, 

therefore, unlikely to form low melting point eutectic mixtures [171-172]. 
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The alkaline earth metals, Mg and Ca have a dual effect, since they can either inhibit 

or promote agglomeration. At low (Na or K)/Mg and (Na or K)/Ca molar ratios, Mg 

and Ca significantly inhibit agglomeration. This inhibition diminishes with increasing 

concentration of Na, and is no longer apparent at a molar ratio of (Na or K)/Mg or (Na 

or K)/Ca in excess of 2. The final effect is a function of competing reactions between 

the bed material (SiO2) and the alkali and alkaline earth metals, forming either e.g. 

potassium silicate (with melting point approximately 750 °C) or calcium silicate 

(melting point approximately 1000 °C) [163]. The ratio of Ca/(Na + K) in the fuel can 

hence be used as an index for agglomeration reduction [26], with a higher value 

reducing the probability of agglomeration.  

NaCl and KCl melt at normal operating conditions of the CFB (780-900 °C): NaCl and 

KCl have melting points of 801°C and 776°C, respectively. They moreover have 

significant vapor pressures at these temperatures and form eutectic mixtures with 

ash or bed material. Potassium is the dominant source of alkali in most solid biofuels. 

It has been observed in biomass-fired FBCs, especially when feeding herbaceous 

biomass, that the bond of agglomerates is mainly composed of silicon and 

potassium, sometimes with a small amount of calcium, indicating that compounds 

consisting of K2O–SiO2 and/or K2O–CaO–SiO2 are formed. The ash characteristics of 

biomass differ from those of coal, with biomass ashes normally dominated by silicon, 

potassium and calcium whilst containing little aluminium (Table 11). Potassium is 

dispersed in biomass in different forms, e.g. organo-metallics and salts, while silicon 

occurs primarily as hydrated silica grains. During combustion, potassium is likely to 

be volatilized as KCl if chlorine is present in the fuel. Without chlorine, KOH, K2O, 

K2SO4 or K2CO3 may be formed. Alkali and alkaline earth metal ions associate 

primarily with sulfate, carbonate and/or chloride ions during ash formation. The 
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presence of SiO2 in herbaceous biomass can significantly affect the partition of K 

released to gas phase and fixed in the solid phase. If the bed material of a FBC is 

silica sand or if there is SiO2 present, as in waste sludge,  NaCl combined with water 

vapor from the bed will react with silica and form sodium silicate glass according to 

equation 13:  

3SiO2 + 2NaCl + H2O Na2O-3SiO2 + 2HCl (13) 

KCl is vitrified in a similar manner. The alkali oxides or salts can also react with Si 

compounds of the bed material according to equation 14: 

2SiO2  + Na2 CO3 Na2O-2SiO2  + CO2 (14) 

Eutectics with low melting points are formed. The eutectic melting point of K2O–CaO–

SiO is even lower. The silica sand bed may start to get sticky at a bed temperature as 

low as 630°C. The formation of liquid phase on the sand particles will interfere with 

fluidization. Experience indicates that the upper acceptable limit of liquid phase in the 

bed material is 1wt%. [164-165, 169, 27, 173]. The melting of K2O–SiO2 compounds 

is clearly identified as the coating layer on the sand surfaces, which causes the 

formation of agglomerates, leading possibly to de-fluidization.  

It is also very likely that agglomerates are initiated from burning char particles, whose 

surface temperature is normally 50 to 100 °C higher than the average bed 

temperature [174], with coating of a bed particle as result. Thermodynamic 

equilibrium calculations show that potassium silicates are the main stable condensed 

phase potassium species, which agrees with the analysis of the agglomerate 

samples [175]. 
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Gas–solid reactions may alter the composition of ash. For example, sulfur dioxide 

present in the gas phase at relatively low temperatures (<800 °C) will react with 

potassium forming K2SO4, which has a higher melting temperature than the eutectics 

of silicates. In addition, gas–gas reactions may change the gas-phase composition 

and route of formation of sub-micron particles (aerosols). A typical example is given 

as equation 15: 

2 KCl  + SO2 + H2O + ½ O2   K2SO4 + 2 HCl (15) 

Reduced amounts of gas-phase KCl may decrease the probability of depositing 

potassium compounds on the sand particles by condensation [27]. 

The sample composition data of Figure 17a [176] can be grouped in three well-

defined zones in the ternary diagram of the K2O-CaO-SiO2 system. The temperatures 

at which a melt phase starts to form are indicated in the phase diagram of Figure 17b 

[177]. Figure 17b is a 2D representation of a 3D ternary phase diagram. It indicates, 

as a function of the concentration (%) of the three considered components, the 

“solidus” and the “liquidus” temperatures. The solidus temperature is the temperature 

at which a particle with a certain composition starts to form a solid phase-liquid phase 

system. Above the liquidus temperature, there is only a liquid phase.   In a 3D ternary 

phase diagram, the “solidus” surface indicates the solidus temperature of a system 

as a function of the concentration of the three considered components.  Analogously, 

the “liquidus” surface indicates the liquidus temperature as a function of the 

concentration of the three considered components. 

A 2D- ternary phase diagram as shown in Figure 17b consists of a projection of 

liquidus and solidus surfaces. The liquidus surface is projected as a contour plot 

(curved lines) with an indication of the temperatures. The projection of the solidus 
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surfaces consists of various triangles (straight “• –“ lines). The solidus temperature 

then equals the lowest liquidus temperature in that triangle. In a eutectic point, a 

single phase transition from solid to liquid takes place, thus corresponding to equal 

liquidus and solidus temperature. If a eutectic point is present in a solidus surface 

triangle, the solidus temperature equals the melting temperature of the eutectic.  

Samples with visible molten material are all confined in the low CaO region of the 

diagram (Figures 17a and 17b) with a K2O content in the range 5–25%. This zone is 

clearly located in the lower right section of the phase diagram, where low-melting 

point eutectics appear. Samples showing a sand surface without visible molten 

material are confined in the nearby region on the right, with a K2O content in the 

range 0–10% and a SiO2 content above 90%. In this region, silica sand is the solid 

phase, and the reverse lever rule shows that the amount of liquid phase is low. On 

the other hand, the composition of the ash structures deposited on the sand surface 

(without melt formation) is situated in a region with a moderate-to-high CaO content 

(20–80%). A correlation between the degree of melting of the ash structures and the 

CaO content was found: the lower the CaO fraction, the higher the melting degree of 

the ash sample. This is in agreement with Figure 17b, showing higher melt 

temperatures for CaO-rich systems.  
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Figure 17: Ternary diagram of the system K2O–CaO–SiO2 showing the measured 

composition of different zones on the surface of agglomerated samples, obtained by 

semi-quantitative SEM/EDX spot analyses [179] 
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The results support the ash deposition–melting mechanism: the ash released by 

burning char particles inside the agglomerate is quantitatively deposited on the sand 

surface and then gradually embedded in the melt. The low-melting point compounds 

(K and Na) migrate towards the sand surface enriching the outermost layer, while the 

ash structure is progressively depleted of these compounds (and enriched with Ca 

and Mg). From the different ternary diagrams presented in literature [178] it is evident 

that the silica group (SiO2), alkaline earths (CaO and MgO) and alkali groups (K2O 

and Na2O), representing a major fraction of the ash content, are the critical eutectic 

compounds. Sintering is unlikely when CaO > 50%, as in cork, poplar, brassica and 

thistle, or if SiO2 > 50% along with K2O > 15%, as in eucalyptus, rockrose and olive 

trees [178]. Although ternary phase diagrams are useful to predict the ash behavior, 

there are no clear correlations to plot concentrations of the melting ash-elements 

against the eutectic temperatures, because the chemistry involved in ash 

agglomeration or sintering is complex and cannot be clarified by the presence of only 

one or two components. 

4.3. Fundamentals of sintering 

The onset or initial sintering temperature, when the particles themselves begin to 

sinter by softening of surface and the formation of inter-particle bonds, is often lower 

than the fusion temperature of the bulk material and is called the "minimum sintering 

temperature".  

Ash sintering may cause problems in FBCs, as it densifies particles to a compacted 

hard mass. It can form bed agglomerates in the furnace and in the cyclone, and can 

lead to plugging of the cyclone return leg. In the worst case, a complete bed de-

fluidization may occur. Increasing the fluidizing velocity can prevent de-fluidization. 

Increasing the initial size of the bed particles, accompanied by an increased 
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operating velocity, reduces the above phenomena, due both to a lower surface area 

presented, and to higher shear forces generated, capable of breaking initial bonds 

[179].  

There are 3 types of sintering i.e. sintering caused by partial melting, also described 

as reactive liquid sintering, viscous flow sintering, and chemical reaction sintering.  

In biomass-fired FBC boilers, partial melting is considered as the main mechanism 

leading to bed agglomeration: alkali compounds can melt into low-viscous melts, and 

act like a bonding agent. Sintering, in this case strongly depends upon the amount of 

the melt, which in turn is a function of temperature and chemical composition. The 

amount of liquid phase controls the stickiness of the particles and the agglomeration 

of the particles. The clinker bridges formed were identified to be associated with the 

elements Al, Fe, V, K, Na, S, Ni, and Si [46, 180-182]. 

A highly viscous melt, referred to as viscous flow sintering, may occur in the 

presence of silica, common bed material in FBCs. This kind of melt poses the 

greatest problem due to the formation of a vitrified phase which does not crystallize 

upon cooling, acting like a super cooled liquid phase. Inorganic alkali components 

from the fuel, mainly K and Na, can be a source for agglomeration by the formation of 

low-melting silicates with the bed silica. As a consequence, the sand particles 

become coated with an adhesive layer. Sand particles with a sticky surface then grow 

towards larger agglomerates due to the formation of permanent bonds upon 

collisions. [181, 183]. 

Chemical reaction sintering occurs when reaction between the particles produces a 

new compound which forms necks between the particles, as seen e.g. in gas-solid 

chemical reaction sintering in pressurized FBCs with limestone injection for flue gas 
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SO2 removal. Laboratory experiments revealed that if CaO could react with a gas 

such as SO2 or CO2, forming CaSO4 or CaCO3 respectively, the particles coalesced, 

forming a dense and hard material. The sintering temperature decreased to about 

600°C [181]. This mechanism is also called molecular cramming, an effect described 

as filling empty spaces, i.e. pores or interstitial spaces, in materials restricted to a 

given volume by the increase of the molar volume of the reacting components. The 

(complete) sulfation of CaO into CaSO4 yields a volume increase of ~ 40% and is 

expected to be the major effect here. This mechanism is taking place in absence of 

fuel-derived ash, which otherwise could possibly provide discontinuities in the 

deposits allowing them to break up [171]. 

Sintering can produce agglomeration, with silica and the heating value of the fuel as 

important parameters. Based upon this finding, Hulkkonen et al. [184] proposed that 

the sintering tendency is severe when fuel constituents exceed the following limits: 

 

4.4. Melt and coating induced agglomeration 

4.4.1. Agglomeration by liquid bridges 

A specific agglomeration problem occurs if a liquid is slowly added to the FBC and 

exceeds a threshold limit. If excessively wet biomass is fed into a fluidized bed, first 

the liquid droplets contact the bed particles in the feed zone before spreading over 

the particle surface forming wet embryonic agglomerates due to liquid bridges. De-

fluidization could thus occur near the feed zone. As the liquid dries, bridges are 

broken, but if the liquid contains dissolved solids like in slurry fuels, the liquid bridges 

may be converted to solid bridges. If the binding strength of the solid bridges 
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exceeds the break-up forces of fluidization, size growth will occur [26]. Uniform 

feeding of wet feedstock across the FBC cross sectional area is therefore 

recommended, as further discussed in Section 4.9. 

4.4.2. Melt and coating induced agglomeration 

This phenomenon is somewhat similar in mechanism to agglomeration by liquid 

bridges. During biomass conversion in a FBC, a large part of the ash leaves the 

installation as fly ash, while a smaller part remains in the bed. Visser et al. [185] 

recognized two extreme types of agglomerates. One extreme, Type 2 of Figure 18, 

results from “melt-induced” agglomeration, where the bed material grains are “glued” 

together by a melt phase formed from small ash particles, with the same chemical 

composition as the ash produced at normal operating temperature. The other 

extreme type of agglomerates, Type 1 in Figure 18, is more commonly observed in 

commercially operated FBCs using woody fuels and results from coating-induced 

agglomeration. Here, a uniform coating is formed on the surface of the bed material 

grains. At certain critical conditions of e.g., coating thickness and/or temperature, 

neck formation may occur between coatings of individual grains, which initiates the 

agglomeration. Type 1 is the dominant process in most commercial- scale 

installations.  
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Figure 18. Agglomeration of bed material after formation from the gas phase (1) or 

melt formation of ash components (2). 

A combination of melt-induced agglomeration and coating- induced agglomeration 

can occur under certain critical conditions. When the coating thickness is sufficiently 

large or if the temperature exceeds 1000°C, neck formation may start between the 

coatings of individual grains, initiating agglomeration. The neck remains in a highly 

viscous liquid phase [180]. Both types of agglomeration can be observed 

simultaneously in one bed : a large number of individual particles can stick together 

to form one larger size agglomerate, or many coarse agglomerates of three to six 

sand particles can firmly stick together [186].  

A specific melt-induced agglomeration can occur when polymers are fed to the FBC. 

The polymer pellet injected into the FBC is quickly heated up by the high-rate heat 

transfer: the temperature of the outer shell exceeds the colder temperature of the 

particle centre and quickly reaches the softening point, so that the outer shell 

becomes adhesive. A polymer-sand aggregate forms at this initial stage: the core of 

the aggregate is made of the plastic pellet while the external shell is formed by the 

sand particles stuck on the adhesive surface of the polymer. An increase in particle 

temperature over the melting point leads to the cracking of the polymer weaker 

bonds. The resulting aggregate is made of several layers of sand kept together by 

the polymer not yet devolatilized (as in the case of PE) or by the sticky carbon 

residue (as in the case of PET). This means that, depending on the nature of the 

polymer, and in particular on the presence or not of a sticky carbon residue, the 

polymer flowing throughout the sand particles can lead to a faster crumbling of the 

aggregates (as in the case of PE) or can promote the adhesion of several layers of 

inert material, until the polymeric mass completely flowed throughout the sand (as in 
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the case of PET).The first leads to elutriation of fines, the second to agglomeration, 

which generates aggregates that may grow so large as to lead to operating difficulties 

and, in some cases, bed de-fluidization [187]. 

4.5. The fuel particle temperature as important parameter in de-fluidization 

problems 

The fuel particle temperature is an important additional parameter besides the 

average bed temperature; the fuel particle temperature largely depends on the 

combustion rate, radiation properties and heat/mass transfer in the boundary layer. 

Based on batch combustion experiments in a lab-scale fluidized bed [175] proposed 

that the onset of agglomeration takes place around burning char particles. During 

char combustion, the temperature of the burning char particles is higher than that of 

the bed, causing the inorganic matter in the char particle to melt and migrate to its 

surface. Char particles then become very adhesive and capture sand particles upon 

collision, forming agglomerates and coating the sand surfaces with the sticky melts. 

The ash deposition on bed particles will be dominated by the fuel particle 

temperature, whereas the agglomeration of ash-covered bed particles will be 

dominated by the average bed temperature. Chirone et al. [164] confirmed the 

presence of ash-layered bed material at an average bed temperature below the 

melting points of potassium-silicates. Moreover they proposed that small char 

particles to detach from the coarse char particles. The temperature from those fines 

is then quickly rising, possibly beyond the melting temperature of potassium-silicates 

compounds. Subsequently, they collide with bed particles and form a softened 

phase. The deposit thickness increases with continued adhesion of fine material, but 

only at temperatures beyond the ash-melting range of potassium–silicates, which 

eventually lead to agglomeration and de-fluidization [188]. 
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4.6. Reducing the risk of FBC de-fluidization 

4.6.1. Off-line and on-line detection methods 

Possibilities to measure the agglomeration tendency off-line include measuring the 

rheology of ash at high temperature and determining the composition of inorganic 

compounds in the fuel. Additional techniques involve the simultaneous dilatometry–

electrical conductance measurements, ASTM fusion test, dilatometry,TMA, 

differential thermal analysis combined with thermogravimetric analysis (DTA/TGA), 

compression strength test of previously heated ash pellets, ‘‘yield stress’’ analysis, 

ash fusibility and disintegration of pre-heated ash experiments [27]. Measuring the 

compression strength in a testing device shows e.g. the point where the values 

deviate from their baseline, characterized by a relatively sharp increase, which has 

been taken as the ‘‘sintering temperature’’ [181]. 

Several analytical methods allow determining the composition of the coating layer of 

the agglomerate. These techniques include: chemical fractionation and analysis, 

controlled fluidized bed tests, determination of the melting behavior of layers on bed 

particles, scanning electron microscope (SEM), energy dispersive X-ray analysis 

(EDX), thermogravimetric analysis/differential thermal analysis (TGA/DTA), 

thermogravimetric analysis/ differential scanning calorimetry (TGA/DSC), 

thermomechanical analysis (TMA), and dynamic mechanical analysis (DMA). The 

early detection of the onset of agglomeration may provide the operator with an 

opportunity to take corrective measures to avoid the phenomenon. The controlled 

fluidized bed agglomeration (CFBA) method, the pressure variance calculation and 

the early agglomeration recognition system (EARS) are such methods. Absolute and 

differential pressure measurements, acoustic emission, temperature measurements, 

detection of relevant gas phase components, determination of the amount of fines in 
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the exit gas stream, combination of various bed characteristics (bogging index) and 

high-frequency weight measurements are more indirect ways to detect the actual 

agglomeration effects and more difficult to implement in existing fluidized bed 

processes [27]. 

4.6.2. Effect of operating parameters on the de-fluidization time 

A simple model has been developed to describe the de-fluidization time as a function 

of parameters such as temperature, fluidization velocity and particle size. Although 

the agreement between model and experimental data is very good, more work is 

needed for comprehensive modeling of the agglomeration phenomena [175]. A 

decrease in temperature can extend the de-fluidization time significantly, probably 

due to the much slower sintering of the agglomerates at lower temperatures. 

Increasing the bed temperature increases the melting rate of ash and decreases its 

viscosity, both parameters affecting the stickiness of the sand particle coated by ash 

and accelerating the de-fluidization process. The staged combustion is an effective 

means: primary air burns the solid residue of biomass at a relatively low temperature 

while the secondary air, injected above, could burn the released volatiles at a higher 

temperature [21, 169]. The de-fluidization time will also be extended if the gas 

velocity increases, since the higher turbulence will increase the breakage of incipient 

bonds. A bed of coarser particles will suffer from reduced mixing at a given velocity, 

resulting in a reduced de-fluidization time when using larger particles [164, 175]. 

Recent work by Lin et al. [189] focused on the effect of the particle size distribution 

(PSD) on agglomeration and de-fluidization in a fluidized bed. The size of the 

feedstock fuel does not significantly affect the agglomeration tendencies of fluidized 

beds [189]. Reducing the air/fuel ratio will reduce the melting temperature of the ash, 

whereas the temperature of a burning particle is lower. The combination of these two 
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opposing effects, therefore, results in a minor effect of the combustion stoichiometry 

on the agglomeration tendency [175]. Pressure has a marginal effect on the 

agglomeration tendency, with an increase in pressure from 10 to 15 bars producing a 

same effect as an increase in temperature of 10°C [170]. 

Other parameters include the sand to fuel (straw) ratio [175]. Models to describe 

agglomeration and de-fluidization have also been proposed: although they elucidate 

the underlying mechanisms and important parameters, their use cannot predict the 

overall behavior [178, 181, 190]. 

4.6.3. Methods to reduce the risk of agglomeration and sintering  

The previous treatment of agglomeration and sintering has already pinpointed some 

applicable measures to counteract agglomeration phenomena, including: 

 The use of other materials as bed material as an alternative to sand: alumina 

(Al2O3), magnesite MgCO3, magnesium oxide, feldspar (a major component of 

earth’s crust), dolomite (CaCO3.MgCO3 ), ferric oxide(Fe2O3 ), limestone or 

calcite (CaCO3 ), lime, blast-furnace slag, mullite-sand (2SiO2.3Al2O3), clay, 

bone ash, sillimanite (Al2SiO5), bauxite, magnesite. All of these are lower in 

SiO2 and richer in Mg, Ca, or Al oxides compared to the conventional bed 

materials sand and quartz [26-27]. Other possible materials are zirconium salt 

and Ni-Mg-catalyst.  

 Addition of additives to increase the melting temperature of ash during the 

combustion of biomass. They decrease agglomeration, corrosion, fouling and 

slagging [169, 191]. Materials that can be used as additives are dolomite 

(CaCO3.MgCO3), kaolin (Al2Si2O5(OH)4), alumina, calcium oxide, magnesium 

oxide, limestone (CaCO3), aluminite, bauxite, gibbsite (Al(OH)3), andalusite. 
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Kaolin, mainly consisting of kaolinite (Al2O3.2SiO2.2H2O) is an hydrated 

alumino silicate and has received considerable attention in the literature (e.g. 

[165, 173, 182, 193-194]). The additives dolomite and kaolin for example 

improved the agglomeration index, i.e. the Ca/(Na+K) ratio of the neck-

composition of agglomerates in RDF and MBM fired bed from 0.3 to 1 and 2.6, 

respectively, indicating a reduction in the agglomeration potential. [194]. Co-

firing meat and bone meal (MBM) with Colombian coal, Greek lignite or refuse-

derived fuel protected the bed against severe agglomeration by preventing the 

formation of low temperature melting alkali silicates. The bed materials were 

only covered with a thin ash layer of bone fragments and loose sand 

agglomerates. The addition of sewage sludge was investigated by van der 

Drift et al. [195] and was shown to increase the agglomeration temperature 

significantly during the combustion of straw in a lab-scale installation.  

 Preliminary leaching of agglomerating compounds is possible, but expensive. 

When olive-oil residue underwent leaching with tap water, bed agglomeration 

reduced remarkably. The operation time was also extended from 165 to 900 

minutes. Moreover, the alkali content of the sintered surface and the deposit 

layer was reduced [196], as almost all of the chlorine in the fuel was eliminated 

by the pre-treatment. Insufficient chlorine was thus available to give KCl. The 

effect is however insufficient to completely prevent agglomeration.  

 Combustor design to reduce the tendency of agglomeration. A recycling 

system for used bed material, automatically removing particles via a sieving 

installation is a possible measure. A large group of patents suggests a special 

bottom plate design, not to avoid the formation of agglomerates, but to remove 

agglomerates during operation. Moreover, combustion temperature can be 
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reduced by varying the air/fuel ratio or flue gas recirculation. On lab-scale it 

has been occasionally reported that some weak agglomeration tendencies 

could be reversed by increasing the gas flow. One could expect that this effect 

will delay de-fluidization due to increased inter-particle forces hindering the 

agglomerate formation or breaking up agglomerates. Other potentially relevant 

techniques are concerned with local higher gas velocities or internal stirring to 

break up agglomerates [26-27, 197]. 

 

In literature, some cases of agglomeration problems encountered in FBCs are well-

described, e.g. agglomeration due to the presence of NaCl in a fluidised bed sludge 

incinerator in Hamburg, Germany [30] or the more complex case (Ca,P,Na) of a 

sludge incinerator in Dordrecht, The Netherlands [198]. Jeffers et al. [165] describe 

the case of a fluidised bed incinerating sludge containing large amounts of Na, P, Ca, 

Si and S, where at usual bed temperatures, liquid silicate glass formation 

(Na2O•3SiO2 or K2O•3SiO2) occurs. Apart from this, also liquid alkali phosphates can 

be formed [199]. As an example of a successful countermeasure, kaolin clay is mixed 

with the sludge before incineration, in order to bind the alkali metals in stable 

compounds with high melt temperatures [165]. 

The tendency to agglomerate depends on (a) the stickiness of the particles, which is 

a function of the temperature, (b) the available surface area - the smaller the particles 

the greater the surface area - and (c) particle momentum, which is a function of 

particle size and gas velocity. In general: 

Agglomerating tendency =    
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(c)

(b)x  (a)

    (16) 

At the present time, it is not possible to predict the quantitative relationship between 

the variables from first principles, and experiments are essential to determine the 

conditions required for stable operation. It has however been demonstrated that 

increasing the gas velocity, makes possible stable operation at increasing 

temperatures is possible, as illustrated in Figure 19.  

 

Figure 19. Effect of velocity and temperature on the agglomeration. 

In BFBC to a large extent, and to a lesser extent in CFBC using fine bed material, de-

fluidization can be influenced by the design of the gas distributor and it is essential to 

ensure that there are no dead areas at the plate. This might be taken to imply that a 
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porous plate is best. However, the small bubbles produced in that case do not have 

sufficient energy to provide the vigorous movement required to remix large particles 

which may have started to segregate there. On the other hand, if drilled plates having 

large holes are used, the large distance between them (for a given pitch/diameter 

ratio) allows solids to settle out. Geldart and Baeyens [200] made a study of particle 

movement caused by bubbles and predicted the distributor plate required to 

guarantee particle movement over the entire plate.  

4.7. Erosion and corrosion 

Since the FBC-feedstock contain a significant amount of K, Cl, and Si as well as less 

important amounts of Ca, Mg, Al, Fe and Na, a noticeable amount of chlorine and 

alkali metals are released into the gas phase during combustion, as e.g. HCl, KCl, 

KOH and NaCl. Other elements may be retained in the ash, forming potassium 

silicate, aluminosilicate or sulphates. HCl, KCl, KOH, and NaCl may cause fouling, 

slagging, and high temperature corrosion in the combustor. Alkali metal containing 

compounds in the gas phase cause major corrosion problems. The release of these 

compounds is not affected by changes in temperature and oxygen concentration, 

whereas KCl will be transformed to KOH by adding steam. Some methods for 

controlling the emissions of alkali metal containing compounds are required if they 

exceed a given limit (>24 ppb) [160]. To reduce alkali metal chlorides, the biomass 

can be subjected to leaching [160], alkali metal binding additives can be applied, a 

fuel mix can be used to improve the ash composition or sulfur in elemental form or as 

a sulfur-containing compound can be added in the combustion zone to transform KCl 

to K2SO4, which is less corrosive. Chloride can also be liable to produce high 

emissions of HCl and dioxins. HCl, SO2, and released alkali metal containing 

compounds are moreover likely to form aerosols in the flue gas [160]. It is recognized 
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that the main ash forming elements (Al, Si) and the composition of the gas phase 

(O2, N2, and H2O, etc.) significantly affect the behavior of chlorine and alkali metals. It 

is however, also affected by the composition of the fuel, by the combustion 

conditions, and by the operating pressure [159, 161]. 

During the cooling process after combustion, potassium will condense on the coarse 

fly ash as KCl(s) or K2SO4(s). The presence of K, Cl and S in ash is very harmful, as it 

causes fouling, slagging, and high temperature corrosion in the combustor. In 

addition, aerosols may cause air pollution if not collected in the ash separator. 

4.8. Practical considerations for FBC boilers 

In most FBC boilers, steam-raising tubes are immersed in the bed to extract part of 

the heat available in the bed, typically 50%. Extensive trials have demonstrated that, 

contrary to early fears, corrosion and erosion of these tubes are minimal. However, it 

is necessary to design the boiler in such a way that the tubes in the bed remove 50% 

of the heat released throughout the output range. If there is too little heat transfer to 

the tubes, the excess air level must be allowed to rise above the optimum, thus 

reducing boiler efficiency through stack heat loss. If there is too much heat transfer, 

the excess air level must be allowed to fall or the bed temperature lowered, both of 

which lead to inefficient combustion. 

Because the temperature of the tubes in the bed is constant (close to the boiling 

point of water at the boiler pressure) and the heat transfer coefficient is almost 

constant over the operating range, the only available methods of modulating the heat 

flux to the tubes are varying the bed temperature within its restricted operational 

range and making provision to reduce the area of tubing in the active bed as output 

falls. 
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In general, erosion is not a problem. Occasionally, it has been reported to occur as 

one of the following forms: 

 Local erosion due to the impact of a high velocity air jet with entrained 

particles, due to a design error or a mechanical failure. In one example, the air 

distributor was incorrectly installed, so that the stand pipes at one side were 

very close to the wall. In another case, the cap of a fabricated distributor 

nozzle became dislodged, causing jet impact on to the tubes above. 

 On vertical side walls of the combustor, cases of erosion around protrusions 

from the surface, particularly welds have been reported. It is essential that all 

welds should be ground smooth with surrounding surfaces. 

 Erosion has taken place on the underside of horizontal in-bed tubes in some 

boilers, particularly at the 5 and 7 o’clock positions. In several instances, the 

erosion has been most apparent corresponding to the static bed height. This 

tube erosion has been overcome by welding longitudinal fins to the tubes at 

the worst-affected position. 

 In boilers with tubes which are initially vertical and then curve to horizontal, 

there can be erosion on the underside of the bend. 

The situation is confusing because relatively small design changes appear to have a 

significant impact on the rate of erosion. A possible explanation may be related to 

start-up in boilers with natural water circulation. With rapid start-up, high heat fluxes 

may occur before the water circulation is established, leading to metal overheating, 

oxidation and formation of low-strength scale which is susceptible to erosion. 
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4.9. Feeding 

The homogeneous distribution of the feed material is very important to avoid local 

radial segregation (as occurred e.g. with a single limestone feed-point at low 

operating velocities), and to avoid local changes in reactor environment (Figure 20). 

When feeding combustible material, local O2 concentrations vary, producing O2 –rich 

zones away from the feeding point and a O2-lean where pyrolysis can occur. 

 

Figure 20. O2 concentration around the feed pipe of solid waste: U = 1.9 m/s at 

860°C, Fsolid = 1380 kg/h at 25% H20 

Both effects decrease with increasing gas flow rate and decreasing bed diameter. For 

(ii) the reactivity of the feed material is also important. Various techniques have been 

industrially applied, and as a rule of thumb, feeding (i) is mostly applied near the 
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distributor level and (ii) is as much as possible homogeneously distributed (as a rule 

of thumb, four feed points per m² are frequently used). 

The feeding methods differ according to the properties of the feed material. Liquids 

(gasoil, slurry, etc) are mainly pumped into the bed at various injection points near 

the distributor. Spray atomization on top of the bed is also used. Solids are either fed 

on top of the bed or pneumatically injected near the distributor level. These methods 

have been illustrated in various commercial applications of fluidized bed incinerators, 

combustors, calciners, etc and are dealt with in various references [21, 30, 201, 202]. 

5. Conclusions 

Increasing amounts of waste are produced in the world, yet large geographic 

differences regarding sources and kinds of waste exist. The decrease of landfill 

opportunities instigates a growing importance of thermal treatment, aiming at volume 

reduction of the waste, at the destruction, capture, and concentration of hazardous 

substances, and evidently at the recovery of energy (WtE). Both the increasing waste 

recycling and incineration with energy recovery of MSW will result in a considerable 

reduction of the emission of CO2-equivalents (24 – 41% by 2020 in the EU27).  

Different thermal treatment techniques are used and further developed. Within the 

incineration techniques, the bubbling (BFBC), rotating (RFBC) and circulating (CFBC) 

fluidized beds,  have found specific and growing applications for different  waste 

feedstock (WWT and some types of industrial sludge, RDF, ASR, hazardous waste, 

biomass, plastic solid waste,…). Illustration of some of these applications is included. 

This design of fluidized bed waste incinerators needs to proceed according to a set 

strategy, as outlined. Essential data include the identification of the individual 

components that make up industrial or domestic wastes, the densities and moisture 
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content of the wastes, and their proximate and ultimate composition, which determine 

the energy content and combustion characteristics of the waste streams. 

For BFBCs and RFBCs, particle sizes of the inert bed material (sand/ash) are in the 

0.6-3 mm range. CFBCs are also operated with an inert bed, but with particles of 

around 0.1-0.3 mm. The dominant operating parameter in bubbling bed fluidization is 

the gas velocity. A circulating fluidized bed riser operates at high velocities (3-9 m/s) 

and with external circulation of bed material, corresponding to a solid circulation flux 

around 40-90 kg/m²s. 

A heat balance over the FBC determines the net energy yield. For waste high 

calorific waste, such as RDF, biomass, ASR and plastic solid waste, excess heat is 

generated in the combustor and can be recovered in a WtE mode. For low calorific 

waste, such as WWT sludge, auto-thermal operation generally requires pre-heating 

of the fluidization air, and/or pre-drying of the wet sludge feed.  

To determine the required residence time of the waste in the FBC, combustion 

kinetics need to be considered. In the combustor, de-volatilisation and combustion of 

volatiles and char take place, and the required times of both phenomena can be 

predicted. For smaller waste particles as used in a CFBC, de-volatilisation and char 

combustion times are comparable, and very short. In a BFBC/RFBC, normally using 

coarser feed particles, the char combustion determines the overall required residence 

time and fixes the bed height of a BFBC, commonly at 0.5 to 0.6 m. In a CFBC, the 

circulation loop offers additional flexibility and the required residence time is reflected 

in a combination of solids circulation flux, cyclone efficiency and riser height.  

Additional design considerations for a BFBC include the sizing of its freeboard to 

determine the height needed for complete burn-out of the entrained hydrocarbons. 
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Also the cyclone, standpipe and non-mechanical valve are essential parts of the 

CFBC with specific design considerations. 

The formation of pollutants in FBCs depends on operating conditions as well as on 

fuel properties. Crucial to minimizing CO in the combustion gases is maintaining 

optimum excess air ratio and high enough temperature. During combustion, almost 

all the chlorine in the incinerated waste is volatilized and emitted, mostly as gaseous 

HCl with limited amounts of volatile metal chlorides. Sulfur containing compounds in 

the waste are oxidized and the acid gas SO2 is formed, with minor concentrations of 

SO3. In most commercial FBCs for waste incineration, in-bed removal of these acid 

gases is combined with a post-combustor injection of CaO, NaHCO3 or milk of lime 

[Ca(OH)2] as part of the dry or half wet flue gas treatment in order to reduce acid gas 

concentrations in the stack to far below emission standards. Nitrogen oxides (NOx) 

are generally emitted as NO, which accounts for up to 95% of NOx emissions. 

Because of the low operating temperatures of a FBC, thermal NOx formation is 

limited and oxidation of the organically bound nitrogen in the fuel (fuel-N) through 

different pathways is found to be the main source of NOx and N2O. Figure 13 

illustrates the most important pathways of the conversion of fuel-N in an FBC. Most 

important techniques to control and/or reduce NOx are combustion modifications, 

such as air and/or fuel staging, and DeNOx (SCR or SNCR). Particulate emissions 

from a fluidized bed combustion system include particles from incomplete combustion 

(soot, condensed organic matter or tar), carbonaceous residues or char, and particles 

from the mineral constituents in the fuel. The coarser particles (1–10 µm) result from 

agglomeration of non-volatile elements in burning char particles; the finer particles (< 

1µm), are largely produced from nucleation and condensation of compounds based 

on volatile elements such as K, Na and Cl. PM 10 concentrations in the flue gas 
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emitted at the stack of FBCs incinerating waste are generally very low due to 

adequate flue gas treatment consisting of ESPs and/or baghouse filters. 

Pollutants present in both the flue gas and ashes include PCDD/Fs, polyaromatic 

hydrocarbons (PAHs) and heavy metals and their salts. The formation of PCDD/Fs is 

favored in presence of products of incomplete combustion that may act as reaction 

surface and/ or as precursors. Also the presence of copper salts which shift the 

deacon reaction towards the formation of Cl2 enhances the formation of PCDD/Fs. 

On the other hand, high SOx concentrations in the flue gas decrease PCDD/F 

formation. Next to PCDD/Fs, also PAHs are considered as products of incomplete 

combustion, and found in the flue gas and in the fly ash of FBCs incinerating waste. 

The same techniques are used to control the PCDD/F and PAH emissions of FBCs 

incinerating waste i.e. a good control of the combustion process ensuring complete 

burnout, and injection of adsorption agents such as activated carbon in the flue 

gases. Heavy metals including As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, V and Zn present 

in the waste incinerated in a FBC can either remain in the bottom ash, be retained in 

the fly ash or be vaporized and entrained with the raw flue gas, depending on the 

state they occur in. This so called partitioning not only depends on the physical en 

chemical properties of the metal, but is also related to the presence of gaseous 

pollutants (e.g. HCl, SO2) and particulate matter in the flue gas. The design of the 

installation is also important (e.g. the location and amount of secondary air injection 

and to the temperatures during flue gas treatment). 

Agglomeration is one of the main problems encountered in fluidized bed incineration 

of waste and is often the result of the in-bed formation of low melting point eutectic 

mixtures through the reaction of mostly alkali compounds of the waste feed with the 

silica bed materials: chemical transformations play an important role, and Na and K 
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are the main alkali metals responsible for agglomeration, whereas calcium is a known 

inhibitor. The ratio Ca/(K + Na) is hence presented as a useful indicator for the risk of 

agglomeration in a FBC. Agglomeration can already occur at relatively low 

temperatures. Sintering of the bed materials can also cause particle growth if the bed 

material is allowed to reach its sintering temperature, in excess of the operating 

temperature of the FBC. The specific contribution of sulfur, chlorine, iron, 

phosphorus, vanadium, alkali and alkaline earth metals is illustrated. Ash and/or char 

are not only sources of agglomeration and de-fluidization, they also lead to deposits 

in ducts or on boiler tubes where they reduce heat transfer, and can cause severe 

corrosion at high temperature. Also ash sintering may cause problems in FBCs, as it 

densifies particles to a compacted hard mass. It can form bed agglomerates in the 

furnace and in the cyclone, and can lead to plugging of the cyclone return leg. In the 

worst case, a complete bed de-fluidization may occur. Increasing the fluidizing 

velocity can prevent de-fluidization. Increasing the initial size of the bed particles, 

accompanied by an increased operating velocity, reduces the above phenomena, as 

a lower surface area is presented, and higher shear forces are generated. In addition 

to agglomeration and sintering, partial melting can also cause de-fluidization. 

Measures to reduce the risk of de-fluidization include off-line and on-line detection, 

control of operating parameters and addition of additives to reduce the risk of 

agglomeration and sintering. 
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NOMENCLATURE 
Abbreviations 

ASR  automotive shredder residue 

ASTM  American Society for Testing and Materials 

BFBC  bubbling fluidized bed combustor 

BHF  baghouse filter 

CFBA  controlled fluidized bed agglomeration 

CFBC  circulating fluidized bed combustor 

DS  dry solids 

DSC  differential scanning calorimetry 

DTA  differential thermal analysis 

EARS  agglomeration recognition system 

EDX  energy dispersive X-ray analyses 

ESP  electrostatic precipitator 

FB  fluidized bed 

FBC  fluidized bed combustor 

FGCR  flue gas cleaning residue 

HHV  higher heating value 

MBM  meat and bone meal 

MBT  mechanical biological treatment 

MSW  municipal solid waste 

PAH  polyaromatic hydrocarbon 

PCB  polychlorinated biphenyl 

PCBz  polychlorinated benzene 

PCDD/F polychlorinated di-benzo-dioxines/furan 

PCPh  polychlorinated phenol 

PE  polyethylene 

PET  polyethylene terephthatale 
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PM  particulate matter 

PSD  particle size distribution 

PVC  polyvinyl chloride 

RDF  refuse derived fuel 

RFBC  rotating fluidized bed combustor 

SCR  selective catalytic reduction 

SDF  solids derived fuel 

SEM  scanning electron microscope 

SNCR  selective non-catalytic reduction 

TEQ  toxic equivalent 

TGA  thermogravimetric analysis 

TMA  thermomechanical analysis 

WtE  waste-to-energy system 

WWTP wastewater treatment plant 

 

Symbols 

2OC
  concentration of O2       [mol/m³] 

2OD
  diffusion coefficient for O2      [m²/s] 

id   initial size of a particle whose terminal velocity is below Ufb [m] 

d   size of the burning particle, at any time    [m] 

µg, µ  gas viscosity        [Pa.s] 

Ar  Archimedes number = 

 
2

3
pgpg

µ

gd 

    [-] 

b  constant determined by the stoichiometry of the reaction [-] 

CA  concentration of O2 in the bulk of the freeboard gas  [mol/m³] 

D  diameter of the FBC      [m] 
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dp  particle size        [m] 

Fsolid  feed rate of combustible solids to the FBC   [kg/s] 

g  gravitational constant      [m/s²] 

G  solids circulation flux      [kg/m²s] 

kg  mass transfer coefficient between gas and particle  [m/s] 

L  burnout length       [m] 

R0  radius of coal particle      [m] 

Rec  Reynolds number at the transition velocity to turbulent fluidization [-] 

Remf  Reynolds number at the minimum fluidization velocity  [-] 

Ret  Reynolds number at the terminal velocity of the particle [-]  

ReTR  Reynolds number at the transport velocity = µ

dU pTRg

  [-] 

T  temperature        [°C] 

tch  burnout time for char      [s] 

ttotal  total burnout time of combustible particles   [s] 

tvo  volatiles extinction time      [s] 

U  superficial gas velocity      [m/s] 

Uc  superficial gas velocity at the onset of turbulent fluidization [m/s] 

Ufb  superficial gas velocity in the freeboard    [m/s] 

Umax, Umin maximum and minimum operating velocity of a BFBC (Figure X.7) [m/s] 

Umf  minimum fluidization velocity     [m/s] 

UTR  transport velocity       [m/s] 

Utrans  transition velocity       [m/s] 

vp  particle velocity       [m/s] 

ε  voidage        [-] 

ρg,   gas density        [kg/m³] 

ρM  molar density       [mol/m³] 
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ρp  particle density       [kg/m³] 

  reaction rate coefficient ( = kg. d )     [m²/s] 
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Figure captions 

Figure 1. Treatment of MSW in EU27 [8] 

Figure 2. BFBC of sewage sludge at Brugge (Belgium) [40]                                                                        

(1) sludge feed, (2) fluidized bed, (3) freeboard, (4) pre-heater of primary air, (5,6) 

secondary air, (7) air to start-up burner (8), (9) windbox, (10) distributor, (11) make-

up sand, (12) exhaust to further heat recovery, ESP, pollutant abatement, stack. 

Figure 3.  BFBC for ASR [41] 

Figure 4. Ebara-Rowitec RFBC for mixed waste at Indaver, Belgium [28] 

Figure 5.  CFBC at Caledonian Paper, Ayr (U.K.) [42] 

Figure 6. Design strategy of fluidized bed combustors, with corresponding sub-

sections: data gathering  

Figure 7. Characteristics of the various fluidization regimes, with A and B-type 

powders referring to the generally accepted Geldart classification of powders. 

Figure 8. Optimum mixing velocity limits 

Figure 9. Heat balance [30] 

Figure 10. Amount of additional fuel (38 MJ/kg) required for combustion of sewage 

sludge with heating value 8900 kJ/kg dry solids, combustible concentration 50% of 

dry solids, temperature 800°C, excess air 20%. 

Figure 11. Theoretical burn-out length versus freeboard velocity                                                 

(numbers relate to the freeboard heights for commercial units listed in Figure 8) 

Figure 12. Efficiency of SO2 removal by CaO at Ca/S ~ 2.7 versus operating velocity 

at different solid circulation fluxes and temperatures in a 58 MW th CFBC  

Figure 13. Most important fuel-N conversion pathways. 

Figure 14. DeNOx-efficiencies in a CFBC at various NH3/NOx ratios and temperatures 

[23] 

Figure 15. Vapor pressure of relevant heavy metals and their salts [40]. 

Figure 16. Agglomeration mechanisms [162]. 

Figure 17a: Ternary diagram of the system K2O–CaO–SiO2 showing the measured 

composition of different zones on the surface of agglomerated samples, obtained by 

semi-quantitative SEM/EDX spot analyses [176] 

Figure 17b: Ternary Phase diagram for the K2O-CaO-SiO2 system [177] 
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Figure 18. Agglomeration of bed material after formation from the gas phase (1) or 

melt formation of ash components (2). 

Figure 19. Effect of velocity and temperature on the agglomeration 

Figure 20. O2 concentration around the feed pipe of solid waste: U = 1.9 m/s at 

860°C, Fsolid = 1380 kg/h at 25% H20 
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Table 1. MSW and industrial waste in the EU25(a) in 2002 [1]. 

EU25 Agriculture 

and forestry 

Mining 

and 

quarrying 

Manu-

facturing 

industry 

Energy 

production, 

water 

treatment  

Construction Others MSW Hazardous 

waste 

Mton 29 300 425 127 510 17 241 58 

kg/capita 64 664 994 281 1126 28 531 129 

 (a) EU25, prior to the EU-membership of Romania and Bulgaria 
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Table 2. CFB applications [22,44-45] 

Reactions References 

Combustion of coal, wood, biomass [40,35,46,47-53] 

Waste incineration [40,33-34,54] 
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Table 3. Density and moisture content for domestic, commercial and industrial solid 
waste [22] 

 density  
(kg/m³) 

moisture content  
(% by mass) 

item range typical range Typical 

 
LOOSE RESIDENTIAL WASTE 
  food waste (mixed) 
  paper 
  cardboard 
  plastics 
  rubber 
  garden trimmings 
  wood 
  dirt, ashes, etc. 
  ashes 
  MSW (mixed) 
  waste water treatment sludge 
 
COMMERCIAL WASTE 
  food wastes (wet) 
  wooden crates 
  tree trimmings 
   
INDUSTRIAL WASTE 
  chemical sludge (wet) 
  fly ash 
  oils, tars, asphalts 
  sawdust 
  textile wastes 
  wood (mixed) 
 
AGRICULTURAL WASTE 
  agricultural (mixed) 
  fruit wastes (mixed) 
  manure (wet) 
  vegetable wastes (mixed) 

 
 
130-480 
40-130 
40-80 
40-130 
100-200 
60-225 
130-320 
320-1000 
650-830 
90-180 
 1000-1050 
 
 
475-950 
110-160 
100-180 
 
 
800-1100 
700-900 
800-1000 
100-350 
100-220 
400-675 
 
 
400-750 
250-750 
900-1050 
200-700 

 
 
290 
85 
50 
65 
130 
100 
240 
450 
745 
130 
1030 
 
 
535 
110 
150 
 
 
1000 
800 
950 
290 
180 
500 
 
 
360 
360 
1000 
360 

 
 
50-80 
4-10 
4-8 
1-4 
1-4 
30-80 
15-40 
6-12 
6-12 
5-20 
50-75 
 
 
5-85 
10-30 
20-80 
 
 
75-99 
2-10 
0-5 
10-40 
6-15 
10-40 
 
 
40-80 
60-90 
75-96 
50-80 

 
 
70 
6 
6 
2 
2 
60 
20 
8 
6 
15 
35 
 
 
75 
20 
30 
 
 
80 
4 
2 
15 
10 
20 
 
 
50 
75 
94 
65 
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Table 4. Typical ultimate-analysis data for components in domestic, commercial and 
industrial solid waste [22, 57-58] 

 percentage by mass (dry basis) energy 
content  
(db, MJ/kg) 

Components C H O N S ash 

 
FOODS AND FOOD 
PRODUCTS 
  fats 
  food wastes (mixed) 
  fruit wastes 
  meat wastes 
 
PAPER PRODUCTS 
  cardboard 
  magazines 
  newsprint 
  paper (mixed) 
  waxed cartons 
 
PLASTICS 
  plastics (mixed) 
  polyethylene 
  polystyrene 
  polyurethane 
  polyvinylchloride 
 
WOOD, TREES, ETC. 
  garden trimmings 
  green timber 
  hardwood 
  wood (mixed) 
  wood chips (mixed) 
 
OILS, PAINTS 
 
MSW 
 
 
RDF 
 
SEWAGE SLUDGE 
 
 
BITUMINOUS COAL 

 
 
 
73.0 
48.0 
48.5 
59.6 
 
 
43.0 
32.9 
49.1 
43.4 
59.2 
 
 
60.0 
85.2 
87.1 
63.3 
45.2 
 
 
46.0 
50.1 
49.6 
49.5 
48.1 
 
66.9 
 
18-40 
 
 
44.7 
 
30-35 
 
 
60-75 

 
 
 
11.5 
6.4 
6.2 
9.4 
 
 
5.9 
5.0 
6.1 
5.8 
9.3 
 
 
7.2 
14.2 
8.4 
6.3 
5.6 
 
 
6.0 
6.4 
6.1 
6.0 
5.8 
 
9.6 
 
1-5 
 
 
6.2 
 
1-20 
 
 
3.4-6 

 
 
 
14.8 
37.6 
39.5 
24.7 
 
 
44.8 
38.6 
43.0 
44.3 
30.1 
 
 
22.8 
- 
4.0 
17.6 
1.6 
 
 
38.0 
42.3 
43.2 
42.7 
45.5 
 
5.2 
 
15-22 
 
 
38.4 
 
10-25 
 
 
7-9 

 
 
 
0.4 
2.6 
1.4 
1.2 
 
 
0.3 
0.3 
<0.1 
0.3 
0.1 
 
 
- 
<0.1 
0.2 
6.0 
0.1 
 
 
3.4 
0.1 
0.1 
0.2 
0.1 
 
2.0 
 
0.2-1.5 
 
 
0.7 
 
1-4 
 
 
1.2-2.2 

 
 
 
0.1 
0.4 
0.2 
0.2 
 
 
0.2 
0.1 
0.2 
0.2 
0.1 
 
 
- 
<0.1 
- 
<0.1 
0.1 
 
 
0.3 
0.1 
<0.1 
<0.1 
<0.1 
 
- 
 
0.1-0.5 
 
 
<0.1 
 
0.2-1.5 
 
 
0.5-2.1 

 
 
 
0.2 
5.0 
4.2 
4.9 
 
 
5.0 
23.3 
23.3 
6.0 
1.2 
 
 
10.0 
0.4 
0.3 
4.3 
2.0 
 
 
6.3 
1.0 
0.9 
1.5 
0.4 
 
16.3 
 
20-35 
 
 
9.9 
 
1-60 
 
 
6-26 

 
 
 
38.3 
14.0 
18.6 
30.0 
 
 
12.7 
19.7 
- 
17.6 
27.2 
 
 
32.0 
43.5 
38.3 
26.1 
22.7 
 
 
15.1 
9.8 
- 
19.4 
19.3 
 
38.0 
 
7-15 
 
 
20.2 
 
2-14 
 
 
27-30 
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Table 5. Transition velocities  

Utrans Equation Predicted value of  

Utrans
 (a) (m/s) 

Umf 
2
mf

07.1
mf Re27.21Re1823Ar 

             [80] 0.009 

Uc 
45.0

c Ar24.1Re    for 2 < Ar < 108      [81] 1.33 

UTR 
5.0

TR Ar53.1Re                                  [82] 2.05 

(b) For a 100 µm particle of ρp = 2600 kg/m³ 
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Table 6. Terminal velocities 

dp (cm) 0.1 0.5 1 1.1 1.5 2 

ρp (kg/m³) 

Ut (m/s) 

600 

1.5 

600 

4.9 

600 

7.5 

600 

7.9 

420 

7.9 

290 

7.9 
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Table 7. Theoretical reaction times for waste feed particles of size dp 

dp (cm) 0.1 0.5 1 1.1 1.5 2 

tvo (s) 

tch (s) 

ttotal (s) 

1.51 

2.26 

3.77 

12.3 

56.5 

68.7 

30 

226 

256 

34 

273 

307 

51 

508 

559 

74 

904 

978 
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Table 8. Auxiliary equipments of the CFB unit: some relevant publications 

Auxiliary equipment Contributions 

Cyclones [89-96] 

Standpipes [97-104] 

L-valves [105-112] 
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Table 9. Typical pollutant concentrations in stack emissions of MSW incinerators 
(daily average values in mg/m³ unless otherwise stated). 

Pollutant FBC [114-115] Grate furnace [114,116] Limit values EU 
Directive 2000/76/EC 

CO 
HCl 
SOx

 as SO2 
NOx as NO2 
PM10 
TOC 
Hg 
Cd+Tl 
Sb+As+Pb+Cr+ 
Co+Cu+Mn+Ni+V 
PCDD/Fs 

14 - 40 
0.1 - 8 
1 - 1.6 
90 - 150 
0.6 - 1 
0.9 - 5 
0.013 
< 0.016 
0.05 
 
0.008 ngTEQ/m³ 

6.0 -14 
0.9 - 6.1 
1.6 -10.3 
65 - 145 
0.0 - 0.8 
0.1 - 1.8 
< 0.0005 – 0.013 
0.0001 
0.09 
 
0.001 - 0.01 ngTEQ/m³ 

50a 
10a 
50a 
200a 
10a 
10a 
0.05b 
0.05b 
0.5b 
 
0.1c ngTEQ/m³ 

a daily average value 
b average values over a period of 6 to 8 hours 
c average values over a period of 30 minutes to 8 hours 
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Table 10. Major gaseous pollutants: concentrations formed in the combustor, 
recommended abatement techniques and typical concentrations to be expected in 
the emitted flue gas of commercial FBC boilers incinerating MSW. 

Pollutant Reference and 
waste type 

Concentration formed 
mg/m³ 

Recommended 
abatement techniques 

Expected emission 
concentration 
mg/m³ [114-115, 134] 

CO [60] Paper and 
plastic waste + 
coal 
 
[61] Plastic, 
paper, wood and 
textile blend 
 
[65] Meat&Bone 
meal + coal 
 
[69] Peach 
stone, Apricot 
stone 
 
[73] Rice husk + 
coal 
 

120 – 520a 
 
 
 
150-300  
 
 
 
200-1400 a  
 
 
1500 
6500 – 13000 
 
60-300 a 

Complete combustion by 

 sufficient residence 
time (design, gas 
velocity) 

 optimum excess air 
ratio by injection of 
secondary air 

14 - 40 
 

HCl [59] RDF + coal 
 
[66] Meat&Bone 
meal + coal 
 
[76] PVC + coal 
 
 

220 – 1600 a 
 
25 – 150 
 
 
90 – 250 a 
 
 

 addition of calcium 
based compounds 
(CaCO3 , CaO, 
Ca(OH)2 or CaSO4) 
in the bed  

 injection of CaO, 
NaHCO3 or milk of 
lime (Ca(OH)2) in 
the post combustor 
zone 

 scrubbing with 
water at neutral or 
alkaline pH 

 

0.1 – 8 

SOx [60] Paper and 
plastic waste + 
coal 
 
[61] Plastic, 
paper, wood and 
textile blend 
 
[65] Meat&Bone 
meal + coal 
 
[66] Meat&Bone 
meal + coal 
 
[69] Coal 
 
[73] Rice husk + 
coal 
 
[76] PVC + coal 
 

400 – 920 a 
 
 
 
20 – 80 
 
 
 
650 – 800 a 
 
 
30 – 1000 
 
 
2300 
 
10 – 300 a 
 
 
70 – 250 a 

Same techniques as for 
the abatement of HCl 

1 – 1.6 

NOx [59] RDF + coal 
 
[60] Paper and 
plastic waste + 
coal 
 
[65] Meat&Bone 
meal + coal 
 
[61] Plastic, 
paper, wood and 
textile blend 
 
[63] Peach or 

270 – 380 a
 

 
220 – 550 a

 

 
 
 
470 – 950 a  
 
 
80 – 240 
 
 
 
200 - 300 

 Air staging to 
obtain O2 lean 
primary combustion 
and 3% O2 excess 
in secondary 
combustion zone 

 SCR or SNCR 

90 - 150 
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Apricot stone 

PM10 [55] Meat&Bone 
meal + coal 
 
[71] Different 
biomass + Coal 

88 – 392 
 
 
250 – 1000 
 
 

Electrostatic precipitator 
or baghouse filter 

0.6 – 1 

PCDD/Fs [59] RDF + coal 
 
[66] Meat&Bone 
meal 
 
[71] Coal 
Meat&Bone meal 
Straw pellets 
 
[136] Wood + 
PVC pellets 
 
[137] Salt-laden 
waste wood 
 

0.39 – 0.45 ngTEQ/m³ 
 
0.496 ng I-TEQ/m³ 
 
 
1.1 ng I-TEQ/m³ 
549 ng I-TEQ/m³ 
42950 ng I-TEQ/m³ 
 
0.03 – 0.11 ngTEQ/m³ 
 
 
< 1 – 120 ngTEQ/m³ 

 Assuring complete 
combustion (see 
CO) 

 Limitation of flue 
gas residence time 
in 200 -400°C 
temperature zone 

 Injection of 
adsorptioin 
reagents e.g. 
activated carbon 
powder 

 Catalytic oxidation 
 

0.001 - 0.01 ngTEQ/m³ 

PAHs [136] Wood + 
PVC pellets 
 
[140] Coconut 
shells 
 
 
 

2.74 – 6.92 µg/m³ 
 
 
9588 – 43123 µg/m³ 
 

 Assuring complete 
combustion (see 
CO) 

 Injection of 
adsorptioin 
reagents e.g. 
activated carbon 
powder 

 

0.80 – 7.4 µg/m³ 

a Calculated from ppm 
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Table 11. Elemental ash composition (oxides, as percentage) of different FBC feeds 

Sample SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 

Forest residue 20.7 47.6 10.2 5.1 3.0 7.2 1.4 2.9 1.6 0.4 

Sawdust 26.2 44.1 10.8 2.3 4.5 5.3 1.8 2.1 2.5 0.4 

Wheat straw 50.4 8.2 24.9 3.5 1.54 2.7 0.88 4.2 3.5 0.09 

Rice husks 94.5 0.97 2.3 0.54 0.21 0.19 0.22 0.92 0.16 0.02 

Chicken litter 5.6 56.9 12.2 15.4 1.0 4.1 0.45 3.6 0.6 0.03 

Meat and bone 

meal 
0.02 41.2 3.2 40.9 2.4 1.38 0.25 4.2 6.4 0.01 

Biomass 

mixture 
34.8 13.2 3.1 18.1 11.4 2.3 10.4 4.6 1.25 0.95 

Demolition 

wood 
36.3 21.4 7.0 5.1 9.7 4.8 7.3 4.1 2.8 1.6 

Furniture 

waste 
57.2 13.8 3.7 0.5 12.1 3.3 5.6 0.99 2.3 0.5 

Mixed waste 

paper 
28.6 7.6 0.16 0.2 53.5 2.4 0.82 1.7 0.54 4.4 

Greenhouse 

plastic waste 
28.4 25.8 9.7 3.8 3.9 5.7 18.4 2.7 0.8 0.81 

Refuse-

derived fuel 
38.7 26.8 0.23 0.77 14.5 6.5 6.3 3.0 1.36 1.9 

Sewage 

sludge 
33.3 13.0 1.6 15.9 12.9 2.5 15.7 2.1 2.3 0.8 

Peat 37.5 10.0 1.1 2.8 20.1 2.1 13.8 12.1 0.1 0.31 

Coal 54.1 6.6 1.6 0.5 23.2 1.8 6.9 3.5 0.82 1.05 

Lignite 44.9 13.1 1.5 0.2 17.1 2.5 10.8 8.6 0.48 0.81 

Sub-
bituminous 
coal 

54.7 7.1 1.7 0.08 22.9 2.1 5.3 4.1 1.09 1.0 

Bituminous 
coal 

56.1 4.9 1.6 0.22 24.8 1.6 6.7 2.2 0.77 1.15 

 

 


