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Abstract 
 

Nowadays combustion of municipal solid wastes and biomasses in fluidized-bed boiler facilities 

is an attractive solution for both energy production and reduction of landfilling. Sweden is one of 

the pioneer countries which has developed this method over the last years in the ambition to be 

independent of fossil fuels as much as possible. Beside mentioned advantages there are also 

some disadvantages for thermal treatment of wastes which gives challenges and cause 

operational problems for plant owners. The high percentage of chlorine (Cl) and alkali (Na, K), 

together with high ash content in municipal solid waste fuels prove to be a major source of 

concern. Volatilization of theses inorganic components in the furnace during combustion causes 

formation of corrosive fouling on the surface of superheater tubes. Fouling have negative effects 

on the efficiency of the boiler and also causes high maintenance costs for the combustion 

facilities. In addition there are other related problems such as; agglomeration, slagging and ash 

contamination which require investigations on the range of possible solutions. Previous 

investigations were focused on the use of different fuels and fuel mixes to find positive 

synergetic effects causing good operation condition.     

 

This project was focused on modification of the operation condition by reducing the bed 

temperature in a fluidized-bed boiler. The bed temperature was reduced by over 100°C in the 

reduced-bed temperature case compared to normal operation condition. Different experimental 

analysis methods; deposition probes, low-pressure impactor, temperature measurements and 

sampling of ashes were carried out for two different operational conditions. The deposit rings 

and ash samples were subsequently analyzed by chemical fractionation and SEM-EDX to see 

how reduced-bed temperature affects the chemical properties of the particles in the flue gas. In 

conclusion reduced-bed temperature affects operation condition positively by lowering speed of 

fouling and better capture of problematic elements; Cl, K, Na and S in the bed material, thus 

preventing corrosive deposition. Furthermore flow rate of toxic ashes decreased at lower bed 

temperature while no reduction in boiler efficiency was observed.  
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1. Introduction 

1.1 Waste-to-Energy Technology 

 

Treatment of municipal and industrial waste materials became more important issue as a result of 

growing environmental matters such as greenhouse gases and regulations for land filling. Waste 

materials are generated by every activity of modern industrial society. This waste stream could 

be sorted as; municipal solid waste (MSW), infectious waste from medical institutions, 

municipal sewage sludge from waste water treatment, hazardous waste from industrial processes, 

construction and demolition activity [1]. Combustion or thermal treatment is a practical disposal 

technique which is employed today in power plants. Besides the significant reduction of the 

landfill volume, the high calorific value of the waste materials can be used for production of heat 

and/or electricity  [2].  

Material composition of a waste fraction and its calorific heating values determine the value of it 

as an energy sources. The heating value is calculated on the base of the available hydrogen and 

carbon content in the fuel. Combustion of these hydrocarbons provides heat. In addition some 

by-products like water and carbon dioxide are formed as a result of the combustion reactions. 

Impurities and noncombustible materials in the waste such as; glass, metals and dirt are reducing 

the heating value of the waste [2]. Table 1 provides information of general composition of MSW 

and contribution (weight percentage) of each component; it also shows the heating value and 

moisture for different waste streams [2]. 

 

                                 Table 1. Sources of Energy Available within a Waste Stream [2] 

    
       Component Contribution Heat value Moisture 
        (percentage) (Mj/Kg, dry) (percentage) 

 
Newspaper/Magazines 

 
18 

 
20.70 

 
30 

Paper/Cardboard 20.0 20.70 32 
Plastic 4.5 27.91 0 

Dense Plastic 4.2 38.85 0 
Textile, leather 3.3 20.93 20 

Glass 5.8 0 0 
Vegetable waste 20.2 19.07 55 

Metal-iron 5.7 0 0 
Metal-aluminum 1.0 0 0 

Wood/Yard waste 7.3 19.54 40 
Grit, dirt, misc 10.0 0 55 
Rubber tires N.A 34.89 0 

 The heat value units from BTU/Ib in reference table are converted to Mj/kg in table 1. 
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The earliest waste combustion systems were typically small (only 50-100 tons/day capacity) 

simple incinerators with no energy recovery ability and only equipped with basic wet scrubber 

gas cleaning technology. This method was reducing the quantity of waste eventually transported 

to the landfill by 75 to 85%. Fluctuating and increasing costs of oil during the early 1970s, 

encouraged reduced oil consumption and created demands for energy recovery in these waste 

disposal facilities [2]. 

Development of district heating plants which use recovered wastes for heat and electricity 

production have become increasingly essential today and it should be mentioned that in Sweden 

almost 50% of the heat required for warming residential and service buildings are produced by 

such power plants. About 60% of the fuel supply for these plants are biofuels and solid wastes 

[3]. Beside the advantages for this energy recovery method as reduced fossil fuel consumption 

and land filling, there are some disadvantages, as well. Emission of pollutants and high 

maintenance cost in combustion facilities due to non heterogonous composition of municipal 

waste are important challenges that cause problems for the environment and plant owners [4]. 

 

 

1.2   Fluidized-Bed Firing Systems 

 

There are different types of combustion facilities for biomass and municipal solid wastes, 

including small-scale stokers to large-scale grates or fluidized beds. Grates and fluidized beds are 

the most common boiler types used today in plants for thermal energy recovery from these fuels. 

This is often done in a boiler by means of Clausius-Rankine process through converting fuel 

energy to hot water, steam or electricity. There are some differences between characteristics and 

design of grate fired boilers and fluidized beds such as; method of fuel feeding, the amount of 

fuel in the furnace, structure of bed, fuel particle size, air distribution, temperature distribution 

and geometry of the furnace [5].  

 

In this project bubbling fluidized bed boilers located at Borås energy plant (Borås Energi och 

Miljö AB) were employed for measurements and research purposes. Therefore this section will 

focus on the structure and operation of this type of boilers. Figure 1 illustrate the general 

structure and the different parts of the Borås energy fluidized bed boiler as; cooling system (feed 

water/hot water/steam), feed water treatment system, flue gas cleaning system, furnace, super 

heater, cyclone separator, economizer and ash removal system.  
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Figure 1.  General Scheme and different parts of Borås Energi och Miljö AB fluidized bed boiler 

 

“The term Fluidized bed combustor is used to describe a method of combustion in which a bed 

of sand is suspended in an upward-flowing airstream; the turbulence created by the "boiling" 

sand bed enhances combustion and promotes efficient heat transfer and uniform mixing” [2].    

In the fluidized bed systems the bed is consisting of an inert material such as sand or ash 

(referred to as bed material), limestone (when added for sulfur control) and fuel. This material 

mixture is kept suspended through air distribution below the combustion floor [6]. As is shown 

in Figures 2 and 3 the furnace floor includes a large number of nozzles through which primary 

air is introduced to the combustion where a bed of sand and/or ash is maintained on the floor. 

The forces of the air stream from the nozzles make the bed fluidize resembling a boiling liquid 

[7]. 
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                                           Figure 2.  Furnace floor design in fluidized bed boiler [7] 

 

 

 

                                       Figure 3. The open bottom and widely spaced bubble caps [7] 

 

Furnace walls consist of gas-tight membrane tubes often thermally insulated by refractory 

material when low calorific value fuels e.g. biomass or municipal solid waste are used. Fuel is 

fed through the furnace wall above the bed. Heavier particles fall down into the bed and are 

mixed with the hot bed particles and combusted by the primary air. However the light fractions 

of the fuel are already combusted above the bed. The heat flow from the combustion is absorbed 

by the cooling water in the wall tubes. The water boils and the produced steam is separated from 

the water in the drum top of the boiler and lead to the superheater. In the superheater the heat 

flow is absorbed by the tubes and converts low pressure steam to high pressure steam. The high 
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pressure steam is utilized for electricity production by steam turbines and the waste heat is used 

for district heating. The Flue gas from the boiler is used for preheating of the cooling water in the 

economizer before leaving the boiler for cleaning and ash handling [5]. 

                                                                                              

Increased-turbulence in fluidized bed boilers is an attractive concept in FBC technology which 

cause substantial amount of thermal energy permitting lower combustion temperature [6]. This 

improved-mixing permits heat generation at considerably lower and more uniformly distributed 

temperature compared with conventional systems such as stoker-fired boilers or pulverized coal-

fired boilers. Fluidization nature of the bed results in high transfer rate of heat and mass in the 

bed that allows utilization of a variety of fuels including low-quality fuels with high mineral 

matter or moisture content as well as multiple fuels. The bed temperature in FB boilers is 

typically 780-900°C which is controlled within a range of a few degrees centigrade [6] .
1
 

 

Although Fluidized-bed combustion (FBC) is a leading technology and offers a number of 

significant advantages, there are also some disadvantages with this technology. These includes; 

“requirement of highly efficient gas–solid separation systems (Multi-cyclones and Electrostatic 

precipitators or Bag house filters (ESPs or BHFs)) especially for biomass, high erosion rate of 

boiler internals due to high solid velocities (especially for CFB), high dust load in the flue gas 

and defluidization problems due to agglomeration of bed materials and necessity for handling 

large amounts of solid fuel” [6].
2
 

 

 

1.3 Ash Formation 

1.3.1 Fly Ash and Aerosol   

Much research has been performed to determine and describe the mechanisms causing release of 

inorganic matters from the fuel during combustion. These inorganic matters in the form of fly 

ashes and aerosols subsequently lead to formation of deposits on the surfaces. Composition of 

deposits which are formed on the surface of heat transfer tubes during combustion of biomass 

could be approximately estimated by the composition of fly ash with a small enrichment of 

potassium and chlorine  [8].  

                                                             
 
1 . Low NOx emissions, in situ control of SO2 emissions, high combustion efficiency, and good system availability 
are the other advantages of this combustion technique. 
 
2
 . Limestone and bed material, higher carbon-in-ash levels and increased N2O formation due to the lower 

combustion temperatures are other disadvantages. 
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Inorganic materials in solid fuels can be divided into two main fractions comprising inherent 

inorganic materials in the fuels and inorganics which have been added to the fuel during the 

processing step [9].The inorganic fraction of solid fuels will undergo complex chemical and 

physical transformations during combustion to produce various ash species in the form of vapors, 

liquids, and solids [10].  

 

Inorganic particles emitted during combustion are classified on the base of aerodynamic particle 

size to two main groups: 1.Fine particles (submicron) 2.Coarse fly ash (larger than 1 micron). 

Submicron particles (aerosols) originate from nucleation and condensation of vaporized 

inorganic materials, while fragmentation and agglomeration of char and minerals are the main 

mechanisms causing formation of micrometer-sized particles. “Calcium, magnesium, and silica 

are examples of elements relevant for formation of coarse particles [8]”. “The total amount of 

chlorine, potassium, sodium, sulfur and heavy metals are of importance for the aerosol formation 

[8]”. Surface structure of fine particles is generally spherical due to formation through nucleation 

mechanisms while incomplete ash coalescence due to low temperature during ash forming results 

in irregular shaped structures for coarse particles [8]. Figure 4 shows scanning electron 

micrograph of (a) fine fly ash particles (diameter < 1µm) and (b) super micron–sized (diameter > 

1µm) fly ash particles from CFB-combustion of forest residue [11].  

 

 

 

                                               

                                             (a)                                                                              (b) 
      

Figure 4.  Scanning electron micrograph of (a) fine fly ash particles (diameter < 1μm) and (b)   

supermicron–sized (diameter > 1μm) fly ash particles from CFBC of forest residue  [11] 

 

There are different pathways for transportation of ash particles to the metal surfaces depending 

on the size of the particle. Particles with a size between 1-10 μm are transported by 

thermophoresis and eddy diffusion mechanism whereas inertial impaction is dominating the 
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transportation of particles larger than 10 μm. “Submicron particles are mainly transported by 

vapor and molecular diffusion, Brownian motion, and boundary layer effects. Further 

mechanisms to consider are condensation and chemical reactions” [8]. Condensation happens 

when vaporized compounds are cooled and condense on surfaces as deposits and chemical 

reactions include sulfation of alkali in the deposit, adsorption of alkali on silicates and 

combustion of residual carbon [8]. Figure 5 illustrate ash formation routines and different 

mechanisms for fine and coarse ash patterns [12]. 

 

 

 

 

              Figure 5. Schematic illustration of ash formation routines during grate-firing of biomass [12] 

 

 

1.3.2 Fouling and Slag  

Formation layers of materials (ash) collected on the surfaces of heat transfer areas (convective 

pass) is defined as deposition and fouling in terms of combustion (Figure 6). On the other hand 

slagging refers to formation of deposits on the furnace walls or other surfaces exposed to 

predominantly radiant heat [4]. Slagging and fouling are formed on heat exchanger tubes thus 

reducing heat transfer in convective pass and decreasing the efficiency of the boiler. Corrosive 
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components in deposits cause severe corrosion during a period of time and unscheduled shut 

downs with high maintenance costs. Inorganic fractions of the fuel particularly alkali 

components have the major role in the fouling process at moderate to high temperatures. “These 

alkali metals, K and Na, in biomasses, are primary present as organic components or simply as 

salts and therefore readily released to the gas phase during combustion. They form alkali silicates 

that melt at low temperature (can be lower than 700°C), thus providing a sticky surface for 

enhanced deposition” [4]. Chlorine plays a very important role in the formation of alkali 

silicates. It acts as shuttle and transport alkali from the fuel to the surface. In chemical point of 

view, chlorine increase the volatility (or mobility) of the alkali metals and release them as alkali 

chlorides. It should be mentioned here that the concentration of chlorine on volatilization of 

alkali during combustion is often more important than alkali concentration itself
3
 [4]. 

 

Slag deposits are chemically dominated by liquid silicate phases and sometimes contain 

moderate to high levels of reduced iron components such as FeO and FeS. Interaction of some 

elements like; Na, Mg, Ca, K and Fe in the fly ash with Si in the slag affects the liquid 

characteristics of the silicate to the lower melting temperature [10]. Fouling deposits formed in 

the convective passes of the boilers compared to slag deposits contain lower levels of liquid 

phase. The combination of silicates and sulfates in this liquid phase binds the particles together. 

“The heat transfer through a deposit is related to the temperature, thermal history, and physical 

and chemical properties of the deposited material. The heat transfer through a deposit of a given 

thickness is affected by thermal conductivity, emissivity, and absorptivity. In addition, if these 

fouling deposits are allowed to grow unabated, they can form very large and heavy deposits that 

will eventually shed under their own weight and may cause severe damage to boiler tubes they 

impact” [10]. 

 

 

Several types of fouling problems have been identified to occur in utility boilers. “The problems 

have been defined as high-temperature and low-temperature fouling. This definition is needed 

because the bonding mechanisms of the deposits differ. In high-temperature fouling, the bonding 

of particles is because of silicate liquid phases, and in low-temperature fouling, the bonding 

mechanism is a result of the formation of sulfates” [10]. In some parts of the boiler where the 

temperature exceed the stability of sulfate-bearing phases high-temperature fouling occurs and 

silicates are more tend to produce liquids while sulfates dominate at lower temperature [10]. 

 

 

                                                             
3
 . The alkali components then could react with SO2 and form sulfate compounds on the metal surface. In case of 

sulphur absence they remain as chlorides or if the chlorine is also absent the alkali hydroxides is dominant 
phase. 



9 1. Introduction 

 

 
 

Figure 7a shows the characteristic of high-temperature fouling deposit and how silicate liquid-

phase binds particles together. In the low-temperature ash deposition which occurs in the 

temperature range of 920-1150°C
4
 sulfate phase participates for binding particles and the silicate 

particles remain mostly unreacted as illustrates in Figure 7b [10]. Different factors like geometry 

of the systems, gas temperature, gas composition, gas velocity and chemical and physical 

composition of intermediate ash particles affects the characteristics of the deposits. Figure 8 

describes different deposition phenomena occurring in the boiler where different areas have 

different characteristic [10]. 

 

         

Figure 6. Examples of fouling are  formed on the superheater during combustion of straw [12] 

 

 

                                     

                                   (a)                                                                                          (b) 
Figure 7. (a)Characteristics of a high-temperature fouling deposit   (b)Low-temperature fouling in  utility 

boilers  [10] 

                                                             
4
 . This temperature is more accurate for coal, however in the case of MSW and biomass combustion where there 

is high alkali available this temperature drops to around 500°C and causes a lot of problems. Alkali and silica 
forms low melting point alkali silicates.  
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                                                                          Figure 8.  Ash deposition phenomena in utility boilers [10]
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1.3.3 Bed Agglomeration  

One of the most important problems related to fluidized bed combustion systems is bed 

agglomeration which can lead to total defluidization of the bed and undesired shutdowns of the 

plant. Formation layers of low melting point ash particles released during combustion attached 

around particles such as quartz sand is the main reason of bed agglomeration [4]. 

 

Presence of alkali elements (Na, K) in the composition of biomass and waste derived fuels which 

is released in the form of ash during combustion is the beginning step of the bed agglomeration 

process. In chemical point of view interaction of these alkaline components with silica sand 

under high temperature condition cause formation of low melting point eutectics around the 

surface of the bed particles [4]. Different mechanisms are considered for the onset of bed 

agglomeration such as salt melt sintering, silicate melt and chemical reaction sintering with ash.  

Figure 9 gives a schematic picture of the bed agglomeration process according to öhman et al 

[13]. 

 

 

      

                        Figure 9. Schematic picture of the bed agglomeration process [13] 
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1.3.4 Corrosion 

Corrosion is breaking down essential properties of metals due to attack by corrosive compounds 

on the metal surface [4]. Experience shows that conventional superheater steels in biomass 

boilers should be changed after four years operation or about 20000 working hours in case of 

100% wood fuel and steam temperature higher than 480°C due to corrosion and fouling [14]. In 

general gaseous components, chlorides and sulfates which are emitted during biomass 

combustion attack thermal surfaces which are alloys of different metals, releasing metal from the 

alloy in different composition such as metal chlorides, sulfides, Na-metal compounds, etc. This 

makes the alloy structure poor in one of its essential metal components. Corrosion mechanisms 

in biomass fired boilers may be categorized in three main classes; [4]   

 

   1. Corrosion associated with gas species (active oxidation) 

   2. Solid phase corrosion 

   3. Molten phase corrosion 

 

“The main MSW chemical elements involved in corrosion are: Cl, S, alkali metals (Na and K)    

and trace metals (Pb and Zn)” [15]. In case of MSW combustion corrosion is more severe in 

comparison with coal combustion not only because of high concentration of corrosive 

components but also due to the heterogeneity of MSW fuels which makes stable operation more 

difficult [15].  

 

 

Gaseous corrosive agents, i.e. KCl, NaCl, ZnCl2, etc formed during biomass and MSW 

combustion are the main components which transfer Cl on to metal surfaces. The overall Cl-

corrosion mechanism can be described as two main steps; 1) first transportation of Cl from 

burning zone by help of corrosive agents in the form of gaseous and particles (fly ash) to the heat 

exchanger metal surface and then condensation and deposition of these components on metal. 2) 

Reaction of deposited Cl with the metal (Fe, Ni, Cr) forming metal chlorides. These chlorides 

migrate from the metal surface due to high volatility and destroy the metal structure [15]. It has 

been reported that most of severe corrosion in boilers related to Cl are observed at metal 

temperature higher than 500°C. However even in boilers with an operating superheater 

temperature below 450°C the process is still continuing but at lower rate. Even boilers with tube 

temperature of 100-150°C experience the corrosion but not in a short term and not as severe as at 

higher temperatures [4]. 

 

 

 

 

 



13 1. Introduction 

 

 
 

Investigations also indicate that the deposit thickness influence the corrosion rate. The laboratory 

tests with KCl, NaCl and Na2SO4 at 550°C confirm that the corrosion rate increases rapidly for 

deposit thickness up to 1 mm in the open pore systems. It also deducted from the tests that the 

corrosiveness of the deposit is not only dependent on the thickness but also on the morphology 

and porosity of the deposit [16] [17].  

 

The basic mechanisms of deposit-induced corrosion for chloride and sulfate are explained in 

Figure 10 [18]. The deposit-induced mechanism for chlorine consist of 5 steps; 1.formation of 

alkali chloride in the deposit, 2.formation of chlorine-containing gas from the alkali chlorides, 

3.gaseous chlorine attack of the metal surface, 4.volatalisation of the formed metal chlorides, 

5.oxidation of the metal chlorides under release of chlorine gas [19]. Deposit-induced corrosion 

for sulfate does not play any important role in waste boilers, however corrosion attacks by  

sulfur-containing species in biofuel boiler may take place [20] [21].  

 

 

 

 

     Figure 10. The main mechanisms in deposit-induced corrosion. The chlorine producing mechanisms is 

shown to the left and the sulfate attack is shown to the right [18] 

 

Alkali chlorides are the main conveyor of Cl to the metal surface while the role of trace metal 

chlorides is facilitating of corrosion reaction. The related mechanism is formation of low-melting 

point mixture (eutectics) which increases the corrosion rate on metal surfaces. The concentration 

of alkali, chlorine and trace metals in the fuel, metal surface temperature, air excess ratio and 

design of the boiler are the most important factors determining the rate of corrosion in the boiler. 

Use of corrosion–resistant alloys, modified-design of the boiler, improved-combustion process, 

temperature control, coating of metal surface, deposit removal and additives are the main 

methods of corrosion rate reduction in boiler facilities [15]. 
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1.4 Objectives of this Thesis 

 

The aim of this thesis was to study the effects of reduced bed temperature on volatilization of 

inorganic components and ash formation during combustion of municipal solid wastes in a 

bubbling fluidized bed boiler. The main emphasize is on determining if reduced bed temperature 

could decrease the concentration of inorganic components such as chlorides, sulfates and 

carbonates in the flue gas which are released during combustion. This work mostly focuses on 

deposit formation rate on super heater tubes and dominant components forming fouling around 

the tubes. The understanding of how the bed temperature influences the chemistry of the ash and 

sand is also of interest in this study. The size of fly ash particles in the flue gas before convective 

pass, as well as chemical analysis of these fine and coarse particles have been investigated. It is 

also important to know if the boiler efficiency could be affected by decreased bed temperature.  

 

The practical methods and equipments which were employed for measurement purposes like 

deposition probe, low pressure impactor, wet chemical analysis and sampling (from ash, sand 

and fuel) are introduced in the experimental section. SEM-EDX and chemical fractionation as 

two analysis methods in this project are discussed during the lab-experiments. The results 

achieved from the two different cases (reference and reduced-bed temperature case) were 

compared on the base of theoretical knowledge and earlier experiences attained in this field.  
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2. Experimental Section 

2.1 Project Plan 

 

The combined heat and power plant is located quite close to the city centre of Borås. In this plant 

the twin 20 MW (thermal) Bubbling Fluidized Bed boilers are operating for production of 

superheated steam with a temperature of 405°C and 49 bars pressure. The fuel consumed in this 

boiler is a mixed waste fuel consisting of separated household waste, light industrial waste and 

demolition wood. Boiler number 1 which is equipped with measurement opening in a number of 

locations in the walls and sampling equipments for solid flows is especially used for research 

purposes [5]. But also boiler number 2 is equipped with some measurement hatches.  

 

The bed temperature in normal operation has been kept at approximately 875°C. The 

measurements and samplings in this project have been planned on the base of two different 

operation conditions of the boiler; reference case and reduced bed-temperature (RBT). In the 

reference case samples were taken when the boiler was operated as usual with a bed-temperature 

of about 875°C. During the tests for reduced-bed temperature the bed temperature was decreased 

and maintained in the range between 700-775ºC. However the goal was to keep a temperature of 

650-720ºC but the dry fuel (due to the extremely hot weather) and the fact that the control system 

was modified for automatic bed temperature control at high gas flow made it impossible. To 

keep the temperature at a fairly low range the fuel was sprayed with water prior to the 

combustion, however depending on the heterogeneous moisture of the fuel temperature 

fluctuations could be observed [5]. 

 

The experimental plan for the project included two major parts; Measurements and sampling in 

full-scale and experiments and analysis in laboratory. In the combustion experiments two deposit 

probes and a low pressure impactor were inserted in front of the convection pass and economizer 

for sampling of deposition rate and flue gas particles. Samples from the bottom ash return sand, 

cyclone ash, return shaft ash and textile filter ashes was sent to lab for elemental analyses and all 

except the textile filter ash were extracted by chemical fractionation. SEM-EDX was used for 

element and species analysis of deposition rings and ashes. A suction pyrometer was installed in 

front of the super heater for measuring the flue gas temperature. The aim was to investigate if the 

lower bed temperature could be reducing the temperature of the flue gas and affect the boiler 

efficiency
5
. Details about these measurements and analysis are discussed in the next sections.  

 

                                                             
5 . The concentration of HCl and SO2 in the flue gas stream was measured by a wet chemical analysis method. 
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2.2   Measurements and Sampling  

2.2.1 Deposition Probe  

Deposition probes are simple equipment employed in combustion tests for sampling of flue gas 

particles causing deposits and/or fouling on super heater tubes. In fact the deposition probe could 

be representative as an artificial super heater tubes having the same surface temperature as a real 

superheater tube under operation condition. The deposition probe consists of an air-cooled (or 

water cooled) tube for adjusting the surface temperature of the probe on the basis of the 

operating conditions requested. The probe is equipped with removable steel rings for collection 

of deposits [22]. These rings are weighed before and after the experiments and kept in a dry 

environment while not inserted in the boiler. After the combustion experiments the rings 

deposition rate are calculated by means of the increased weight. The deposits are removed from 

the deposit ring and analyzed for the element composition. Deposit rings can also be analyzed by 

SEM-EDX for element and species composition of the deposit in different angles of the flue gas 

stream. High alloy rings are used for deposit sampling. 

 

 

 

 

 

 

                              

 

  

 

 

                    

 

 

 

Figure 11. Installation of deposition probes and quench probe in front of convective pass 

 

 

 

Deposition Probes 

Quench Probe 
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During the combustion tests two deposition probes were inserted in position A and B in front of 

the convection pass into the center of the gas path as is shown in Figure11 and the probes are 

shown in Figure 12. The temperature of probe1 and 2 was maintained at 435ºC and 500ºC 

respectively by using regulators. The surface temperature of the probes was monitored by wire 

sensors connected to regulators adjusting the temperature by injection air inside the probes. The 

deposit sampling had duration of 2 hours and the tests were repeated 2 times for each probe 

changing position. Two removable rings (deposit rings) were fixed on each probe and on the 

whole 8 rings were sampled for the reference case and also for the reduced-bed temperature case. 

A deposition probe was inserted in front of the economizer for sampling of flue gas in this area 

as well, for both operating conditions. The temperature of this probe was maintained at 230ºC 

with the same time exposure (2 hours) as in the superheater measurements. It should be 

mentioned that during these tests only the initial deposition distributed around the rings are 

obtained because of the short time exposure of the probes [22]. 

 

 

 
Figure 12.   a) Structure of air nozzles on the head of the deposition probe    b) deposition rings before 

sampling    c) deposition rings after sampling at windward side   d) deposition rings after sampling at 

leeside 

 

2.2.2 Low-Pressure Impactor 

 

Low-pressure impactors are used for determining characterization and mass size distribution of 

fly ash particles in flue gases, Figure 13a. They consist of advanced cascade-impactors and 

operate on the base of the inertial impaction principle. Low-pressure Impactors are composed of 

a 

b 

C 

d 
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a series of single-stage impactors with different nozzle size. Nozzle size decreases in each step so 

that the collected particle size in each step is smaller than the particles collected in the previous 

step. As its name indicates it operates at low-pressure (thus higher gas velocities) therefore 

capturing smaller particles size than what is possible with cascade-impactors. Particles are 

separated on the base of their aerodynamic size at the impactor stage. The aerodynamic size of 

each stage is described as cut off size or D50% which is the diameter where the collection 

efficiency is 50% in the stage. Figure 13b shows a schematic picture of the principles of a 

cascade-impactor [23]. 

 

                          

(a)                                                                                                             (b) 

Figure 13.  a) Photo of parts of low-pressure impactor with 13 stage characterization [24]  b) schematic 

picture of the  principles of a cascade-impactor [25] 

                                    
                               

A dilution/quench probe was installed in front of the convection pass for measurement of flue 

gas concentration and fly ash particle size. Fly ash particle suspended in the gas flow were 

sampled isokinetically by the low-pressure impactor. The temperature of the dilution probe 

surface was kept around 120ºC by injection of cooling water inside the probe. During sampling 

the impactor was covered by a heated element keeping the temperature around 120ºC in the 

impactor. This prevents condensation of particles in the impactor. To remove too coarse particles 

a cyclone was fixed upstream of the impactor. The concentration of ash particles in the flue gas 

is high and can cause overload of the impactor. To solve this problem and increase the sampling 

time air is injected for dilution of the flue gas before the impactor. The impactor sampling was 

repeated two times as the deposition probe. 

Impaction Plate 

Nozzle 



19 2. Experimental Section 

 

 
 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

               Figure 14. Installation of low-pressure impactor in front of the convective pass 

 

Different analytical methods have been introduced for analyzing very small material samples 

which are collected in various impactor stages. Ion chromatography, ICP-OES (inductive 

coupled plasma–optical emission spectrometry) and ICP-MS (inductive coupled plasma–mass 

spectrometry) are common methods for ash analyzes and component contents. However these 

methods can detect very small quantities of the species concerned but there are limitations for 

some species due to very small samples. It should be mentioned that results related to chemical 

analyzes are more sensitive in compare with measurements of mass concentration. The limiting 

factor is low accuracy in weighting of the small particles quantities captured together with the 

impactor foils [22]. TOF-SIMS (time of flight-second ion mass spectrometer) instrument is used 

for determining relative concentration of selected components in the fly ash and can be applied 

for amorphous and nonamorphous materials for both surface and depth analyses. The instrument 

is calibrated by standard solutions of the components that should be analyzed such as KCl, 

K2CO3, K2SO4, NaCl, ZnCl2, ZnO, ZnSO4, PbCl2, PbSO4 etc. There are some advantages with 

TOF-SIMS technique in compare to other analytical methods but also some limitations. For 

instance it is limited to analyze the chemical composition of the surface of the sample not the 

entire sample. Moreover preparing standard solutions for calibration of the instrument are 

required prior sufficient knowledge of the particles and material [8]. 

 

Low-Pressure Impactor 

Quench Probe 

Water Injection 

Dilution Air  
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2.2.3 Ash and Sand Sampling 

Ash is the inorganic incombustible fraction of the fuel which is left after complete combustion 

[4]. During combustion different inorganic components are formed depending on the operation 

condition like; temperature and accessible oxygen (oxidation and reduction condition). Some of 

them are released in the combustion zone as gas or liquid phase and others are retained in the 

bed. According to the operation condition and thermodynamic equilibrium for different 

components such as chlorides, sulfates, carbonate, oxides and trace metals it is possible to 

predict which components are more volatile and which ones are more stable [8].  

 

Distribution and concentrations of inorganic matter which are influencing the chemistry of the 

ashes have been investigated during this project. The samples were collected at two operating 

conditions (reference case and reduced-bed temperature case) from different parts of the boiler; 

bottom ash, return sand, return-shaft ash, cyclone ash, textile filter ash and the fuel itself, 

Figure15. Further chemical analyses of samples are discussed in the laboratory section.  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Photos illustrating different samples collected for chemical analysis;   a) MSW (fuel)       

b) bottom ash   c) cyclone ash   d) return sand    e) return-shaft ash    f) textile filter ash   
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2.2.4 Temperature Measurement  

 

Flue gas temperature directly influences thermal efficiency of boilers [5]. To study the difference 

of the flue gas temperature at the reduced-bed temperature case compared to the reference case a 

pyrometer was fixed in front of the convection pass. The results of the measurements were 

recorded minute by minute.  

 

 

2.2.5 Wet Chemical Analysis of SOx and HCl   

The method used is a manual method for sampling and analysis of sulphur oxides, SOx and HCl, 

in flue gases from combustion or other processes. A heated glass probe is inserted in the flue gas 

duct. The probe is equipped with a particle filter collecting particles following the gas during 

sampling. The sampled gas is bubbled through two washing bottles containing an absorption 

solution (0.3% H2O2 and 0.1M NaOH) where the gas releases remaining SOx and Cl. A splashing 

bottle is placed after the two washing bottles to collect possible splash from the washing. After 

washing the gas flow is measured before the gas leaves the sampling device. The particles from 

the filter are removed and added to the absorption solution which is analysed by means of ion 

chromatography and conductivity detector to get the SOx and Cl concentration in the solution. 

Having the sampled gas volume and the concentration in the absorption solution makes it easy to 

calculate the SOx and HCl concentration in the flue gas [26]. 

 

 

                                    Figure 16.  Schematic picture over the sampling equipment [26] 

 

Figure 16 shows different parts of the sampling equipment which includes; 1.glass probe with 

filter holder, 2.sample bottles,   3.splash bottle, 4.drying tower, 5.velvet, 6.sampling pump, 

7.flow meter, 8.gasur (gas meter), 9.thermometer, 10.pressure meter, 11.barometer   
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2.3 Experiments and Analysis in Laboratory  

2.3.1 Chemical Fractionation 

Chemical fractionation is a leaching technique for extraction of various chemical components 

from fuels or ashes. This method is a step by step leaching based on solubility of chemical 

components in different solvents, Figure 17. “This method was first developed by Benson for 

application on coals, used by Baxter on coal and some biofuels and finally modified by 

Zevenhoven to be suitable for various biofuels” [27]. 

 

 

                               Figure 17. Schematic view of the chemical fractionation procedure [27] 

 

“The solvents used are water, 1M ammonium acetate and 1M hydrochloric acid” [27]. The 

procedure of chemical fractionation includes three steps; in the first step deionized water is used 

for extraction of water soluble associated components such as different salts. This step is 

performed by solving the sample in deionized water for 24 hours. In each step vacuum filtration 
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is performed for separation of leachate from the solid residue. The solid residue then is washed 2 

times by deionized water before the second step. Ammonium acetate (NH4Ac) is suitable for the 

second step where ion exchangeable elements like sodium, calcium and magnesium in the form 

of organic compounds would be extracted. The 1M NH4Ac solvent is added to the sample which 

then is placed on a shaking table. This step is repeated continuously every 24 hours (for 3 days) 

at room temperature. The sample should be washed 2 times by deionized water before the third 

step. In the third step of chemical fractionation acid soluble compounds such as sulfate and 

carbonate of other metals are removed by hydrochloric acid. The 1M HCl is added to the sample 

which then is mixed on the shaking table at 70ºC. This procedure is repeated every 24 hours (for 

2 days) and like the second step the solid residue should be cleaned by deionized water at the end 

of extraction. The left solid residue which mostly consists of silicates, oxides, sulfides and other 

minerals is dried at 105ºC for at least 48 hours. The leachate samples together with the solid 

residue are then sent to a laboratory for analysis to determine the concentration of elements 

separated in each step [27]. To prevent bacteria growth and biological reactions which could 

disturb the composition of the samples and lead to misleading analyze answers, the pH of the 

leachates should be adjusted to around 1. This is usually done by adding nitric acid (HNO3)
6
 to 

the leachate [27].    

 

 

 

                            Figure 18. Vacuum filtration for separation of leachate from solid residue 

 

                                                             
6
 . HNO3 is a suitable acid in this case because it does not affect the elements of interest, whereas HCl and H2SO4 

increase the concentration of respectively chlorine and sulfur in the sample. 



24 2. Experimental Section 

 

 
 

Concentration of major and minor elements in the leachates and solid samples were analyzed by 

means of different standard and analytical methods such as; ASTM D 3682
7
, ASTM D 3683

8
, 

EN 13656
9
, inductive coupled plasma with an atomic emission spectroscopy detector            

(ICP-AES) and mass spectrometer detector (ICP-MS).  

 

2.3.2 Scanning Electron Microscopy (SEM)  

 

The scanning electron microscope (SEM) is a type of electron microscope which scans the 

sample surface with a finely focused electron beam. The basic principle is that the interaction 

between the electron beam and the atoms in the sample produce some signals. These signals 

contain information about sample surface topography, composition and other properties such as 

electrical conductivity. The intensity of reflected electrons is corresponding to the atomic 

number of the elements in the sample and the density of the material. The images which are 

produced by SEM are three-dimensional with high resolution and have high depth of field [28]. 

 

 

Secondary electrons (SE), back-scattered electrons (BSE) and characteristic X-rays are some 

types of signals that could be emitted from the specimen. Secondary electrons
10

 are responded as 

a result of interactions between electron beams with the atoms at the surface of the sample. 

Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by elastic 

scattering. The intensity of BSE signals strongly depend on the atomic number of the elements. 

BSE mode is much more oriented to detection of atomic density, whereas SE mode is more 

suitable for topographic imaging. X-ray signals are emitted when the incident beam removes an 

inner shell electron from the element and then this hole fills by an electron from the outer shell 

(higher-energy). Substitution of this higher electron energy to the inner shell leads to a release of 

energy in the form of X-ray emissions. The fact that each element has a unique atomic structure, 

therefore emitting different energy X-rays allows elemental analysis of the specimen. Since 

characteristic X-rays could provide two types of information; identifying the composition of the 

sample and also the abundance of the elements in the sample [28].  

                                                             
7
 . Standard Test Method for Major and Minor Elements in Combustion Residues from Coal Utilization Processes 

8
 . Standard Test Method for Trace Elements in Coal and Coke Ash by Atomic Absorption 

9 . Characterization of waste, Microwave assisted digestion with hydrofluoric (HF), nitric (HNO3), and 
hydrochloric (HCl) acid mixture for subsequent determination of elements 
 
10

 . Secondary electrons are electrons generated as ionization products. They are called 'secondary' because they 
are  generated by other radiation (the primary radiation)  
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 Figure 19. Different interactions of an electron beam (PE) with a solid target, BSE=back-scattered 

electron, SE=secondary electron, X=x-ray, AE=auger electron11[28]                 

 

Figure 20 describes the working mechanisms of the SEM instrument. In the electron gun 

electrons are produced by means of tungsten (W) hairpin filament under vacuum condition. The 

beam is after passing an electrostatic lens accelerated by an anode through the electron column. 

The condenser lens shapes the beam to a smaller diameter which then is focused onto the 

specimen when crossing through an objective lens. The beam is deflected into the X and Y 

directions by using the scan coils for imaging the area that should be scanned. Magnification is 

only controlled by the X and Y amplitude of the scan and not by the actual beam diameter. The 

signals from the sample are transmitted to the detector and before monitored in a CRT
12

 they are 

intensified by an amplifier. An image is formed by scanning a cathode-ray tube (CRT) in 

synchronism with the beam [29]. 

 

                        

 

 

 

 

                                                             
11 . An electron that is expelled from an atom in the Auger effect - Auger electron spectroscopy is a common 
analytical technique used specifically in the study of surfaces and, more generally, in the area of materials 
science. 
12

 . Cathode-ray tube is a vacuum tube which displays images when an electron beam falls on a phosphorescent 
surface (this technology is commonly used in computer monitors and televisions).  
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                                   Figure 20. Schematic diagram of a scanning electron microscope [29] 

 

The combined scanning electron microscopy method and energy dispersive x-ray analyzer to 

inspect the morphology and elemental composition of an object at the same time is called    

SEM-EDX [28]. X-ray microanalysis could be done in the variant modes; (a)The spot mode for 

elemental analyzing of small spots of components in the sample  (b)The area mode, to examine 

the bulk composition of an area  (c)The dot mapping mode, to scan a particular area of the 

sample which is of interest for elemental mapping and (d)The linear traverse mode, to verify 

differences in concentration of one or several elements across a line [28]. 

 

In this study the distribution and concentration of elements on deposition rings and ashes have 

been investigated by the SEM-EDX method. Larger ash particles were mounted in epoxy glue 

and the surface was polished before analysis. The samples were placed into a high vacuum 

chamber and SEM micro photographing was carried out by two different detector; SSD
13

 for 

surface scanning and ETD
14

 for density analysis of components [30]. In EDX the elemental 

analysis were carried out in the area mode, spot mode, dot mapping mode and linear mode. The 

EDX was equipped with the Oxford INCA software which provides an easy usage of the 

different modes of the SEM-EDX.  

 

                                                             
13

 .The SSD (Solid State Detector) is a kind of detector for imaging of back-scatter electrons.  
14

.The Everhart Thornley Detector (ETD) is a scintillator type detector which is used for monitoring Secondary 
Electron (SE). 
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Figure 21.  a) Scanning electron microscope equipped with EDX analyzer   b) Open sample chamber          

c) Prepared ash mounted in epoxy   d) Sample preparation system  
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3. Results and Discussion  
  

 3.1 Chemical Fractionation  

As mentioned in the experimental section the concentrations of major and minor elements in the 

leachates and solid samples were analyzed by means of different standard and analytical 

methods. Table 2 gives the results from the fuel samples which were taken in the RBT and 

reference case. 

  

                     Table 2. Results from analysis of fuels after chemical fractionation 

  

 

The ash content of MSW is about 11% and the most abundant components of inorganic elements 

in this fuel are Si, Ca, Na, K and Cl [31]. As the primary concentration of the ash forming 

elements in the fuel could influence the final result of the experiments, it should be investigated 

if there are any large differences in the concentration of these elements in the two cases. 

However, composition of MSW is not constant over time and variations might occur in fraction 

of constituents but fortunately in this case the sampled fuels in the reference and reduced-bed 

temperature (RBT) case agree very well as is shown in Figures 22 and 23. 

 

Leachate Analysis Reference case Reduced-bed temperature 
case 

Elements (mg/kg 
 dry fuel) 

 
H2O 

 
NH4Ac 

 
Residue 

 
H2O 

 
NH4Ac 

 
Residue 

Cl 2787 136 1257 2365 219 2097 
K 2536 299 1257 1520 396 1709 

Na 2648 122 2145 2365 210 3884 
Ca 5296 8624 6878 5069 6718 12585 
Fe 44 15 2736 27 17 4972 
Mg 446 199 1479 304 155 2098 
Si 114 181 24702 62 79 33617 
S 1505 222 n.a 2027 284 n.a 
Al 36 10 7100 9 8 8623 

P 172 136 488 57 85 855 

Zn 41 163 237 38 116 373 
Cu 10 8 1183 9 21 855 

Pb <1 6 111 <0.5 3 109 

Cr 5 2 74 5 2 132 
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Figure 22. Fuel elemental analysis results from the reference fuel sample 

 

 

 

Figure 23. Fuel elemental analysis results from the RBT fuel sample 

 

 

0

5000

10000

15000

20000

25000

Cl K Na Ca Fe Mg Si S Al P Zn Cu pb Cr

H2O(Ref) NH4Ac(Ref) Residue(Ref)

m
g 

/k
g 

d
ry

 f
u

el

0

5000

10000

15000

20000

25000

Cl K Na Ca Fe Mg Si S Al P Zn Cu pb Cr

H2O(RBT) NH4Ac(RBT) Residue(RBT)

m
g 

/k
g 

d
ry

 f
u

e
l



30 3. Results and Discussion 

 

 
 

In compare with other fuels like wood, straw and sewage sludge, the chlorine concentration in 

MSW is higher due to the existence of large portions of different plastics. The chlorine involved 

in the plastics is not soluble in water or acetate but yet released in the combustion chamber 

together with the soluble part of the Cl in the fuel during combustion. The soluble fraction of Cl 

in the fuel probably originates from food packages which are contaminated with remaining 

household salt. This table salt (NaCl) is also one of the sources for Na in the MSW [31]. In 

commonly used biofuels (straw and wood) K is the most abundant alkali metal, but in the MSW 

fuels the concentration of Na is dominant.  

The calculated molar ratio for Cl to alkali (Cl/(Na,K)) shows the amount 0.35-0.4 in both cases 

which theoretically means that there is just enough chlorine to release 35-40% of the alkali 

metals as alkali chlorides during combustion. The S/Cl molar ratio in the fuels is also an 

important factor for determining the fuels corrosiveness. Investigations indicate that when this 

ratio decreases to below 2.0 (S/Cl<2) severe corrosion often is observed in the boiler and the fuel 

is considered as corrosive. In cases where this ratio is higher than 4.0 (S/Cl>4) no sign of severe 

corrosion are found. This can be explained with that the higher S/Cl ratio cause formation of 

alkali sulfates instead of alkali chlorides [32]. In this research case the calculated S/Cl ratio is 

approximately 0.5 which indicates a risk for corrosive problems with the combustion of this 

municipal solid wastes.  

 

The soluble part of the alkali components in the fuel which are easily leached out by water, 

should be in the chemical form of sulfates and chlorides. Ion exchangeable elements such as; Na, 

Ca and Mg which are bound in organic compounds in the fuel are extracted by the ammonium 

acetate solution [31]. “Compounds extracted by water and ammonium acetate are assumed to be 

reactive in the combustion and their relative concentrations influence what impact the fuel has on 

the boiler in terms of corrosion, deposit formation and/or bed agglomeration. Compounds not 

extracted by these two solvents are considered inert in the combustion, not influencing the 

combustion behavior in any significant way” [31]. But of course there are some exceptions as for 

example calcium oxalates which are not soluble with water and ammonium acetate but 

decompose and react during combustion.    

The main compounds involved in the solid residue are silicates, oxides, sulfides and minerals. It 

is also common that MSW contain pure metals like Al, Fe and Mg [31]. The aluminum in this 

case is in the form of non-soluble and might exist as oxides and silicates. The presence of Al 

metal generally does not affect the rate of fouling, but it could increase the risk of ash handling 

[31]. The heavy metals Zn, Cu, Pb and Cr were found in high amount in the composition of the 

fuel.  
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Table 3 gives the chemical fractionation results for the cyclone ashes (fly ashes) collected in the 

cyclone separator located after the superheater (Figure1). A general view of Figures 24 and 25 

indicate well affected results on the concentration of most inorganic components in the RBT 

case. As the diagrams clearly indicate the overall concentration of all elements (except Cu, Pb 

and to some extent S) have been decreased as a result of the lower bed temperature. The increase 

of S might be due to the higher amount of S in the original fuel at the RBT case. The chlorine in 

both cases is found entirely as a soluble fraction while the major part of the alkali metals exists 

as non-soluble fractions. It could be interpreted that these non-soluble part of the alkali metals 

are oxides and silicates in the cyclone ash. The analysis result for calcium also shows that the 

concentration of these elements in the non-soluble part of the cyclone ash drastically decreases at 

the RBT case. However there are no remarkable changes at the soluble part.  

 

 

                                           Table 3. Results from the chemical analysis of the cyclone ash                                                                                                                  

          

 

 

 

 

Leachate Analysis Reference case Reduced-bed temperature  
case 

Elements (mg/kg 
cyclone ash) 

 
H2O 

 
NH4Ac 

 
Residue 

 
H2O 

 
NH4Ac 

 
Residue 

Cl 20848 1753 170 15512 2043 0 
K 4441 223 12051 3285 334 7968 

Na 3988 335 13760 3741 390 9995 
Ca 7976 61547 85806 6570 59441 46036 
Fe n.a <0.5 24870 n.a n.a 19852 
Mg n.a 3543 13760 4 3157 9684 
Si 23 13 137256 78 n.a 112799 
S 300 13615 1538 1551 14117 2266 
Al 47 37 80679 2 44 50744 

P n.a 5 5897 n.a n.a 2941 

Zn <0.5 1249 5042 <0.5 1318 3403 
Cu <1 895 2649 <0.5 1021 3008 

Pb <0.5 1 855 <0.5 <1 939 

Cr 2 7 436 13 20 476 
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Figure 24. Chemical fractionation analysis results from the cyclone ash of the reference case 

 

 

 

Figure 25. Chemical fractionation analysis results from the cyclone ash of the RBT case 
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The results obtained from the chemical fractionation of the bed ash indicate a positive outcome 

of the capture of Cl, K, Na, and S in the bed at the RBT case. On the other hand, Ca and Si were 

observed to be released in higher amount from the bed during combustion at the RBT.  

 

 

Table 4. Results from the chemical fractionation analysis of the bed ash 

 

 

 

 

 

 

 

 

 

 

Figure 26. Chemical fractionation analysis results from the bed ash from both cases 
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Leachate Analysis Reference case Reduced-bed 
temperature case 

Elements (mg/kg 
bed ash) 

 
H2O 

 
NH4Ac 

 
H2O 

 
NH4Ac 

Cl 61 444 697 597 
K 23 53 184 158 

Na 31 76 407 134 
Ca 497 12267 755 6825 
Mg n.a 444 n.a 491 
Si 56 604 60 448 
S 66 675 466 1237 
Al 107 <1 27 <1 
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The result from fractionation of the return sand seems to be more complicated. The amount of 

the soluble fraction of the Cl, Na, K, Ca and S in RBT case is higher than the reference case; 

however for the non-soluble portion the results are different. In the residue fraction the 

concentration of Na, K, Al and Cl in the reference case is higher than in the RBT case. It might 

be concluded that as a result of chemical reactions at lower bed temperature the dominant 

components which are formed on the surface of the return sand particles are soluble chemicals 

such as; sulfates and chlorides. Whereas in the reference case higher temperature leads to 

formation of non-soluble component like; silicates, oxides and sulfides with higher binding 

strength with the sand. The sampled return sand particles stick together in the reference case 

which might give good reason to believe that low melt point silicates which bond particles 

together are the dominant phase at higher temperature.  

The fractionation results from the return shaft ash show almost the same results as the return 

sand. Since the return shaft ash is faced to the same operation condition that the return sand, it 

could be expected the same reactions happens in this fraction. Hence the discussion about return 

sand and formation of different component would be adapted for the return shaft, with some 

differences. Further discussions about chemical structure of probable component which are 

formed in different parts of the boiler are discussed in the SEM-EDX analysis.  

 

 

Table 5. Results from analysis of the return sand leachates after chemical fractionation 

 

 

 

 

 

             

         

 

                   

 

 

Leachate Analysis Reference case Reduced-bed temperature case 

Elements (mg/kg 
return sand) 

 
H2O 

 
NH4Ac 

 
Residue 

 
H2O 

 
NH4Ac 

 
Residue 

Cl 112 933 1139 1804 3518 n.a 
K 88 72 22799 427 98 18553 

Na 28 137 24699 826 463 23197 
Ca 601 28529 37999 788 37033 47017 
Mg n.a 1400 4275 n.a 1148 5816 
Si 112 1193 247278 10 667 242627 
S 34 1245 n.a 237 8147 1874 
Al 61 <0.5 54243 294 n.a 46231 
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Figure 27. Chemical fractionation analysis results from the return sand (soluble fraction) 

 

                  

                  

Figure 28. Chemical fractionation analysis results from the return sand (non-soluble fraction) 
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Table 6. Results from analysis of the return shaft ash leachates after chemical fractionation 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Chemical fractionation analysis results from the return shaft ash (soluble fraction) 
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Leachate Analysis Reference case Reduced-bed 
temperature case 

Elements (mg/kg 
return shaft ash) 

 
H2O 

 
NH4Ac 

 
H2O 

 
NH4Ac 

Cl 1204 363 1476 1394 
K 482 74 766 118 

Na 713         125 1199 217 
Ca 926 17593 591 27147 
Mg n.a 1143 n.a 1339 
Si 5 218 12 33 
S 278 2539         360 6334 
Al 676 <1 351 3 



37 3. Results and Discussion 

 

 
 

3.2 Deposit Rings  

 

Table 7 contains the results regarding the deposit rings sampled by means of the deposition 

probes during different operation conditions. As is shown in table7 the probes were inserted in 

positions A and B with different surface temperatures. To calculate the rate of fouling formation 

around the superheater tubes, the weight of the rings before and after sampling were measured. 

Figure 30 compares the rate of deposit formation in the convective pass (super heater) at the 

reference and RBT case with different surface temperatures applied on the tubes. The 

comparison between the rings with the same surface temperature and the same position, confirms 

a lower speed of fouling for the RBT in the all cases. It is also shown that for the rings in the B 

position the amount of collected deposit is higher than in position A. This may because of 

heterogeneous flue gas in the A and B positions.  

 

 

                  Table 7. Identification from different deposition rings were sampled during tests 

 
Ring 
No. 

 
Experiment 

No. 

 
Location 

(Probe Position) 

 
Temperature 

(°C) 

Weight of 
ring before 

sampling (gr) 

Weight of 
ring after 

Sampling (gr) 

 
Weight of 

deposit(mg) 

1 RBT1 Superheater (B) 435 26.7319 26.7920 60.1 
2 RBT1 Superheater (B) 435 26.9642 27.0294 65.2 
3 RBT1 Superheater (A) 500 26.9179 26.9432 25.3 
4 RBT1 Superheater (A) 500 26.9455 26.9697 24.2 
5 RBT2 Superheater (A) 435 26.8840 26.9018 17.8 
6 RBT2 Superheater (A) 435 26.8157 26.8328 17.1 
7 RBT2 Superheater (B) 500 26.8268 26.8744 47.6 
8 RBT2 Superheater (B) 500 26.9565 27.0133 56.8 
9 RBT Economizer 230 26.8706 26.8870 16.4 

10 RBT Economizer 230 26.8826 26.9052 22.6 
13 Ref1 Superheater (A) 435 26.9732 27.0116 38.4 
14 Ref1 Superheater (A) 435 26.7250 26.7477 22.7 
15 Ref1 Superheater (B) 500 26.8861 26.9445 58.4 
17 Ref1 Superheater (B) 500 26.8587 26.9178 59.1 
18 Ref2 Superheater (B) 435 26.9615 27.0280 66.5 
19 Ref2 Superheater (B) 435 26.9907 27.0651 74.4 
20 Ref2  Superheater (A) 500 27.2615 27.2991 37.6 
21 Ref2 Superheater (A) 500 26.7068 26.7496 42.8 
22 Ref Economizer 230 26.8695 26.8926 23.1 
23 Ref Economizer 230 26.7825 26.8034 20.9 
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Figure 30. Rate of deposit formation on the rings in different positions and surface temperatures 

 

The effects of the surface temperature depend on the position of the rings. At position A the rate 

of fouling is higher at 500°C, while at position B lower surface temperature leads to more 

collected deposit.  

As is mentioned in the experimental section the deposits on the deposit rings were removed for 

the chemical composition analysis. The results obtained for the elements of interest are presented 

in table 8. The result in Figure 31 reveals a reduction of the amount of Cl, K and Na in the 

deposit formation at the lower bed temperature. In fact in the RBT case the volatilization rate of 

Cl, K and Na in the furnace would be decreased. On the other hand the distribution of sulfates on 

the rings at lower bed temperature increases as diagram 31 presents. Higher surface temperature 

of the ring shows less contribution of Cl, K, Na, Pb, Cu and Zn on the composition of the 

deposits.  
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Table 8. Chemical analysis of deposits collected on the rings 

 

 

  

                 

 

 

 

                

 

Figure 31. Chemical analysis results for the deposits collected on the rings 
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Element(mg/m2hr) Ref(435) RBT(435) Ref(500) RBT(500) 

Cl 36.3 28 23.7 15 
SO4 21.7 30.7 23 25 
Al 2.6 1.8 2 2 
Ca 13.6 11 13.4 15 
Cu 2.8 4.4 2 1.2 
K 10.3 9.4 6.7 5.8 

Na 7.2 7 5 4.7 
Pb 4.4 2 <1 <0.5 
Si 4.4 4.1 3.6 4 
Zn 1.9 1.4 1.1 1.2 
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3.3 SEM-EDX  

 

“The use of a programmed mapping of the specimen surface by an EDX detector can provide 

information about possible element associations in the sample material. The occurrence of an 

element is shown as bright spots and a brighter spot generally means higher concentration of the 

element in question. However, the fluorescence response is different for different elements and 

the brightness of the spots in maps for different elements are not comparable” [31]. 

 

SEM-EDX analyses were performed on the deposit rings to investigate the possible inorganic 

components which might be collected on the surface of the metal tubes in the real operation 

condition. As discussed in the experimental section deposit probes was inserted in front of the 

superheaters for sampling at different operational condition. The SEM-EDX results then could 

be employed to better understand the chemical structure of the compounds in the deposits and 

the corrosiveness of these foulings. Figure 32 and 33 shows the SEM-EDX mapping from rings 

number 6 and 14 at the windward side after sampling. Both these rings were inserted at position 

A with the same surface temperature (435°C) but at different operation condition (RBT and Ref).  

 

The presence of the alkali metals and chlorine on ring no. 6 which have been sampled in the 

reduced-bed temperature are obvious. In this mapping there are correlations between Na and K 

with S and O which could indicate formation of sodium and potassium sulfates (Na2SO4, K2SO4) 

on the ring. The reaction between SO2 with the gaseous alkali chlorides (NaCl, KCl) which were 

condensed on the surface of the ring might be the probable pathway for the formation of theses 

sulfates [1]. The mapping also reveals the presence of CaSO4 and correlations between Ca and Cl 

support the presence of calcium chloride (CaCl2), as well. The EDX mapping for ring no.14 from 

the reference case gave very similar relations between the elements as for ring no.6.
15

  

The EDX maps for both rings at leeside (Figure 34 and 35) are showing formation of the same 

components as the windward side. On ring no. 6 it seems as if chlorine is more distributed over 

the surface and different chloride compounds like KCl and NaCl are easier to recognize in 

compare with ring no.14
16

, while in the ring no.14 the concentration of Zn and Pb seems to be 

higher than in the RBT case. 

 

                                                             
15

 . Here again is clear correlation between Na and K with S and O that indicate formation of sulfate salts like 

Na2SO4 and K2SO4. The proposed Ca compounds are the same as for ring no.6 CaCl2 and CaSO4.  

16
 . In the reference case chloride compounds are not distributed but could be observed as crystals in some part 

of the deposit ring. 
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Figure 32.  SEM-EDX mapping of ring number 6 at windward side RBT case 

 

 

 

 

Figure 33.  SEM-EDX mapping of ring number 14 at windward side Ref case 
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Figure 34.  SEM-EDX mapping of ring number 6 at leeside RBT case 

 

 

 

 

 

Figure 35.  SEM-EDX mapping of ring number 14 at leeside Ref case  
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Figures 36 and 37 show the SEM-EDX mapping for the rings no. 8 and 17 which were inserted 

at position B with the higher surface temperature (500°C) and in different operation condition 

(RBT and Ref). The EDX mapping for ring no.8 at reduced-bed temperature shows high 

brightness in the maps for the elements Cl, K, Ca and S. Clear correlation between K and Cl 

could be observed by the presence of high concentration of KCl crystals on the surface of the 

ring.  The same spot structure for the Ca and S in the map is indicating the formation of CaSO4 

on the tubes. Iron in the form of pure metal and FeO could also be recognized on the ring. It 

could be two available sources for this Fe; first the Fe derived from the fuel and seconds the Fe 

involved in the high alloy ring
17

. The second alternative is more probable because in the EDX 

maps from the other cases, the presence of Fe, Cr and Ni was found, as well.  

Formation of KCl crystals on the surface of ring no.17 at the reference case is also obvious as is 

illustrated in Figure 37. Presence of NaCl on this ring is clearer in comparison with the 

corresponding ring (no.8) from the RBT case. CaSO4 could be observed on this ring in the same 

way as for the RBT case. It might be explained that CaSO4 often is formed as a result of reaction 

between the gaseous CaCl2 which is condensed as primary phase on the surface of the ring and 

reacts with SO2 in the flue gas.   

 

The EDX maps for ring no. 8 did not show the same clear presence of KCl crystals at the leeside, 

but still alkali chlorides like KCl and NaCl could be identified on the surface of the ring
18

. Low 

concentration of Cl and K on ring no. 17 at the leeside reduces the probability of the presence of 

alkali chlorides on the surface, but still as in the RBT case the correlation between Ca, S and O 

are confirming the formation of calcium sulfate on the tubes. High brightness for the Fe and Cr 

maps on ring no. 17 at the leeside might depend on a very thin deposit layer which means that 

not only the deposit but also the surface of the ring is scanned.   

 

 

 

 

 

 

 

                                                             
17

 . Fe, Ni and Cr are the abundant elements in the composition of the high alloy rings.  
18

 . The existence of oxide components especially FeO are clear in the mapping and the deposition of CaSO4 could 
be seen. 
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Figure 36.  SEM-EDX mapping of ring number 8 at windward side RBT case 

 

 

 

 

Figure 37.  SEM-EDX mapping of ring number 17 at windward side Ref case 
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Figure 38.  SEM-EDX mapping of ring number 8 at leeside RBT case 

 

 

 

 

Figure 39.  SEM-EDX mapping of ring number 17 at leeside Ref case 
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The EDX analysis of the cyclone ash (Figures 40 and 41) in both cases (Ref and RBT) indicates 

high concentration of Ca in compare with other elements which is supported with the bright map 

of calcium. It could be concluded from the correlation between the maps that calcium could be 

present as compounds like CaO, CaCl2 and CaSO4. Except Ca related compounds, the correlation 

between K and Cl together with Si and O might confirm the presence of other chemicals like 

KCl and SiO2. Fragmentation of the quartz sands during combustion could be the origin of silica 

particles in the cyclone ash and these particles are providing suitable surfaces for condensation of 

gaseous alkali chloride. Figure 42 and table 9 present the EDX spot analysis from the cyclone 

ash at different operation conditions. The spots analysis for Ca, O, S, K and Na are confirming 

the presence of the mentioned components in the cyclone ash.  

 

Figure 43 and 44 shows EDX mapping on the cross section of the return sand in the reference 

and RBT case. The high brightness of the Si and O maps in both cases is because of the chemical 

composition of the silica sand which is used as bed material. Both figures gave similar 

correlations between the elements which could be concluded as formation of similar compounds 

on the return sand particles in both cases. The correlation between Na, K and Al with Si and O 

might be interpreted as formation of silicates like Na2SiO3, K2SiO3 and Al2SiO5. Alkali silicates 

have lower melting point than silica sand and form a sticky layer on the surface of the sand 

particles making the sand particles lump together
19

. These alkali silicates are found in the non-

soluble part of the return sand. However EDX maps show the presence of these components in 

both the Ref and RBT cases, but the concentration of theses silicates in the RBT case is 

remarkably lower than in the reference case. The leaching results from the chemical fractionation 

confirm the lower amount of the non-soluble fraction in the RBT case.  

 

There are also clear correlation between Ca and Cl which could be explained by the formation of 

CaCl2 on the surface of the sand. The maps also indicate correlation between Ca, S, Fe and O 

that could give good reason for the presence of CaSO4 and FeSO4 on the return sand surface. The 

maps from return sands also confirm the results achieved from fractionation; that the 

concentration of the non-soluble fraction in the reference case is higher than in the RBT case, 

while the concentration of the soluble part in the RBT case is higher. Figure 45 and table 10 also 

present the EDX spot analysis from the return sand at two different operation conditions.  

 

 

 

                                                             
19 . Aluminum and calcium silicates have higher melting point and prevent agglomeration.   
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Figure 40.  SEM-EDX mapping of cyclone ash at the reference case 

 

 

 

          

Figure 41.  SEM-EDX mapping of cyclone ash at the RBT case 
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Figure 42. SEM-EDX spot analysis from the cyclone ashes in  a) the reference case  b) The RBT case 

 

 

Table 9. Results from the spot analysis of the cyclone ash in Ref and RBT case 

 

 

Wt% O Na Mg Al Si Cl K Ca Ti Fe Cu Zn 

Ref             

Spot 1 25 <1 <1 1 1 4 <1 16 47 <1 <1 <1 

Spot 2 52 6 <1 13 20 <1 3 2 <1 <1 <1 <1 

Spot 3 55 <1 <1 17 20 <1 2 1 1 <1 <1 0 

Spot 4 49 <1 0 8 26 <1 14 <1 <1 0 <1 0 

Spot 5 18 <1 1 2 11 <1 1 49 4 8 2 <1 

Spot 6 54 4 2 4 15 <1 <1 16 <1 1 <1 <1 

Spot 7 49 <1 <1 <1 20 17 1 10 <1 <1 <1 <1 

Mean spots 43 2 <1 6 16 3 3 13 7 1 <1 <1 

Reduced-bed 
Temperature 

            

Spot 1 14 0 0 82 <1 <1 0 <1 0 1 <1 <1 

Spot 2 43 <1 1 4 6 2 <1 38 1 1 <1 <1 

Spot 3 38 3 2 7 10 <1 <1 6 1 25 1 3 

Spot 4 30 1 <1 3 4 14 1 42 <1 <1 <1 <1 

Spot 5 58 1 <1 7 23 <1 7 1 <1 <1 <1 <1 

Spot 6 48 <1 4 7 15 1 6 2 1 12 <1 <1 

Mean Spots 39 1 1 18 10 3 2 15 <1 6 <1 <1 
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Figure 46 and 47 shows the EDX result from the bed ash in the reference and RBT case. In both 

conditions the correlation between Si, O and Na could indicate the presence of sodium silicate or 

oxide. On the other hand presence of some sulfates like K2SO4, MgSO4 and PbSO4 could be 

found in the reference case from the correlation between K, Pb, Mg with S and O
20

. In the RBT 

case also the presence of salts like CdSO4 and MgSO4 is possible. The maps also show a 

distribution of P in the bed ash in both cases. The interesting issue regarding the chlorine is that 

the EDX results in the reference case do not show the presence of these compounds. However 

some of these elements are confirmed in the RBT case. In addition this verifies the result from 

the chemical fractionation that indicates a better chlorine capture in the RBT case. In this case it 

is also important to mention that the elements layer on particles is the same as in the return sand.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                             
20 . The components found in the bed ash are mostly residues from waste fuel after combustion.   
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Figure 43.  SEM-EDX mapping from the return sand at the reference case 

 

 

 

 

 

Figure 44.  SEM-EDX mapping from the return sand at the RBT case 
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Figure 45. SEM-EDX spot analysis from the return sand in   a) reference case   b) RBT case 

 

 

Table 10. Results from the spot analysis of the return sand in the reference and RBT case 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wt% O Na Mg Al Si Cl K Ca Fe 

Ref          

LS1(1) 74 2 3 17 <1 <1 1 0 74 

LS1(2) 61 8 7 21 <1 <1 <1 0 61 

LS1(3) 60 <1 4 11 1 <1 21 <1 60 

LS1(4) 77 1 2 16 1 <1 <1 <1 77 

LS1(5) 57 7 8 25 <1 <1 1 <1 57 

LS1(6) 58 <1 7 25 0 7 0 0 58 

LS1(7) 66 6 5 20 0 2 0 0 66 

LS1(8) 73 2 1 19 1 <1 <1 0 73 

Mean spots 66 3 5 19 <1 1 3 <1 66 

Reduced-bed 
Temperature 

         

LS1(1) 75 2 <1 1 13 4 <1 2 <1 

LS1(2) 62 3 <1 4 21 1 <1 3 <1 

LS1(3) 70 2 1 2 15 3 <1 3 1 

LS1(4) 70 1 2 3 6 3 <1 12 <1 

LS1(5) 58 9 1 1 26 <1 1 2 <1 

LS1(6) 59 1 3 3 7 4 <1 20 1 

LS1(7) 63 <1 0 0 35 <1 0 <1 0 

LS1(8) 68 2 <1 1 23 2 <1 1 <1 

Mean Spots 66 2 1 2 18 2 <1 5 <1 
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Figure 46.  SEM-EDX mapping from the bed ash at the reference case 

 

 

 

 

Figure 47.  SEM-EDX mapping from the bed ash at the RBT case 
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  3.4 Temperature Measurements  

 

Table 11 presents the results from the temperature measurements in front of the superheater at 

the different bed temperatures. The flue gas temperature was measured by the pyrometer in a 

range of time when the operation condition and temperature was stable. However in the RBT 

case the temperature of the bed were reduced by more than hundred degrees centigrade but the 

obtained results did not show any large differences between the flue gas temperatures in the two 

operation conditions.    

 

 

Table 11. Measured flue gas temprature in the refrence and RBT case 

        

 

 

 

 

 

 

 

3.5 Low-Pressure Impactor  

     

Fly ash particles in the flue gas were sampled by means of a low-pressure impactor and the 

sampling was repeated two times (RBT1,2 & Ref1,2). After sampling the single-stage impactors 

first were soaked by deionized water (at 80°C for 24h) for extraction of chloride (Cl) and sulfate 

(SO4) then the concentration was determined by means of ion chromatography and conductivity 

detector. The remaining fraction was then soaked by HNO3, HCl and HF for extraction of Cl, 

SO4, Ca, K, Na, Si, Cu, Pb, Zn etc. The concentration of these elements in the solution was 

measured by means of ICP-OES.   

Figure 48 shows the element distribution in the different impactor stages at RBT and reference 

case. As the diagram indicates the overall concentration of elements in the fly ashes in the RBT 

case is higher than in the reference case particularly the super micron particles. The higher 

Time Reference case (°C ) Time Reduced-bed 
temperature case (°C ) 

12:45 590.3 12:01 591.6 
12:50 589.4 12:05 584.8 
12:55 643.8 12:10 612 
13:00 671.8 12:15 623.1 
13:05 645.8 12:20 568.6 
13:10 635.9 12:25 647.7 

Average 629.5 Average 604.8 
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concentration of Ca and Si in the super micron particles is because they act as primary surfaces 

for condensation of gaseous. The concentration of Cl, SO4, K and Na in the fly ash (coarse 

particles) in the RBT case is higher than in the aerosols (fine particles) however in reference case 

the results are different. The concentrations of mentioned components in the aerosols are higher 

than in the fly ashes at reference case.  

 

 

 

 

Figure 48. Distribution of elements in super and sub micron particles in fly ashes collected by means of 

low- pressure impactor in the RBT and Ref cases   

 

 

 3.6 Ash Production Flow Rate 

   

Disposal of toxic ashes produced during combustion of MSW such as; bed ash, cyclone ash and 

textile filter ash is expensive for plant owners. Therefore lower rate of ash production is 

preferred during operation. Table 12 gives the flow rate of the current ash streams measured in 

the two operation conditions of interest. The reduced-bed temperature had an interesting impact 

on the ash flow. The flow of return shaft ash, cyclone ash and textile filter ash which are more 
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toxic than bed ash and return sand was reduced in RBT case. However the flow of bed ash was 

increased. This means they can reduce the ash disposal cost in addition have less harmful 

impacts for environment.  

           

 

Table 12. Flow rate of ashes produce during RBT and ref case 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow rate (Kg/h) Reference case RBT case 

Bed Ash 654 690 

Cyclone ash and 

Return shaft ash 

1160 783 

Textile filter 438 396 
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4. Conclusion  
 

The overall obtained results from reduced-bed temperature (RBT) showed positive outcomes and 

improved operation condition of the boiler. However in the RBT case the temperature of the bed 

were reduced by more than hundred degrees centigrade but the flue gas temperature did not show 

any large differences between the cases. Therefore there is no reduction in boiler efficiency 

running on reduced-bed temperature. On the other hand reduced-bed temperature had an 

interesting impact on the flow rate of toxic ashes. The flow of return shaft ash, cyclone ash and 

textile filter ash was reduced in RBT case and in addition the need of fresh bed sand was also 

reduced. 

The comparison between the deposit rings inserted in front of the superheater, confirms a lower 

speed of fouling for RBT in the all cases. Chemical analysis of the deposits formed on the rings 

indicates lower rate of volatilization of Cl, K and Na in the furnace at RBT. However distribution 

of sulfates on the rings increases at lower bed temperature. SEM-EDX analysis of the rings with 

a surface temperature of 435°C reveals formation of compounds like CaCl2, CaSO4, Na2SO4 and 

K2SO4 at both RBT and reference case. For the ring in the RBT case KCl and NaCl are easier to 

recognize while for the rings at reference case Zn and Pb seems to be in higher concentration. On 

the rings with higher surface temperature (500°C) crystal formation of KCl are clearly seen in 

both cases. Other compounds like CaSO4 and NaCl were found on the windward side of the 

rings, as well. Low concentration of Cl and K on the leeside of the rings in the reference case 

reduces the probability of alkali chloride formation, however compound like KCl and NaCl still 

are found on the rings at RBT case.  

 

The fractionation results for municipal solid waste (MSW) indicate that this fuel gives high risk 

of corrosion in combustion facilities. Moreover the calculated molar ratio for Cl to alkali 

(Cl/(Na,K)) showed that there is just enough chlorine to release 35-40% of the alkali metals as 

alkali chlorides during combustion.  

The results of chemical fractionation of the cyclone ash indicate well affected outcome in RBT 

case. The concentration of Cl, K, Na and Ca has been decreased in the RBT case. The SEM-

EDX analysis of the cyclone ash in both cases (Ref and RBT) showed high concentration of Ca 

associated compounds; CaO, CaCl2 and CaSO4. In addition other compounds as KCl and SiO2 

were found in this fraction.   

The obtained results from chemical fractionation of the bed ash from the two cases (Ref and 

RBT), emphasize on better capture of Cl, K, Na and S in the bed at RBT case. SEM-EDX maps 

also confirm better chlorine capture at the lower bed temperature case. However Ca and Si were 

observed to be released in higher amount from the bed during combustion in the RBT case. 

Sulfates like K2SO4, MgSO4 and PbSO4 could be recognized in both cases.   
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Analysis of the leachates from return sand in the RBT case indicates higher concentration of 

soluble sulfates and chlorides on the surface of the sand particles. However in the reference case 

formation of non-soluble fractions (silicates, oxides and sulfides) is dominant. Presence of CaCl2, 

NaCl, KCl and Na2SO4 (in the deposits) with melting temperature of 782°C, 801°C, 770°C and 

884°C (which are in between of the range of the different bed temperature) might be the reason 

for sticking of sand particles together in the reference case. Interpretation of the SEM-EDX maps 

also explains formation of silicates like Na2SiO3, K2SiO3 and Al2SiO5. However this 

interpretation shows presence of these components in both the Ref and RBT cases, but the 

concentration of theses silicates in the reduced-bed temperature is remarkably lower than in the 

reference case. Other compounds like CaCl2, CaSO4 and FeSO4 was observed on the surface of 

the sands. The fractionation results from the return shaft ash almost confirm the same results as 

the return sand.    
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