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Abstract
Co-combustion of animal carcasses and slaughterhouse waste products (animal waste), which
are classed as high-risk infectious waste, has been considered as a “fuel opportunity” for
waste-to-energy boilers. In this study, the impact of co-combustion of animal waste with
municipal solid waste (MSW) on operational issues such as bed agglomeration, deposit
formation and emission was investigated, employing experimental and theoretical methods.
In the experimental section, a series of full-scale tests in a bubbling fluidised-bed boiler were
carried out, to determine the effects of animal waste co-combustion on the issues addressed.
Two combustion scenarios were considered, identified as the reference (Ref) case and the
animal waste (AW) case. In the Ref case, a solid-waste fuel mix, consisting of sorted and pretreated industry and household waste was combusted. In the AW case, 20 wt% AW was
added to the reference fuel mix. The collected samples, which included super-heater deposits,
fuel mixes and bed and fly ashes, were analysed, using chemical fractionation, SEM-EDX and
XRD. In addition, the flue gases´ emission rate were continuously analysed, using FTIR
spectrometry. The results showed positive effects from co-combustion of AW, indicating
decreased deposit formation and lower risk of bed agglomeration, as well as reduced
emissions of NOx and SO2. Moreover, it was found that the concentrations of P, Ca, S and Cl
were enriched in the bed materials.
In the theoretical section, thermodynamic calculations, with respect to experimental data,
were performed to provide greater understanding of the ash transformation behaviour and the
related melting temperature. The calculations mainly focused on bed agglomeration, where
addition of AW to the MSW considerably reduced the risk of agglomeration. The results of
equilibrium products and phase diagram information for the bed ashes suggested melt-induced
agglomeration as a possible cause of the formation of sticky layers on the bed particle in the
Ref case. Moreover, it was concluded that higher amounts of calcium phosphate and sulfates
increased the first melting temperature of the bed ashes in the AW case.
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1. Introduction
In recent years, a growing interest in combustion of waste-derived fuels in fluidised-bed
boilers has been observed among energy-producing companies [1-3]. Apart from meeting the
increasing demand for sustainable heat and power production, other advantages such as
reducing global warming and ameliorating landfilling issues have been identified [4, 5].
Sweden is a leading country in production policies that take into account sustainable energy
sources. In spite of the benefits, however, some difficulties are attributed to the use of these
waste fuels. The problems are mostly related to the fuels’ chemical nature, as they include
considerable concentrations of ash-forming elements such as Ca, S, Si, P, Na, K and Cl. These
elements are released during combustion and contribute to the formation of bed and fly ashes.
These bed and fly ashes subsequently affect the combustion process and often cause
operational problems known as bed agglomeration and deposit formation in fluidised-bed
boilers [6, 7]. Bed agglomeration may be initiated by the formation of low-melting-point
ashes and/or interaction between bed materials and alkali species, and which finally lead to
agglomeration/defluidisation of fluidised-bed boilers [8]. Deposit formation on the surface of
super-heater tubes reduces the heat transfer and negatively affects the efficiency of the boiler.
High concentrations of alkali and chlorine in the deposit also cause severe corrosion of steel
surfaces [9].
Great efforts have been made to reduce the above-mentioned operational issues and prevent
unscheduled shut downs. Several methods have been suggested to improve boiler operation
such as changing the fuel mix, using additives and modifying the boiler functions [6, 10-12].
Co-combustion and/or use of additives are currently the most effective solutions for the
operational issues. In this study, co-combustion of AW products, such as crushed animal
carcasses, slaughterhouse rest products and municipal solid waste (MSW) was investigated in
a 20 MWth bubbling fluidised-bed (BFB) boiler. The AW is classed as “infectious waste” by
the EU Commission, owing to the bovine spongiform encephalopathy (BSE) crisis in the
European beef industry [12, 13].
2. Scope of the thesis
The topic of this research was combustion issues in a full-scale BFB boiler. In an earlier
project, the effects of reduced-bed temperature (RBT) on combustion issues in the BFB
boiler, such as bed agglomeration, deposit formation, corrosion and emissions were evaluated.
The obtained results were shown to be positive, indicating no bed agglomeration and lowered
deposit formation, as well as beneficial impact on emissions. The current project was a direct
continuation of the RBT project to further investigate these positive results.
The aim of this study was to investigate the effects of a changed fuel composition without any
major changes in the operating conditions, except for the decreased bed temperature caused
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by the increased moisture in the new fuel mix. Hence, co-combustion of AW with the
ordinary waste fuel mix (MSW) was suggested for the BFB boiler.
The work comprised two sections. In the first section (paper 1), the outcome of AW
co-combustion with MSW during full-scale combustion measurements was reported, defining
the test methods and subsequent chemical analysis results for the samples taken. In the second
section (paper 2), the bed area in the full-scale test was simulated using thermodynamic
calculation software. The operational data and analysis results of the combustion tests
obtained in the first section were used as input data to simulate the environment in the bed
during combustion and were also used to verify the obtained results.
3. Experimental section
3.1 The fuel
Combustion of AW products, such as crushed animal carcasses, slaughterhouse waste
products has increased as a consequence of the mad cow disease epidemic in the 1990s. Apart
from the sanitary aspects, the high fat content of AW (Figure.1) made it a new “opportunity
fuel” for combustion in waste-to-energy boilers. AW has a net heating value of approximately
7-8 MJ/kg, which is in the same order as that of wood chips [12, 13]. Therefore, cocombustion of AW with MSW was suggested for this study. The strategy was to add AW as a
secondary fuel (by 20-30 wt%) to the ordinary main fuel fraction, MSW. The MSW used as
main fuel consists of 80% sorted and pre-treated industrial waste (RDF) and 20% sorted and
pre-treated household waste (MSW). Table 1 gives the ultimate analysis and the moisture and
ash content of the individual and mixed fuels, which were carried out by an authorized
laboratory. The elemental analysis of AW (Figure 2) indicates higher amounts of P and Ca
and also lower concentrations of S, Cl, Na and K than in the MSW. The high concentrations
of P and Ca in the AW are explained by the presence of not only crushed bone containing
Ca10(PO4)6(OH)2 and β-Ca3(PO4)2, but also proteins derived from the soft tissue [14, 15].

Figure 1. Crushed and ground animal waste prepared for combustion.
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Table 1. Fuel analysis.
Fuel

MSW*

AW

AW+MSW**

Method

Moist, raw, wt-%
Ash, dry, wt-%

37.5
20.3

60.9
13.7

46.4
18.4

CEN/TS 14774-2
CEN/TS 14775

Dry sample, wt-%
C
H
N
O
S
Cl
LHV, raw, MJ kg-1
HHV, raw, MJ kg-1

46.9
6.20
1.20
24.3
0.46
0.70
10.9
18.8

54.3
7.90
6.30
17.3
0.30
0.40
8.30
25.0

47.1
6.30
1.80
25.3
0.40
0.70
9.40
19.7

CEN/TS 15104
CEN/TS 15104
CEN/TS 15104
Calculated
CEN/TS 15289
CEN/TS 15289
CEN/TS 14918
CEN/TS 14918

3900
6600
27400
11600
2700
1600
300
1000
5000
900
1500

2100
4600
45100
<100
1000
<100
<100
21900
400
2500
<10

2900
6000
33900
9500
3000
2400
200
4300
6000
1000
400

ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3682
ASTM D 3683
ASTM D 3683

Ash analysis, mg kg-1 ash
K
Na
Ca
Al
Mg
Ti
Mn
P
Fe
Zn
Pb

mg kg-1 Total solids

* MSW sample from the Ref case.

**MSW sample from the AW case.
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Figure 2. Composition of fuels and fuel mix.
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3.2 The tests
Full-scale tests were carried out in a 20 MWth bubbling-fluidised bed boiler. The boiler is
designed for a bed temperature of 870°C and superheated steam of 405°C and 49 bar [6]. The
testing strategy was based on two combustion scenarios, denoted as the Ref case and the AW
case. The Ref case used the ordinary waste fuel mix (MSW) discussed in section 3.1, while in
the AW case, 20-30 wt% AW was added to the MSW. The experimental procedure included
sampling of fuels, bed and fly ashes, deposit collection on a deposit probe and analyses of
emitted flue gas. Figure 3 illustrates the schematic view of the BFB boiler, the ash-sampling
measurements positions and the location where the deposition probe was inserted.
In order to examine the effects of the two fuel compositions on bed agglomeration and ash
chemistry, bed material, return sand, boiler ash, cyclone ash and filter ash were sampled
continuously during the combustion tests. Sampling was repeated four times during one day
and to obtain a mean value, a mixture of the four samples of each fraction was sent to the
laboratory. For sampling of deposit formation on the surface of super-heater tubes a
deposition probe was inserted upstream of the convective pass. The deposition probe
represents a super-heater tube and consists of an air-cooled tube for adjusting the probe´s
surface temperature on the basis of the operating conditions requested. Two high-alloy rings
were mounted on the deposition probe, one for elemental analysis and one for SEM-EDX.
The rings are also weighed before and after the experiments, to calculate the depositiongrowth rate. Three hours exposure time was considered and the surface temperature of the
probe was maintained at 435°C, simulating a steam temperature of 405°C in the tubes.
The emission rates of H2O, CO2, SO2, CO, NOx, HCl, NH3, and N2O in the flue gas were
continuously analysed using Fourier Transform Infra-Red (FTIR) spectrometry. In addition,
the O2 concentration in the flue gas was measured for both wet and dry gases.

Figure 3. Ash sampling and measurement positions: (1) bed ash, (2) boiler ash, (3) cyclone
ash, and (4) deposit probes upstream of the super-heaters.
4
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3.3 Analysis of the samples
3.3.1 SEM-EDX
A scanning electron microscope (SEM) with an attached Energy Dispersive X-ray
spectrometer (EDX) is a powerful tool for advanced chemical characterisation of a sample. A
SEM provides information regarding morphology and microstructure of a sample, while the
EDX identifies the chemical composition [16]. The basic principle of the methods is scanning
of the sample surface with a focused electron beam. Interaction between the electron beam
and atoms in the sample gives information about the morphology and composition of the
specimen. Secondary electrons (SE), back-scattered electrons (BSE) and characteristic X-ray
are some types of signals that are emitted. SE mode is suitable for topographic imaging, while
BSE mode is oriented to the detection of atomic density. X-ray identifies the composition of
the sample and also the abundance of the elements in the specimen [17].
In this study, an environmental SEM (ESEM) was used, which is able to examine susceptible
and non-conducting materials without any sample damage. The reason is because there is no
need for covering the sample surface by a conducting material, thus avoiding sample damage.
Qualitative and quantitative analyses of bed ashes were conducted, using the ESEM equipped
with an Energy Dispersive X-ray (EDX) detector. In order to investigate the consequence of
AW co-combustion on the chemistry of bed ashes, SEM-EDX was used for analysis of the
coating layers of particles such as return sand and boiler ash. In this method, bed particles
were mounted in epoxy and polished prior to the cross-sectional SEM-EDX analysis. Figure 4
shows the results of cross-sectional SEM-EDX spot analyses of the coating and corresponding
elemental distributions of Cl, S, Ca, Na, P, Al and Si. It can be understood from the graphs
that the coating layers in the AW are homogenous, whereas in the Ref case, inhomogeneous
layers were formed. In addition, the concentrations of Ca, P, S and Cl in the ash layer were
increased as a result of AW addition to the system. However, Al and Si, were found to be
slightly lower in the AW case. Alkalis (Na, K) did not show any considerable differences
between the two cases. Spot no. 8 for both cases did not reflect the composition of the
coating, since it covers the composition of feldspar sand, which includes high concentrations
of Si, Al and Na.
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Figure 4. Cross-sectional SEM-EDX spot analyses of the coated return sand: (a) and (c) for
the Ref case; (b) and (d) for the AW case.
3.3.2 Chemical fractionation
Chemical fractionation, a stepwise leaching method, is used to evaluate the compound
composition of ashes [18]. This method was applied to analyse the composition of both bed
and fly ashes. With this methodology, the water-soluble compounds of ashes such as alkali
sulfates, carbonates and chlorides were extracted by de-ionized water in the first step.
Ammonium acetate (NH4Ac, 1M) was used as the second solvent to leach out the carbonates,
plus some sulfates that are not easily soluble in water. In the last step, 1.0 M HCl was used to
dissolve phosphates, carbonates and sulfates of alkaline earth and other metals at a
temperature of 70°C. The remaining solid residue consisted of silicates and other refractory
compounds such as oxides, sulfides and other minerals [18, 19]. Figure 5 illustrates the
different steps of the chemical fractionation procedure [18]. The concentrations of elements in
the leachates obtained by chemical fractionation were analysed with Inductive Coupled
Plasma with an Atomic Emission Spectroscopy detector (ICP–AES) or a Mass Spectrometer
detector (ICP–MS). Analyses were performed for Ca, Al, Fe, K, Mg, Na, P, Si, S, Cl and Ti.
All solid samples were totally dissolved according to Swedish standards SS028311 and
SS028150-2. The minor elements were analysed according to ASTM D3683.
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Figure 5. Schematic view of the chemical fractionation procedure [18].
The chemical fractionation results for bed materials not only support the results obtained
by SEM-EDX, but also reveal complementary information regarding the chemical
composition of compounds in the coating layer. As Figure 6 shows, the ash layer around
the sand particles in the AW case contains more Ca, S and P, while no notable changes
could be observed for Na and K. Comparing the two cases, the main part of the change in
P, S and Ca was found in the acid-soluble fraction, while the water-soluble fractions of
these elements do not show notable differences. This could be explained by the presence of
acid-soluble compounds in the bed ashes such as calcium phosphates and sulfate,
originating from the AW and/or resulting from the combustion reactions.

Figure 6. Results of chemical fractionation analysis of return sands with coatings.
7

7

3.3.3 XRD
The presence of crystalline compounds in the ash fractions was investigated, using X-ray
diffraction (XRD). For this purpose a Siemens D5000 X-ray powder diffractometer, using the
characteristic Cu radiation source and a scintillation detector, was employed. The JCPDS
database, version 2010, was used as a standard when identifying the crystalline compounds
present in the ashes. Table 2 shows the results of the XRD for different ash fractions. It
should be noted that the major limitation in the use of XRD for ash analysis is attributed to the
presence of sand particles, giving uncertainties for the analysis results [6].

Table 2. XRD results from the Ref and AW cases.
Compound
Ca(OH)2
CaClOH
CaCO3
CaO
CaSO4
Ca5(PO4)3(OH,CI,F)
Na4Ca(SO4)3
Ca3Al2O6
Ca2Al2SiO7
CaSiO3
NaCl
KCl
SiO2
NaAlSi3O8
KAlSi3O8
Na2Si2O5
Fe2O3
Al metall
Fe metall
MgO
(Mg,Al)6(Si,Al)4
O10(OH)8 Clinochlore

Boiler ash
Ref AW

Cyclone ash
Ref
AW

L

L

L

L

L
T

M

M

M
M

M
M

M
M

M
M

L

M

Filter ash
Ref AW
M
M

M
M

L
T

L

L

L

L
M

L

L

M
M

M
M

L
L
M

L

M
M

M
M

M

Fresh
sand

M
M
M

T
L
L
M

L

M
M

M= Much, L= Little, T= Trece
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3.3.4 Deposit formation
Figure 7 illustrates the deposit formed on the surface of high-alloy steel rings during the Ref
and AW combustion tests. The calculated deposition growth rates and corresponding
elemental analyses are also shown in Figure 8. A comparison of the Ref and AW cases
indicated a three times lower deposition rate in the initial phase during AW co-combustion,
when the probes were inserted for three hours. Additionally, there was a notable difference
between the deposition growth rate in the current study´s Ref case and the rate in the previous
RBT project´s Ref case. This deviation could be explained by the high heterogeneity of MSW
and by the potentially significant difference in deposit formation over time. Regardless of the
different deposition-growth-rate behaviour in the two Ref cases, the rate of deposit formation
in the AW case is still lower and therefore indicates a promising outcome.
Considering the distribution of elements in the deposits, a higher concentration of Cl (11
wt%) was found in the AW deposit than in the Ref case (7 wt%), although the total amount of
Cl was still lower in the AW case than in the Ref case because of the smaller amount of
deposited material in the AW case. In contrast to the bed ash composition, the deposit does
not reflect higher concentrations of Ca and P in the AW case. This finding indicates that the
Ca-related and P-related compounds of AW tend to stay in the bed rather than volatilize in the
furnace area. For alkali metals (Na and K), the concentration increased from 6 wt% in the Ref
case to approximately 14 wt% in the AW case. Moreover, Si and Al were found in lower
concentrations in the deposits in the AW case, while the concentration of S rose by 33.5 wt%
in the case of AW co-combustion. As a final point, despite the increased concentrations of
alkali and chlorine in the deposit for the AW case, inspection of the boiler tubes after almost
one year of co-combustion with AW did not reveal any increased corrosion.

Figure 7. Deposit formed on the rings in the Ref and AW cases.
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Figure 8. Deposition growth rates and elemental analyses for the Ref and AW cases, plus the
results of the RBT project.
3.3.5 Bed agglomeration
Figure 9 presents the sampled bed materials during the two combustion scenarios. The
positive effects of AW co-combustion on bed agglomeration were clearly observed, with the
bed materials from the AW case containing considerably fewer agglomerates than in the Ref
case.

Figure 9. Bed material samples: (a) Ref case; magnified picture shows more agglomerated
particles, (b) AW case; magnified picture shows less agglomerated particles.
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In order to evaluate the bed agglomeration tendency after and before addition of AW, a labscale bed agglomeration test [20] was conducted. In this method a fluidizing gas (85% N2 and
15% CO2) at a rate of 50 L min-1 was uniformly introduced through the bed of a bench-scale
combustor with 68mm diameter. The bed temperature was initially stabilised at 750°C and
gradually increased from 750°C to 1100°C, at a rate of 3.5°C min-1, while the pressure drop
was continuously monitored across the bed. The first pressure reduction gives the partial
agglomeration temperature, when sand particles start to sinter together. The total
agglomeration temperature is determined when the slope of the pressure drop starts to
increase, meaning that the decrease is no longer sharp. The accuracy of the method is
estimated to be within ±10°C, although the results could not be directly linked to a full-scale
boiler. Table 3 shows the results of the controlled fluidised bed agglomeration test. The
results indicate that addition of AW increased the bed agglomeration temperature by 70100°C; however, the agglomeration temperature in the lab-scale test is higher than the
agglomeration temperature in the real boiler.

Table 3. Agglomeration temperatures for return sand from the Ref and AW cases.
State

Unit

Ref

AW

Partial
agglomeration

°C

953

981

Total
agglomeration

°C

993

1079

3.3.6 Emission
The recorded emissions data (Table 4) showed an approximate 50% reduction of NOx
emission during the co-combustion of AW compared with the Ref case, despite much higher
nitrogen content in the fuel mix in the AW case. An explanation is that nitrogen is released as
ammonia (NH3) during the combustion, reducing the NOx emission. Co-combustion of AW
also reduced the demand for ammonia injection, used for NOx reduction, into the boiler by
50%. In addition, the lower bed temperature and lower primary air flow promoted a low NOx
emission. Besides NOx, the emission of SO2 was reduced, while no changes in HCl emissions
were reported.
Table 4. Flue gas emissions.
Compound
NOx
N2O
NH3
SO2
HCl

mg/Nm3
mg/Nm3
mg/Nm3
mg/Nm3
mg/Nm3

Unit
11 % O2
11 % O2
11 % O2
11 % O2
11 % O2

Ref
95.5
1.4
6.3
11
8.1

AW
53.0
3.0
4.2
0.5
8.0
11
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4. Thermodynamic modelling
This section of the research aimed to investigate the bed agglomeration tendency during
full-scale tests, employing the computer package FactSage for modelling the combustion
chemistry in the equilibrium state. Considering that a deeper understanding of the bed
agglomeration mechanism requires more knowledge of the chemical reactions in the
fluidised-bed area, combined theoretical and experimental methods were suggested. In this
study, therefore, thermodynamic equilibrium calculations were coupled with the obtained data
from the experiments in the BFB boiler. The measured data included bed temperature, oxygen
concentration in primary air and pressure. In addition, the fuel composition was applied as
input data to simulate both combustion scenarios and predict the equilibrium products in the
bed. Additionally, the SEM-EDX analysis on the bed ashes was merged with the extracted
phase diagram, to evaluate the first melting temperature of the bed ashes.
4.1 Thermodynamic modelling of the ash-forming elements
The main ash-forming elements in the waste-derived fuels are considered to be Si, Ca, Mg, S,
Na, K, Cl, Al, Fe, P, Pb and Zn together with C, H and O [21]. A part of each of these
elements contributes to the formation of oxide/silicate and salt mixture systems [21]. The
silicate system contains polymeric silicate anions, which tend to have high melting points and
are highly viscous in liquid state. The salt mixture system consists of simple ionic compounds
such as Cl⁻, SO42⁻, CO32⁻, O2⁻, S2⁻ and PO43⁻ with different metal cations [21]. They span a
large range of melting points and relatively lower viscosity in the liquid phase. The silicates
are often found in the bed ashes and furnace walls, whereas the salts are often present in the
fly ash. The release pattern and stability of each of these elements directly depend on the
mode of occurrence of the element in the fuel. For instance, K or Na in the form of
organically bonded or dissolved alkali metals are readily volatilised, but alkali in silicate
minerals are generally more stable during combustion. The advanced chemical analysis
methods, prior to thermodynamic modelling, are suggested as a solution to ease the addressed
issue [21].
4.2 FactSage
The FactSage [22] thermochemical modelling software is a powerful predictive tool that was
introduced in 2001 when two software packages, FACT-Win and ChemSage, were combined.
It has been used in combustion research for calculating multicomponent, multiphase equilibria
and phase diagrams. The software is based on Gibbs energy minimisation and covers
extensive databases for oxide/silicate and salt mixture systems. The databases contain both
solution databases and pure compound databases. The solution databases include optimised
parameters for solution phases, while the pure compound databases contain properties of the
stoichiometric compounds, which are obtained either from phase diagram optimization or
taken from standard compilations. The equilibrium module of the software calculates the
equilibrium products of combustion, considering composition of the fuel, temperature and
12
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pressure. With the aid of a phase diagram module, it is possible to predict the phase
equilibrium conditions for ash and the corresponding melting behaviours [22]. The lack of
consistent and accurate databases is the main limitation attributed to thermodynamic
modelling of the combustion process, making a proper assessment of all possible formed
phases in an ash system difficult [21].
4.3 The calculation procedure
4.3.1 Modelling strategy
A global equilibrium model (Figure 10) was created to predict the equilibrium products in the
bed during combustion. The model reflects a real combustion condition in the fluidised-bed,
considering the operating conditions, input reactants and also output products. In this system,
input fuel and primary air (O2) are reacted under specified bed temperature and pressure, and
the system outlet is defined as equilibrium products in the form of bed ashes (solid and liquid
products), as well as gas compounds. All parameters including fuel composition, primary air
(O2), bed temperature and bed pressure were carefully specified according to the analytical
findings for the fuel and the recorded operational data.

Fuel

Equilibrium model
T, P

Equilibrium Gases

Bed Ash

Primary Air (O2)

Figure 10. Schematic picture showing the boundaries of the combustion system in the bed
considered for the equilibrium modelling.

Tables 5 and 6 present the chosen calculation parameters. Table 5 represent the typical
composition of MSW before (Ref case) and after addition of AW (20% AW+80% MSW; AW
case). In total, 21 of the elements found in the fuel were considered for modelling
calculations, while ultra-trace metals, which were considered to have low impact on the major
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results, were excluded, owing to computational constrains [23]. Considering the significant
impact of water on the thermodynamic equilibrium, the water content of the fuels was
specified separately from the fuel hydrogen and oxygen. The particle residence time in the
bed (τres) is estimated by dividing the particle zone mass (mz) by the inflow of the particles
into the bed Min and represent the average residence time for a perfectly mixed fluidised bed:

τres = mz / Min → τres (h) = 5000 (kg) / 289 (kg/h) → τres ≈ 17 h
It is concluded that the residence time for each sand particle in the bed is approximately 17
hours and this time is long enough to justify the assumption of equilibrium in the bed solids.

Table 5. Input parameters for thermodynamic calculation of 1 kg fuel of MSW (Ref case) and
80%MSW+20%AW (AW case).
Element

[g kg-1 fuel (as received)]
Ref case
AW case

C
H
S
O
Cl
K
Na
Ca
Al
Mg
Ti
Mn
Ba
P
Fe
Si
Cu
Cr
Ni
Zn
Pb
H2O content

293.12
38.75
2.87
151.87
4.12
2.43
4.09
17.12
7.25
1.71
1.10
0.14
0.15
0.59
3.12
23.97
0.38
0.04
0.01
0.56
0.92
375

254.19
33.30
2.49
145.96
2.77
1.67
3.08
19.17
4.89
1.75
1.20
0.10
0.19
2.43
2.95
18.22
0.10
0.04
0.01
0.73
0.30
444

Table 6. Input parameters for operating conditions in the Ref and AW cases.
Operational parameters

Ref case

AW case

850

750

Average bed pressure (atm)

0.995

0.995

kgO2 (primary air) kg-1 fuel

0.862

0.813

Average bed-temperature (C°)

14

14

Databases were involved with respect to the formation of possible compounds for given
conditions like input species, temperature and pressure. Specifically, the databases FactPS,
FToxide and FTsalt were selected for the prediction of pure solid, liquid and gas products. In
addition, FToxide- SLAGC, FTsalt-CSOB and FTsalt-SALTF solution were used for the
prediction of possible solution phases such as oxide liquid solutions, solid alkali
sulfate/carbonate and molten alkali salt solutions, respectively.
Inhomogeneity of the waste stream and also instability of the operating conditions in a
complex and variable system like BFB boilers make it essential to consider some assumptions
prior to calculations. Hence, it was assumed that all reactants are completely combusted
during the real combustion and that equilibrium conditions are reached for all reactions.
Another assumption made was that fluctuations in the operation parameters such as
temperature and pressure were neglected.
4.3.2 Equilibrium products
The predicted equilibrium products for the two combustion cases are presented in Tables 7 to
9. The pure solid compounds and solution products, which are favoured to stay in the bed, are
shown in Table 7 and 8, respectively. The gas products (Table 9) are mostly vaporised into
the furnace area, but a fraction can also contribute to the reactions that happen in the bed area.
Ni3S2(l) was the only pure liquid species found among the Ref case products, while no pure
liquid compounds were formed in the AW case.

Table 7. Results of chemical equilibrium calculations for the solid phase.

Compound

(g kg-1 fuel)
Ref case
AW case

CaSiO3(s)
KAlSi2O6(s)
NaAlSiO4(s)
CaMgSi2O6(s)
CaAl2Si2O8(s)
NaAlSi3O8(s)
CaFe2Si3O12(s)
Ca2MgSi2O7(s)
CaTiO3(s)
CaSiTiO5(s)

37.73
13.39
21.61
14.54
4.17
6.55
0.92

41.98
7.87
18.98
5.82
2.46
1.05
3.42
-
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Table 8. Results of chemical equilibrium calculations for the solution phase.
(g kg-1 fuel)

Wt% of total solution
phase

Compound

Ref case

AW case

Ref case

AW case

Ca3(PO4)2(s)
Mg3(PO4)2(s)
Fe3(PO4)2(s)
Na3(PO4)2(s)
CaO(l)
MgO(l)
SiO2(l)
FeO(l)
Al2O3(l)
Na2O(l)
TiO2(l)

1.09
0.19
1.90
0.010
0.29
0.04
0.47
0.56
0.025
0.0027
0.033

4.09
3.36
4.73
0.007
0.17
0.11
0.20
0.21
0.002
0.0003
0.001

23.57
4.25
41.03
0.21
6.30
0.96
10.16
12.19
0.53
0.060
0.70

31.71
26.05
36.64
0.05
1.32
0.91
1.60
1.69
0.01
0.002
0.01

Table 9. Results of chemical equilibrium calculations for the gas phase.

(g kg-1 fuel)
Compound

Ref case

AW case

wt% of total gas phase
Ref case
AW case

H2O(g)
CO2(g)
H2(g)
CO(g)
H2S(g)
HCl(g)
SO2(g)
PbS(g)
KCl(g)
NaCl(g)
Zn(g)
Pb(g)
ZnCl2(g)
PbCl(g)

638.2
945.1
9.029
82.01
2.665
4.088
0.006
0.647
0.067
0.048
0.260
0.172
0.087
0.199

722.5
914.9
1.921
10.45
2.348
2.561
0.062
0.270
0.375
0.027
0.003
0.011
0.014
0.046

37.93
56.17
0.536
4.874
0.158
0.242
0.0003
0.038
0.004
0.003
0.0150
0.0100
0.0051
0.011

43.64
55.26
0.116
0.631
0.141
0.155
0.0037
0.016
0.022
0.002
0.0001
0.0007
0.0008
0.003
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The equilibrium results are in good agreement with the chemical fractionation and SEM-EDX
findings for bed ashes. As Table 8 indicates, formation of calcium phosphate was notably
increased as a result of AW co-combustion. This was previously proven by SEM-EDX
analysis (Figure 4), showing a raised amount of Ca and P in the coating layer. The leaching
tests (Figure 6) determine this elevated amount of Ca and P as acid solution compounds,
which correspond well with the acid-soluble property of calcium phosphates. Also, Boström
et al. [24] have stated that phosphates are preferentially formed before silicates during
combustion of P-rich fuels. It should be noted again that parts of the increased calcium
phosphate in the ash originate from bone tissue containing Ca10(PO4)6(OH)2 and β-Ca3(PO4)2
and are also a result of combustion of P derived from the soft tissue in the AW, in addition to
P from the MSW; reacting with Ca from the MSW, see Figure 2 and Table 5.
The increased acid-soluble fraction of S in the AW case may be connected to increased
formation of CaSO4, according to the following reaction (1) [8]:
CaO(s)+SO2(g)+1/2O2(g)→CaSO4(s)

(1)

As equilibrium calculations state (Table 9), a higher concentration of SO2 is available in the
bed during AW co-combustion.
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4.3.3 Phase diagram information
The chemical characteristics and melting behaviour of the formed bed ashes are shown to be
important factors in bed agglomeration [25-27]. In this study, the phase diagrams of the oxide
systems, coupled with information provided by SEM-EDX, were used to evaluate the
composition and melting behaviour of the formed compounds in the coating. The SEM-EDX
spot analysis results for each element (in the oxide form), are shown in Figure 11. Six spots
were chosen for the coating, representing the weight percentage of the oxide form of the
elements in different coating layers. For the Ref case, CaO, SiO2 and Al2O3 were the
dominant oxides in the coating layer, meaning that almost 80% of the ash layer comprised
different compounds of the CaO-SiO2-Al2O3 ternary system. In the AW case, CaO and SiO2
were still the prevailing oxides, but the Al2O3 content was decreased by the increased amount
of P-related and S-related oxides in the coating.

a

b
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Figure 11. Cross-sectional SEM-EDX spot analyses for return sand in the Ref case: (a) SEM
picture and (b) concentrations in the six spots; and in the AW case: (c) SEM picture and
(d) concentrations in the six spots.

Figure 12 presents the phase diagram for the ternary CaO-SiO2-Al2O3 system and the location
of the bed ashes from the Ref and AW cases. Among the predicted compounds, formation of
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CaSiO3 and CaAl2Si2O8 was in agreement with the equilibrium results. The corresponding
solidus melting temperatures in the marked area indicate that the predicted compounds were
expected to be solid in combustion conditions. The ternary Al2O3-Na2O-SiO2 phase diagram
(Figure 13) predicts the possible alkali compounds formed in the bed ashes, with respect to
the position of the ashes in the diagram. The total alkali (Na and K) content of the bed ashes
was considered as Na2O in the system [28]. The findings in this study show that the alkali
content of the ash was located in the area with a higher melting point than the actual bed
temperature range during the tests.

Figure 12. CaO-Al2O3-SiO2 ternary phase diagram with some solidus temperatures (extracted
from FactSage) presenting bed ash composition for the Ref (solid triangles) and AW (solid
squares) cases.
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Figure 13. Al2O3-Na2O-SiO2 ternary phase diagram with some solidus temperatures
(extracted from FactSage) presenting bed ash composition for the Ref (solid triangles) and
AW (solid squares) cases.

5. Discussion
According to the information obtained during the RBT project, a reduction of the bed
temperature (approximately 150°C) alone, by means of flue gas recirculation and the spraying
of water on the fuel, had positive effects on the boiler , decreasing the deposition growth rate
and eliminating the bed agglomeration [6]. The rate of deposit formation was reduced by
approximately 20%, and a slightly higher capture of Cl in the bed ashes was observed. The
link between reduced bed temperature and bed agglomeration prevention could also be
explained by decrease in the amount of molten ash in the bed.
During the current project, a reduction of the bed temperature was achieved by co-combustion
of AW with high moisture content, removing the need for flue gas recirculation and water
spraying. The experimental results confirmed an elimination of bed agglomerates as well as a
reduction of deposit formation by AW co-combustion. The changed chemistry of the fuel was
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also shown to notably affect the chemistry of the ashes. Analysing the coated ash layer
showed a direct link between increased Ca and P concentrations, which is attributed to the
elevated calcium phosphates in the ashes. The calcium phosphates are highly likely to have
originated both from the non-reactive calcium phosphates of the bone tissue and from the
reactive P fraction of the soft tissue in the AW reacting with Ca from the MSW to form
calcium phosphates. Apart from Ca and P, an increased amount of S-related compounds were
observed in the bed ashes; these compounds were characterized as acid-soluble products. This
increase could be connected to the higher formation of sulfate products such as calcium
sulphate that result from a higher amount of SO2 in the bed area. The higher capture of Carelated and S-related compounds in the bed could be considered as an explanation for the
lower deposit growth rate in the AW case.
Global equilibrium modelling made it apparent that during AW co-combustion, alkali earth
metals (Ca and Mg) tend to form phosphates rather than silicates such as calcium-magnesium
silicates and calcium-aluminium silicates. This tendency is also shown by the EDX spot
analysis of the ash coatings on the bed sand, indicating that the phosphates are increased
while the Si-related and Al-related compounds are lowered. Alkalis are predicted to be in the
form of alkali-aluminium silicates in the bed ashes and no presence of low-melting-point
alkali silicates was observed among the equilibrium products. The information extracted from
the phase diagrams for the bed ashes also confirm the absence of any molten phases from the
Al2O3-SiO2-Na2O ternary system under both combustion conditions. Na shows an almost
similar pattern for the two combustion scenarios and was found mostly as sodium-aluminium
silicates in the bed. However, K indicates different release patterns and tends to volatilise as
potassium chlorides at a higher percentage in the AW case. The increased formation of KCl
during the combustion of phosphorus-rich fuels with Ca-based additives has been reported by
Boström et al. [24].
According to the given composition of the Swedish sand (mostly feldspars) [6] and low
temperature of the bed, the bed sand acts as an inert carrier of the coating layer. The SEM
images of coated silica sand also showed no evidence of surfaces attacked by alkali gaseous
compounds. In addition, the formation of low-melting-point alkali silicates was not predicted
among the equilibrium products or in the phase diagram information for the bed ashes. In the
absence of low-melting-point alkali silicates, melt-induced agglomeration could be considered
as a mechanism for the formation of agglomerates in the Ref case, meaning that enough
molten ash particles were available to glue the sands together in this case [8]. The formation
of the molten oxide phase (slag) as well as the molten solid phase, in the bed may generate the
agglomeration in the Ref case. In the AW case, however, the reduced bed temperature
significantly decreased the amount of molten phase in the bed, as in the RBT case. Moreover,
participation of the high-melting-point crystalline compounds such as calcium phosphates and
sulfates in the molten phase increases the first melting temperature of the bed ashes. One of
the possible ash products that may facilitate bed agglomeration during MSW combustion is
CaCl2. Partanen et al.[29] suggested the formation of CaCl2 as a transient compound during
combustion processes; this formation is described as reactions 2 below. The role of CaCl2 in
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bed agglomeration in the Ref case is plausible concerning its melting temperature (772°C)
which is lower than the average bulk temperature of the bed.

Step 1

CaO(s) + 2HCl(g) → CaCl2(s,l) + H2O(g)

Step 2

CaCl2(l) + SiO2(s) + H2O(g) → CaSiO3(s) + 2HCl(g)

(2)

or
Step 2

CaCl2(l) + SiO2(s) + ½O2(g) → CaSiO3(s) + Cl2(g)

6. Conclusions
Adding 20-30 wt % AW to the ordinary waste fuel mix positively affected the operational
condition of the boiler as well as the chemistry of combustion. In terms of the operational
condition, the bed temperature was reduced by approximately 70–100°C, which resulted in a
reduced deposition growth rate in the super-heater area, in addition to the prevention of bed
agglomeration. Combustion chemistry was directly affected by the high concentration of
phosphorus in the AW, which appeared as a substantial increase of calcium phosphates in the
ashes. The increased amount of S in the bottom ashes could be linked to higher concentrations
of SO2 in the bed area, based on equilibrium calculations. In general, the chemistry of the
bottom ashes was shifted to higher concentrations of Ca, P and S, while the Si and Al content
was decreased. Alkalis did not show any remarkable differences between the two cases, but a
relative increase in Cl was observed.
The deposit growth rate was lower in the AW case, but the analysis results showed higher
concentrations of Cl, alkali and S in the formed deposits in that case. However, the annual
inspection of the boiler indicated no signs of increased corrosion damage, and in addition, it
was reported that the cleaning of the super-heaters was performed more easily than in earlier
years. The significant reduction of NOx emission during AW co-combustion could be
attributed to a high concentration of N in the fuel, which may release as ammonia (NH3)
during combustion and reduce the NOx emission. A lower bed temperature and also a less
primary air flow are other explanations.
Combining theory and practice can provide a greater understanding of equilibrium products,
indicating that formation of molten oxide and salt phases, rather than alkali-induced
agglomeration, may facilitate the agglomeration tendency in the Ref case. The higher the bed
temperature, the greater the amount of ashes present as molten phase. The lab-scale
agglomeration tests also confirmed that co-combustion of AW increased the melting
temperature of the bed ashes, which could be connected to higher amounts of calcium
phosphates and sulfates in the ashes.
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Finally, it can be concluded that co-combustion of AW improved the combustion process by
two separate factors; reduced-bed temperature and changed chemistry. Referring to the results
for the RBT project, reduced-bed temperature alone contributes to lower deposition growthrate, as well as prevented bed agglomeration. The role of reduced-bed temperature in bed
agglomeration prevention can be explained by lowering the amount of the bed ash present as
molten phase. In terms of combustion chemistry, addition of AW to the MSW increased the
first melting temperature of the bed ashes, enriching the concentrations of high-melting point
calcium phosphates and sulfates in the bed. Moreover, significant reduction of NOx emission
could be linked to high concentration of N in the AW, however lower bed temperature and
lower primary air may also enhance NOx reduction.
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Abstract: Co-combustion of animal waste, in waste-to-energy boilers, is considered a
method to produce both heat and power and to dispose of possibly infected animal wastes.
This research conducted full-scale combustion tests to identify the impact of changed fuel
composition on a fluidized-bed boiler. The impact was characterized by analyzing the
deposit formation rate, deposit composition, ash composition, and emissions. Two
combustion tests, denoted the reference case and animal waste case, were performed based on
different fuel mixes. In the reference case, a normal solid waste fuel mix was combusted in the
boiler, containing sorted industry and household waste. In the animal waste case, 20 wt%
animal waste was added to the reference fuel mix. The collected samples, comprising
sampling probe deposits, fuel mixes, bed ash, return sand, boiler ash, cyclone ash and filter
ash, were analyzed using chemical fractionation, SEM-EDX and XRD. The results indicate
decreased deposit formation due to animal waste co-combustion. SEM-EDX and chemical
fractionation identified higher concentrations of P, Ca, S, and Cl in the bed materials in the
animal waste case. Moreover, the risk of bed agglomeration was lower in the animal waste
case and also a decreased rate of NOx and SO2 emissions were observed.
Keywords: bubbling fluidized bed (BFB) boiler; animal waste; MSW; deposit; ash
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1. Introduction
Increasing demand for sustainable heat and power production, as well as problems landfilling
wastes, has prompted heat and power plants to replace fossil fuels with alternatives such as
combustible municipal solid wastes (MSW) or refuse-derived fuels (RDF) [1,2]. Combustion of MSW
and RDF, however, can lead to serious fouling and corrosion problems, due to their physical and
chemical properties. The major difficulties with thermally processing waste fuels are attributed to their
heterogeneity, high concentrations of alkali and chlorine, and high content of inorganic incombustible
materials [3]. Fluidized-bed boilers, with their inherent fuel flexibility, have been developed to resolve
problems concerning fuel heterogeneity and high ash content [4]. High concentrations of alkali and
chlorine compounds could cause severe corrosion of steel surfaces, particularly at temperatures above
450 °C. Potassium, sodium, and chlorine are known to be the main causes of severe high-temperature
corrosion [5]. In addition, interaction between alkali species and silica sand leads to the formation of
low-temperature eutectics, which could cause the agglomeration/defluidization of fluidized-bed boilers [6].
Formation of bed and fly ashes, which may contain large amounts of potentially toxic metal compounds, is
also a problem when waste fuels are combusted. These ashes, which could harm the environment, are
classified as hazardous materials and need special treatment and storage when landfilled [7].
Regardless of these problems, the combustion of waste fuels is still an interesting option,
considering their often high energy content, their abundance, and the economic aspects of combusting
them. Improved boiler operation has been investigated by either modifying the boiler function or
changing the fuel mix. For example, a previous full-scale project, the Reduced-Bed Temperature
(RBT) project [8], reduced the bed temperature by recirculating flue gas and spraying water on the fuel
to modify the boiler function. The outcome was positive in terms of deposit formation rate, fly ash
flow rate, reduced risk of bed agglomeration and some capture of chlorine in the bed [8]. Co-combustion
and additive use have also proved useful in alleviating the addressed problems. Co-combustion of
secondary waste fuels, such as sewage sludge and animal waste, has previously shown benefits in
some projects [9–11]. Animal waste, a new fuel type, has proved beneficial when co-fired with wood
chips, sorted MSW, and peat in commercial boilers [11].
The present research investigated co-combustion of animal waste with a mix of sorted industrial and
sorted household waste, in a full-scale bubbling fluidized bed (BFB) boiler. The paper investigates the
impact of the new fuel composition on the boiler operation. Especially the effects on operational
issues, such as deposition growth rate in the heat transfer area, bed agglomeration and flue gas
emissions, were followed. The distribution of major ash forming elements such as Ca, S, Cl, Na, K and
P in the bed and fly ashes were examined. It was particularly significant to find out how the high
concentrations of calcium phosphate compounds in the animal waste and its high moisture content [11]
affected the ash transformation behavior in the bed area. Analysis of the formed deposit on the deposit
rings was also performed to determine the amount of corrosive elements such as Cl and alkalis.
A series of complementary lab-scale tests were also conducted to determine the effect of animal waste
co-combustion on bed agglomeration temperature. The emissions of NOx in the flue gas were
measured, to identify whether high nitrogen content of animal waste [11] may change NOx emissions
in positive or negative way.

Energies 2013, 6

6172

2. Experimental
2.1. The Fuel
Since the 2000s, the incineration of animal wastes classed at high risk of being infectious, such as
animal carcasses and slaughterhouse waste products, has been regulated by the EU Commission, due
to the bovine spongiform encephalopathy (BSE) crisis in the European beef industry [11,12]. Apart
from sanitary considerations, the acceptable heating value of animal waste, approximately
7–8 MJ·kg−1, make it an interesting co-fuel for waste-to-energy boilers [11]. The animal waste is crushed
and grinded into a slurry (Figure 1) in a separate plant, and transported to a receiving tank at the
combustion plant. From the receiving tank, the slurry is pumped into the boiler through a closed pipe
system [11]. The slurry which was injected to the boiler consists of two fractions; hard tissue (bone) and
soft tissue (fat and protein) which have high concentrations of calcium phosphate compounds.
Figure 1. Crushed and ground animal waste prepared for combustion.

Two tests were performed with fuels of different compositions, referred to as the reference (Ref)
and the animal waste (AW) cases. The fuel used in the Ref case was the ordinary waste fuel mix
usually used in this boiler, consisting of 70 wt% sorted and pretreated industrial waste (RDF) and
30 wt% sorted and pretreated household waste (MSW). The waste fuel mix (MSW and RDF) consists
mainly of paper, plastic, and wood and has a moisture content of approximately 35%, which is
below what the boiler was designed to handle. In the AW case, 20–30 wt% of AW, representing
approximately 20% of the total energy content of the fuel mix, was added as secondary fuel to the
ordinary waste fuel mix. All fuels were grinded to a particle size <100 mm, which is the designed fuel
size for this boiler.
2.2. The Boiler
Full-scale tests were conducted in a 20 MWth BFB boiler designed for waste combustion (Figure 2)
owned by Borås Energy and Environment AB. The plant launched the co-combustion of AW with the
ordinary waste fuel mix in the autumn of 2010. The tests were carried out in boiler No. 1 of the two
twin boilers, which is equipped with measurement openings in the walls and equipment for fuel and
ash sampling. Boiler No. 1 operates parallel to boiler No. 2, both of which use the same fuel feeding
and ash transportation system. These boilers produce superheated steam of 405 °C and 49 bar, used for
power and heat production. The boilers are designed for a bed temperature of 870 °C, but due to
decreased bed agglomeration and lower deposition growth rate in the RBT project [8], the goal is a bed
temperature of 750 °C.
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Figure 2. Ash sampling and measurement positions: (1) Bed ash; (2) Boiler ash;
(3) Cyclone ash; and (4) Deposit probes upstream of the superheaters.

2.3. The Tests
The full-scale co-combustion tests were carried out with typical operation conditions for a
BF-boiler. Also bed sand, fuel size, moisture in with fuel and fluidization of the boiler corresponded to
normal conditions. The experimental procedure entails sampling the return sand, bed and fly ashes, and
deposits collected on a deposit probe, in addition to analyzing the flue gases emitted for two fuel
compositions: the Ref and AW cases. Before each test, the boilers were operated with the desired fuel
mixture for at least three days to eliminate any memory effects of the previous fuel. In deposit
sampling, a deposit probe, simulating the super-heater tubes, was inserted upstream of the superheaters
(No. 4 in Figure 2) where the flue gas has temperature of approximately 630 °C. The deposition
analysis was repeated twice, once in the morning and once in the afternoon. The surface of the deposit
probe was maintained at a temperature of 435 °C in all tests, representing a steam temperature of
405 °C, corresponding to normal boiler performance. The probe was equipped with two high-alloyed
steel rings, one for elemental analysis and one for SEM-EDX analysis of the collected material. The
exposure time for each sampling was three hours.
Bed materials, return sand, and fly ashes were sampled continuously during the combustion tests, to
examine the effects of the two fuel compositions on bed agglomeration and ash chemistry. The bed
material consists of both coarse and fine fractions. The coarse fraction of the bed material is discharged
as bed ash (No. 1 in Figure 2), while the fine fraction, comprising mostly bed sand, is recycled to the
boiler after sieving (return sand). In addition, the level of bed material is maintained by continuously
injecting fresh sand into the bed area. The fly ashes, i.e., boiler ash, cyclone ash, and filter ash, were
collected from the empty pass, cyclone, and textile filter, respectively. For each ash fraction and each
fuel blend, sampling was repeated four times, at two hour intervals for each sampling. To obtain a
mean value, a mixture of the four samples of each fraction was sent to the laboratory [13]. The
emission rates of H2O, CO2, SO2, CO, NOx, HCl, NH3, and N2O in the flue gas were continuously
analyzed using Fourier Transform Infra-Red (FTIR) spectrometry (ABB Bomem Inc., Quebec, Canada).
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2.4. The Analysis
2.4.1. SEM-EDX
A scanning electron microscope (FEI Quanta 200 ESEM FEG) (Oxford instruments Inc., Abingdon,
UK) equipped with Oxford Inca Energy Dispersive X-ray (EDX) (Oxford instruments Inc., Abingdon,
UK) was used for elemental analysis of ash particles. In particular, the topography was examined using
SEM, while the distribution of key elements, including both qualitative and quantitative analysis, was
performed using EDX. As surface preparation, ashes were mounted in epoxy and polished before the
cross-sectional SEM-EDX analysis.
2.4.2. Chemical Fractionation
Chemical fractionation, a progressive leaching method using various solvents, has proven useful to
estimate whether compounds in the fuel are reactive or inert during combustion [14]. With this method,
an indication of the ash chemistry could be obtained; it could also be applied to determine the compound
composition of ashes as a complementary method to SEM-EDX analysis [15]. The method was used for
analyzing boiler and cyclone ashes in addition to the coating layer on return sand particles.
In the first step of chemical fractionation, deionized water is used to extract water-soluble
compounds such as alkali sulfates, carbonates and chlorides. Recent studies indicate that some
phosphates can also be extracted [16]. In the second step, carbonates, as well as sulfates, which are not
easily dissolved by water, are leached out using ammonium acetate, NH4Ac [15]. The fractions that are
insoluble in water or ammonium acetate are considered less reactive during combustion. In the last
step of the fractionation, other phosphates, carbonates and sulfates are extracted using 1.0 M HCl at
70 °C. The remaining solid residue, an insoluble fraction, consists of silicates and other compounds
such as oxides, sulfides and minerals [15,16].
An inductive coupled plasma with atomic emission spectroscopy (ICP–AES) detector and an
inductive coupled plasma with mass spectrometry (ICP–MS) detector were employed to analyze Ca, Al,
Fe, K, Mg, Na, P, Si, S, Cl, and Ti in the leachates and solid samples. All solid samples were entirely
dissolved according to Swedish standards SS028311 and SS028150-2 [17] before analysis.
2.4.3. Bed Agglomeration Test
To compare the bed agglomeration behavior, a series of complementary lab-scale tests was
conducted. The return sands collected from the full-scale tests were put in a lab-scale fluidized-bed
combustor to assess the consequences of AW co-combustion on bed agglomeration. The combustor
was initially stabilized at 750 °C and fluidizing gas (85% N2 and 15% CO2) was uniformly introduced
through the bed, 68 mm in diameter, at a rate of 50 L min−1. The temperature was gradually increased
from 750 °C to 1100 °C at a rate of 3.5 °C min−1, while the pressure was continuously monitored
across the bed. The first pressure drop gives the initial point when sand particles start to sinter together,
which is called the partial agglomeration temperature. The total agglomeration temperature occurs
when the slope of the pressure drop starts to increase; i.e., the decrease is no longer sharp. The method
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is estimated to be accurate to within ±10 °C. This measurement, however, is comparative between the
cases and cannot be directly used in a full-scale boiler [18].
2.4.4. XRD
X-ray diffraction (XRD) was used to determine the chemical composition of the crystalline
compounds found in the ash fractions. The XRD data presented were obtained from a Siemens D5000
X-ray powder diffractometer (Siemens AG Inc., Munich, Germany) using the characteristic Cu
radiation, and a scintillation detector. The JCPDS database, version 2010 (ICDD, Pennsylvania, USA),
was used as a standard when identifying the crystalline compounds present in the ashes.
3. Results and Discussion
3.1. Fuel Analysis
The results of the fuel analyses are presented in Table 1. The ash content of the AW is almost half that
of the ordinary MSW, making the ash content slightly lower in the resulting fuel mix. The calorific value
of the fuel mix, however, decreased from 10.9 MJ kg−1 to 9.4 MJ kg−1 with the addition of wet AW.
Table 1. Fuel analysis.
Fuel
Moist, raw, wt-%
Ash, dry, wt-%

MSW (Ref)
AW
AW + MSW (AW)
Method
37.5
60.9
46.4
CEN/TS 14774-2
20.3
13.7
18.4
CEN/TS 14775
C
46.9
54.3
47.1
CEN/TS 15104
H
6.20
7.90
6.30
CEN/TS 15104
N
1.20
6.30
1.80
CEN/TS 15104
Dry sample, wt-%
O
24.3
17.3
25.3
Calculated
S
0.46
0.30
0.40
CEN/TS 15289
Cl
0.70
0.40
0.70
CEN/TS 15289
LHV, raw, MJ kg−1
10.9
8.30
9.40
CEN/TS 14918
HHV, raw, MJ kg−1
18.8
25.0
19.7
CEN/TS 14918
K
3,898
2,050
2,926
ASTM D 3682
Na
6,557
4,550
6,009
ASTM D 3682
Ca
27,405
45,100
33,876
ASTM D 3682
Al
11,611
<100
9,447
ASTM D 3682
Mg
2,740
1000
3,001
ASTM D 3682
Ash analysis, mg kg−1 ash Ti
1,603
<100
2,437
ASTM D 3682
Mn
223
<100
183
ASTM D 3682
P
954
21,900
4,252
ASTM D 3682
Fe
4,993
400
6,035
ASTM D 3682
Zn
893
2,500
1,043
ASTM D 3683
Pb
1,482
<10
350
ASTM D 3683
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Table 1 also shows that the concentration of N is much higher in AW compared to the ordinary
waste mix. The elemental analysis presented in Figure 3 indicates significantly more P, and Ca and
less S, Cl, Na, and K in AW than in the ordinary waste mix. The resulting fuel mix of ordinary waste
fuel and AW contains a four times higher phosphorus concentration than does the ordinary waste mix.
Note that, due to the characteristics of waste fuels, the composition of this fuel changes over time and
was not exactly the same for all tests.

mg kg-1 Total solids

Figure 3. Composition of fuels and fuel mix.
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3.2. Deposit Formation
The deposits formed on the surface of the rings during the various combustion tests are illustrated in
Figure 4. In addition, Figure 5 shows the deposition growth rate and corresponding elemental analysis
for the sampled deposit for each combustion test. The results indicate a reduction in the rate of deposit
formation during AW co-combustion by three times.
Figure 4. Deposit formed on the rings.
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Figure 5. Deposition growth rate and elemental analysis for the Ref and AW cases.

Regarding the elemental distribution on the rings, the Cl concentration (11 wt%) in the deposit was
higher in the AW case than the 7 wt% in the Ref case. However, the total amount was lower in the AW
case than in the Ref case. The total alkali concentration rose from 6 wt% in the Ref case to
approximately 14 wt% for the AW case. Moreover, the increased amount of Ca and P in the fuel
(Figure 3) is not reflected in the deposit composition. The Ca concentration was 30 wt% lower and P
was at the same level in the deposits formed during the AW case versus the Ref case. In addition Si
and Al were found in lower concentrations in the deposits in the AW case. The concentration of S,
however, increased by 33.5 wt% in the AW case.
Even though the deposit rings indicate a reduction in the amount of deposit formed in the AW case,
a higher risk of corrosion might be expected due to the increased concentration of alkali and chlorine.
However, visual inspection of the boiler tubes after almost one year of co-combustion with AW, did
not reveal any increased corrosion.
3.3. SEM-EDX Analysis on Ashes
SEM-EDX was employed to perform elemental analysis of the coating layers formed during
combustion on the particles of sampled return sand and boiler ash. The analyses presented here focus
mainly on the return sand, though the coating on the boiler ash was similar in nature. Two types of
sand particles are present in the boiler, consisting of silicon oxides or feldspar. Therefore, it was
important to determine whether their original composition could have affected the compounds bonding
to their surface during combustion. The results, however, showed no indications of differences
between the particles and, in contrast to previous findings, no signs could be found of alkali silicate
melt on the inner surface of the silica sand particles [6,19,20].
Figures 6a,b shows cross-sectional SEM-EDX spot analyses of the entire coating from its outer
layer to the surface of the sand particles, for two return sands from the Ref and AW cases. The
corresponding elemental distributions of Cl, S, Ca, Na, P, Al and Si are presented in Figure 6c,d.
Comparison of the two cases indicates that the concentrations of Ca, S, Cl and P are higher in the
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coating layer on return sand from the AW case. Si and Al, however, are found to be slightly lower in
this case. The higher concentrations of Na, Si, and Al at point No. 8 in both cases reflect the original
compositions of the feldspars in the sand particles.
Figure 6. Cross-sectional SEM-EDX spot analysis of the coated return sands: (a) and (c)
for the Ref case; (b) and (d) for the AW case.

To achieve an average coating composition, three of the analyzed sand particles were picked from
each combustion test. The results presented in Figure 7 confirm the higher concentrations of Ca, Cl, P,
and S (which increased by 4.3, 1.3, 2.4 and 1.8 wt%, respectively) in the coating of the return sand
particles in the AW case compared to the Ref case. The same coating composition was also found on
the bed ash material and on the boiler ash particles. Higher capture of Ca, S, Cl and P compounds in
the bed area could be connected to the lower rate of deposit formation in the super heater area. The
results for alkali (Na, K), however, did not indicate any notable differences between the two cases,
suggesting that the changed boiler conditions did not significantly affect the alkali capture in the bed.
Figure 7. Average element concentrations in the coating surrounding the sand particles.
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3.4. Chemical Fractionation Results for Return Sand and Cyclone Ash
The chemical fractionation results for the particles more or less support the results obtained
using SEM-EDX. As Figure 8 shows, higher concentrations of Ca, S, and P could be observed in
the coating of the sand particles in the AW case, while the difference between the concentrations
of Na and K are small. Note also that the largest part of the alkali found in the non-soluble fraction
originates from the feldspar particles in the sand.
Figure 8. Results of chemical fractionation analysis of return sands with coatings: (a) Ref;
(b) AW.

(a)

(b)

Comparing the two cases, the major differences in the concentrations of Ca, S, and P are found
in the acid-soluble fractions. The water-and acetate-soluble fractions, in addition to the insoluble
portions of Ca, P, and S are almost the same in both cases. All of the extra Ca, S, and P is found in
acid-soluble forms in the AW case. This was partly explained by the fact that AW is rich in
crushed bone containing Ca10(PO4)6(OH)2 and β-Ca3(PO4)2 [11,12,21], which is soluble in acid.
But in addition, parts of the P introduced with the AW fuel derive from proteins in the soft tissue
of the animals and are reactive during combustion [22]. This reactive part of P dominates over Si
in the competition for Ca+2 to form calcium-phosphate, which is a stable compound [23].
The results of chemical fractionation of cyclone ash are presented in Figure 9. In addition, the
concentration of acid-soluble Ca and P apparently increased in the AW case. The solubility of S
changed drastically when adding AW. In the Ref case, the largest part of S occurred as acetate-soluble
compounds, but in the AW case most S was found as acid-soluble compounds. The results do not
indicate in which form this S is found in the ash. For the boiler ash, the results are almost similar to the
cyclone ash.
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Figure 9. Results of chemical fractionation analysis of cyclone ash.

3.5. XRD
The XRD results for boiler ash, cyclone ash, filter ash and fresh sand are presented in Table 2. The
differences between the three cases are very small, probably due to the original composition of the
fresh sand. The ordinary composition of Swedish sands, which contain feldspars, make it difficult to
distinguish, analytically, between the sands and ashes. Quartz (SiO2), albite (NaAlSi3O8), microklin
(KAlSi3O8) and klinoklor ((Mg,Al)6(Si,Al)4O10(OH)8) are compounds found in the fresh sand. Several
of these compounds were also found in the ash, for example, quartz, albite and microklin in the
boiler ash.
Despite the limitations of the analysis, one can conclude that no large changes occurred in the
crystalline part of the ashes. The cyclone ash in all cases had a high NaCl content, but only the Ref
case contained KCl. Regarding the fact that high concentrations of small NaCl crystals in the cyclone
ash can impede good analytical results, the samples were washed with deionized water, dried, and then
reanalyzed. However, the washing had only a small impact on the results in these cases. Calcium
aluminum oxide, calcium aluminum silicate and quartz were the dominant compounds in all cases, and
only one phosphate was detected in one case, that of AW.
3.6. Chemical Analysis of Ashes
Five ash fractions were analyzed (see Figure 10). The comparison indicates increasing
concentrations of S, Cl, and Ca when following the system from bed ash—the first fraction sampled—to
filter ash. However, for Al, Si, and alkali the reverse is the case, with the lowest concentrations being
found in the filter ash. This could be explained by the smaller amount of sand particles, consisting
mostly of Si, Al, K, and Na, in the filter ash.
Once more, higher concentrations of Ca, P, S, and Cl could be observed in the ashes in the AW
case. For S and Cl, this is more noteworthy given that S and Cl concentrations in the fuel in both the
Ref and AW cases were fairly similar (Figure 3). This may be linked to the lower bed temperature
because the results are close to those from the RBT case, in which the lower bed temperature led to
higher capture of S and Cl in the bed material coating [8]. Ca and P, mainly introduced as bone tissue
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with the AW, seem to be enriched in the bed ashes. The results for K and Na in Table 3 reconfirm that
no major differences of the alkali concentration could be seen between the two cases.
Table 2. XRD results from the Ref and AW cases.
Compound
Ca(OH)2
CaClOH
CaCO3
CaO
CaSO4
Ca5(PO4)3(OH,CI,F)
Na4Ca(SO4)3
Ca3Al2O6
Ca2Al2SiO7
CaSiO3
NaCl
KCl
SiO2
NaAlSi3O8
KAlSi3O8
Na2Si2O5
Fe2O3
Al metall
Fe metall
MgO
(Mg,Al)6(Si,Al)4O10(OH)8 Clinochlore

Boiler ash

Cyclone ash

Ref
L
L
M
M
M
M
M
L
T
L
M
-

Ref
L
T
L
M
M
L
L
M
L
-

AW
L
L
M
M
M
M
M
M
M
-

AW
L
T
L
M
M
M
L
M
L
-

Filter ash
Ref
M
M
L
L
M
M
-

AW
M
M
L
L
M
M
-

Fresh Sand
M
M
M
M

Notes: M = Much; L = Little; T = Trece.

Figure 10. Elemental analysis of bed ash, return sand, boiler ash, cyclone ash, and filter
ash, for the Ref and AW cases.
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Table 3. Elemental analysis of ashes [g (kg ash)−1].

Element
Cl
S
P
Si
Al
Ti
Mg
Ca
K
Na
Cu
Pb
Zn
Fe

Bed Ash
Ref AW
1.0 3.0
2.6 5.8
1.9
18
287 241
49
43
3.1 3.3
10
11
52
82
16
15
48
42
4.6 7.0
0.7 0.4
2.5 1.9
33
23

Return Sand
Ref
AW
0.9
2.4
3.1
13
1.8
13
307
244
60
56
5.5
8.4
7.6
10
63
123
24
20
31
30
3.0
1.4
0.7
0.3
3.0
2.1
31
29

Boiler Ash
Ref
AW
1.4
2.0
7.2
9.3
3.4
17
277
258
68
57
6.2
6.0
12
9.3
79
105
21
20
28
30
6.6
5.3
0.6
0.4
3.8
2.5
29
28

Cyclone Ash
Ref
AW
18
17
21
19
6.2
28
156
132
84
77
16
15
21
18
196
206
12
12
19
19
4.1
3.5
0.9
0.7
7.0
5.8
26
24

Filter Ash
Ref AW
99
137
33
17
2.1
11
13
14
11
10
1.0
1.7
6.1
6.7
365 373
7.4
11
12
14
5.3
4.8
3.5
2.4
5.2
3.3
3.4
2.3

Figure 11 presents the elemental balances over the boiler for the various fractions. The results were
calculated using the measured ash and fuel flows, in addition to the chemical compositions of both
fuels and ashes. The fractions entering the system are fuel and lime and the fractions coming out are
the ash fractions. The element balances agree very well, considering the size of the boiler.
Figure 11. Element balances over the boiler: (a) Ref case; (b) AW case. X = The total
inflow of the element to the boiler (fuel and lime) compared to the outflow (ash flows).

(a)

(b)

Table 4 presents more detailed information about the proportion of elements in different ash
fractions. As a result of AW co-combustion, the proportion of total P increased from 15% to 23% in
the bed ash but decreased from 46% to 40% in the cyclone ash. The Ca concentration increased by 2.7
and 3.6 percentage points in the bed ash and boiler ash, respectively, but decreased by 6.6 percentage
points in the filter ash. The S concentrations rose by approximately 8 percentage points in the bed ash
and boiler ash, but declined by 1percentage points in the cyclone ash and 20 percentage points in the
filter ash. The total alkali decreased by 13 percentage points in the bed ash, but increased in the boiler,
cyclone and filter ashes. The greatest reduction in Cl concentration was observed in cyclone ash, in which
it decreased by over 20 percentage points, while it increased by 1.5 percentage points in the bed ash.
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Table 4. Elemental analysis balance of the ashes (wt-% distribution).

%Proportion in Ash
P
Ca
S
K
Na
Cl

Bed Ash
Ref
13.6
7.5
4.1
27.9
44.3
0.9

AW
23.3
11.4
11.4
25.8
39.3
2.2

Boiler Ash
Ref
25.7
12.1
12.1
38.2
27.2
1.3

AW
24.8
15.9
20.0
36.3
31.0
1.6

Cyclone Ah
Ref
46.8
30.2
34.6
21.8
18.3
16.7

AW
40.0
31.2
41.6
23.0
19.3
14.1

Filter Ash
Ref
13.9
50.2
49.2
12.2
10.2
81.1

AW
12.0
41.6
27.0
14.8
10.3
82.1

3.7. Bed and Agglomeration Temperature
Adding AW to the fuel mix, reduced the bed temperature by 70 °C relative to that of the Ref case.
The positive effects of AW co-combustion on the bed agglomeration are shown in Figure 12a,b, in
which visual inspection of the bed ashes for both cases shows considerably less amount of
agglomerated particles in the AW case than do those from the Ref case. This difference could be
explained by the change in temperature, the changed chemistry or both [8].
Figure 12. Bed ash samples: (a) Ref case, (b) AW case.

a

b

The results of the lab-scale bed agglomeration test are presented in Table 5. These results confirm
that co-combustion of AW, with the normal waste fuel, increases the sintering temperature by
70–100 °C. However, the sintering temperatures in the tests are higher than the bed temperature in the
full scale boiler.
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Table 5. Agglomeration temperatures for return sand.
State
Partial agglomeration
Total agglomeration

Unit
°C
°C

Ref
953
993

AW
981
1079

3.8. Emission
Co-combustion of AW with MSW raises concern about higher NOx emissions, regarding high
concentration of nitrogen in the fuel. However, flue gas analysis indicated a reduction in NOx
emissions of approximately 50% when AW was added to the fuel mix, as seen in Figure 13. The
NOx-reduction effect of AW co-combustion has been reported previously [11]. The decrease in NOx
concentration in the flue gas, despite the much higher nitrogen content of the AW, could be explained
by the release of nitrogen as ammonia (NH3) during combustion. In the AW, nitrogen is found as
amino acids, which are decomposed during thermal treatment, releasing the amino-group. However,
the lower bed temperature and lower primary air flow are other possible explanations. Adding AW
also resulted in a 50% lower demand for ammonia injection into the boiler, to reduce NOx emission. In
addition, SO2 emissions also declined from 11 to under 1 mg per normal cubic meter of flue gas in the
case of AW addition (Table 6). This might be due to a higher concentration of Ca and a lower
concentration of S in the AW case fuel mix, leadings to the capture of S as CaSO4 [24].
Figure 13. Emissions of N2O, NOx, and NH3 together with ammonia addition to boiler
No. 1 in the Ref and AW cases: (a) Ref; (b) AW.

(a)

(b)
Table 6. Flue gas emissions.

Compound
NOx
N2O
NH3
SO2
HCl

Unit
mg/Nm3 11% O2
mg/Nm3 11% O2
mg/Nm3 11% O2
mg/Nm3 11% O2
mg/Nm3 11% O2

Ref
95.5
1.4
6.3
11
8.1

AW
53.0
3.0
4.2
0.5
8.0
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4. Conclusions
Adding 20–30 wt% AW to the ordinary waste fuel mix reduced the bed temperature by 70–100 °C
and effectively reduced the deposition growth rate in the super heater area. Despite higher
concentrations of Cl, alkali and S for the deposits formed in the AW case, there were no indications of
higher corrosion. Inspection of the boiler after almost one year of operation also revealed no signs of
increased corrosion damage.
SEM-EDX analysis of the coatings formed on return sand and bed ash particles indicated higher
concentrations of P, Ca, S, and Cl in the bed material in the AW case; this was confirmed by the
chemical fractionation analysis. In addition, chemical fractionation indicated that more acid-soluble
compounds of P, Ca, and S were formed in the AW case. The increased amount of Ca and P, in the
form of bone tissue, and P from the soft tissue introduced into the boiler by the AW did not affect the
combustion, but appeared as calcium phosphates in the ashes. Positive effects of AW co-combustion
were also observed in the bed, where agglomerates were found in the Ref case but not in the AW case.
The emission data indicated lower NOx emissions in the AW case, despite a higher concentration of
nitrogen in the AW fuel mix; this consequently reduced the rate of ammonia addition by 50%, relative
to the Ref case. Later analyses indicated that the NOx emissions from the boiler decreased to minimum
levels and that ammonia addition could be completely stopped when adding 15–20 wt% of AW.
Furthermore, SO2 emissions declined during the co-combustion of AW, resulting in a decreased
demand for added lime to capture sulfur.
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Abstract
Full-scale waste combustion tests showed that adding animal waste to municipal solid waste
prevented bed agglomeration. However, the reason for this finding was not fully understood
and several explanations are possible. The aim of this work was to use thermodynamic
modelling to investigate the equilibrium composition of the solid, liquid and gaseous products
for two combustion scenarios: mono-combustion of municipal solid waste (the reference case)
and co-combustion of animal waste with municipal solid waste (the animal waste case). The
modelling was performed using FactSage, and experimental data obtained during the fullscale combustion tests were used as input data for the calculations. The results of equilibrium
modelling, together with information extracted from ternary CaO-SiO2-Al2O3 and Al2O3SiO2-N2O phase diagrams, suggest melt-induced agglomeration as a possible cause of the
formation of bed agglomerates in the reference case. In the animal waste case, however,
enriched calcium phosphate and sulfate in the bed ashes, as well as reduced-bed temperature,
are considered as possible explanations for the prevention of bed agglomeration in the animal
waste case.

1. Introduction
As a consequence of the mad-cow-disease epidemic in the late 1990s, combustion of animal
waste products, such as crushed animal carcasses and slaughterhouse waste products were
thought to prevent the risk of infectious waste [1, 2]. The acceptable heating value of the
waste, approximately 7-8 MJ/kg, made it an interesting choice for co-combustion [2]. In
previous work [3], co-combustion of a slurry of crushed and ground animal carcasses and
slaughterhouse waste products (animal waste [AW]) and municipal solid waste (MSW), in a
20 MWth bubbling fluidised-bed (BFB) boiler, showed improvements concerning operational
conditions. Adding 20-30 wt % AW to the MSW prevented agglomeration in the bed and also
considerable reduced the deposition-growth rate. Moreover, NOx and SO2 emissions were
reduced.
The reduced bed-temperature, due to the high water content of AW, and also the changed
chemistry are considered as two possible explanations for the elimination of bed
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agglomerates. An earlier study [4], also found that a reduction of the bed temperature from
870°C to 720°C combusting only MSW eliminates virtually all agglomerates in the bed ash.
In terms of the chemistry of the fuel, co-combustion of AW was shown to enrich Ca, P and S
in the bed ashes [3].
A full understanding of the bed agglomeration mechanisms solely by experimental methods is
not simply attainable. Hence, combined theoretical and experimental methods are performed,
providing greater understanding of the ash transformation behaviour and the related melting
temperature. In this study, thermodynamic equilibrium calculations, using FactSage, were
compared with the results of the previous experiments. Data obtained from the full scale BFB
boiler were used as input parameters, to simulate both combustion scenarios and predict the
equilibrium products in the bed. This strategy aims to provide an estimation of the compounds
that would be formed in the bed at real conditions, which could help to interpret the
combustion chemistry when different fuels are used. In addition, SEM-EDX analysis data for
the bed ashes together with the calculated phase diagrams were used to estimate ash
compositions and first melting temperatures.

2. Full-scale experiments
In the previous study [3], co-combustion of AW with MSW was suggested to identify the
impact of changed fuel composition on operational problems, such as bed agglomeration,
deposit formation, corrosion and emission. Full-scale tests were carried out in a 20 MWth
BFB boiler, which combusts MSW as ordinary waste fuel. The MSW is a mix of pre-sorted
combustible industrial and household waste. The boiler is designed for a bed temperature of
870°C. Two combustion tests were executed based on different fuel mixes, denoted as the
reference (Ref) case and the animal waste (AW) case. The waste fuel in the Ref case was a
mixture of sorted industrial waste (RDF) and household waste (MSW). In the AW case, the
fuel mix composition was changed, adding 20 wt% animal waste to the Ref fuel mix. As a
result of the high moisture content of AW, the bed temperature was reduced by 70-100°C [3].
A visual inspection of the bed materials and return sands showed formation of agglomerates
in the Ref case, while no agglomerates were observed for the AW case (Figure 1) [3].
Chemical fractionation and SEM-EDX were used to determine the composition and element
distribution of the bed ashes. Chemical fractionation, a stepwise leaching method, was applied
to quantify the associated inorganic compounds in the bed ashes and sand-coating layers [5].
SEM-EDX was employed to perform elemental analysis on the coating layers formed on the
bed particles during combustion [3]. The combined chemical fractionation and SEM-EDX
methods revealed significant information concerning the chemistry of the bed ashes and the
sand-coating layers [3].
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a

b

Figure 1. Bed material samples: (a) Ref case, (b) AW case.

3. Thermodynamic modelling of the ash-forming elements
Thermodynamic equilibrium modelling, coupled with experimental methods, has become
commonly used for better prediction of ash formation behaviour during combustion of
biomasses and waste-derived fuels [6-10]. Neither experimental work nor thermodynamic
calculation, is able to provide accurate information about combustion chemistry on its own in
a complex and multicomponent system such as a waste boiler. However, advanced fuel and
ash analysis methods along with thermodynamic calculations seem to give a better prediction
of the ash transformation process [11].
FactSage thermochemical software and databases [12], as one of the most powerful predictive
tools, has been extensively used in waste combustion research for calculating
multicomponent, multiphase equilibria and complex phase diagrams, as functions of
temperature, composition and atmospheric conditions [10]. The programme is based on Gibbs
energy minimisation and consists of extensive databases for oxide/silicate and salt mixture
systems. The databases cover both pure compounds and solution phases. The pure compound
databases contain the properties of stoichiometric substances, while solution databases contain
the optimized parameters for solution phases (e.g. oxides, salts, and metals) [12]. Lindberg et
al. [10] comprehensively reviewed the methods used to develop thermodynamic databases.
The most important ash-forming elements in the waste-derived fuels are Si, Ca, Mg, S, Na, K,
Cl, Al, Fe, P, Pb and Zn with C, H and O. These elements can contribute to the formation of
oxide/silicate and salt mixture systems. Silicates, which are often found in the bed ashes and
on furnace walls, form polymeric silicate anions with a high melting temperature. These
silicates are highly viscous in liquid state. The salt mixtures are simple ionic compounds and
consist of anions, such as Cl⁻, SO42⁻, CO32⁻, O2⁻, S2⁻ and PO43⁻, with different metal cations.
These salts are often present in fly ash and their melting temperature differs widely, from very
low (ZnCl2: 318°C) to very high (CaO: 2,597°C) temperatures. They also have lower
3

viscosity than silicates in the liquid phase. There are some exceptions for the two simplified
categories mentioned, such as phosphates in the form of polymeric anions and ZnCl2 as
polymeric species. The release pattern of the above elements and their subsequent chemical
reactions during combustion depend on several factors such as association of elements and
combustion conditions. The chemical equilibrium programme does not discriminate the mode
of occurrence of the element in the fuel, and calculations may vary considerably from the
combustion of the real fuel [10]. Zevenhoven et al. [11] applied the chemical fractionation
method, prior to thermodynamic modelling, to make an accurate prediction of fly ash and
bottom ash reactions.
The major limitation attributed to thermodynamic modelling of the combustion process is the
lack of comprehensive databases. Despite recent developments, consistent and accurate
thermodynamic data are not still accessible for all compounds that might form in the furnace
and bed area. For example, the lack of thermodynamic data for solid and liquid phosphates
makes an accurate assessment of the behaviour of P-related compounds difficult. In spite of
limits for some elements, the current databases give a relatively high accuracy in predictions
on the phase equilibria and melting properties for alkali salt mixtures and silicate slag systems
(with low-alkali content) [10].

4. The calculation procedure
4.1 Modelling strategy
In the experimental data [3], it became apparent that addition of AW to MSW positively
changed the combustion chemistry, indicating no bed agglomeration. Despite the obtained
information regarding the distribution of elements in the bed ashes, the reason behind the
elimination of bed agglomerates remained unanswered.
In order to explain the possible agglomeration mechanisms, a deeper understanding of
combustion products was required. Therefore, the strategy was to predict the equilibrium
products in the system. For this purpose, computational modelling was performed for the Ref
and AW combustion scenarios. The software’s equilibrium module was employed to predict
the formation of combustion products in each combustion case. Subsequently, the equilibrium
products were used, together with experimental data to fill in the gaps in knowledge regarding
AW co-combustion effects on the boiler.

4.2 Global equilibrium modelling over the bed
The system studied is part of a bubbling-fluidised-bed boiler (Figure 2) and consists of a
fluidised-bed, an air distribution system and a feeding system. The air system distributes air to
the system in two steps: first, primary air is introduced through the bottom nozzles and reacts
with the fuel in the bed’s temperature range. Next, secondary air is blown into the system in
the upper part of the bed (below the nose) and reacts with the produced gases and unburned
fuels. In order to predict the equilibrium products in the bed area in this study, a global
4

equilibrium model (Figure 3) with specified temperature and pressure was considered. In the
model, the fuel and primary air (O2) represent the input material into the equilibrium reactor,
and the bed ashes and equilibrium gases correspond to the output products from the reactor.

1

Figure 2. Schematic view of the 20 MWth bubbling fluidised-bed boiler.

Fuel

Equilibrium model
T, P

Equilibrium Gases

Bed Ash

Primary Air (O2)

Figure 3. Schematic picture showing the structure of the bed area’s combustion system
considered in equilibrium modelling.
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4.3 Input parameters, selected databases and assumptions
In order to have an accurate thermodynamic model that represents the condition in a real
system, parameters such as fuel composition, bed temperature and pressure should be
carefully characterised, and the model inputs have to reflect the inputs into the boiler. In this
case, all input data were based on the experimental data and recorded operational data from
each combustion case (Ref and AW cases). A large number of elemental components in the
fuel were considered for the modelling. They were selected for their role in combustion and
related issues, including bulk elements, alkali metals, alkali earth metals, some heavy metals
and chlorine [10]. In total, 21 species were considered: C, H, O, S, Cl, K, Na, Ca, Mg, Si, Al,
Fe, P, Pb, Zn, Ti, Cu, Mn, Ba, Ni and Cr. Due to computational constrains, ultra-trace metals
were excluded [7].
The selection of data bases was based on the formation of possible compounds for the given
conditions regarding input elements, temperature and pressure. The included databases were
FactPS, FToxide and FTsalt for prediction of the pure solid, liquid and gas products.
Additional databases for possible solid and liquid (molten) solution phases were also
included, such as FToxide-SLAGC, FTsalt-CSOB and FTsalt-SALTF. FToxide-SLAGC
covers oxide liquid solutions of MgO, FeO, Na2O, SiO2, TiO2, Ti2O3, CaO and Al2O3
containing phosphates as Na3(PO4), Ca3(PO4)2, Mg3(PO4)2 and Fe3(PO4)2, while FTsalt-CSOB
contain solid alkali sulfate/carbonate solutions and FT salt-SALTF includes molten alkali salt
solutions.
The chosen parameters for calculations are shown in Tables 1 and 2. The data presented in
Table 1 are a typical composition of 1 kg MSW before and after addition of AW (20% AW
+80% MSW). The water content of the fuels was specified separately by the fuel hydrogen
and oxygen, due to the significant impact of water on the thermodynamic equilibrium. Table 2
shows the operational data for each combustion test.
The used data are obtained from tests and analysis. However, inhomogeneity of the waste
stream (MSW) and also instability of the operational conditions give differences when
comparing the theoretical model with the real system. Thus, a series of assumptions needed to
be considered prior to the calculations. First, it was assumed that all reactants were well
mixed and combusted during the real combustion, and that equilibrium was reached for all
products. However, none of these assumptions are fully true in a real system. Second,
fluctuations of operational parameters such as temperature and pressure were neglected during
this study. It should be noted that during the actual combustion tests considerable efforts were
made to stabilise the bed temperature and pressure within a narrow range.
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Table 1. Input parameters for thermodynamic calculation of 1 kg fuel of MSW (Ref case) and
80%MSW+20%AW (AW case).
Element

[g kg-1 fuel (as received)]
Ref case
AW case

C
H
S
O
Cl
K
Na
Ca
Al
Mg
Ti
Mn
Ba
P
Fe
Si
Cu
Cr
Ni
Zn
Pb
H2O content

293.12
38.75
2.87
151.87
4.12
2.43
4.09
17.12
7.25
1.71
1.10
0.14
0.15
0.59
3.12
23.97
0.38
0.04
0.01
0.56
0.92
375

254.19
33.30
2.49
145.96
2.77
1.67
3.08
19.17
4.89
1.75
1.20
0.10
0.19
2.43
2.95
18.22
0.10
0.04
0.01
0.73
0.30
444

Table 2. Input parameters for operational conditions in the Ref and AW case.
Operational parameters
Average bed-temperature (C°)
Average bed pressure (atm)
-1

kgO2 (primary air) kg

fuel

Ref case
850

AW case
750

0.995

0.995

0.862

0.813

5. Results
5.1 Equilibrium products
The output format of the thermodynamic calculations shows the distribution of given
elements among the possible solid, liquid and gas compounds, as well as solid and liquid
solution phases. FactSage predicts the equilibrium products, from input elements with respect
to pressure and temperature. The calculations determine both condensed and vaporised
phases. The condensed phase consists of pure solid and liquid compounds and also solution
7

(solid and liquid) phases, which are mostly found in the bed as bottom ash. The vaporised
phase consists of pure equilibrium gases, which release to the furnace and also contribute to
the bed reactions. Tables 3 and 4 present the predicted pure solid and gas products that were
of concern in this study. Table 5 also shows the predicted solution phase. The only pure liquid
product that was observed in the Ref case was Ni3S2 (low concentration), and no pure liquid
species was found for the AW case.

Table 3.Results of chemical equilibrium model calculations for the pure solid compounds.

Compound

(g kg-1 fuel)
Ref case
AW case

CaSiO3(s)
KAlSi2O6(s)
NaAlSiO4(s)
CaMgSi2O6(s)
CaAl2Si2O8(s)
NaAlSi3O8(s)
CaFe2Si3O12(s)
Ca2MgSi2O7(s)
CaTiO3(s)
CaSiTiO5(s)

37.73
13.39
21.61
14.54
4.17
6.55
0.92

41.98
7.87
18.98
5.82
2.46
1.05
3.42
-

Table 4. Results of chemical equilibrium model calculations for the gas compounds.
(g kg-1 fuel)
Compound

Ref case

AW case

wt% of total gas phase
Ref case
AW case

H2O(g)
CO2(g)
H2(g)
CO(g)
H2S(g)
HCl(g)
SO2(g)
PbS(g)
KCl(g)
NaCl(g)
Zn(g)
Pb(g)
ZnCl2(g)
PbCl(g)

638.2
945.1
9.029
82.01
2.665
4.088
0.006
0.647
0.067
0.048
0.260
0.172
0.087
0.199

722.5
914.9
1.921
10.45
2.348
2.561
0.062
0.270
0.375
0.027
0.003
0.011
0.014
0.046

37.93
56.17
0.536
4.874
0.158
0.242
0.0003
0.038
0.004
0.003
0.0150
0.0100
0.0051
0.011

43.64
55.26
0.116
0.631
0.141
0.155
0.0037
0.016
0.022
0.002
0.0001
0.0007
0.0008
0.003
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Table 5. Results of chemical equilibrium model calculations for the solution phase.
(g kg-1 fuel)
Compound

Ref case

AW case

Wt% of total solution
phase
Ref case
AW case

Ca3(PO4)2(s)
Mg3(PO4)2(s)
Fe3(PO4)2(s)
Na3(PO4)2(s)
CaO(l)
MgO(l)
SiO2(l)
FeO(l)
Al2O3(l)
Na2O(l)
TiO2(l)

1.09
0.19
1.90
0.010
0.29
0.04
0.47
0.56
0.025
0.0027
0.033

4.09
3.36
4.73
0.007
0.17
0.11
0.20
0.21
0.002
0.0003
0.001

23.57
4.25
41.03
0.21
6.30
0.96
10.16
12.19
0.53
0.060
0.70

31.71
26.05
36.64
0.05
1.32
0.91
1.60
1.69
0.01
0.002
0.01

5.2 Experimental and theoretical results for the coating layer
The results from the experimental part showed differences in the composition of the coating
layer on the return sands in the two cases. The SEM-EDX results (Figure 4) indicate a higher
concentration of Ca-, P- and S-associated compounds in the coating in the AW case, while the
concentration of Si- and Al-related compounds was decreased. In addition, more Cl was found
in the coating in the AW case, while Na and K did not show any significant differences
between the cases. Chemical fractionation of the return sands not only supported the results
obtained by SEM-EDX, but also gave complementary information concerning the chemical
composition and solubility of the compounds present in the coating layer (Figure 5).
The equilibrium calculations on the bed ashes are in good agreement with the experimental
data. As Table 5 clearly shows, the formation of phosphate-associated products considerably
increased with the AW co-combustion. It is particularly notable for Ca and Mg phosphates.
Boström et al.[13] stated that during combustion of P-rich fuels, phosphorus dominates silicon
in the competition for base cations such as Ca2+, Mg2+ and K+. This finding is confirmed in
chemical fractionation analysis as well (Figure 5), where elevated levels of Ca and P are
attributed to the presence of acid-soluble compounds [3]. It should be noted that according to
previous research [14, 15], the additional P in the ashes of the AW case is attributed to two
main sources in the animal waste: hard tissue and soft tissue. Hard tissue refers to crushed
bones that contain Ca10(PO4)6(OH)2 and β-Ca3(PO4)2. This portion of calcium phosphates is
mainly non-reactive during combustion and remains in its original state at the investigated
temperature. The soft tissue, containing phosphorus that derives from proteins, is reactive and
could transform to different phosphates during combustion.
Apart from Ca and P, an increase of acid-soluble S was observed as a result of the addition of
AW to the MSW. This increase might be linked to the higher formation of CaSO4, according
to the reaction 1 [16]:
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CaO(s) + SO2(g) +1/2O2(g) → CaSO4(s)

(1)

As equilibrium calculations state (Table 4), a higher concentration of SO2 is available in the
bed during AW co-combustion.

Figure 4. Cross-sectional SEM-EDX spot analysis for the coated return sands: (a) and (c) for
the Ref case, (b) and (d) for the AW case [3].

Figure 5. Results of chemical fractionation for return sands for the Ref and AW cases [3].

The above mentioned findings indicate that during the addition of AW, the formation of
Ca3(PO4)2 and CaSO4 was increased, and the integration of these high-melting-point particles
in the coating layer raised the first melting point of the formed layer. This is also supported by
agglomeration tests [3] on the return sand particles, showing an increase in the agglomeration
temperature of around 90 °C in the AW case compared with the Ref case.
10

5.3 Phase diagram information
Prior studies have showed that the chemical composition and melting behaviour of the
coating layer on the bed materials is a significant factor regarding bed agglomeration [8, 9,
17]. Hence, in this study phase diagrams were utilized to evaluate the composition and
melting behaviour of the formed compounds in the coating during combustion. The EDX
spot analysis of the coatings and extracted phase diagrams for the oxide systems were used to
identify the possible compounds in the coating and corresponding melting temperature. The
SEM-EDX spot analysis results for each element (as oxides) are summarized in Figure 6. Six
spots were chosen to investigate the composition of the elements in the coating layer, not the
sand itself. Each bar represents the weight % of the oxide for the related element in the
coating, and each spot represents a different position in the layer covering the sands.
Additionally, the results in Figure 6 (and also Figure 4) imply that coating layers covering
return sands are more inhomogeneous when combusting only MSW, while with the addition
of AW to the MSW, more uniform layers are formed.

a

b
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Figure 6. Manually performed cross-sectioned SEM-EDX spot analyses for return sands in
the Ref and AW cases.

Figure 6 indicates that CaO, SiO2 and Al2O3 are dominant oxides surrounding the coating in
the Ref case. Almost 80% of the composition of the coated layer comprises different phases
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of the ternary CaO-SiO2-Al2O3 system. In the AW case, however, the overall compositional
distribution showed CaO and SiO2 as predominant oxides, whereas the concentration of Al2O3
oxide decreased when the composition of the coatings was altered to higher amounts of P and
S oxides. Figure 7 presents the predicted compounds in the coating layer and corresponding
solidus (initial melting) temperatures for the ternary CaO-SiO2-Al2O3 system. The predicted
products in the marked area (solid triangles and squares) are in fairly good agreement with the
equilibrium calculation results (Table 3). Among them, CaSiO3 and CaAl2Si2O8 were
predicted to be present as pure solid compounds in the bed. According to the phase diagram,
all predicted compounds were expected to be present as solids in the Ref and AW combustion
conditions. Referring to the equilibrium products, alkali compounds in the bed materials were
predicted to be present as alkali-aluminium silicates. In order to evaluate whether other forms
of alkali silicates, e.g. pure alkali silicates, were present in the coating, the ternary Al2O3SiO2-Na2O phase diagram was utilized. It should be noted that the total concentration of alkali
(Na and K) are considered as Na2O in the system [18].

Figure 7. CaO-Al2O3-SiO2 ternary phase diagram with some solidus temperatures (extracted
from FactSage) presenting bed ash composition for Ref (solid triangles) and AW (solid
squares) cases.
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Figure 8 shows the position of the bed ashes in the ternary system and reveals qualitative
information regarding the compounds expected to form in the area. Here again, the phase
diagram information merged with the SEM-EDX results are in fairly good agreement with the
theoretical assessment in the equilibrium section (Table 3). It can be seen that NaAlSiO4 and
NaAlSi3O8, as stable solid products, might be formed in the Ref case and also NaAlSiO4
might be formed in the AW combustion condition. As the system implies, a low amount of
Na2O and the presence of aluminium oxide in the system result in high-melting-point alkalialuminium silicates being formed, rather than low-melting-point alkali silicates.

Figure 8. Al2O3-Na2O-SiO2 ternary phase diagram with some solidus temperatures (extracted
from FactSage) presenting bed ash composition for Ref (solid triangles) and AW (solid
squares) cases.
5.4 O2 variation
In order to evaluate the effect of atmosphere (reducing/oxidising) on the composition of pure
solid compounds and also solution phase in the bed, equilibrium products were calculated for
13

the fuel in the Ref case (MSW) with the same bed pressure, but with different amounts of O2
in the primary air. In total, four concentration levels were considered. The first represents the
used O2 concentration in the AW case (0.813 kg O2 kg-1 fuel) based on a mix of air and
recirculated flue gas. The second is the Ref case (0.862 kg O2 kg-1 fuel), where only air was
used. The third O2 concentration was the calculated theoretical oxygen demand (0.942 kg O2
kg-1 fuel) for a complete combustion of the fuel, and in the last case 20% excess air was added
(1.130 kg O2 kg-1 fuel).
The results showed that the O2 variation mainly affected the composition of the bed ashes in
the case of excess air. As Table 6 shows formation of some sulfates (CaSO4(s) and BaSO4(s))
are predicted for this case, in contrast to the other cases. In addition, formation of CaSiO3(s),
and NaAlSiO4(s) were decreased, whereas higher amount of NaAlSi3O8 was formed. In this
case also no formation of a solution phase, was detected (Table 7), meaning that
Ca5HO13P3(s) present as a pure solid compound.
For the other cases, however, the composition of the equilibrium products did not show any
significant dependence on atmosphere. Comparing the effects of O2 variation for the case 1 to
case 3, indicating no notable changes for the composition of the pure solid compounds,
although small changes were predicted for the composition of the solution phase. As table 7
indicates formation of Ca3(PO4)2, Mg3(PO4)2, Na3(PO4)2, FePO4, CaO, MgO, SiO2, Fe2O3,
Na2O, Ti2O3, K2O, K3PO4, TiO2 and Al2O3 were slightly increased under reducing
atmosphere, while the amounts of Fe3(PO4)2 and FeO were faintly decreased.
Table 6. Effect of O2 variation on the composition of pure solid compounds for MSW
combustion.
(g kg-1 fuel)
Compound

Case 1

Case 2b

CaSiO3(s)
KAlSi2O6(s)
NaAlSiO4(s)
CaMgSi2O6(s)
CaAl2Si2O8(s)
NaAlSi3O8(s)
Cu2S(s)
CaSiTiO5(s)
ZnS(s)
(FeO)2(TiO2)(s)
Mn2SiO4(s)
(BaO)2(SiO2)3(s)
Ca3Fe2Si3O12(s)
CaSO4(s)
Ca5HO13P3(s)
BaSO4(s)
Mn2O3(s)
Ca2ZnSi2O7(s)

38.5
13.4
22.0
16.0
4.22
5.34
0.475
1.40
0.220
3.00
0.254
0.270
-

38.6
13.4
22.0
15.0
4.21
5.20
0.475
1.49
0.379
2.95
0.254
0.270
-

a

d

a

Case 3c
38.5
13.4
22.0
15.0
4.19
5.00
0.475
1.80
0.624
2.57
0.254
0.270
-

Case 4d
12.0
13.4
14.0
15.0
4.16
21.0
4.62
14.2
11.8
3.22
0.258
0.20
2.46

case 1 = 813 kg O2 Kg-1 fuel. b case 2 = 862 kg O2 Kg-1 fuel. c case 3 = 942 kg O2 Kg-1 fuel.
case 4 = 1130 kg O2 Kg-1 fuel.
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As table 7 indicates concentration of Ca3(PO4)2, Mg3(PO4)2, Na3(PO4)2, CaO, MgO, SiO2,
Na2O, Ti2O3, K2O, K3PO4, TiO2 and Al2O3, in the solution phase, were slightly increased
under reducing atmosphere, while the amounts of Fe3(PO4)2 and FeO were faintly decreased.

Table 7. Effect of O2 variation on the composition of the solution phase for MSW
combustion.

a
d

Compound

Case 1

(g kg-1 fuel)
Case 2
Case 3c

FePO4(s)
Fe3(PO4)2(s)
Ca3(PO4)2(s)
Mg3(PO4)2(s)
Na3(PO4)2(s)
Fe2O3(l)
CaO(l)
MgO(l)
SiO2(l)
FeO(l)
Al2O3(l)
Na2O(l)
TiO2(l)
K3PO4(l)
K2O(l)
Ti2O3(l)

1.54
1.25
0.250
0.0522
0.005
0.293
0.048
0.0086
0.0720
0.270
0.0012
0.0010
0.315
0.00020
0.00005
0.000016

1.39
1.54
0.176
0.0358
0.004
0.231
0.030
0.0052
0.0590
0.290
0.0010
0.0007
0.010
0.00016
0.00003
0.000013

a

b

1.45
1.58
0.100
0.0162
0.001
0.320
0.022
0.0031
0.0434
0.400
0.0020
0.0002
0.012
0.00010
0.00003
0.000010

Case 4d

N
O
F
O
R
M
A
T
I
O
N

case 1 = 813 kg O2 Kg-1 fuel. b case 2 = 862 kg O2 Kg-1 fuel. c case 3 = 942 kg O2 Kg-1 fuel.
case 4 = 1130 kg O2 Kg-1 fuel.

6. Discussion
Bed agglomeration may be initiated by direct attack of gaseous alkali compounds on silica
sand causing formation of sticky layers on the bed material, and/or by melt-induced
mechanism, when bed materials are glued together by molten ash particles[16]. In the present
study, in the absence of any low-melting alkali silicates among the equilibrium products, the
second mechanism is highly likely to be happened. Moreover, during the first mechanism the
coating grows inward into the particle, assuming bed materials react with reactive compounds
such as KCl(g), KOH(g) and NaCl(g) [16, 19]. In this case though, the coating layers was
grown outwards onto the particles (Fig.4a) and it seems like the bed particles act as inert
carries of the coating layer [16]. The second mechanisms, therefore, could be considered as an
explanation for the agglomerate formation during the Ref case, when more molten ash
particles are available to glue the bed particles together.
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Two scenarios can be considered for participation of molten phases in the agglomeration
process. Firstly, the contribution of predicted oxide liquids in the solution phases in the
agglomeration of Ref case. Comparing the overall composition of the solution phase (Table 5)
for the Ref and AW cases, imply lower ash melting temperature for the Ref case, whereas
more material with high melting point crystalline phases (calcium/magnesium phosphates) are
present in the solution phase of the AW case, which may increased the first melting
temperature of the coating layer in this case [9, 20]. Secondly, participation of other possible
molten phases than oxide phases, such as molten salts could be the reason for agglomeration.
Partanen et al. [21] suggested that formation of CaCl2 during the combustion process may
contribute to bed agglomeration, described as reactions 2. CaCl2 may react with SiO2 in the
fluidised-bed and intensify the formation of the coating on the bed particles.

Step 1

CaO(s) + 2HCl(g) → CaCl2(s,l) + H2O(g)

Step 2

CaCl2(l) + SiO2(s) + H2O(g) → CaSiO3(s) + 2HCl(g)

(2)

or
Step 2

CaCl2(l) + SiO2(s) + ½O2(g) → CaSiO3(s) + Cl2(g)

In this study, formation of CaSiO3 was predicted for both combustion scenarios. To answer
the question why formation of CaSiO3 (and along with it CaCl2) did not lead to bed
agglomeration in the AW case, two possibilities could be considered. First, integration of high
melting point particles such as Ca3(PO4)2 and CaSO4 in the coating layer could increase the
first melting point of the coated layer, and second, CaCl2 has a melting point around 772°C,
which is higher than the average bulk temperature of the bed during AW co-combustion.
Finally, regardless the role of ash chemistry on agglomeration behaviour, the reduced bed
temperature still plays an important role on prevention of agglomeration in the AW case. As it
was already suggested in our earlier research, the lower bed temperature considerably
prevented bed agglomeration, even without changing the fuel composition [4].

7. Conclusion
The results of equilibrium modeling together with information extracted from ternary Al2O3SiO2-N2O phase diagram did not show any presence of low-melting point alkali silicates, in
any of the combustion cases. The SEM images for sands also did not indicate any evidence of
sand surfaces attacked by alkali gases such as: KCl(g), KOH(g) and NaCl(g). Therefore,
melt-induced agglomeration could be suggested as a possible cause to the formation of sticky
layers on the bed particle in the Ref case. The molten phase in this case, may be formed by
oxide solution phase or/and an intermediate compound like CaCl2. The coating contain very
large amount of melt at a temperature of 850 °C which may stick bed particles together. As a
result of AW addition to the waste fuel, the chemistry of the coating layer shifted to higher
16

amount of calcium phosphate and sulfate. These high-melting point compounds participate in
the molten phase and increases the first-melting point of the coating. Apart from changes in
ash chemistry, the role of reduced-bed temperature itself has a large impact on prevention of
agglomeration.
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