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ABSTRACT: Ash components of biomass fuels can cause fouling, slagging, and bed material agglomeration during thermal
utilization in fluidized bed combustion and gasification plants. The influence of ash components on these problems in dual
fluidized bed biomass gasification plants is investigated in an industrial scale plant in Giissing, Austria. Samples of fouling are
analyzed, and the results are evaluated. The samples were analyzed by X-ray fluorescence analysis and thermal analyses such as
thermogravimetric analysis, differential thermal analysis, and differential scanning calorimetry. Mass balances of inorganic matter
are presented, evaluating different loop configurations. The analyses showed high potassium contents compared to the fuel ash
composition in fouling of up to 23% by weight. The potassium content of fly ash with a particle size smaller than 200 ym is half
that of coarse fly ash with a particle size larger than 200 ym. The thermal analyses showed a large difference between samples of
inorganic streams such as fly ash or fly char and fouling. Different fractions of fly ash samples (particle fraction smaller than
200 ym and particle fraction larger than 200 m) showed similar thermal behavior: endothermic weight losses at around 400 °C
and around 720—820 °C caused by decomposition of carbonates. The composition of inorganic matters of fly ash and fly char is
similar. The elemental composition of deposits at the cyclone wall and the first heat exchanger in the flue gas path showed high
potassium contents up to 23.6%. While samples of fly ash and fly char did not show significant melting in their thermal behavior,
melting could be detected with fouling at temperatures higher than 1000 °C. Mass balances of inorganic matter showed a flow
of potassium oxide from the combustion reactor to the gasification reactor, which leads to unexpected high potassium
concentrations in the fly char. A reduction of ash loops reduces the amount of potassium that is transferred from the combustion
reactor to the gasification reactor. Recommendations are made for the operation of dual fluidized bed gasification plants in terms

of ash handling to reduce tendencies for fouling, slagging, and bed material agglomeration.

B INTRODUCTION

Biomass fuels are well-known to cause operational problems
and unscheduled downtime in fluidized bed combustion plants.
These problems are often caused by slagging, fouling, and
bed material agglomeration."” Gasification plants face similar
problems. Studies published about fouling, slagging, and bed
material agglomeration in gasification plants are often carried out
in lab-scale test rigs, but studies of these phenomena in industrial-
scale gasification plants are sparse. This might be due to a lack
of operating fluidized bed biomass gasification plants.’

A technology for the gasification of biomass, which is demon-
strated successfully at industrial scale, is biomass steam gasifica-
tion in a dual fluidized bed (DFB) gasifier. Various plants
working with the DFB gasification technology are in operation,
for example, in Giissing (Austria; 8 MWth),* Oberwart (Austria;
8.5 MWth),® Villach (Austria; 15 MWth),® and Ulm (Germany;
15.1 MWth).”

The DFB biomass steam gasification plant in Giissing was
the first industrial scale DFB biomass steam gasification plant to
go into operation. It began operating in 2002 and demonstrated
the DFB process successfully.

Because this plant in Giissing was the first installation of
an industrial-scale DFB steam gasification plant, potential for
improvements in terms of plant design and engineering was
determined. These disadvantages in the design of the Giissing
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plant lead to a higher risk of fouling and slagging. Knowledge
about design improvements was considered in plants that
were constructed recently, and fouling and slagging cannot be
determined in the gasification plant in Oberwart, for example.
The present operation of the plant in Giissing also differs from
what was defined during the planning phase in some aspects.

The fuel—water content has a big influence on the operation,
and is 33% on average today; in comparison, the design value
was 15%. The consequence is that the combustion chamber
is operated with a higher load than designed, which leads to
higher velocities and lower excess air.

However, a better understanding of the fouling and slagging
mechanism for woody biomass at the plant in Giissing may be
a precondition for design improvements in future plants and for
the utilization of cheaper alternative fuels in DFB gasifiers such
as energy crops, straw, sewage sludge, and so on. By now, the
gasification plants are running with woody biomass as a fuel.

This study is part of a process of overall optimization of the
plant to increase its efficiency in terms of technological efficiency,
economic efficiency, and availability. This paper presents the
results of analyses of inorganic matter in solid flow streams and
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Figure 1. Flow sheet of the CHP plant in Giissing with sampling points.
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fouling and documents different ash loop setups with balances
of inorganic matter at the plant in Giissing. The formation
mechanism of fouling is investigated, and suggestions for a
mechanism are given. Proposals for improvements of the
inorganic loops and the operation of the plant are given.

B FUNDAMENTALS

The principle of DFB steam gasification is based on the separa-
tion of the endothermic gasification process and the external
heat supply from a separate combustion chamber. Heat is
transferred via circulating bed material between the gasification
zone (gasifier) operated in bubbling bed mode and the combus-
tion reactor operated in fast-fluidized bed mode. Details of
the DFB steam gasification process are summarized else-
where.”*™"* A basic flow sheet of the Giissing plant with a
focus on inorganic material streams is shown in Figure 1.

Input streams for inorganic matter are biomass streams into
the gasifier (wood chips), precoat material (dolomite) prior to
the product gas filter, and bed material supplement to the
combustion zone. The output stream is only fly ash that leaves
the process after the flue gas filter and is collected in a container.

The main internal stream of inorganic matter is the circula-
tion stream of bed material between the gasifier and the
combustion zone. A fine fraction of inorganic matter such as
biomass ash and abraded bed material leaves the gasifier with
the product gas and is separated in the product gas filter (fly
char). This dust from the product gas filter contains organic
matter that is not gasified, such as char and tar. To utilize this
remaining energy, char and tars are burned in the combustion
zone.

3317

Inorganic matter plays an important role in the gasifica-
tion properties but can also lead to fouling, slagging, and bed
material agglomeration, which can cause unplanned shut-
downs of thermal biomass conversion plants. Various studies of
fouling and bed agglomeration are available in the literature,
with a focus on the utilization of coal with biomass,"*™*¢ but
several studies are also available for woody or other biomass
>17729 The difference between combustion plants
and the DFB biomass gasifier in terms of fouling, slagging, and
bed agglomeration is caused by the utilization of two main
reactors: a gasification reactor with a reducing atmosphere and
a combustion reactor with an oxidizing atmosphere. Intensive
exchange of inorganic matters originating from the fuel and
bed materials occurs between the two reactors. In contrast to
regular fluidized bed combustion plants where quartz sand is
used, the bed material in DFB biomass gasification plants is
olivine, which is a magnesium iron silicate.

Ash of woody biomass can be described as a system that is
dominated by silicates with different contents of basic oxides
and a high content of volatile alkaline sulfates and alkaline

chlorides.*"** Besides alkali metals, the alkali earth metals also
21,22

combustion.

react to form silicates.

The state of matter of the inorganic material (solid, liquid,
gas) plays an important role in the reactivity of the substances.
Table 1 shows general relationships of the state of matter and
the reactivity of the substances. Two gaseous components
show the highest reactivity, followed by a gaseous and a liquid
component. Gaseous and solid components have a higher
reactivity than two liquid components, followed by a liquid and
a solid component. Two solid components show the lowest
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Table 1. Influence of the Physical Form of the Substances on
the Reactivity”'

reactivity of the ash®
@+@>@+D>@+E>O+O>D+()>(s)+(s)

“(g) gaseous elements, (1) liquid elements, (s) solid elements.

equation 1

reactivity with each other. This is valid for the reactivity and the
reaction rate.””

The substances that are typically detectable in biomass ashes
can be split into acid and basic substances (Table 2). The
reactivity decreases from the first to the last row.>*

Table 2. Classification of Ash Compounds>”

basic cmpds acidic cmpds

KOH (1, g) (K,0) P,0; (g)
NaOH (], g) (Na,0) S0, (g)/S0; (g)
CaO (s) Si0, (s)
MgO (s) HCI (g) (CL,)
H,0 (g) co,

H,0 (g)

Considering the main components of biomass ash, a binary
mixture of potassium and silicon oxides is the substance with
the lowest melting point, forming a eutectic point at 752 °C
with a ratio of 31% K,O to 69% SiO, by weight. Three different
crystal phases are formed: K,0-SiO, (melting point 976 °C),
K,0-28i0, (melting point 1036 °C), and K,0-4Si0, (melting
point 765 °C).*

The phase diagram for the three-component system of the
oxides of potassium, calcium, and silicon, which represents the
main components of biomass ash, forms eutectic points with
melting temperatures of around 850 °C.** Other elements such
as sulfur, chlorine, and potassium have a significant influence
on the physical form of the ash mixture at high temperature.
The main reactions of ash components were summarized by
Bostrém et al.*> and are shown in Table 3. These reactions can
take place under proper conditions such as temperature, pre-
ssure, and availability of reaction partners. Mineral substances
can be formed, and amorphous melts can also be detected at fast
cooling rates.

The release of alkaline metals in the gas phase is important for
the formation of fouling, slagging, and bed material agglomera-
tion because these elements condense after cooling and react
with other elements during condensation, which can lead to
fouling at heat exchangers. On the other hand, the reactivity
of elements in the gas phase is higher compared to elements
incorporated in a solid crystal structure, as described above.

Van Lith et al.* studied the mechanism and modification
of potassium during the devolatilization and combustion of
biomass, as shown in Figure 2. Due to its metabolic function,
potassium is highly mobile within all levels of the plant. During
drying of the wood, potassium is likely to precipitate in the
form of salts such as KCl, K,SO,, KOH, and K,CO;. Some of
the potassium is bound in organic structures in carboxyl groups.
In spruce and beech, about 40% of the potassium is organically
associated. During devolatilization and combustion of biomass,
organically bound potassium and inorganic bound potassium
follow different reaction schemes. Inorganic bound potassium
(e.g., potassium chlorine) is stable and is evaporated at higher
temperatures. Carboxyl groups start to decompose at temper-
atures lower than 300 °C, and atomic potassium will be
released. This elemental potassium is likely to react with phenol
groups, which are stable at these temperatures, or it remains in
the gas phase. At higher temperatures, it is suggested that
potassium is bound to phenol groups, which decompose at
temperatures higher than 400 °C, while potassium is released to
the gas phase, probably in elemental form. During the combus-
tion at temperatures about 850 °C, organically bound potassium
is oxidized to potassium carbonate. Elemental potassium can
also react with minerals that remain stable, or it reacts with oxygen
to form potassium carbonate. The decomposition of potassium
carbonate (K,CO;) seems to be the dominant mechanism at
temperatures higher than 800 °C.

Novakovié et al.*® showed in laboratory scale trials with
mixtures of potassium, calcium, and silicon that the release of
potassium into the gas phase is mainly dependent on the calcium
content in the mixture, the water content in the gas phase, and
the temperature. The release rate is independent of the origin
of the calcium (e.g,, CaCOj; or Ca(OH),). The absence of steam
reduces the release of potassium, while doubling the calcium
content brings a higher release of potassium.

Table 3. Survey of Major Secondary Ash-Forming Reactions (Schematic)*?

reaction
B,0s(g) + 2KOH(g) + 2KPO4(l, g) + H,0(g)
SO,(g) + 2KOH(g) < K,80,(1, g) + H,0(g)
HCl(g) + KOH(g) < KCl(g, 1) + H,0(g)
$i0,(s) + 2KOH(g) < K,Si04(1) + H,0(g)
CO,(g) + 2KOH(g) © K,CO4(l, g) + H,0(g)
P,04(s) + 3CaO(s) < CaP,04(s)
S0O,(g) + CaO(s) « CaSO,(s, 1)
2HCI(g) + CaO(s) < CaCl,(g, 1) + H,0(g)
Si0,(s) + CaO(s) < CaSiO,(s)
CO,(g) + CaO(s) <> CaCO;4(s)
K,Si04(1) + CaO(s) «» K — Ca — Silicate(1)

slow reaction,” product stable and solid in residual ash
medium fast reaction, product not stable in residual ash”

rather slow reaction,” product stable and molten in residual ash

comments
fast reaction,” product molten and partially volatile in residual ash” equation 2
fast reaction, product molten or not equation 3
fast reaction, product not stable in residual ash equation 4
medium fast reaction, product stable and molten in residual ash equation §
fast reaction, product not stable in residual ash equation 6
medium fast reaction, product stable and solid in residual ash equation 7
medium fast reaction, product (not) stable and solid in residual ash equation 8
medium fast reaction, product not stable in residual ash equation 9

equation 10
equation 11

equation 12

“The reaction rates are classified into four categories on an arbitrary scale. bThe stability in residual ash varies according to the thermal condition of
the specific appliance. “These reaction rates are also highly dependent upon the dispersion of fuel and reactant particles.
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Figure 2. Possible transformations and release mechanisms of organically associated K and KCI during devolatilization and combustion of biomass.>

S

The chemical mechanism of the release of potassium from
potassium carbonate is shown in eq 6. An excess of water
moves the equilibrium according to Le Chatelier’s principle
toward KOH(g) and CO,(g) and, with that, toward a higher
release rate of potassium into the gas phase.

Comparing the release of potassium into the gas phase in an
oxidizing atmosphere (combustion) and a reducing atmosphere
(gasification), a higher release rate can be expected in the
reducing atmosghere of the gasification reactor at the same
temperatures.27’ s

The consequences of ash melting or the release of inorganic
matter into the gas phase can be fouling, slagging, and bed
material agglomeration. Deposits occurring in the high temper-
ature sections of furnaces are called slagging. Radiative heat
transfer is dominant in the areas where slagging occurs. Deposits
in the convective heat transfer zones of the boiler are called
fouling and take place in the areas where the gases are cooled."®

The interaction of biomass ash with the bed material of
the fluidized bed can lead to bed material agglomeration. Bed
material agglomeration cannot be seen in DFB biomass steam
gasification plants because olivine is used as a bed material,
which has a lower agglomeration tendency compared to silicon
sand.”

Earlier studies showed that the bed material olivine is modified
during utilization in the plant.'” Two different calcium-rich layers
are formed at the surface of the bed material particles. The inner
layer is homogeneous and consists mainly of calcium and silicate.
The outer layer has a similar composition to the fly ash.

The importance of this calcium-rich layer concerning the
gasification properties was shown in two earlier studies at a
100 kW pilot plant at the Vienna University of Technology.'""
The water—gas shift reaction is enhanced, leading to higher
hydrogen and CO, contents in the product gas and to a lower
carbon monoxide content and a lower content of higher hydro-
carbons. The decomposition of primary tars is enhanced, and
the formation of secondary tars is reduced, leading to lower total
tar concentrations in the product gas.

Detailed investigations on the mechanism of the layer forma-
tion at the bed material were presented by Kirnbauer et al.*°
Investigations of the composition of the surface of used bed
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material in gasification and combustion atmosphere did not
show a change in the elemental composition but showed a
slight change in the crystal structure. Thermal investigations
show a weak endothermic weight loss with used bed material
in CO,-rich atmosphere, which could not be determined with
fresh olivine. The layer formation is considered by the authors
to be caused by the intensive contact of bed material with
burning char particles in the combustion reactor.

An unsolved problem of the plant in Giissing is the formation
of fouling in the flue gas path after the combustion chamber.
The main fouling that reduces the operation time significantly
is located at the entrance of the first heat exchanger after the
combustion chamber, which is an air preheater. It is a shell in a
tube heat exchanger with the flue gas inside the tubes. The flue
gas temperature at the entrance of the heat exchanger is around
830 °C, with wall temperatures of around 500 °C.

The influence of changing the ash loops on the behavior of
the inorganic matter in the gasification system in terms of layer
formation of the bed material and fouling and slagging is still
unknown.

B METHODS

The investigations of inorganic matters and their behavior in the
system included analyses of the composition and amount of all flows
for a qualitative evaluation of the possible behavior of the components.
Balances of the main components of inorganic matter were determined
to understand the influence of ash loops on the possible accumulation
of substances in the system.

Sampling. Ash samples were taken during operation, and samples
of fouling were taken during stops after cooling the plant. Fly ash
samples (ash exiting the plant in the container, fine ash circulation,
coarse ash circulation) were sieved with a vibratory sieve with 200 ym
mesh size. The fraction smaller than 200 ym is defined as fine ash; the
other fraction is defined as coarse ash.

The sampling points are shown in Figure 1 and described in
Table 4. Mass flows that were not measured via the distributed control
system (DCS) of the plant were measured manually, and three
measurements were carried out over a period of 30 min.

Multiple samples of fouling were taken at the first heat exchanger
(air preheater) of the flue gas after the combustion reactor.

dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331
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Table 4. Sampling Points and Flow Determination”

sampling

sample type point no. description determination of flow

input flow 1 biomass ash mass flow of biomass, ash
content

input flow bed material level measurement DCS

input flow 3 precoat material weight measurement DCS

internal flow 4 fly char weight measurement DCS/
calculated after rebuild

internal flow S fine ash circulation manual weight determination

internal flow 6 coarse ash manual weight determination

circulation

output flow 7 ash to container manual weight determination

fouling 8 cyclone

fouling 9 air preheater entry

fouling 10 product gas cooler (no analysis presented)

“Sampling point numbers are according to Figure 1.

Two different representative samples with different textures were
presented as an example in this study.

Various samples of fouling in the cyclone were taken, and
representative results are presented here. Due to the different
appearance of the samples (see Figure 3), three different probes
were analyzed: sample A was located at the surface of the fouling,
sample B is material taken 3—4 mm below the surface, sample C was
taken from the inner layer of the fouling close to the refractory lining.

Analyses. The elemental composition of the samples was
determined using X-ray fluorescence (XRF) and calculated as oxides.
Samples for XRF were melted in a Merck Spectromelt at 1050 °C and
placed on a 400 °C stainless steel plate. The analyses were carried
out with a PANalytical Axios Advanced analyzer under vacuum
atmosphere with a rhodium anode, an excitation voltage of 50 kV,
and a tube current of SO mA. The results indicate the elemental
composition of the total sample calculated in oxides.

Thermogravimetric analysis (TGA), differential thermal analysis
(DTA), and differential scanning calorimetry (DSC) analysis were
carried out in a NETZSCH STA 449 C Jupiter System. The sample
crucible is equipped with a thermocouple for direct measurement of
the temperature. The furnace allows temperatures of up to 1650 °C
with heating rates of 0.01 to 50 K/min. A heating rate of 10 K/min
was chosen. Gas used to provide the desired atmosphere flows upward
and the desired gas composition is mixed from gas bottles of pure

gases with the aid of mass flow controllers. The mass of each sample
was chosen to be approximately 70 mg. Results of the DSC are
indicated in microvolts, and calibration with BaCO; gave a calibration
factor of 2.77, allowing the results to be obtained in milliwatts.

The TGA, DTA, and DSC analyses were carried out once for
each sample but in three different atmospheres. Air, pure nitrogen
as an inert gas, and a mixture of nitrogen with 15% CO, by volume
were used as atmospheres to simulate reactions with the atmosphere
such as combustion and calcination. The purge gas flow was set to
40 X 107° m>/min. Due to the high inhomogeneity of the samples,
a low repeatability of the analysis is expected but the authors expect
to obtain only qualitative results, which will lead to qualitative
conclusions about the operation of the system.

Mass Balances of Inorganic Matter. Ash flows were determined
at different locations, shown in Table 4, for the preparation of the
mass balances. The ash content was determined, and the elemental
composition was measured by XRF and calculated in oxides. For the
determination of the mass flows of the inorganic matter, the samples
were calcined at 1050 °C to release carbonates and organic matter, and
the mass flows are related to the calcined samples.

Mass balances of inorganic matter were calculated using the software
STAN.*' The software allows data reconciliation with the method of
least-squares. The balances of inorganic matter are based on (a) the
total balance of coarse and fine ash, (b) the elemental balance of CaO,
MgO, SiO,, Fe,0;, K,O, and the sum of other elements for fine and
coarse ash mass flows. The composition of bed material and precoat
material was considered to be constant, and average values were taken.
For the composition of biomass ash, an average composition was
considered due to the high inhomogeneity of the fuel due to the
utilization of different wood species, log sizes, and bark contents.

Various assumptions were made for the simplification of the system
and are shown in Table 5. The bed material circulation mass flow
between the gasifier and the combustion reactor was considered to be
balanced and is not indicated in the balances because the mass flow of
around 100 tons per hour is much higher than the other inorganic
flows and would predominate over all other flows.

The standard deviation for the measured mass flows used is given in
Table 6. Mass flows that are measured by DCS are considered to
have a standard deviation of 2%, while manually measured mass flows
are assumed to have a standard deviation of 10%. The abrasion is
estimated from the coarse and fine ash balance and the standard
deviation is chosen with 50% to be adjusted by the calculation method
of the balance. Averages of analyses were obtained for the composition
of biomass ash, precoat material, and bed material and the standard

Cyclone Sample C

Figure 3. Sampling of fouling in the cyclone.
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Cyclone Sample A
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Table S. Assumptions for the Mass Balance of the Inorganic
Matter

® Mass flows of biomass ash, precoat material, fly char, and the mass flow from
the combustion reactor to the gasifier were considered to have a particle size
smaller than 200 ym.

® Bed material supplement and the flow from the gasification reactor to the
combustion reactor are assumed to have a particle size bigger than 200 pm.

® The system is considered to be in a steady state condition, without
accumulation of material in the system.

® Bed material circulation between the gasification reactor and the combustion
reactor is considered to be balanced in terms of mass flow and composition.
All variation of this balance is shown in the results. The balanced bed
material circulation is not shown in the diagrams.

® Abrasion is the same in the combustion reactor as in the gasification reactor.

o Abraded material has the same composition as the fresh bed material.

o No inorganic matter is detectable in the gas after the product gas filter and
the flue gas filter.

Table 6. Determination of the Mass Flows and Assumed
Standard Deviations for the Mass Balances of Inorganic
Matter

SD elemental

SD mass composition
description determination of flow  flow (%) (%)
biomass ash mass flow of biomass, 20 S
ash content
bed material level meas. DCS 2 S
precoat material wt meas. DCS 2 S
fly char wt meas. DCS (caled 20
in Figure 9)
fine ash circulation  manual wt 10 2
determination
coarse ash manual wt 2 2
circulation determination/wt
meas. DCS
ash to container manual wt 10 2
determination
layer formation at  caled caled caled
the bed material
abrasion in est. 50/calcd S
combustion
reactor
abrasion in est. 50/calcd S
gasification
reactor

Table 7. Results of XRF for the Average Composition of
Biomass Ash

wood chip ash

avg (wt %) SD (wt %)

Na,0 277 2.66
MgO 513 0.45
ALO, 2.57 1.10
SiO, 15.36 7.52
P,0; 2.36 024
SO, 126 0.51
K,0 12.40 2.75
CaO 52.47 6.16
MnO 1.67 043
Fe,0, 173 0.66
Cl 0.42 0.36
others 1.85

ash content (ds) 142 0.10

deviation of the composition of these mass flows was assumed to
be 5%. Those analyses with specific analysis for the balance were
considered to have 2% standard deviation.

3321

Table 8. Typical Composition of the Precoat Material

Dolomite
precoat material (wt %)
Na,0 232
MgO 32,01
AL O, 1.36
Sio, 148
P,0; 0.38
SO, 044
K,0 0.87
CaO 59.87
Fe,0, 0.63
Cl 0.30
others 0.35
loss on ignition 600 °C, 1 h 2.77%
loss on ignition 1050 °C, 1 h 44.66%

Table 9. Elemental Analysis of Olivine'’

olivine (wt %)

MgO 46.8
SiO, 39.8
CaO 0.9
Fe,0, 103
K0 032
Na,O 043
ALO, 0.40
MnO 0.15
P,0, 0.03
Cl 0.10
SO, 0.06
others 0.71

Table 10. Typical Composition of the Ash Entering the
Container

fine ash coarse ash
avg. values (wt %) SD (wt %) avg. values (wt %) SD (wt %)

Na,O 1.19 1.00 1.20 0.92
MgO 19.67 2.06 37.27 2.61
AlLO, 1.52 0.90 0.52 0.21
SiO, 20.28 8.97 35.70 4.00
P,04 1.22 0.16 0.34 0.05
SO; 0.39 0.22 0.08 0.03
K,0 6.97 1.62 3.81 1.16
CaO 42.45 11.08 11.70 3.96
Fe,0; 4.08 1.60 8.01 0.58
Cl 0.26 0.17 0.19 0.13
others 1.96 1.19

loss on ignition 4.94% 0.56%
600 °C, 1 h

loss on ignition 6.81% 1.05%
1050 °C, 1 h

Various balances were prepared, but two are presented that
represent the status before the optimization project and the actual
status. Before optimization, ash circulation is used (called “fine ash
circulation” in Figure 1) where fly ash is circulated into the gasifier to
minimize bed material consumption and to increase the amount of
catalytic substances in the system. Coarse ash circulation was not
implemented at the beginning of the project. During the optimization
of the ash loops, a gravity separator was implemented in the system to
separate bed material particles elutriated with the flue gas path from fly
ash (“coarse ash circulation”). The second balance shows the status
after the optimization project after the implementation of the coarse
ash circulation and after turning off the fine ash circulation.

dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331
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Figure 4. Thermal analysis of fly ash with particle size <200 ym in different atmospheres.

B RESULTS

The composition of the biomass ash has a significant influence
on fouling, slagging, and bed material agglomeration tendencies
in the plant because it is the only source of components with
low melting points. The quality of the biomass is constantly
determined by the operational personnel in terms of water
content but not ash content, bark content, or wood type.
Table 7 shows the average biomass ash compositions and their
standard deviations from samples taken in the years 2010 and
2011. The main component of the biomass ash is calcium
oxide, which represents about half of the weight, followed by
silicon oxide and potassium oxide. Magnesium oxide, phosphorus
oxide, aluminum oxide, and sodium oxide are detectable in the
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low percentage range. The composition of the biomass ash is
typical for hardwood ash as shown in literature.**

Precoat material is used for precoating the product gas filter
and is added to the system. The precoat material described in
Table 8 shows a typical composition of the natural mineral
dolomite, whose main components are calcium and magnesium
oxide, with a high ignition loss at 1050 °C, when the carbonates
are released. Other elements are available in the low percent-
age range, such as sodium oxide, silicon oxide, and aluminum
oxide.

The elemental composition of the olivine, which is used in the
plant as a bed material, shows the main components magnesium
oxide, silicon oxide, and iron oxide (Table 9). Other elements are
available in low concentrations.

dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331
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Figure S. Thermal analysis of fly ash with particle size >200 ym in different atmospheres.

An overview of the composition of the fine ash (particles
<200 um) and coarse ash (particles >200 ym), which leave the
process and enter the ash container, is shown in Table 10.
Coarse ash consists of the main components of olivine, such
as magnesium oxide, silicon oxide, and iron oxide, but also
significant contents of calcium oxide (nearly 12 wt %) and
potassium oxide (nearly 4 wt %), which originate from biomass
ash. This is in agreement with the study presented earlier.'’
Fine ash mainly consists of calcium oxide, silicon oxide,
magnesium oxide, and also potassium oxide. A high content of
iron oxide is available, and other elements were detected such
as sodium oxide, phosphorus oxide, and aluminum oxide.
Important for the fouling tendency is the amount of potassium
oxide, which is detectable in the fine ash, where it represents
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Table 11. Analysis of the fly Char before Optimization of the
Ash Loops

dry base raw
water content wt % 091
carbon content wt % 26.14 25.9
hydrogen content wt % 0.48 0.48
nitrogen content wt % 0.06 0.06
ash content (db) wt % 73.32
upper heating value kJ/kg 8301 8225
lower heating value kJ/kg 8196 8097

around 7 wt %, and in the coarse ash, where it represents only
4 wt %.

dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331



Energy & Fuels

TG 1% DSC /(Vimg) DTG /(%/min)
Mass Change: -1.05 % 1 exo Poak: 4201 °C, -6.849¢ ¥img Poak: 746.8 °C, 0.34677 LVimg
“ o 6986 °C
100 , Omet 320°C L s nso 0.0
* Peak: 98.0 “C, -0.10 %/min Area: 141.1 pVsimg -0.2
2201 9 -1
90 Mass Change: 2201 % -0.4
85 ¥ o8
-0.8
EY 3 i
-1.0
& s Change: -13.32% o 12
25 %I/min
70 . . 1.4
(1 ) Alr Mass Change: -0.37 % 5 (2) Alr
-1.8
5 / Peak: 4166 °C. -1
6
1.8
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Temperature /°C Temperature /°C
TG 1% DSC A(pvimg) DTG /(%/min)
Complex Peak
Mass Change: -1.81 % 0.30 e Peak: 425.9°C, 021239 yVimg :":;1 ;Z;ﬁ‘é& mg 0.2
100 Onset: 3813 °C T Onset: 6233 °C
End:  764.1°
L Mass Change: -3.15 % (P Epvang 1) Wicth: 4.4 °C(37.000 %)
" 0.25 [/ Meiort: 020105 yiimg 0.0
[\l |
2
o 0.20 Peak: 71.6 *C, -0.16 %/min f, | 02
Mass Change: -10.60 % 0.15 04
90 Peak: 238.1 °C, 0.060568 LV/mg '
Onset. 2077 °C
Area: 1.032 pVs/mg!
-0.6
85
(3) Nitrogen AL ki
" o = 397‘ Peak 72,2 °C, 0.10292 p\Vimg
ass Change: -539 % o < /
20 b Onsel: 394 °C 0 1.0
Area: 38 8 pVeimg S
-0.05 Poak: 7213 °C, -1.07 %min
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Temperature /°C Temperature /°C
TG 1% DSC /(uVimg) DTG /(%/min)
1 exo e e L
100 Mess Change: -1.84 % Mass Change: 132% 14 Peak: 412.6°C, 0.05 %/min A*wj%« C. 1.4388 LVimg 0.2
Peak: 74.7 °C, -0.01 %/min
12
95 0.0
Peak 107.6 °C. -0.02 %/min
Mase Chango: -19.06 % 1.0 pyak: 57.9 °C, 0.02 %imin
20 Complex P
e 3208 yvemg 0.2
08 Peak: 7952 °C
Onset: 7575 °C
85 g Width: 167.5 °C(37.000 %) Peak: 895.3 °C. -0.34 %/min
Peak: 625.7 °C, -0.089219 V/mg Height 14157 y¥img
06 e a0 0.4
80 Area: 19 42yVsimg A sk 8831 ; 0.61673 uvimg
04 | onetszsscc
‘ 0.6
75 Peak: 74.7 °C, 0.07125 pWimg > |
Mass Chango: -16.64 % 02 Onset242°C Peak: 402.3 °C. 016754 (/g |
onua 725 °C ji [
70 P Area: 1192 Vs/mg | swaTcsmy 0.8
00 F \_““r' ot i /9560 °C.100.000 %
& 15% CO2 & Ni ccogelly 6 N7 e
! L7 7 | B ...
(5) 5 ° 2 Itrogen 02 ( ) Peak: 787.2 °C. -0.99 %/min -1.0
200 400 800 1000 1200 200 400 800 1000 1200

600
Temperature /°C

Figure 6. Thermal analysis of fly char in different atmospheres.
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The thermal behavior of the fine fraction of fly ash in
different atmospheres is shown in Figure 4. Two main peaks
can be seen up to 1200 °C. At temperatures lower than 100 °C,
small changes in weight are detectable. A weight loss with
an endothermic signal in the DSC at around 400 °C and a
significant endothermic weight loss at temperatures of around
720 to 820 °C are detectable. The results in air and nitrogen are
similar; a significant change can be seen in the mixture of nitrogen
with 15% CO,. In a CO,rich atmosphere, an endothermic
weight loss at 400 °C is not indicated but an increase in weight
can be seen at temperatures higher than 400 °C with a strong
endothermic peak at 820 °C.

The weight loss at temperatures around 100 °C is considered
to be caused by the evaporation of water. An endothermic peak

with weight loss at around 400 °C, which is not seen in the
CO,-rich atmosphere, is considered to be due to the calcination
of magnesium carbonate. In the CO,-rich atmosphere this is
interfered by the adsorption of CO, on calcium oxide, which
can be seen from the increase in the weight. Decomposition of
calcium hydroxide is not considered at temperatures around
400 °C because it is expected at temperatures around 550 °C.
The combustion and decomposition of organic matter (unburned
wood) are not considered to happen because a peak can also be
seen in the nitrogen atmosphere.

The thermal analysis of the coarse ash fraction of the fly ash
shows properties similar to those of the fine ash but less
pronounced (Figure S). In contrast to the fine ash, an increase
in weight can be seen at temperatures higher than 900 °C.

3324 dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331
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The weight loss of the fine ash fraction is around 10% while
that of the coarse ash fraction is around 0.5%.

Coarse fly ash is considered to consist mainly of bed material,
which is confirmed by the iron content. An increase in weight
in the thermal analysis at temperatures higher than 900 °C
might be caused by the oxidation of magnetite® or by the
decomposition of fayalite with the oxidation of iron.

The investigations of the properties of the fly char include a
fuel analysis because of the high carbon content of the char.
The fuel analysis is shown in Table 11 and reveals that the fly
char consists mainly of ash and carbon. The heating value
justifies the utilization of the fly char as a fuel in the combustion
reactor. The elemental analysis shown in Table 12 reveals the

Table 12. Elemental Analysis of Inorganic Matter of Fly
Char”

mean value (wt %) SD

Na,0 1.94 136
MgO 25.02 2.83
ALO, 238 0.63
SiO, 22.13 2.17
P,0; 118 022
S0, 0.38 026
K,0 6.09 0.94
CaO 33.11 5.95
Fe,0, 524 0.19
Cl 0.52 n/a
others 2.0

loss on ignition 1050 °C, 1 h 36%

“Sample date, 2010.

highest concentrations of the substances calcium oxide, magne-
sium oxide, silicon oxide potassium oxide, and iron oxide.

The thermal analysis of fly char in different gas atmospheres
(Figure 6) shows two significant endothermic peaks in air and
nitrogen atmosphere at around 417 °C and around 730 °C.
A low weight loss can be detected at temperatures up to
100 °C. In a mixture of 15% CO, in nitrogen, an exothermic
peak can be seen at temperatures around 412 °C and a complex
endothermic weight loss can be seen at temperatures between
795 and 880 °C.

The thermal analysis of the fly char showed combustion in
air (exothermic peak) at 400 °C. In nitrogen atmosphere an
endothermic weight loss can be seen at around 400 °C, which is
considered to be due to the decomposition of magnesium
carbonate. The low amount of oxygen in the char excludes the
pyrolysis of organic matter, which could be also expected at this
temperature. The endothermic weight loss at around 730 °C in
the air and nitrogen atmosphere is considered to be caused
by the decomposition of calcium carbonate and dolomite.**
This reaction interferes in the CO,-rich atmosphere with the
CO,-gasification of carbon with the peak at 880 °C.

The nature of fouling at the air preheater varies. The texture
of the fouling varies from powder debris to hard and rocky
material, which is difficult to remove. Soft and hard layers can
be observed within one position but also at different locations.
Due to the need for high availability of the plant, the inspection
intervals for the heat exchanger are around four weeks and
an exact determination of the formation of the fouling is not
possible. The results of analyses of two different samples with
different textures are shown in Table 13. Fouling that dis-
aggregates easily to a powder has calcium oxide as its main
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Table 13. Elemental Analysis of Fouling at the Air Preheater

sample date  Oct. 3, 2010

Sept. 7, 2010

description  hard fouling at air fouling at air preheater that
preheater—untreated disaggregates easily
component wt % wt %
Na,O 1.17 1.22
MgO 25.89 18.37
ALO, 128 231
SiO, 1672 1891
P,0; 1.68 192
SO, 0.18 021
K,0 9.15 340
CaO 36.29 47.81
Fe,0, 481 412
Cl 0.18 0.22
others 2.67 1.48
loss on ignition 1050 °C, 1 h 13.94% 3.71%

component, accounting for nearly half of the mass of the
sample. Magnesium and silicon oxide are detectable in about
the same amount. The hard and rocky fouling shows a higher
magnesium oxide concentration and lower calcium oxide and
silicon oxide concentrations. Potassium oxide is significantly
more highly concentrated in hard fouling, where it represents
around 9 wt %, compared to 3.4 wt % in soft fouling.

The thermal analysis of the fouling shown in Figure 7 gave
different results compared to coarse ash and fine ash. The TGA
shows a constant and significant weight loss of 8 to 10 wt % up
to 1200 °C. The weight loss can be seen over the whole
temperature range but increases at temperatures higher than
800 °C, and this is independent from the gaseous atmosphere.
The DSC signal shows various endothermic peaks. Significant
endothermic weight losses can be determined at around 100 °C,
at 509 °C in air (526 °C in nitrogen and 532 °C in CO,—
nitrogen respectively), around 755 to 791 °C depending on the
atmosphere, 864 to 978 °C, and above 1000 °C.

The first peak of the thermal analysis of the fouling occurs at
temperatures around 100 °C, which is considered to be caused
by evaporation of water. A significant peak can be observed at
509—530 °C, which is similar to the temperature at which the
recrystallization of K,0-$i0, takes place and the similar temp-
erature at which a-quartz is modified to f-quartz (573 °C).?

A peak at 755—791 °C with a high weight loss in air and
nitrogen atmosphere and a moderate weight loss in CO,-rich
atmosphere might be caused by the decomposition of dolomite,
calcium carbonate, or spurrite.’’ > In the CO,-rich atmos-
phere, this peak can be seen at 791 °C but the peak at 879 °C
has a significantly higher weight loss. A high partial pressure
of CO, can shift the decomposition of carbonates (CaCOj; or
spurrite) to higher temperatures. An overlapping of different
reactions is suggested, where released CO, reacts with another
component and is only released at higher temperatures. At
temperatures between 864 and 878 °C, a recrystallization of
quartz in S-tridymite*® without weight loss is expected. Arvelakis
et al.*® showed that a mixture of K,COj and SiO, reacts to form
potassium silicates at this temperature, leading to a weight loss
because of the released carbonates.

In the nitrogen and CO,-rich atmosphere, significant decomposi-
tion and melting can be seen (endothermic DSC signal with a
weight loss), which agrees with the findings of Arvelakis et al.”®
that at temperatures higher than 1000 °C excessive decomposition
and release in the gas phase of potassium rich compounds (KCl,
K,CO;, K;,S0,) as KOH are occurring.

dx.doi.org/10.1021/ef400598h | Energy Fuels 2013, 27, 3316—3331
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Figure 7. Thermal analyses of fouling at the air preheater in different atmospheres.

The results of the elemental composition of the fouling in the
cyclone are shown in Table 14. The elemental analysis confirms
the visual impression of the inhomogeneity of the fouling over
its thickness. Bed material particles can be visually detected in
sample C, which is confirmed by the high iron content of the
sample. The amount of potassium in samples A and B, 23.6 and
19.1%, respectively, is significantly higher than is expected from
the biomass ash. Calcium oxide content is lower in all samples
compared to biomass ash.

Ash Balances. The ash balances were carried out for
different operation modes of the ash loops. The status at the
beginning of the optimization project is shown in Figure 8.
A high amount of ash (coarse and fine) is circulated back into
the gasifier before being released into the container to reduce
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bed material consumption and to increase the amount of
catalytic substances in the system. It can be seen that this
circulation of fine ash and coarse ash increases the total amount
of ash in the system significantly. Considering that potassium is
assumed to be responsible for fouling, the total input and
output, respectively, from the system is 2.6 kg/h, while the
potassium flow in the fly char is 16.8 kg/h. A significant amount
of potassium is transferred from the combustion reactor to the
gasification reactor via the siphon.

The status after the optimization of the ash loops is shown in
Figure 9. The coarse ash circulation is fed into the combustion
reactor while the fine ash circulation is turned off and all fine
ash is released into the container. A significant reduction of the
fine ash in the system can be seen. The amount of potassium
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Table 14. Elemental Composition of the Fouling in the
Cyclone (Main Components)

cyclone sample A cyclone sample B cyclone sample C

total sample (wt %) total sample (wt %) total sample (wt %)

Na,O 0.53 0.35 2.88
MgO 11.09 14.82 28.51
ALO, 122 2.51 0.89
SiO, 25.84 29.34 36.84
P,04 0.75 0.96 0.30
SO, 0.13 0.03 0.06
K,0 23.63 19.13 9.98
CaO 33.13 27.88 13.07
Fe, 03 2.36 342 6.03
Cl 0.08 0.06 0.44
others 1.26 1.50 0.99

that is transferred between combustion reactor and gasification
reactor is reduced to 1.6 kg/h, which is around half of the
amount of potassium that enters the plant with the biomass.

B DISCUSSION

Discussion of Analyses of Inorganic Matter. The
elemental analysis of biomass ash, precoat material (dolomite),
and bed material did not reveal unexpected results. Combustion
plants using alternative fuels such as straw and energy plants
with high concentrations of chlorine, phosphor, and sulfur often
show a fouling tendency.””*"** These elements are detectable
only in low concentrations in this study and are not considered
to be the main reason for fouling in this case.

The reason is considered to be the interactivity between the
inorganic flows that enter the plant: biomass ash, precoat
material, and bed material. The influence of the interaction
with the bed material was discussed and presented in earlier
studies.'®”"* The tendency for fouling shows that interaction
between biomass ash, abrasion of the bed material, and precoat
material is happening. A comparison of the composition of the
coarse fraction of the fly ash with used bed material'® shows
that the coarse fraction of the fly ash mainly consists of bed
material.

The potassium content, which is considered to be responsible
for fouling tendencies, is nearly doubled in the fine fly ash
compared to coarse fly ash. The origin of potassium oxide is
mainly the biomass ash.

The fuel analysis and elemental analyses of the fly char did
not show unexpected results. The elemental composition of
the inorganic fraction of fly char is similar to the fine fraction
of the fly ash. Mass balances showed that the concentration of
potassium in the fly char is higher than would be expected from
the biomass ash.

The carbon in the fly char is considered to be bound closely
to the ash due to the concentration of the ash component and
condensation of gaseous inorganic species while cooling the
product gas. According to the mechanism and modification of
potassium of van Lith et al,>* potassium is available in organic
species such as organic acids or bound on phenols.

Considering the elemental composition of the fouling at the
air preheater, a high concentration of potassium and also
calcium oxide and magnesium oxide can be seen. Fouling
after fast fluidized bed combustion is described in the literature
with a higher concentration of alkaline and alkaline earth
metals compared to the composition of the biomass,* which
can also be seen in this study. The difference in potassium
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content between loose agglomerates of ash and hard fouling at
the air preheater is significant. The difference in the morpho-
logy of the fouling might be caused by variations of the opera-
tion conditions in the plant. High variation of the fuel water
content between 20 and 40% causes variations in the operation
of the combustion chamber such as temperature, oxygen
concentration, and retention time.

The assumption that potassium is responsible for fouling is
confirmed by the elemental analyses of the fouling in the
cyclone. The surface of the fouling has a potassium concentra-
tion of around 24% by weight. Samples from the inside of
the fouling and closer to the refractory lining showed lower
concentrations of potassium oxide but higher concentrations of
silicon oxide and magnesium oxide. The amount of calcium
decreases on the inside of the fouling. Operational experience
showed that the fouling formed rapidly within three days, which
can be seen from the amount of bed material that leaves the
cyclone with the flue gas. Operation of the plant is still possible
for some weeks after the formation of fouling in the cyclone.
The growth of the fouling is expected to be lower during this
period, which explains the high potassium content at the
surface of the fouling.

Thermal analyses of fly ash (coarse and fine) and fly char
were similar except for the high carbon content of fly char,
which combusts in an air atmosphere and is gasified in a CO,-
rich atmosphere at temperatures higher than 800 °C. Thermal
analyses of fouling showed a high weight loss and a complex
behavior. Due to the long retention time at the tube sheet
of the heat exchanger, slow reactions are expected, which can
cause recrystallization.

The analyses of the inorganic matter are only snapshots of
conditions that can occur in the system. The standard deviation
of the fuel ash analysis shows high variation in the ash composi-
tion of the fuel. This is evident because biomass is bought from
various fuel suppliers and the wood yard management is mainly
based on the fuel water content. These single analyses are
not sufficient to draw conclusions about the behavior of the
inorganic matter in the system, and mass balances of inorganic
matter need to be considered.

Discussion of Mass Balances of Inorganic Matter. The
ash balances showed that the circulation of ash and the setup of
the loops can lead to the transportation of ash through the
reactors in amounts many times higher than the amount of
inorganic matter, which is introduced into the system. This can
lead to an accumulation of different substances within the system.
Considering the potassium balances, a transfer of potassium from
the combustion reactor to the gasification reactor can be detected
in all the balances. This transfer leads to potassium concentrations
in the fly char that are higher than expected with the mixture of
abraded bed material and precoat material. The fly char also
consists of unconverted char, which is mainly carbon. According
to the findings of Novakovi¢ et al,*® potassium is released to
the gas phase, which is enhanced by the presence of water,
calcium oxide, and high temperatures. The release of potassium
is also pronounced in gasification atmospheres.””*® Based on
this knowledge, a close connection between potassium that is
released to the gas phase and char can be expected due to the
condensation processes of gaseous potassium during cooling of
the product gas.

During combustion of fly char in the combustion reactor,
the high carbon content of the char (see Table 11) leads to
high combustion temperatures, which are responsible for the
release of potassium into the gas phase. Scala et al.** showed
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that agglomeration takes place around burning char particles
because their temperature is the highest temperature in the
fluidized bed.

Low potassium release rates can be achieved by low
temperatures, low water content in the combustion reactor,
and low calcium content in the system. The temperatures are
linked to the demand for a proper gasification temperature and
also the bed material circulation rate between the gasification and
combustion reactors and the excess air ratio in the combustion
reactor. Keeping the excess air ratio in the combustion chamber
high will decrease the adiabatic combustion temperature of the
burning char particles and reduce the potassium release rate.

The mechanism for the transfer of potassium from the combus-
tion reactor to the gasification reactor is unknown. Different
possibilities are suggested: (a) Due to the higher release rate of
potassium in the combustion reactor, the potassium concen-
tration in the bed material particles is increased and potassium is
released in the gasification reactor. Gaseous potassium is
considered to be available in cavities of the bed material.'® (b)
The release rate of potassium is higher in the gasification reactor
due to the reducing atmosphere. The fraction of potassium that is
bound to the bed material is higher in the combustion reactor
compared to the gasification reactor. This can be in the form of
potassium carbonate (liquid or solid) in the combustion reactor,
which is reduced to potassium hydroxide in the gasification
reactor. (c) A higher temperature and the oxidizing conditions in
the combustion reactor lead to partly melting silicates that are
attached to the bed material and transferred with the bed material
into the gasification reactor, where potassium is released to the
gas phase.

Sampling of bed material in the combustion chamber and the
gasifier is not possible due to high temperatures. The difference
in potassium concentration in the bed material between com-
bustion reactor and gasifier can be considered to be below
the detection limit of the analysis. Further investigations are
required to clarify the mechanism of the overflow of potassium
between combustion reactor and gasification reactor.

H CONCLUSION

The following conclusions can be drawn from the analyses and
balances of inorganic matters in the DFB plant presented in this
paper:

o Ash loops can lead to significantly higher material streams
and to an accumulation of substances with low melting
points in the system.

Potassium, which is considered to be mainly responsible
for fouling, slagging, and bed material agglomeration in
this case, is transferred from the combustion reactor to
the gasification reactor. The mechanism of the transfer is
still unknown.

e An accumulation of potassium can be seen in the fly char.
o The concentration of potassium in fine ash is nearly twice

that in the coarse ash and bed material.

For the operation of the DFB plants, the following
recommendations are given:

e A reduction of potassium in the system can be achieved
by consequent and immediate discharge of fine ash.
Recirculation of fine ash should be avoided.

The melting behavior of ashes and the catalytic activity
of the bed material are influenced significantly by the
inorganic loops. Accurate measurement and control of
ash and bed material streams are recommended.

3330

e The high concentration of inorganic matter in the fly
char, which is assumed to be closely bound to the char,
demands accurate control of the fly char entering the
combustion chamber as well as accurate control of the
combustion air to avoid temperature variations and to
keep the adiabatic combustion temperature of the particles
as low as possible.

e A convective path for cooling the flue gas is recommended
to cool inorganic matter before it comes into contact
with a tube sheet of heat exchangers or tubes. It is also
suggested that this may be useful while cooling the
product gas.
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