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Abstract: The problem of biomass combustion and co-combustion is a particularly important aspect
of many district heating systems, where the use of biomass makes it possible to reduce CO, emissions.
The present article is a continuation of previous studies of the behavior of the mineral matter of
selected fuels during the sintering processes. Three biomasses were studied: wheat straw, barley
straw and rye straw, as well as two coals from Polish mines: bituminous coal and lignite. The study
included ultimate and proximate analyses and oxide analysis. On the basis of the oxide analysis
and using FactSage 8.0. software, the sintering process of ash from selected fuels was simulated.
In particular, the content of the slag phase as well as the values of the specific heat ¢, and density
were determined without considering the gas phase. The obtained results were compared with the
results of measurements of fracture stress (mechanical method) and pressure drop (pressure drop
test) determined during the sintering process of the ash samples. The study showed that there is
a fairly pronounced correlation between the sintering temperatures determined by the mechanical
and pressure drop test and the physical properties of the ashes, such as density and heat capacity,
and chemical properties, i.e., the content of the slag phase. The completed research work indicates
and confirms that nonstandard methods of studying ash sintering temperatures (mechanical and
pressure drop test) are very promising because they directly reflect the behavior of coals and biofuels
in combustion systems.
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1. Introduction

The increasing energy demand and European regulations aimed at achieving carbon
neutrality in 2040 [1] also place increasing demands on power units that use biomass as
fuel in the combustion process. In particular, fuel with appropriate parameters is a matter
of selecting fuel to ensure the greatest efficiency of the energy conversion process, which
translates into lower carbon dioxide emissions per unit of final energy produced. When
burning or cofiring biomass, the important fuel parameters that affect the final efficiency
of the energy conversion process is the ash sintering temperature. This is particularly
important in the case of biomass that contains a lot of alkali metals, particularly potassium
and sodium, and also alkaline soils—calcium. The presence of these elements significantly
affects the transformation of mineral matter, which, as a result, leads to a reduction in the
melting temperature of the ash produced by the fuel combustion process [2-5]. At this
temperature, sticky ash particles, which are the result of the combustion process, adhere
to the boiler’s heated surfaces during contact. Thus, over time, as a result of slagging and
fouling processes, a hard layer is formed that impedes the heat transfer process inside the
boiler and, thus, the efficiency of the energy conversion process is reduced. This leads to an
increase in carbon dioxide emissions per unit of final energy. The additional cost, which
translates into increased carbon dioxide emissions per unit of final energy, is due to the
need to periodically remove the boiler from service to remove the layer of sintered ash [6].
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Therefore, it is extremely important to correctly determine the ash sintering temperature of
the fuel being burned.

The process of ash sintering, from a physical and chemical point of view, is very com-
plex. This is due to the fact that the ash obtained from a given fuel is a collection of particles
of matter that differ significantly from each other in their chemical composition, phase
composition, crystal structure, and size and shape of individual grains [7,8]. In addition,
the ash parameters mentioned in the previous sentence—that is, its microstructure—also
depend on the fuel combustion temperature [9]. In addition, there are quite large differ-
ences between fuels and the same ash obtained from them. For example, the ash obtained
from the combustion of a particular type of biomass may have a different microstructure
depending on the soil in which the biomass was grown or on the climatic conditions found
in a particular growing region [10].

In turn, the physical and chemical transformations of the microstructure of ash, espe-
cially biomass ash containing a relatively high amount of alkali oxides [11], directly affect
the temperature of ash sintering. The key mechanism of the ash transformation process
seems to be the melting of the surface of individual ash particles—particles become sticky.
Such sticky grains start to coalesce due to the process of decreasing surface tension [12-14].

The ash deposits formed as a consequence of the coalescence of sticky ash particles
(slagging in the radiative region and fouling in the convection region) cause an exploiting
consequence, such as deterioration to the heat transfer, damage of boiler surfaces, and even
the shutdown of the boiler [15]. It should also be mentioned that the build-up of the ash
deposit is rather related to ash physicochemical properties of the ash, while its strength
development depends more on ash sintering characteristics [16,17].

The formation of newly formed mineral phases and the transformation of the original
minerals contained in the biomass can lead to difficulties in accurately determining the
sintering temperature of the ash from a given fuel. There are many methods to evaluate
the tendency, such as: oxide indices method, a purely empirical method based on many
years of observations [18-21], the ash fusion test, based on visual observation of the change
in the shape of the ash sample during the ash sintering process [2,22-25], or finally more
physical methods directly based on observations of the change in the physical properties of
ash samples, such as the failure stress—in the mechanical method [26], or the shrinkage of
the sample and the change in its porosity—in the pressure method [26]. Other methods to
be mentioned include: thermomechanical analysis [14], thermal conductivity analysis [27],
electrical resistivity test [28], and other techniques presented in detail in [29]. Because the
slagging and fouling process is associated with the formation of a molten ash phase [30], the
thermochemical equilibrium calculation method is extremely important for research. This
method allows us to predict the thermodynamically stable chemical and phase composition
of sintered ash. In particular, the occurrence of thermodynamically stable melt phases is
predicted based on thermochemical equilibrium calculations analysis. The application
of the thermochemical equilibrium calculations method to predict the hazards of the
slagging and fouling process has been experimentally supported in works [31-38], among
others. Another interesting method for determining the hazards of the slagging and fouling
process is also the electrical method, which has great potential for development, especially
assuming AC measurements [39].

The article presented here complements the previously published results of stud-
ies [26] of the sintering temperature of biomass ash (and, for comparison, of coals as well)
performed by non-standard methods: the mechanical test and pressure drop test. Research
was supplemented with the results using FactSage 8.0 software. The vast majority of
authors, when analyzing the results of research using FactSage software, focus only on
the analysis of liquid phase formation. Therefore, in the work presented here, the goal
was to verify the results of the strength and pressure tests of sintered ash with changes
in density and specific heat of ash (predicted by FactSage) during the sintering process.
The authors’ goal was to demonstrate the suitability of the mechanical test and pressure
drop test for the precise determination of the sintering temperature of ash from selected



Energies 2023, 16, 362

30f16

fuels and to contribute to the understanding of the mechanism of the transformation of
the mineral substance of fuels during their combustion. It was shown that there is a very
good agreement between the results obtained using phase equilibrium thermodynamic
analyses (FactSage 8.0) and the results of the strength—pressure method. The suitability of
both methods for the precise determination of the sintering temperature was demonstrated.

2. Materials and Methods

In the work presented here, three biomasses were studied: rye straw (RS), barley straw
(BS), and wheat straw (WS). Additionally, two coals from Polish mines were also selected
as a reference: lignite (LC) from the Polish mine Bechatéw and bituminous coal (BC) from
the Polish mine Makoszowy. The ash from the selected fuels was produced according to
European Standards [40]. For the study, ash with a grain fraction of 200 pm was selected
(that is, fraction sizes with polydispersed dust consistencies that were in agreement with
the generally applicable rules used for bituminous and lignite coals, according to the
standard [41]). A detailed description of this process (ash production and its selection) can
be found in [26], among others.

The technical analysis (in analytical state) was carried out according to Polish Stan-
dards for solid fuels [42-45]. The composition of the ashes was determined using the
method of a Thermo iCAP 6500 Duo ICP plasma spectrometer using ASCRM-010 as a
reference substance.

In the strength method, cylindrical specimens (8-8.5 mm in diameter and 10-12 mm
in height) were first heated isothermally at 500 °C for 4 h and then quenched to room
temperature. The samples prepared in this way were subjected to mechanical tests on the
measuring system shown in Figure 1.
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Figure 1. Mechanical test stand (1—sample, 2—hydraulic press, 3, 4—data acquisition and processing
system).

This cycle was repeated for subsequent samples of the same ash quenched isothermally
at a temperature 50 °C higher than that of the previous sample. These samples were
quenched to room temperature and subjected to the same mechanical test. Measurements
were repeated until the temperature reached about 1000 °C (depending on the fuel).

Sample preparation for the pressure drop test is the same as that described for the
strength method. The only difference is how the sample is formed. For the pressure method,
the sample (also in the form of a cylinder, but with a diameter of 10 mm and a height of
1.5 mm) is formed directly in the measuring tube (Figure 2). The exact method of measuring
and forming the sample is described in [26].
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Figure 2. Pressure drop test stand (1—measuring tube, 2—sample, 3—furnace, 4—autotransformer,
5—radiator, 6—thermocouple, 7, 8—pressure gauge and thermometer, 9—compressed air, 10—fittings,
11—data acquisition and processing system, 12—rotameter).

Each mechanical and pressure measurement was repeated on five samples made from
the same ash. The final results are the arithmetic mean and the uncertainty is the mean
standard deviation.

FactSage 8 thermochemical software with databases was used to verify the mechanical
test and the pressure drop test. FactSage is based on a combination of the Gibbs minimum
free energy determination tool and thermodynamic equilibrium chemical simulation soft-
ware. The assumption was made that there was one slag phase, and the FToxid, FTmisc,
ELEM, and FactPS databases were used. The atmosphere was also excluded.

Details of the methodology and validity of the assumptions made can be found
in the previous work [19]. The oxide content of the ashes was entered as input data.
Thermodynamic calculations were carried out at temperatures from 500 to 1100 °C (in
20 °C increments) under a pressure of 0.1 MPa.

3. Results and Discussion
3.1. Samples Analsyis

The fuels selected for the study are characterized by a wide range of fuel properties.
These include both coal and biomass currently used in the power and heating industries.
Detailed proximate and final analysis data used in the article are provided in [26], while
Figures 3 and 4 show only selected properties necessary for the presentation of the research
results provided in this article.

Analyzing the data in Figure 3, it can be seen that the mineral content is the highest for
LC (19.5 wt.%) while the lowest for WS and RS (3.7 wt.% and 3.6 wt.%, respectively). This
would suggest that biomasses that have less mineral matter will perform more favorably
in the combustion process, but the oxide composition of the ash of these biomasses (more
extensively presented in [26]) highlights, increased CL, and increased basic to acidic oxides
(B/A) ratio. The VM and the FC also show different properties of the biomasses, with
almost twice the VM and almost twice the FR compared to the coals.
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Figure 3. The proximate analysis (A—ash, M—moisture, VM—volatile matter, FC—fixed carbon) of
fuel samples on air dried basis; BC—bituminous coal, LC—lignite, WS—wheat straw, BS—barley
straw, RS—rye straw.

Figure 4. Ultimate analysis (C, H, N, S, O and moisture (M) and ash (A) of the fuel samples on air
dried basis; BC—bituminous coal, LC—lignite, WS—wheat straw, BS—barley straw, RS—rye straw.

These characteristic parameters of biomasses enforce the need for proper planning
of the biomass combustion process. The biomass combustion process also differs from
the coal combustion process in that the bulk of the energy in the case of coal combustion
comes from the combustion of coke residue. Worthy of special attention also is the mineral
content of these fuels. As shown in the article [26], biomasses have a high risk of adverse
effects of a mineral substance on the combustion system, which on the one hand have very
little mineral substance compared to coals, but the mineral substance contained therein is
significantly more “aggressive” for the entire combustion system than the mineral substance
of coal. This necessitates the need for proper organization of the combustion process, the
use of protective coatings of heated surfaces, or other protective treatments.

By analyzing the data from the final analysis (Figure 4), it can be concluded that the
fuels described in the article have very similar elemental composition. The elemental
content of C varies from a maximum value for BC (65.4 wt.%) to a minimum value for
LC (43.5 wt.%). On the other hand, the main difference between these fuels can be seen
in the content of S and O. It can be noted that biomasses have no sulfur in their structure,
while they have an increased proportion of oxygen compared to coals. The lack of sulfur
in biomass simplifies the combustion system itself, but the increased share of oxygen
forces a reorganization of the combustion process and shifts it from the area of burning
coke residues (which is characteristic of coal fuels) to burning mainly volatile parts in
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the case of biofuels. This behavior of the combustion process can promote an increase in
the temperature of the flue gas along the height of the combustion chamber, which can
adversely affect the retention of mineral matter, especially in the case of biomasses, which
have lower ash sintering temperatures.

The consequence of higher temperatures in the upper zones of the combustion chamber
can be an increased risk of slagging and fouling processes on the bulkhead heaters and
the initial convection zones of the boiler. Therefore, the correct determination of the ash
sintering temperatures becomes a particularly important issue. The study of [26] shows
that the use of the classical Leitz test leads to the fact that the ash sintering temperatures
determined on this basis are much higher than those occurring in reality. Therefore,
nonstandard methods based on the study of changes in the physical and physicochemical
properties of ash during its sintering are more reliable. Particularly noteworthy here are
methods such as the pressure method and the strength method [26] based on measurements
of the physical properties of ash.

The article presented here focuses in particular on comparing changes in physical
quantities of ash as its specific heat and density (FactSage 8.0) with the results of the pressure
drop test and mechanical test. The aim of continuing research is to develop a reliable, robust,
and repeatable method for determining the sintering temperature of biomass ash. This is
important both from the point of view of designing biomass combustion/co-firing boilers
and from the point of view of the need to reduce CO, emissions.

Figure 5 shows the heating value (HHV) and fuel ratio (FR) for selected fuels. The
FR value was calculated using the following formula: FR = FC/VM [26]. It can be seen
that both biomass (WS, BS, and RS) and lignite (LC) have comparable HHV values. The
exception is bituminous coal (BC), for which the HHV value is almost twice as high as for
the other fuels (Figure 5a). Furthermore, the FR value for BC is about four times higher
compared to the other selected fuels (Figure 5b). When analyzing the HHV and FR values
of the selected fuels, we conclude that we can divide the selected fuels into three distinct
groups. The first group includes RS, BS, and WS biomasses with relatively low HHV and
FR values. The second group includes LC with HHV values comparable to those of biomass
but with FR values higher than those of biomass but much lower than those of BC. In the
last group, BC with high HHV and FR values. In this way, fuels belonging to three groups
differentiated by technical parameters and sintering potential were selected.

(a) (b)
Figure 5. Characteristics of the tested fuels: (a) heating value (HHV) and (b) fuel ratio (FR).

The oxide composition of the ash from selected fuels (determined by the Thermo iCAP
6500 Duo ICP plasma spectrometer method using ASCRM-010), is shown in Figure 6.
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Figure 6. Composition from the ash of tested samples (wt.%).

The oxide composition of the ash is the basis for determining oxide indices, which are
commonly used to characterize the tendencies of ash deposition. In a previous paper [26],
the authors showed that the fuels studied have a high potential for the tendency to ash
deposition due to the high content of silica, which reacts with sodium and potassium
to form eutectics with low melting points. Furthermore, the chlorine content, which is
responsible for the formation of potassium chloride and the formation of ash deposits on
low-temperature heating surfaces, is very high for both coals, high for rye and barley straw
and medium for wheat straw. On the contrary, the basic to acid ratio, which describes
the general melting behavior, is low for all samples, except for rye straw, for which this
ratio is high. There is a tendency to agglomerate the bed during fluidized bed combustion
(BAI index)—for all tested biomass, it is below the limit and for both coals, it is above.
The Babcock index (Rs), which provides some information about increasing the deposition
tendency on high-temperature heating surfaces, is medium for lignite and low for other
tested fuels. It suggests that tested biomass and bituminous coal are characterized by a
low risk of ash deposition. Furthermore, the viscosity index is in the low value range for
barley straw, wheat straw, and bituminous coal. However, for rye straw and lignite, it is in
a high range.

In contrast, as previously presented in [26], the temperature of the initial deformation
temperature (IDT) is the highest for bituminous coal (1030 °C) and the lowest for lignite
(910 °C), wheat straw (790 °C), barley straw (760 °C) and rye straw (730 °C). These data,
presented in detail in [26], show a certain conflict of index indications. Therefore, it is
difficult to clearly determine the degree of risk associated with the slagging and fouling
process based solely on the chemical composition of solid fuels.

3.2. FactSage Analysis versus Pressure Drop Test and Mechanical Test

For the ash samples tested, a comparison was carried out between the results obtained
from thermodynamic equilibrium calculations of ash multicomponent systems and the
results of sintering temperature measurements using a mechanical test and a pressure
drop test. Figures 7-9 show a comparison of the pressure drop observed during the ash
sintering process (measured on the bench shown in Figure 2) with the values of the ash
density calculated at equilibrium, as well as with the values of the heat capacity c;, also
calculated at equilibrium. The density and specific heat capacity values were determined
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using FactSage 8.0 software. The density of the ash at equilibrium did not include the
gas phase.

(a) (b)

(©) (d)

Figure 7. Rye straw: (a) Specific heat (cp) and pressure drop as a function of temperature; (b) density
(p) and pressure drop as a function of temperature; (c) specific heat and fracture stress as a function
of temperature; (d) density and fracture stress as a function of temperature.

Analyzing the measured data of the pressure drop test realized during the ash sintering
process obtained from rye, barley and wheat straw in comparison with the calculations
obtained after using the FactSage 8.0 software, it was found that the temperature at which
a clear pressure drop begins corresponds to a clear change in the nature of the density—
temperature relationship. Interestingly, for rye straw, the sharp increase in density tends
to be responsible for the shrinkage of the entire sample during sintering. The situation is
slightly different for barley and wheat straw, for which a decrease in the density of ash is
observed with a decrease in the pressure drop in the measuring system. It is believed that
in the case of barley and wheat straw, we are unlikely to have a shrinkage of the entire
ash sample during its sintering, but only a change in its microstructure that involves an
increase in porosity and the formation of air transport channels through the sample.

Thus, we see that for the biomasses studied, we do not have a uniform process
mechanism responsible for the pressure drop in the pressure method. However, it is
interesting to note the close relationship between the pressure drop in the pressure method
used to assess the sintering temperature measurement and the changes in solid ash density
observed in Figures 7-9.

Analogous observations relate changes in ash density to the results of a mechanical
test that involved the measurement of fracture stress. A sharp increase in fracture stress can
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be associated with pronounced changes in density. The pronounced increase in fracture
stress observed for rye straw biomass occurs at the same temperatures as the increase in
density predicted using the FactSage 8.0 software. For this biomass, the increase in fracture
stress values is related to chemical and physicochemical changes in the ash itself. For the
other biomasses, on the other hand, good agreement can be found in terms of changes
in both fracture stress and ash density, but the density decreases. The differences in the
direction of density changes between the rye biomass and the other two biomasses are
confirmed in Figure 10, which shows the formation of the liquid slag phase (calculation
of the equilibrium of FactSage 8.0). The course of the dependence of slag (wt.%) versus
T (°C) for RS biomass differs significantly from the course of the curves for the BS and
WS biomasses (significantly lower values, especially in the initial phase at temperatures
from 600 °C to 900 °C). This interesting observation supports the thesis regarding the very
complex nature of the ash.

Of course, from the physicochemical side, the observed behavior of biomass ash is
extremely interesting not only from the application side but also from the scientific side;
nevertheless, it requires further research.

(a) (b)

(c) (d)

Figure 8. Barley straw: (a) Specific heat (cp) and pressure drop as a function of temperature; (b) den-
sity (p) and pressure drop as a function of temperature; (c) specific heat and fracture stress as a
function of temperature; (d) density and fracture stress as a function of temperature.
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(@) (b)

(c) (d)

Figure 9. Wheat straw: (a) Specific heat (cp) and pressure drop as a function of temperature; (b) den-
sity (p) and pressure drop as a function of temperature; (c) specific heat and fracture stress as a
function of temperature; (d) density and fracture stress as a function of temperature.

Figure 10. Phases of slag in equilibrium for rye straw (RS), wheat straw (WS), barley straw (BS),
lignite (LC), and bituminous coal (BC).

For the biomasses studied, the specific heat of ¢, for equilibrium was also calculated
using FactSage 8.0 software. The results are shown in Figures 7-9. For rye straw biomass
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(Figure 7a,c), the dependence of the specific heat of ash on the sintering temperature has
three fairly distinct points of discontinuity. The first two points of discontinuity in ¢, (for
approximately 580 °C and 650 °C) coincide with the change in the slope of the pressure-
drop-temperature-dependence in the range before the maximum is reached. Meanwhile,
the third point for about 740 °C coincides with the complete unsealing of the sample in the
measuring tube (pressure drop equal to zero). Analyzing the course of the dependence
of ¢p on temperature and comparing it with the course of the value of fracture stress on
temperature (Figure 7c), it can be seen that the second and third points of discontinuity of
cp correspond to the increase in fracture stress.

For other biomasses, i.e., barley and wheat straw, the observed c;, discontinuities are
even more pronounced. In the case of barley straw (Figure 8a,c), there are two distinct
points of ¢, discontinuity in the temperature range of changes in the pressure drop test,
i.e., from 500 °C to 700 °C. The first discontinuity point, observed at around 600 °C, can be
associated with a pronounced change in the slope of the pressure drop curve. The second
discontinuity point occurring at about 680 °C falls, as in the case of rye straw, exactly at
the point of complete unsealing of the sample in the measuring tube (pressure drop equal
to zero). Analyzing Figure 8c, it can also be seen that the second discontinuity point ¢, is
associated with an increase in fracture stress. In addition, analyzing Figure 10, showing the
slag phase content predicted by FactSage 8.0, it can be seen that the second ¢}, discontinuity
point associated with complete unsealing of the sample in the test tube (pressure drop =0
for 680 °C) can be associated with an increase in slag phase content from 29 wt.% to more
than 50 wt.%.

For wheat straw, there are two very clear points of discontinuity and one rather subtle
one. The first point of discontinuity c, occurs at 700 °C and corresponds to a change in the
slope of the pressure drop dependence on temperature. The second discontinuity point
occurs at 780 °C and is located near the point of maximum pressure drop (Figure 9a).
Additionally, the second point of discontinuity (for 780 °C) coincides with the point of
increase in fracture stress (Figure 9c). When comparing the described data with the results
of the slag phase (Figure 10), it is also possible to see the correlation of the ¢, discontinuity
points with changes in the content of the ash.

Interpretation of the correlation of specific heat ¢p, calculated for the equilibrium state
of ash from the biomasses studied using the FactSage 8.0 software brings us a lot of new
information about the mechanism of mineral transformations during sintering. However, it
does not provide an unambiguous interpretation from a modeling point of view, allowing
us to build a universal model of the mechanism of biomass ash transformations. This
requires further research into the physiochemistry of biomass ash.

In particular, by analyzing the content of the slag phase and pressure drop profile,
good agreement can be observed for the biomass of barley straw, wheat straw biomass and
bituminous coal. On the contrary, for rye straw biomass and lignite coal, this effect is not
observed. These discrepancies may be related to the alkali content and the composition
of the oxidizing atmosphere during the combustion of wood fuels. In the thermodynamic
studies presented here, the atmosphere was not taken into account. A recent study [46]
shows that both the atmosphere and the alkali content can strongly affect the results of
thermodynamic analysis. A thorough explanation of the observed discrepancies requires
continued research.

For comparison, analogous tests were carried out for selected coals from Polish mines:
lignite (LC) and bituminous coal (BC) (Figures 11 and 12). In the case of lignite, both density
and ¢p show more points of discontinuity than the analogous quantities for biomasses. This
is understandable as a result of fuels with different natures such as biomasses and coals.
Coal contains much more mineral matter, characterized by a certain crystalline structure,
than biomass. Therefore, for coals, we observe many more density and ¢, discontinuity
points associated with phase transformations. Thus, for lignite, in the temperature range
studied, we have as many as four discontinuity points for ¢, and five for density. The same
is true for bituminous coal (Figure 12). All the points of discontinuity for ¢, and density
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are related to the change in the slope of the pressure drop dependence on temperature,
just as we found for biomasses. Additionally, as for biomasses, it is possible to observe an
association of the point of discontinuity of both ¢, and density with a change in fracture
stress (Figure 11c,d and Figure 12¢,d). Obviously, the temperature values for which a sharp
drop in pressure and an increase in fracture stress are observed, that is, the appearance of
ash sintering [26], are higher than for biomasses. This is related to the chemical composition
of biomasses and coals.

(a) (b)

(c) (d)

Figure 11. Lignite: (a) Specific heat (cp) and pressure drop as a function of temperature; (b) density
(p) and pressure drop as a function of temperature; (c) specific heat and fracture stress as a function
of temperature; (d) density and fracture stress as a function of temperature.
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Figure 12. Bituminous coal: (a) Specific heat (cp) and pressure drop as a function of temperature;
(b) density (p) and pressure drop as a function of temperature; (c) specific heat and fracture stress as
a function of temperature; (d) density and fracture stress as a function of temperature.

4. Conclusions

The presented research showed that nonstandard methods of ash sintering tempera-
ture testing, namely pressure and strength methods, are more reliable methods, reflecting
the actual temperatures at which adverse changes in ash properties (sintering) begin to be
observed, leading to such exploitation hazards as slagging or ashing. This is especially true
for biomass, the chemical composition of which (high content of alkali metals) increases
susceptibility to fouling and slagging.

Basic physicochemical tests and oxide analysis of the selected ash of the tested samples
indicate very large differences in the ash properties. These differences are due not only
to its smaller quantity in the case of biomass but also to its different oxide composition.
Additionally, as the analyses showed, these ashes are characterized by an increase in the
number of alkaline components, which are the main cause of the formation of hard-to-
remove sinter.

Equilibrium simulations conducted using FactSage 8.0 software showed that there is a
correlation between the parameters measured in the sintering temperature determination
tests (pressure drop and the density of the fracture stress) and ash (without gas phase).
Changes in the density of the samples clearly indicate that the ash sintering temperatures
determined by the mechanical method and pressure drop test directly indicate the temper-
ature at which the properties of the sample start to change. Changes in the properties of
the ash indicate the start of its sintering process, which manifests itself as an increase in
fracture stress (mechanical test) and pressure drop (pressure drop test).
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Equilibrium simulations for the ash heat capacity ¢, showed that the obtained charac-
teristics cp = f(T) indicate the existence of rather pronounced points of discontinuity in these
characteristics. These discontinuities are correlated with the ash sintering temperatures
determined by the pressure drop test and the mechanical test.

The studies presented show that the mechanism of mineral transformation of fuels,
especially biomass, is very complex. We are dealing with both chemical transformations
(e.g., the formation of a slag phase) and physical transformations that involve not only
phase transformations but also processes of changing the microstructure of the ash. This
shows that non-standard methods, such as the mechanical test or the pressure drop test,
have great potential to accurately determine the temperature at which the processes leading
to ash and slag formation begin, especially because the process of transformation of the
mineral substance of fuels, particularly biomass, is not fully recognized. In the article [47],
the authors came to an interesting conclusion when studying the combustion of wood
waste from the furniture industry. They found that on the basis of chemical analysis of
deposits from domestic boilers, they can identify the fuel being burned.
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