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Abstract: Ash behavior is a key operational aspect of industrial-scale power generation by means
of biomass combustion. In this work, FactSageTM 6.4 software was used to develop and assess
three models of wheat straw combustion in a vibrating grate-fired commercial boiler of 16 MWth,
aiming to describe the inorganic elements release as well as fly ash melting behavior and composition.
Simulations were carried out solving four consecutive calculation stages corresponding to the main
plant sections. Chemical fractionation was adopted in order to distinguish between reactive, inert and
partially reactive biomass fractions. The developed models allow take into account different levels
of partial reactivity, values of the temperature for each sub-stage on the grate, and ways to apply
entrained streams based on data from the elemental analyses of the fly ashes. To this end, two one-week
experimental campaigns were conducted in the plant to carry out the sampling. It has been found
that considering chemical fractionation is indispensable to describe the entrainment of solid particles
in the gas stream. In addition, the best results are obtained by adopting a small reactivity (2%) of the
inert fraction. As for fly ash composition, the concentrations of the major elements showed good
agreement with the results from the chemical analyses. In the case of S and Cl, calculations revealed
a match with gas cooling effects in the superheaters as well as an entrainment effect. The melting
behavior together with the presence of KCl and K2SO4 condensates, point out at possible corrosion
phenomena in walls at temperatures of 700–750 ◦C.

Keywords: biomass combustion; boiler; fly ash; thermochemical modeling; vibrating grate

1. Introduction

Combined heat and power (CHP) generation by biomass combustion constitutes an important
share of the energy mix worldwide. Indeed, the most extended use of biomass, around 90%, is heat
generation through its direct combustion. Forecasts for biomass exploitation in industrial CHP and
tri-generation plants highlight the ever-increasing role of bioenergy in the energy system. As a result,
the deployment of bioenergy in the European Union is expected to double by 2030 [1], whether by the
substitution of fossil fuels or through new advanced biomass combustion plants.

Different biomass firing technologies are available, with varying installed capacities ranging from
a few electric megawatts (MWe) to high-throughput plants of around 100 MWe or even higher. Amidst
other possibilities, grate furnaces and fluidized beds are the prevalent technologies for large-scale
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power generation by biomass firing [2]. Of these, grate firing offers some advantages, including
feedstock flexibility and less fuel preparation and handling requirements [3]. On the one hand, this is
advantageous because operation is allowed with a wide variety of biomass fuels including wastes
and low-cost materials such as forestry residues, peat, fast growth crops or straws. In particular,
wheat straw combustion is of great interest in many agricultural regions owing to its abundance and
to the possibility of obtaining new valuable byproducts [4]. On the other hand, the typical problems
related to biomass combustion, namely ash deposition and corrosion may worsen by the characteristics
of non-woody biomass fuels, which typically have high chlorine, alkali and alkali-earth metal contents
together with some sulfur (S), which promote the formation of corrosive ash deposits and fouling [5,6].
It is therefore necessary to gain knowledge about the behavior of these materials during combustion
in order to reduce operational problems such as corrosion and fouling in long-term operations at an
industrial scale.

Several studies can be found in the literature dealing with non-woody biomass combustion at
different scales [5–10]. Most of the studies concerning standalone biomass combustion focus either
on laboratory and small pilot-scale plants or on fluidized bed technologies and their operational
problems, especially de-fluidization. Some studies have focused on modeling the release of
inorganic compounds by comparing the experimental data collected in lab-scale setups against
the physicochemical characterization of biofuels and from the global analysis of the combustion
process [11,12]. However, biomass combustion modeling on a large scale has been investigated in only
a few works. Yin et al. modeled, by means of computational fluid dynamics (CFD), two large-scale
grate-fired boilers using wheat straw such as fuel, and validated their results with onsite experimental
data [13,14]. The objective was to develop a tool for diagnosis and optimization as well as for improving
the design of grate boilers. Further CFD models were also developed and validated against data from
the literature [15]. All these works focused on developing reliable models of the whole installations
with special emphasis on the combustion process on the grate, and on the gaseous species.

As pointed out by Kaer et al. [16], efforts directed toward studying deposit formation in
biomass firing in grate-based boilers are scarce. These authors developed a mechanistic deposit
formation model based on information collected from ash deposits and operational parameters of
the plant. Neither the deposition mass fluxes nor the deposits compositions could be accurately
modeled, especially in the superheater area, though operational trends could be reasonably predicted.
Other researchers modeled ash deposition and alkali sulfates formation, and implemented the models
in a CFD code of a full-scale cotton straw firing grate [17]. The models could only qualitatively describe
the actual behavior of ash deposition.

Works performed at the Technical University of Denmark (DTU) can be regarded as the
state-of-the-art on modeling ash deposition at large-scale in biomass combustion plants. In Zhou et al.,
a dynamic mathematical model of ash deposit growth in a straw-fired grate boiler was developed and
validated against data collected from a straw fired power plant of 105 thermal megawatts (MWth) [18].
The authors also studied shedding phenomena and heat transfer in ash deposits [19,20]. In other
works [21–23], experimental measurements and characterization of ash deposits in full-scale grate and
suspension wheat straw firing boilers were carried out. The effects of the operational parameters on
the chemistry of ash and deposits, deposit build-up rates and shedding behavior were studied, though
these works were not aimed at modeling ash formation and deposition.

The mechanisms of ash formation in biomass combustion have been widely investigated and
excellent reviews can be found on this topic [24,25]. Most of the models reported in the literature
try to describe the behavior of biomass in co-combustion with coal or in large-scale firing plants
using non-woody biomass fuels with a lack of model validation. Therefore, there is still a lack of
predictive tools that can accurately model the behavior and fate of ash-forming species through
the different sections of full-scale biomass combustion plants, particularly those based on vibrating
grate technologies.
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Three different models were developed and evaluated through FactSageTM 6.4, aiming to describe
the release of inorganic elements during wheat straw combustion, as well as fly ash melting behavior
and composition downstream. The ultimate objective of the model is to describe the properties of
the ash deposits generated in the process from the point of view of their fusibility to predict the
slagging and fouling phenomena that could affect the operation of industrial boilers based on vibrating
grate-fired technology.

Data from plant operation as well as wheat straw and ash samples were collected from onsite
measurements in a commercial power plant (16 MWth) using vibrating grate technology. The effects of
combustion temperature and biofuel composition on ash behavior were studied. Physicochemical
characterization of the collected samples, with special emphasis on chemical composition,
was conducted to understand the distribution of the inorganic compounds during combustion.

2. Materials and Methods

2.1. Plant Characteristics and Sampling Procedures

A two-week experimental campaign was performed to obtain the necessary information and to
carry out the sampling. This campaign comprised two different steady-state 5-day non-stop test runs
developed in the 16 MWth biomass firing power plant owned by Acciona Energía in Briviesca (Burgos,
Spain). The setup configuration is based on the vibrating grate technology developed by the company
Termisa. Wheat straw bales were used as fuel at an average mass feeding rate of 13,200 kg/h (wet
basis). As can be seen in the schematic diagram of the plant (Figure 1), it has three heat exchangers:
SH2, located over the firing grate after the post-combustion section (PC), as well as SH3 and SH1, both
downstream from SH2. Next, the combustion gas flows through the economizer (EC), the air preheater
(AH), and is led to the bag filter, where fly ashes are collected.
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Based on the process diagram, the necessary parameters to describe the plant operation were
identified. In addition, the sampling plan was designed by taking into account the access points for
sample collection, the biomass feeding system, the slags and fly ash discharging systems and the
corresponding mass flow rates. Slag discharge is continuously made after cooling in a water tank,
which may lead to the dissolution of some components. As for the solid materials entrained along
with ash particles and aerosols by the flue gas, they are all collected in the bag filter located right after
the air preheater. This filter incorporates a discharge system by programmed backflush combined with
an ash recollection probe that is composed of a stainless steel container attached to the discharge line
of the bag filter.

Sampling was carried out following the EN 14,778 standard, which established the amounts
needed to obtain representative samples. In this study, the minimum sample amounts required were
5 kg of biomass and 1 kg of ashes. Wheat straw sampling was conducted in the three ports available
in the feeding lines, right after the shredders. Samples were collected in four different increments at
1 h intervals until 5 kg of samples were attained. In each of the recollection stints, mixing of 450 g of
biomass from each of the operating feeding lines was done, thus representing a total amount of 1.3 kg
per increment. Sampling was conducted in each of the lines alternatively, by taking one increment
each 15 min. All the increments were subsequently mixed together to form a combined sample.

Slags coming from the firing grate were sampled at the entrance of the discharge container right
after the cooling vessel. Samples were taken from the nearest point to the discharge ramp possible,
on the basis of four increments within 1 h interval until final samples of 1 kg each were attained. In each
of the increments, the sampling tool was used following the quartering method. All the increments
were readily mixed together to form a single sample.

Fly ashes from the bag filter were collected by the combination of four increments taken within
each 1 h interval to get a final sample mass of 1 kg. As in the case of the slags, the quartering method
was observed for obtaining the sub-samples in each of the increments, ensued by the mixing up of all
them. Sampling periods were programmed so as not to coincide with the bag filter shoot-blowing
period, thus avoiding the recollection of adhered particles.

To successfully develop the thermochemical model, measurement of temperature profiles in the
hearth of the installation and especially on the firing grate section is essential. Onsite data collection to
establish the temperature profiles was carried out by means of a series of thermocouples distributed
along the firing grate. Measurements were conducted during the first of the two assays of the
experimental campaign. Biomass flow rates and moisture contents, as well as primary and secondary
air-flow rates, were provided by Acciona Energía and are shown in Table 1. Test run 1 was completed
at an air-to-fuel ratio (λ) of 1.5 and wheat straw bales having an average moisture content of 13.9%.
Temperatures of the biomass bed located on the grate typically ranged between 1200 and 1300 ◦C,
depending on the zone, which could reach a maximum range between 800 and 1300 ◦C. These values
are concordant with those found in the literature for large-scale wheat straw combustion using a
vibrating grate operating at λ = 1.3 [26]. As for test run 2, the temperature profiles were assumed to be
the same, given that the values of the operational parameters (λ = 1.3 and biomass moisture content of
9.3%) were similar.

Acciona Energía kindly supplied also data on the temperature profiles, gas and tube temperatures
in the heat exchangers section and on the gas outlet temperature measured during plant operation.
These values ranged as follows:

• Post combustion section (PC, see Figure 1): 900–1300 ◦C
• SH2: 700–1150 ◦C
• SH3: 700–900 ◦C

Furthermore, data corresponding to gas composition, temperature and fly ash flow rates in the
last section of the installation (composed of the economizer, air preheater and bag filters) were also
taken from the information supplied by the company. Other data necessary to develop the model
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comprise onsite measurements obtained during the experimental campaign as regards biomass feeding
flow rates on a wet mass basis. For slags and fly ash production, since it is not possible to conduct
onsite measurements, the annual average rates of 868 kg/h and 87 kg/h, respectively, were adopted as
the values of the mass flow rates.

Table 1. Biomass and air flow rates (kg/h) and biomass moisture (wt.%) during the experimental
campaigns performed.

Test Value Biomass Moisture Primary Air Secondary Air

1

Average 13,073 13.9 32,289 54,280
Maximum 12,888 15.9 33,394 56,054
Minimum 13,284 11.6 30,699 51,862
RSD (%) 1 1.4 13.5 3.3 3.4

2

Average 13,372 9.3 32,762 50,622
Maximum 13,536 9.8 34,036 51,306
Minimum 13,182 8.6 31,720 49,838
RSD (%) 1 1.3 6.4 3.6 1.5

1 Relative standard deviation.

2.2. Samples Characterization

All samples were characterized following the protocols included in the EN 14588:2011
standard, together with additional characterization techniques, which include thermogravimetric
analysis coupled with mass spectrometry (TGA-MS), differential thermal analysis (DTA) and
chemical fractionation.

Biomass composition was determined by ultimate analysis through EN 16948:2015 standard
assays. Moisture contents were determined following UNE-EN 14774-2:2009 standard, and lower
heating values (LHV) of the biomass samples by means of the procedures established in the UNE-EN
14918:2011 standard. Ultimate analyses were conducted for the determination of the C, H, and N
contents in the samples following UNE-EN 16948:2015 standard. The O content was calculated by the
difference. The ash content of biomass was determined according to UNE-EN 14,775 standard. For S
and Cl determination in biomass samples, the reference standard was UNE-EN 15289:2011.

The procedures established by CEN/TS 15,290 standard were adopted to establish the wheat straw,
slags and fly ash major elements (Al, Ca, Fe, Mg, P, K, Si and Na) chemical composition, which included
microwave-assisted acid digestion of the samples instead of biomass calcination at 550 ◦C; in this way,
losses due to volatilization during calcination are avoided. As for the determination of the minor
components in all ash samples, microwave-assisted acid digestion has been conducted following
CEN/TS 15,297 standard.

In the case of slags and fly ash samples, S and Cl contents cannot be analyzed properly following
biomass analysis standards because of the mineral nature of the matrices. Consequently, S contents
were determined following the DIN 51724-3 standard (Solid mineral fuels. Determination of S),
whereas Cl contents were obtained according to the DIN EN 196-2 standard (Method of testing Cement.
Part 2: Chemical analysis of Cement). These methods involved high-temperature extraction in the case
of S and nitric acid digestion to solubilize Cl.

The mass of each element present in slags and fly ashes was calculated per kg of biomass fed in
on a wet basis with the following expression:

mass o f X/mass o f biomass = CX
QC
(
1− H

100

)
QB

(1)

where CX is the average concentration of element X in the slags or in fly ash expressed in g/kg on a dry
basis; QC is the average flow rate of slags or fly ash expressed in kg/h; H is the average moisture of
biomass percentage measured for each test run; and QB is the average biomass feed rate in kg/h for
each test (including the moisture content).
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Chemical fractionation was only applied to biomass samples from Test 1. The procedure followed
was that described by Teixeira et al. [27]. The different liquid fractions obtained were analyzed by
means of ICP-OES for the quantitative analysis of major compounds, Cl and S.

3. Thermochemical Modeling and Simulation

The overall scheme of the model describing the combustion process taking place in the plant is
shown in Figure 2. The simulation of the reactions of the combustion process is essentially based
on solving four consecutive calculation stages identified as EQ1, EQ2, EQ3, and EQ4. These stages
correspond to the main plant sections. EQ1 comprises the combustion of the solid fuel on the firing
grate. The first stage is divided into three sub-stages, denoted as EQ1.1, EQ1.2, and EQ1.3 (EQ1.3.1
and EQ1.3.2), which correspond to the following processes: drying, pyrolysis (volatilization) and char
combustion, respectively. The next stage, EQ2, corresponds to the post-combustion processes in which
secondary air reacts with gases and vapors released from EQ1. Next, EQ3 corresponds to the heat
exchangers section, and finally, EQ4 includes the bag filters section.
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The model was formulated, assuming that only the reactive fraction of the biomass on the basis of
the chemical fractionation of the fuel is involved in the processes comprising the first stage, whilst the
non-reactive fraction is summed to the solid products obtained in sub-stages EQ1.2 and EQ1.3.

Primary air distribution was established by considering the dimensions, pass diameters and
flow rate regulation. This results in the following distribution of the primary air between the three
sub-stages: 4.9% (EQ1.1); 31.7% (EQ1.2); 63.4% (EQ1.3). It has also been assumed that the maximum
temperature of stage EQ3 is a coincident with that of stage EQ2.

Regarding the calculations for determining fly ash flow rate and composition, due to the
entrainment of solid particles in the gas stream, and considering the temperature of the filter during
plant operation, all chemical species formed when the gas is cooled down (calculation stage EQ3) are
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compiled in EQ4. The amount of fly ashes, expressed as the g of solids in the flue gas per kg of biomass
fed in, have been calculated considering the measured flow rates and the filter temperature (150 ◦C).

Next, the bases of calculus as well as the information that these models should provide and the
validation methodology were established. Compositional data and flow rates for modeled fly ashes
per kg of biomass fed in were compared against real data. Furthermore, solids fractions in the modeled
downstream gas, the percentage of fused solid, the volatile (i.e., condensable) fraction, and the major
chemical compounds are calculated. The outcomes are the ash melting fraction of the total solids
present in the cooling gas, named from now on as the ash melting curve (AMC) for the predicted
fly ash and the critical control parameters (T15 and T70 temperatures) [28,29]. Finally, a comparative
analysis of the model results from those obtained from the chemical analysis of the process ash samples
collected is performed. In addition, comparisons with results from previous models reported in the
literature corresponding to full-scale combustion of wheat straw using firing grate technology have
been made.

Chemical fractionation was adopted, aiming to reduce the discrepancies between predicted and
empirical values derived from the kinetic limitations of the processes involved. These limitations are
not accounted for by thermodynamic package included in the software tool used (FactSage™ 6.4),
which are based on the minimization of the Gibbs’s free energy. Therefore, only the fraction regarded as
reactive is used as input variable in the first step of the initial calculation sub-stage (EQ1.1). Fractions,
which are water (AF) and ammonium acetate (NF) soluble, are considered reactive, whilst hydrochloric
acid soluble fraction (HF) and the solid residue are considered inert, or just partially reactive. In this
regard, the following cases were evaluated during the development of the model:

• CF100: AF and NF fractions are fully reactive.
• CF102: similar to CF100, but including a 2% of reactivity from the HF fraction and solid residue.
• CF110: same as CF102, but increasing up to 10% the reactivity of the partially reactive fractions.
• N◦CF: no chemical fractionation considered; the biomass bulk composition is considered as

input data.

The following predictive models were developed: the Global Entrainment (GE) model, Individual
Entrainment (IE) model, and the Temperature Effect (TE) model. They differ from each other:

• In the way that chemical fractionation is applied.
• In the way that the temperatures of each sub-stage on the grate are calculated.
• In the way that the entrained streams are applied based on data from the elemental analyses of

the fly ashes.

However, all three models share the following conditions:

• The boiler design temperature values have been assumed when solving the post-combustion stage
(EQ2), and in the SH2 and SH3 heat exchangers of EQ3.

• Temperatures in the rest of the stages have been established according to process data measured
on the site for SH1, as well as in the economizer/air pre-heater (EC-AH) and in the bag filter (EQ4).

• A stream of unburnt species (X1) has been systematically applied between EQ1.2 and EQ1.3.1
(slags flow rate calculation) stages for the entrained streams from pyrolysis and char combustion
based on the results of the TGA analyses of the slags samples performed under air atmosphere.
Calculations were done using the normalized percentage of mass loss, i.e., without accounting for
the mass losses below 300–350 ◦C. The contribution of each fraction was calculated as a function
of temperature. Slags mass losses above 600–700 ◦C and up to 900–1000 ◦C were assumed to be
due to matter that had not reached the maximum grate temperature. This stream is removed from
the solids stream when shifting from EQ1.2 to EQ1.3.1 (X1), being led to the final slags stream.
The streams of entrained solids from EQ1.2 and EQ1.3 (X2 and X3, respectively) were established
by means of the composition of the fly ash determined from the analyses in a specific way for
each complete model tested.
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3.1. Global Entrainment Model (GE)

In this case, the temperatures of the grate sub-stages are those experimentally measured by means
of a series of thermocouples during Test 1: 500 ◦C (EQ1.1), 900 ◦C (EQ1.2), and 1300 ◦C (EQ1.3.1 and
EQ1.3.2, slags flow rate and composition calculation, respectively). As for the solids entrained streams
(X2 and X3), only those compounds that are non-volatile at the maximum temperature on the grate
were considered, as reported in the literature [27,30,31], in accordance to the composition obtained
for fly ash: Al, Fe and Si. Calculations were based on the partition coefficient or ash enrichment
factor [27,32,33], which establishes the relationship between the presence of these elements in the fly
ash and in the biofuel. This coefficient allows for determining which compounds are more prone
to remain on the grate and which are more likely to be entrained by the flue gas stream. The total
entrainment coefficient (XT) is defined as the relationship between the content of each element in the
fly ash with respect to the biomass fed in. As shown in Figure 3, despite the fact that Mg and Ca could
be considered, whether including these elements or not does not affect the determined value since all
the cited elements show a similar trend in both test except Si in the second one.
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X2 and X3 are calculated from XT by taking into account the distribution of primary air on the
grate for each sub-stage according to the following expressions:

X2 = XT
31.7

31.7 + 63.4
(2)

X3 = XT
63.4

31.7 + 63.4
(3)

where 31.7 and 63.4 are the percentages of the primary air use in the grate sub-stages EQ1.2 and
EQ1.3, respectively.

3.2. Individual Entrainment Model (IE)

Temperatures of the grate sub-stages were the same as those used in the GE model. As for the
way the solids entrained streams have been calculated, in this case, based on the analyses of the fly
ash composition, partition coefficients for Al, Fe, and Si are now applied as follows: for Fe, which is
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the element showing the highest content in all the samples, the total entrainment coefficient (XT) is
applied to compute the composition by means of the solid state databases FactPS, SPINA, MeO_A,
cPyr_A, WOLL, Oliv_A, ACL_B and KSO. For the smallest partition coefficients obtained, that of Al in
Run 1 and Si in Run 2, the XT coefficient is applied in the calculations done using the SLAG_A and
SALT_F. melted solid state databases.

The distribution of the calculated values for XT coefficients for Al, Fe, and Si is again done
between EQ1.2 (X2) and EQ1.3 (X3), according to the distribution of primary air on the grate following
Equations (2) and (3).

3.3. Temperature Effect Model (TE)

In this model, the temperatures of the different sub-stages on the grate are established by means
of the plant design calculations, and thus the following values were considered: 500 ◦C (EQ1.1), 800 ◦C
(EQ1.2) and 1100 ◦C (EQ1.3.1 and EQ1.3.2). The solids entrainment streams (X2 and X3) were defined
as indicated for the GE model.

4. Results and Discussion

4.1. Mass Balances

Figure 4 shows the results corresponding to the main elements found in biomass and ash samples
for the two tests performed. Other elements such as Ti were present at levels below the detection
limits of the analytical techniques employed. Data are given as g of the element per kg of dry biomass.
Error bars correspond to the standard deviations from the data obtained in the analyses of series of n
samples taken in both tests, being n = 5 in Test 1 and n = 3 in Test 2.

Mass balance closures can be qualitatively checked in Figure 4 by comparing the total content of
any given element in the raw biomass (dark grey bars) against the sum of the contents of that same
element in fly ash and bottom ash (light grey and white bars). By comparing the analyses of the major
components from samples extracted in both tests, it can be seen that Ca shows a reasonably good level
of mass balance closure, in contrast to K, which has significantly lower overall concentration values
in the outlet streams with respect to the contents in the biomass. As for Si, this element shows clear
discrepancies in the analytical results leading to poor mass balance closures. It must also be noted
that there is a relatively higher analytical uncertainty in the values obtained in the analyses of the raw
biomass samples for Si in comparison to the rest of the elements. As for Mg, Na, and P, they show
reasonably good mass balance closures, whereas Al and Fe show large discrepancies, especially in the
results from Test 2.

These results could be affected by the following facts: lack of representativeness of the slag
samples owing to their heterogeneity and the possible leaching of components during the final cooling
in water, the use of annual average hourly mass flow rates to determine the values of slags and fly ash
outlet streams, and the presence of contaminants in the biomass, including stones, dirt and debris,
which could alter the concentration levels of inorganic elements, especially Si and Al. It must be
stressed that the annual average hourly mass flow rates considered for the ash contents of the input
and output streams show a very good mass balance closure. Overall, average ash contents in the wheat
straw samples analyzed ranged within 5–7 wt.% (dry basis). In addition, the uncertainties found in
the ash content from biomass samples are in agreement with those typically found in the literature,
which can reach values as high as 14% [34].
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4.2. Fly Ashes Flow Rates

Figure 5 shows the results of the simulations corresponding to the three solid particles entrainment
models (GE, IE, and TE) formulated and the four cases considered regarding chemical fractionation
(CF100, CF102, CF110, and N◦CF). The amount of fly ash is represented by means of the solids present
in stage EQ3 (450–1300 ◦C), which is given at each temperature by the continuous curves depicted in
Figure 5. Predicted amounts of fly ash are clearly diminished with an increase in model temperatures
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due to an increment on the volatization of elements. The amount of solids calculated at the filter
temperature in stage EQ4 (at 150 ◦C) is given by the squares represented on the vertical axis. Data of
the fly ashes flow rates from measurements onsite at the plant are also given.Processes 2020, 8, x 12 of 22 
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squares on the vertical axis correspond to the values measured onsite at the plant. 
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Figure 5. Results of the simulations for the fly ash flow rates in stages EQ3 and EQ4 according to the
entrainment models GE (top), IE (middle), and TE (bottom). For each model, the four cases considered,
as concerns chemical fractionation (CF100, CF102, CF110, and N◦CF), are included. Black squares on
the vertical axis correspond to the values measured onsite at the plant.

It can be seen that GE and IE models provide results that are very sensitive to the chemical
fractionation as well as to the degree of reactivity assigned to the inert fraction. The predicted amount of
fly ashes per kg of biomass decreases as part of the inert fraction from the chemical fractionation being
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considered reactive, increasing from case CF100 to CF102, and finally CF110. However, disregarding
chemical fractionation leads to the lowest amount of fly ashes as the bulk composition is considered
reactive; therefore, interactions between reactive and non-reactive fractions yields a lower amount of
volatile species. In contrast, the results obtained applying the TE model are not affected by the type of
chemical fractionation considered. In fact, in this case, the temperatures considered in the simulations
do not lead to the share of volatilization needed to reach the actual flow rate of fly ashes, regardless
of the type of chemical fractionation that is assumed. Therefore, it can be concluded that GE and IE
are the models that best describe the entrainment of solid particles in the gas stream. In both cases,
the best results are obtained by considering chemical fractionation and adopting a small reactivity (2%)
of the inert fraction (case CF102).

When modeling stage EQ4, equilibrium calculations predicted the formation of H2SO4(H2O)6,liq

except for cases CF100 and CF102 using the GE and IE models. This result is obtained when the
temperature considered of EQ4 is below 180–200 ◦C. The formation of this compound was not predicted
during the EQ3 stage simulations, which were conducted at equilibrium temperatures ranging from
450 ◦C to 1300 ◦C. Hence, the simulations of the species formed during the cooling down of the flue
gas in the heat exchangers are not affected by the formation of H2SO4(H2O)6,liq nor will it affect the
simulation of the ash melting curve (AMC). Since such species are in the liquid state, they have been
considered to be entrained by the flue gas stream and thus are not being recovered in the filter.

The results obtained in the simulations of the fly ash flow rate are in agreement with previous
studies [34]. Reference levels for estimating uncertainty in fly ash generation are typically assumed to
be equal to or lower than 14%, which could correspond to the present study in terms of fluctuations on
the values obtained for this parameter ranging between 0.88 and 0.91 g of solid in the flue gas per kg of
biomass fed in. Considering the CF102 case, GE and IE models present uncertainty values around
2–8%, whilst the uncertainty in the fly ash flow rate predicted by the simulations is somewhat higher
when CF100 is considered, ranging between 12% and 25%. As concerns the TE model, the uncertainty
levels are not acceptable, surpassing 60%. Therefore, it can thus be concluded that the best chemical
fractionation cases and predictive models for estimating with adequate accuracy fly ash flow rates
being CF102, using either GE or IE models.

4.3. Fly Ashes Composition: K, S and Cl Behavior

Figure 6 shows the evolution with temperatures of condensed K, S, and Cl, as predicted by the GE
model. It must be said that the IE model gave nearly identical results to the GE one, whereas the TE
model yielded K contents systematically lower than the actual contents of the samples, owing to the
lesser volatilization predicted for K in the simulation stage for the grate (EQ1).

Both Cl and K show similar behaviors in Test 1. However, the values predicted for Test 2 are in
general well below the analytical results, even in the best case, obtained in the 200–600 ◦C temperature
range using either GE or IE models and CF100 chemical fractionation. Cl predicted values using the TE
model are affected by the lower temperatures applied on the grate, not showing differences between
the different chemical fractionation cases considered.

As for S, the theoretical SO2 concentration has been calculated from the S content results obtained
after solving the EQ3 stage over the gas volume resulting from the calculation of the EQ4 stage.
Condensations of inorganic elements are considered negligible in comparison to the total volumetric
flow rate of the flue gas in the different stages. These values have been compared to the empirical
measurements obtained onsite in Figure 7. The 100% value represents the average of the on-site
measurement at the stack for each campaign, while dotted lines represent the minimum and the
maximum values obtained from the chemical analyses. Again, the results provided by the GE and IE
models are, in general, similar. However, when the No-CF and CF110 cases are considered, notable
differences arise that are in the order of the analytical uncertainty. As for the TE model (not shown),
once again, no differences between case studies are found, showing results that match those of the GE
and IE models when no chemical fractionation is applied.
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(Non CF) chemical fractionation. Black squares correspond to the g of the element per kg of biomass
obtained from the elemental analyses of fly ash samples taken onsite at the plant.Processes 2020, 8, x 15 of 22 
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Figure 7. Comparison between the predicted SO2 concentrations in the flue gas from the simulations
carried out using the GE and IE models and the experimental ones obtained onsite.

It can be seen that the SO2 contents measured in the flue gas match those obtained in the
simulations at temperatures ranging from 1000 to 1200 ◦C for Test 1 and from 950 to 1150 ◦C for Test
2, in accordance with the temperature intervals identified from the S contents detected in the fly ash
samples. In fact, the temperatures at which the composition of the fly ash samples match the predicted
values in the simulations with the analytical ones have been listed in Table 2. For Cl, only the values
corresponding to Test 1 are presented.

Table 2. Matching temperatures (◦C) for the predicted and analytical Cl and S compositions in fly ashes. 1.

Chemical
Fractionation GE Model IE Model TE Model

Cl

No CF 600 600 600
CF 110 650 650 600
CF 102 700 700 600
CF 100 700 700 600

S

No CF 900–1000 900–1000 950–1000
CF 110 950–1050 900–1050 950–1000
CF 102 1000–1100 1000–1100 950–1000
CF 100 1050–1050 1050–1050 950–1000

1 The first value corresponds to Test 1, which is separated from that of Test 2 by a hyphen.

The analysis of the simulation results, according to the S contents from the fly ash samples and to
the SO2 emissions measured onsite, shows that the formation of H2SO4(H2O)6,liq, predicted by some
of the models and chemical fractionation cases, is not justified. Furthermore, the S levels found in the
fly ash analyses of the samples seemingly match those values obtained in the simulations of the EQ3
stage at high temperatures (1050–1100 ◦C).

The analyses of S and Cl compounds, including the SO2 emissions discussed above, reveal that the
excess of S precipitated predicted in the 450–950 ◦C interval by the simulations performed with the GE
and IE models, could be affecting the Cl behavior underneath those temperatures. This would result in
a lack of Cl precipitation in the simulations, resulting in the alleged formation of H2SO4(H2O)6,liq at
temperatures below 200 ◦C. Consequently, the condensation of Cl together with K in the form of KCl
could take place at temperatures lower than 200 ◦C.

In conclusion, the results obtained regarding the S and Cl contents indicate that three condensing
phenomena take place in the flue gas, which coincide with the cooling stages in the heat exchangers:
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SH2 (1050–1100 ◦C), SH3 (850 ◦C) and SH1 (600 ◦C). In addition, an entrainment phenomenon is
observed: the S content in the analyses of the fly ashes would coincide with the condensate in SH2
and simulated in the 1050-1100 ◦C interval, while the experimental Cl content would match the
condensations predicted in the SH3 and SH1 stages at temperatures of 850 and 600 ◦C, respectively.
The behavior observed for K could be a result of the combination of the behaviors found for S and Cl.
This phenomenon could be affecting the results of the Cl content simulations from Test 2, in which
the experimental Cl contents of the fly ashes are not reached until the temperature of the EQ4 stage
(150 ◦C) is reached. The excess of S, condensed as K2SO4, as predicted in the simulations of Test 2,
would impede Cl condensation as KCl, which would in turn sequester K. Furthermore, at temperatures
above 1000 ◦C, K in gas the phase would mainly be present as KCl and KOH, while S and Cl would
be in the form of SO2 and HCl, respectively. At lower temperatures, the formation of K2SO4 and the
ensuing formation of aerosols could take place, either in the gas or in the condensed-solid phases.
Such formation could occur both homogeneously (by nucleation or coalescence in the gas phase) or
via a heterogeneous gas-solid phase reaction [35–38]. The chemical reactions, which would be taking
place, are the following:

2KCl(g) + H2O(g) + SO2(g)+
1
2

O2(g) ↔ K2SO4 (g) + 2HCl(g) (4)

2KCl(g) + SO2(g)+
1
2

O2(g) ↔ K2SO4 (g) + Cl2 (g) (5)

2KOH(g) + SO2(g)+
1
2

O2(g) ↔ K2SO4 (g) + H2O(g) (6)

2KCl(s,l) + H2O(g) + SO2(g)+
1
2

O2(g) ↔ K2SO4 (s,l) + 2HCl(g) (7)

Nonetheless, the actual reaction mechanisms are not clear yet, since the sulfates formation reaction
requires the presence of O2 and SO2, but it could also be derived from the direct reaction with SO3

once it has been formed [36,39,40]. This process could take place via reactions 7 and 8.

SO2(g) +
1
2

O2(g) ↔ SO3(g) (8)

Since the equilibrium vapor pressure for K2SO4, 0.03 mbar at 1000 ◦C, is much lower than that
of KCl [38], the reactions leading to the formation of potassium sulfate together with the gas cooling
process cause the condensation of K2SO4, being the cooling rate highly influential in the process [41].
The condensation begins around 980 ◦C on the particles initially present in the gas. As the cooling
down proceeds, the saturation ration exceeds the critical level and the homogeneous nucleation of
K2SO4, taking place between 820 ◦C and 750 ◦C, leads to the formation of high concentrations of
nanometric sized particles [42–45]. These new particles provoke a rapid heterogeneous condensation
of K2SO4, KCl, and (KCl)2, thus increasing the K, S, and Cl concentrations in the sub-micrometric
particles [36,46,47].

Various studies have been devoted to the SO2 oxidation reaction, both in the homogeneous gas
phase and in the heterogeneous solid–gas phase. The proposed mechanisms do not elucidate whether
the kinetically limiting stage is the actual sulphate formation reaction itself via reaction with SO2 and
further nucleation of K2SO4 [19,40,45] or the previous oxidation of SO2 into SO3 [36,43,46]. Below
900 ◦C, K2SO4 does not reach the equilibrium condition, and more KCl is formed owing to its higher
reaction rates [48]. KCl precipitation can lead to an increase of its residence time, which would favor
its heterogeneous reaction with SO2 or SO3 as the flue gas flows by. In any case, the formation of
S-containing compounds is kinetically limited at temperatures below 800–820 ◦C [43,49,50].
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4.4. Ash Melting Curves

Ash melting curves (AMCs) were obtained from the simulations carried out using the different
models. The results were obtained by calculating the percentage of solids in smelted state with
respect to the total solid content in the flue gas stream at different temperatures. There are noteworthy
differences in the calculations between tests. The results obtained (see Figure 8) for ash compositions
show that, in the case of Test 1, even at 450 ◦C, liquid chloride salts and K2SO4 are formed, as well as
oxides in smelted state.Processes 2020, 8, x 17 of 22 
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Figure 8. Ash melting curves obtained for Test 1 (top) and Test 2 (bottom) disregarding (solid line) 
and considering (dashed line) chemical fractionation (CF100 case, GE model). Horizontal lines 
indicate the T15 and T70 values, respectively. 

In view of these results, it can be concluded that fly ashes collected in the bag filter have a 
composition that matches those simulated at temperatures around 650 °C (EQ3 stage). Owing to this, 
the AMCs obtained in the simulations could be valid until 650–700 °C, considering the CF100 case in 
the GE model (and also with the CF02 case, not shown). The IE model provides similar results, but 
using the CF02 case. The fact that the AMCs obtained from the composition of fly ash in Test 1 does 
not descend below 30% and could be due to an underestimation of the S and Cl contents. 

As concerns T15 and T70 values, both GE and IE models considering CF100 and CF102 evolve 
from T15 to T70 above 1050 °C at a very narrow temperature interval, thus meaning that smelted 
solids would downflow from the wall after the post-combustion stage. The peaks observed in the 
AMCs at 1050–1100 °C in Test 1 and in the case of the IE model using CF100 in Test 2 are due to the 
formation of liquid K2SO4. These results contrast somewhat with previous findings in the literature. 
Some authors discarded the use of the SALT_F solution above 850 °C to avoid an overestimation of 
the formation of smelted salts [51]. In this way, the calculations carried out in the simulations 
promote the formation of these salts in their solid state. However, the smelting phases detected in 

Figure 8. Ash melting curves obtained for Test 1 (top) and Test 2 (bottom) disregarding (solid line) and
considering (dashed line) chemical fractionation (CF100 case, GE model). Horizontal lines indicate the
T15 and T70 values, respectively.

In view of these results, it can be concluded that fly ashes collected in the bag filter have a
composition that matches those simulated at temperatures around 650 ◦C (EQ3 stage). Owing to this,
the AMCs obtained in the simulations could be valid until 650–700 ◦C, considering the CF100 case
in the GE model (and also with the CF02 case, not shown). The IE model provides similar results,
but using the CF02 case. The fact that the AMCs obtained from the composition of fly ash in Test 1
does not descend below 30% and could be due to an underestimation of the S and Cl contents.

As concerns T15 and T70 values, both GE and IE models considering CF100 and CF102 evolve
from T15 to T70 above 1050 ◦C at a very narrow temperature interval, thus meaning that smelted solids
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would downflow from the wall after the post-combustion stage. The peaks observed in the AMCs at
1050–1100 ◦C in Test 1 and in the case of the IE model using CF100 in Test 2 are due to the formation of
liquid K2SO4. These results contrast somewhat with previous findings in the literature. Some authors
discarded the use of the SALT_F solution above 850 ◦C to avoid an overestimation of the formation of
smelted salts [51]. In this way, the calculations carried out in the simulations promote the formation of
these salts in their solid state. However, the smelting phases detected in the present study by means of
DTA analysis, together with the SO2 release detected by TGA-MS evidence the presence of K2SO4 (l) in
the samples. In a subsequent study [52], the SALT_F solution was eliminated from the thermodynamic
equilibrium calculations in cases where the K/(Si+P) molar ratio in the raw biomass was higher than 1.
In that way, it was intended to avoid an overestimation in the precipitation of K salts (carbonates and
sulfates), which in turn would yield an unrealistic decay in the AMCs. In the present work, the values
for the K/(Si+P) ratio were around 0.6 (mol/mol). Therefore, the different composition of the wheat
straw could explain the discrepancies found between the previous works and the present study.

It can be observed that a decrease in the AMCs of those simulation models in which the formation
of liquid salts ends up above 1050–1100 ◦C. Such decay is not caused by the formation of solids or solid
solutions, but due to the change in the type of compounds obtained as a consequence of the K2SO4

volatilization. In the case of the GE model applied on Test 2, both with CF00 and CF02 and despite not
having the formation of liquid salts at 1100 ◦C, have the same decay that can be observed in the AMC
at higher temperatures, owing to K2O decomposition. In contrast, in the simulation models where
K2SO4 (l) formation is predicted, the decay in the AMC is more acute.

At lower temperatures (650–750 ◦C), the same decay phenomenon caused by the formation of
liquid salts can be observed in the simulations carried out with Test 1 using GE and IE models, both with
CF100 and CF102 cases. The phenomenon is somewhat more accused in the case of CF100, owing to
the formation of liquid salts, especially chlorides, and to a lesser extent, carbonates.

As for the TE model, as in previous results, the AMC obtained do not show differences between
the chemical fractionation cases applied. In the case of Test 1, the results of the AMC revealed that T70

is not reached above 1050 ◦C, whilst in Test 2, T70 is surpassed in all cases above that temperature.

5. Conclusions

In this work, three different predictive models were considered to predict fly ash behavior from the
experimental data taken in a 16 MWth biomass vibrating-grate firing boiler. The main conclusions are:

• The calculations for equilibrium compositions in the simulations are somewhat unrealistic as
concerns S and Cl contents, which in turn affect the predicted species formed, and in particular,
the distribution of those containing K.

• The differences found in the various simulations carried out to establish fly ashes flow rate reveal
that simulations are highly affected by the type of chemical fractionation considered, except for
the Temperature Effect (TE) model, in which the grate temperatures considered are so low that
they impede the volatilization of elements that would further generate condensates downstream.
The Global Entrainment (GE) and Individual Entrainment (IE) models provide very similar
results, showing, in general, good predictions for the annual average fly ash flow rates (between
92–98% and 112–125% depending on the chemical fractionation considered). In contrast, the TE
model predicts a much lower value in comparison to the actual values obtained from the onsite
measurements (around 65% below).

• Regarding fly ashes composition and formation of smelted phases, the best models for the gas
cooling stages are both GE and IE when considering chemical fractionation cases CF100 and
CF102. Overall, the compositions obtained in the equilibria calculations for the major elements in
ash show good agreement with the analytical values obtained in the analyses of fly ash samples,
except for K and Na. Below 950–1000 ◦C, all the models predict values that match closely the
analytical ones. In the case of Si, the IE model allows for slightly better predictions owing to the
entrained streams applied in that model.
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• Calculations carried out for the composition of fly ash in terms of K, S and Cl revealed a match
with the gas cooling effects in the superheater sections SH2 (1050–1100 ◦C), SH3 (850 ◦C) and SH1
(600 ◦C). In addition, there seems to be an entrainment effect: S content in fly ash would coincide
with the condensate in SH2, whilst Cl would match that of SH3-SH1.

• As concerns the Ash Melting Curves (AMCs), the thermodynamic simulation of the chemical
equilibrium at the characteristic temperatures found in different sections of the boiler allowed
for the calculation of T15 and the corresponding condensed fractions. It could be established
that the transition from T15 to T70 above 1050 ◦C is fast. This would cause smelted species to
downflow on the wall after the post-combustion stage without causing fouling. However, at the
outlet gas temperature in the SH3 heat exchanger (700 ◦C), the values of smelted solid percentage
may fall within the T15 and T70 values, thus indicating a high risk of particles adhesion. This fact,
combined with the presence of KCl and K2SO4 condensates, would point out at possible corrosion
phenomena in the SH3 heat exchange at temperatures around 700–750 ◦C.
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