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A B S T R A C T

A feasible alternative for agricultural or forestry waste management is the operation of a distributed network
of sustainable Medium Combustion Plants (MCPs). However, one of the main factors that hinder its develop-
ment is the propensity to operational problems derived from corrosion, slagging and fouling characteristics of
both bottom and fly ashes. Therefore, a cost-effective approach for these multi-product MCP could be based
on predictive tools for an optimal formulation of a fuel blend. This work focuses on the assessment of the
ability of these methods to provide guidance for preventing ash-related operational problems and to provide
fuel-blending rules.

The more widespread tools pertain to two types: compositional classification based on chemical analysis
of laboratory ashes, and thermodynamic prediction of the most likely species and phases. Both criterion num-
bers and compositional maps are ranking methods based on the chemical analysis at a given ashing tempera-
ture. Thermodynamic equilibrium modeling is not constrained by any difference in the physical conditions of
the MCP compared to those in the laboratory.

Both kind of prediction tools have been validated in an MCP firing olive tree pruning residues as well
as its typical blends in order to mimic a plausible pattern of fuels along a full year operating campaign. An
intensive experimental campaign encompasses plant monitoring and off-line analysis of the ashes along the
process line.

Interpretation of compositional plots has revealed to be potentially sensitive to ashing temperature. Here
are presented examples showing how this variable could lead to either insignificant differences or to a sub-
stantial disparity in the a priori fuel diagnosis.

Some inconsistencies have been observed between the predictions based on criterion numbers, even for
the same fuel and for ranking rules specifically formulated for biomasses. Moreover, it does not match consis-
tently with the information obtained from phase diagrams. Therefore, their use should be limited to the case of
a well-established selection of a fuel index for a well-defined fuel provided empirical evidence of an enough
good description of the ash behavior, which is not the most frequent case.

Abbreviations: A, fuel component: composted fraction of sewage sludge; A′, tri-
angular diagram compositional point for A process ashes; AC, blend of compo-
nents A and C; AC′, triangular diagram point for blend AC process ashes; ACs, tri-
angular diagram compositional point for AC simulation; B,, fuel component: frac-
tion of municipal solid waste; B′, triangular diagram compositional point for B
process ashes; BC, blend of components B and C; BC′, triangular diagram point
compositional for BC process ashes; BCs, triangular diagram point compositional
for BC simulation; BF, bag Filter; C,, case fuel: olive tree pruning waste; C′,
triangular diagram point compositional for C process ashes; Cs, triangular dia-
gram point compositional for C simulation; ESP, electrostatic precipitator; FB, flu-
idized bed; FC, fixed carbon; G, mole of gaseous species at T; HF, hybrid filter;
HHV, high heating value; ICP/MS, inductively-coupled plasma/mass spectrom-
etry; ICP/AES, inductively-coupled plasma/atomic emission spectroscopy; LHV,
lower heating value; MCP, medium combustion plant; RH, relative humidity; S,
total molar amount of solid species; STGE, scientific group thermodata Europe;
T, temperature; VM, volatile matter; XRD, X-ray diffraction; XRF, X-ray fluores-
cence
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Thermodynamic equilibrium calculations allow a more precise prediction of the main species in the condensed
phase, without the constraint of the ashing temperature. Elemental closure of main ash-forming elements with
the chemical analysis of the process ashes presents small differences, and their proximity localization on the
phase diagrams denote similar prediction between predicted and process ashes.

© 2017.

1. Introduction

Mediterranean countries produce 95% of the total world olive
oil with important environmental, social and economic implications.
Olive tree pruning residue is an important resource in the Mediter-
ranean Basin, where basically the 8.6million hectares of olive trees
grown worldwide are located (FAOSTAT, 2009). Spain ranks first in
the olive global production with 7.2·106 t, which becomes 37% of this
production (Red Española de compostaje, 2015). The estimated yield
of pruning residue widely ranges from 0.3 t/ha, based on an average
of 120 trees/ha and 25kg dry pruning per tree, to 1dry ton/ha (Spinelli
and Picchi, 2010) to 3 t/ha year (Red Española de compostaje, 2015).
The use of olive tree pruning residue as an energy resource is grow-
ing and strongly depends on the local development of systems for
collection, processing, and delivery as well as on the feasibility of
blends to ensure the operation on a yearly basis (Aragon et al., 2015).
Its use as domestic grade in the form of pellets is becoming popu-
lar, so the requirement of a low ash content for this use causes a fur-
ther waste fraction of downgraded characteristics, although still able
to be valorized in an industrial facility. The seasonal supply variabil-
ity leads to this pruning waste to be blended with customary local
components while keeping the nominal thermal output of the MCP.
In addition to the characteristic seasonality in supply, which leads to
a traditional practice of blending with other fuels, there is a grow-
ing interest on “fuel engineering” to minimize corrosion and fouling
as well as “end-of-life”, and to prevent atmospheric emissions. The
so-called “fuel engineering” (Boström et al., 2012, 2009b, Grimm et
al., 2012, 2011; Lindström et al., 2007; Piotrowska et al., 2012, 2010;
Steenari et al., 2009; Steenari and Lindqvist, 1998; Xiong et al., 2008),
that is, the purposely-optimized inorganic content of the fuel, relies on
user-friendly reliable tools for prediction and mitigation of critical ash
and emission related issues.

Decentralized networks of MCP (1–50MWth) are a promising
choice in agricultural waste management, not only for logistic rea-
sons but also for its ability to fulfill the requirements of a number
of distributed energy applications, among them, electricity generation,
domestic/residential heating and cooling, or heat/steam for industrial
processes. However, some caveats related to ash behavior and fine
particulate emission remain mostly unsolved.

Until now, there was a lack of emission limit values for opera-
tions with a rated thermal input less than 50MW. However, the Eu-
ropean MCP Directive (Directive (EU), 2015/2193, n.d.), establish-
ing limit values for both existing and new installations will have to
be transposed by Member States by December 2017. This is a strong
driver for the implementation of new routine tools based on a knowl-
edge transfer, which can guarantee both the sustainable operation of
the MCP and the prevention of operational problems. FB combustion
is a flexible technology that enables burning fuels of widely varying
quality under easily controlled operation (Van Caneghem et al., 2012).
Specifically, bubbling FB has turned into a popular technology for ef-
ficient combustion of heterogeneous fuels with high moisture and ash
content.

Knowledge of the mixture influence on the properties of the final
ash materials can make it possible to avoid fuel combinations with un-
wanted properties, or even to design an ash for a certain end-of-life
application. Many kinds of biomass fly ashes (Cuenca et al., 2013)
have similar pozzolanic properties to the coal fly ash, and can be

added to concrete as mineral admixtures. However, this is not the case
for ashes from olive wood combustion due to its characteristic low ox-
ide content (Vassilev et al., 2010). The capacity to reduce ash-related
problems is strongly influenced by the ratios between problematic re-
active components in biomass ash, as well as reaction atmosphere and
combustion technology. Depending on the fuel to be used, the blend-
ing criteria could be based on increasing the Al-silicates, sulfur, cal-
cium and phosphorus content (Wang et al., 2012). Potential waste
feedstocks rich in S and other elements such as Ca, P, Al and Mg, can
capture released K and improve the sintering characteristics (Skoglund
et al., 2013) and components with higher amounts of P, S and Si, can
improve combustion properties of problematic fuels. This knowledge
is still fragmentary because of the large heterogeneity of waste bio-
mass feedstocks and its blends as well as the lack of user-friendly ro-
bust guidelines for feedstock blending.

Previous studies (Davidsson et al., 2008; Fernández Llorente et al.,
2006; Kassman et al., 2013; Vamvuka et al., 2008; Wang et al., 2012)
report the results of the use of additives, such as limestone and a va-
riety of waste materials, to mitigate ash-related problems and atmos-
pheric emissions. However, this can lead to undesired outcomes in the
absence of specific knowledge of the consequences of whatever blend-
ing action on both emissions and ash characteristics. A frequent conse-
quence of the Ca compounds is the undesired increase in KCl forma-
tion, due to the modification in the interplay between S and Cl. These
Ca-silicates present higher melting temperatures than the K-silicates.
Also, a higher K release is generated when the (Mg + Ca)/Si ratio is
higher, demonstrating that Mg and Ca have an effect on K release
(Thy et al., 2000). Knudsen et al. (2004) suggest that when the tem-
peratures increase, Ca and Mg have stronger bonds with Si than with
K, and therefore, K is available for its reaction with Cl. The high re-
activity of biomass ashes compared with those from coal is frequently
attributed to their high content in alkali metals and to the clear dif-
ferences in the speciation of ash precursors in biomass. Although the
influence of the biomass co-firing with sulfur enriched fuels on partic-
ulate emissions has been investigated (Jiménez and Ballester, 2005),
little attention has been paid to the olive tree pruning case. Doshi et
al. (2009) classified the inorganic content into three groups: (1) salts,
(2) organically bound, and (3) minerals, either from adventitious ori-
gin or related to inclusions, which in turn can be much more reactive.
However, interaction between ashes from different fuels is poorly un-
derstood and a number of trends have been reported (Hupa, 2005).

Wang et al. (2012) recommend more detailed calculations and
full-scale test for the design of an appropriate fuel blend. This ap-
proach can exceed the technical capability of most of the MCPs, so a
robust and simple diagnosis based on fuel engineering tools would en-
able plant operator a safe and sustainable MCP management.

In this work, the main goal is to assess the suitability of prediction
tools, which enable a quick and robust diagnosis of the blending for an
optimized MCP operation. The confirmation of fouling, corrosion and
slagging propensity predictions by means of a quantification and char-
acterization of the deposits is out of the scope of these experiments,
because of requirement of long-term, single-fuel campaigns of such a
study (Hansen et al., 2014). Therefore, the main outcome of the pre-
sent work is the suitability assessment of the available prediction ap-
proaches for an accurate a-priori diagnosis of a given waste biomass
blend.
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2. Fuel engineering tools

The predictive tools used in this work for blending guidance or fuel
engineering follow two different approaches: those based on chemical
analysis of laboratory ashes such as criterion numbers and composi-
tional plots or phase diagrams, and those based on a multiphase ther-
modynamic equilibrium forecasting, which in turn just requires the to-
tal elemental load (fuel and air) to the furnace.

2.1. Methods based on ash composition

A number of ternary diagrams of ash composition have been pro-
posed as diagnostic tool. Fernández Llorente and Carrasco García
(2005) build a ternary diagram based on three inorganic groups:
SiO2–CaO–K2O, for ashes at 550°C and 775± 75°C. Vassilev et al.
(2013b) clearly delimit the range of use of this kind of information to
major ash forming elements, putting off for more extensive investiga-
tions the assessment of minor or trace elements influence. An impor-
tant caveat when using these diagrams stems from the lack of informa-
tion about both the equivalence ratio and the temperature when ash-
ing in the laboratory, for the differences in diagnosis arising from the
differences in conditions. This is a controversial issue, as discussed in
detail later in this paper. Hupa (2005) plainly state that the quantitative
prediction of the release of the ash forming matter in combustion is not
possible just based on laboratory information, frequently just an ele-
mental analysis in compliance with a standard ashing procedure. Fur-
thermore, as pointed in Vassilev et al. (2013b), biomass ash melting
characteristically occurs over a rather wide temperature range. How-
ever, the clarity of the compositional plots and the appropriate use of
such a kind of tools to explore tendencies depending on the blending
criteria deserve a detailed assessment in a case-by-case basis.

Vassilev et al. (2014) present a new chemical classification of in-
organic matter in biomass and its ashes, based on groups formed from
the most abundant oxides (Si, Al, Ca, Mg, K and P). Coupling criteria
have been established according to the experimental positive and neg-
ative correlation among them. As an example of a dual behavior of an
element depending on its different genetics, it is herein presented the
case of Na, which can occur in both mobile (salts) and immobile (sili-
cates) species.

The vertices of the triangle are defined coupling the ash-form-
ing elements as follows: three groups: (1) Si-Al-Fe-Na-Ti (glass, sil-
icates and oxy-hydroxides); (2) Ca-Mg-Mn (carbonates, oxyhydrox-
ides, glass, silicates, phosphates and sulfates); and (3) K-P-S-Cl (phos-
phates, sulfates, chlorides, glass, silicates and carbonates). The dia-
gram is divided in four areas claimed to define high, medium and low
acid tendencies of biomass ash types (‘‘S’’, ‘‘C’’, ‘‘K’’ and ‘‘CK’’)
and sub-types.

The prevention of these problems (slagging and fouling) is very
complex for the type of biomass residues studied. As an alterna-
tive for predicting the propensity to operational problems of biomass
fuels, a range of empirical criterion numbers have been proposed,
mostly based on laboratory ash composition (Elled et al., 2010; Hu
et al., 2011; Jenkins et al., 1998; Li et al., 2013a,b; Niu et al., 2016;
Pronobis, 2005; Teixeira et al., 2012; Vamvuka et al., 2009).I It was
found that some basic compounds reduce the melting temperature,
while acidic ones increase it (Pronobis, 2005). Therefore, a set of cri-
terion numbers has been proved useful in predicting coal slagging
and fouling, but not directly in biomass (Niu et al., 2016). Hu et al.
(2011) emphasize how the extrapolation of indexes for coal fails in
predicting the slagging behavior of biomass. Given the potential ben

efit of these indexes, their diagnostic suitability of the more wide-
spread ones is assessed. A brief definition of these indexes follows.

The Basic-to-Acid Ratio RB/A (Eq. (1a)) allocates to alkaline and
earth alkaline oxides the same role in the silicate-melt formation
(Jenkins et al., 1998; Vassilev et al., 2013b). The minimum value
for coal is approximately 0.75, and lower for biomass fuels. The di-
agnosis for deposition (Vamvuka et al., 2009) is ranked as follows:
low for <0.5, medium for 0.5–1 values, and high for values >1. A
slightly modified definition (Pronobis, 2005) including the P content
is claimed to closer suit the characteristics of biomass fuels (Eq. (1b)).
This element has an important influence on ash fusibility and slagging
and fouling properties. Pronobis (2005) present this index, where the
P2O5 content is located in the numerator, because it produces an ash
melting temperature drop although it can be an acid component.

Slag viscosity index (Pronobis, 2005) (Eq. (2)) is proposed to dis-
tinguish between the rank of high viscosities (>72) and supposedly
low slagging tendencies, and those of high slagging propensity (<65).

Fouling probability index (Eq. (3)) is based on the basic-to-acid
ratio and claimed to be more appropriate for biomass combustion
(Teixeira et al., 2012) since it captures the relevance of alkali elements
as the main fouling drivers. The formation probability is allocated as
low for values <0.6 and extremely high for values >40.

Finally, the Cl and S ratios (Eq. (4a) and (4b)) have been shaped
from field studies on utility boilers and small scale furnaces (Elled et
al., 2010). Some of the essential elements (Si, Al, K, Cl, and S) that in-
fluence alkali transformations and trigger alkali-induced slagging are
included. Slight slagging is expected for Cl ratio and S ratio lower than
1.0 and 0.5, respectively. High slagging tendency is indicated by Cl
ratio and S ratio ranging within 1.0–2.4 and 0.5–1.9, respectively (Niu
et al., 2016).

(1a)

(1b)

(2)

(3)

(4a)

(4b)
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The % of volatile S is the sulfur available in the biomass that is ox-
idized to SO2. Therefore, if only S and alkali content increases, slag-
ging and fouling problems also increase. In this case, it has been cal-
culated for the total S content in the biomass, considering that the full
S content is oxidized to SO2 (Niu et al., 2016).

These kind of numbers have been criticized for a number of rea-
sons, among them (Vassilev et al., 2015), because they are unable to
deal with the presence of refractory or fluxing minerals and species in
the inorganic matter, identified as one of the more important causes
to operational troubles. As a further refinement, it has been proposed
(Zevenhoven-Onderwater et al., 2000) a modified approach by com-
bining the results of a chemical fractionation analysis of the fuel, dis-
tinguishing the reactive and non-reactive inorganic fraction, with a
simplified equilibrium approach. Khadilkar et al. (2016) combine the
use of ranking indexes with thermodynamic modeling of chemical
subsets. These more sophisticated approaches have not been followed
in this work, because of their intermediate status between a fast and
rough estimate and a comprehensive multiphase modeling.

2.2. Methods based on thermodynamic equilibrium

In an MCP context, the intrinsic lack of tests and analysis require-
ments make the chemical multiphase equilibrium calculations afford-
able and cost-effective (Piispanen et al., 2012). They are based on
the minimization of the total free Gibbs energy of the system under
a mass balance constraint. Skrifvars et al. (1998) report prediction on
the melting temperature of different ashes by means of a simplified
equilibrium model. Gilbe et al. (2008) applied a thermodynamic equi-
librium hypothesis to a subset of major components in small scale ap-
pliances, together with further experimental validation. This approach,
although extensively used (Goñi et al., 2003; Johansen et al., 2011;
Miller et al., 2002a,b; Moradian et al., 2015; Nutalapati et al., 2007;
Poole et al., 2008), has some important limitations even in the case
of a comprehensive elemental matrix and reaction scheme. For equi-
librium calculations, perfect mixing is considered, kinetic limitations
and rate processes are ignored and, in many cases, condensed phases
are assumed to behave as ideal ones. However, reliable results can be
obtained considering simultaneously heterogeneous chemical kinetics,
multiphase equilibrium models, and the presence of a melt phase at
the ash forming matter (Boström et al., 2012). Thus, this work in-
cludes data about complex and non-ideal solid phases, such as silicate
slags, already available in thermo-data bases. In any case, the search
of user-friendly tools should consider either comprehensive or subset
thermodynamic models as a further step in the optimization of MCP
operation through fuel engineering.

In this work, multiphase chemical equilibrium composition was
predicted by chemical equilibrium calculations code MTDATA
(Davies et al., 2002), using the MULTIPHASE software module and
STGE (Scientific Group Thermodata Europe) database. Detailed de-
scriptions of the thermodynamic equilibrium methods are available
elsewhere (Miller et al., 2003; Miller et al., 2002a,b).

The MULTIPHASE module can solve equilibrium problems that
include a large number of phases and components. Given a composi-
tion, temperature and pressure (or volume) of the system, this module
calculates the steady state in terms of distribution of components and
species between stable phases. It also allows the inclusion of composi-
tion, temperature, pressure or volume, partial pressures and activities
in a single variable. Depending on the nature of the problem, one or
two stages of calculations can be used. The first one uses a method to
determine equilibrium when all components and phases are >10−6 mol.
The second stage establishes chemical balance programs to generate
greater accuracy in small quantities of species when each thermody-
namic component has an established and independent activity in the
system.

This package was selected due to its ability to describe the be-
havior of the K-P-Ca system. Recently, this approach has been used
and validated for the case of thermal processing of sewage sludge
(Magdziarz et al., 2016), focusing on the prediction of solid and melt
phases at feasible process temperatures.

The input data is the elemental composition of the combined feed,
that is, fuel and air. This results on the most probable speciation of
both vapor and condensed phases at a given temperature. One of the
most valuable advantages of this comprehensive approach (Miller et
al., 2002a,b) is the ability to process the chemical interactions among
minor elements together with trace elements. The interpretation of
trace metals partitioning is out of the scope of this work, although they
have been included in the calculations, as shown later. Therefore, the
discussion presented further down is limited to those minor ash-form-
ing elements -like Na, K, Ca, Mg, Fe, Al, Si, Cl and P- that play a sig-
nificant role in fly and bottom ash formation and whose species can be
observed experimentally in the process ashes.

Since the potential relevance of irreversible phase segregation as
the flue gas cools down is unknown a priori, two different calculation
strategies were carried out. Fig. 1 shows a sketch of both schemes.
The conventional approach (Fig. 1a) neglects the influence of the de-
pletion of ash forming elements in the system, assumed as a closed
one. The required input is just the elemental composition of the feed
–system of both fuel and air loads- and a user-defined temperature
range. Therefore, the availability of every element will be identical
for each of the values in temperature series. A modified procedure,
as sketched in Fig. 1b, was implemented to verify the potential rele

Fig. 1. Flowchart options for thermodynamic modeling. (a) Closed system and (b) Open system.
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vance of irreversible phase segregation on the following simulation.
In this case, assuming that the solid species formed leave the system,
the material load at a given temperature is recalculated by subtracting
the amount of condensed phase from the total mass of the system at
the previous equilibrium calculation. A similar procedure has been de-
scribed by Nutalapati et al. (2007) for the melt phase.

The driving hypothesis is that the availability of ash-forming el-
ements can substantially decrease as flue gas cools down due to an
irreversible gas-to-solid conversion. The solid species at the output
(S1) are considered to form the bed ash. The remaining gas species
(G1) are the input for the next step. The same procedure is followed
for the other two process blocks, corresponding to the temperatures
downstream of the heat exchanger and in the hybrid filter. Following
this approach, the availability of each element decreases as simulated
ashes are removed and the particular propensity to deplete in the gas
phase is tracked by the parameter Ri. (Eq. (5)). It is defined as the mo-
lar ratio of the solid amount (Si) generated at a given temperature to
the total initial feed (F).

In both approaches, the calculations were done at air-to-fuel ratios
up to 45%, at atmospheric pressure and covering a temperature range
of 450–1000K. This range encompasses those of the main process
blocks i.e. combustor bed, ESP and BF, where ashes are collected for
validation purposes.

3. Experimental

3.1. Experimental set-up

The MCPs are, nowadays, one of the best available options for
a sustainable management of waste biomass. The validation of these
fuel engineering tools is based on the experimental data acquired in
a 1MWth (MCP according to the Directive (EU), 2015/2193, n.d.)
located in a research facility (CEDER, Soria, Spain) and thus com-
patible with the deployment of a comprehensive experimental cam-
paign. The combustor is a fluidized bed, firing industrial-grade pel-
lets, able to operate in a multiproduct scheme. This plant can operate
with up to three feeding lines for different biomasses or others solid
fuels under a flow of 150–350kg/h. The FB dimensions are 1m in
internal diameter and 4m in height. It operates in bubbling regime,
under an operation pressure slightly below atmospheric, fluidization
velocity from 0.7 to 0.85m/s, and the corresponding freeboard ve-
locity from 1.4 to 1.55m/s. The temperatures in the bed and free-
board are 720–750°C and 830–860°C respectively. Downstream of
the heat exchanger, a Hybrid Filter (HF) allows an enhanced filtra-
tion and, thus, a control of fine particles as well as of the trace ele-
ments therein, while operating at high fractional efficiency levels in a
multi-fuel scheme described elsewhere (Aragon et al., 2015). The HF
consists of an electrostatic precipitator (ESP) and a bag filter (BF), se-
rially connected. The BF provides 30m2 of filtering surface arranged
in 8 rows of 24 pockets, and a back pulse cleaning system (Aragon et
al., 2015). Flue gas flow rates were in the range of 1100–1250 Nm3/h
(d.b.), thus, within ±15%. In this experimental work, temperature in
the HF ranges from 170 to 196°C for fuel C, from 160 to 190°C for
blend BC, and up to 210°C for blend AC, with a standard deviation
of less than 20°C throughout an operation day. The maximum ap-
plied voltage to ESP is 35 kV. In this experimental campaign, the ap-
plied voltage was set at 15 and 20kV. The ESP and BF separated ash
collection systems allow the off-line physicochemical characteriza

tion of the fly ashes along the hopper series. The experiments were
performed along full shifts of stable operation indicated by the temper-
ature immediately downstream of the heat exchanger (Aragon et al.,
2015). FBs local hot spots showed lower temperature than ash fusion.

3.2. Compositional guidelines for blend design

Two blends using olive tree pruning waste as base fuel (Compo-
nent C) were designed using waste materials of different inorganic
composition to study the impact on ash behavior, while maintaining
the equivalent thermal output of the plant. The main criteria for se-
lecting the blend components were the relative concentration of some
ash-forming elements along with the total amount of ash-forming mat-
ter in the fuel.

The addition of the component A, a composted fraction of sewage
sludge, increases the Ca and P content in relation to fuel C, which
should decrease the propensity to operational problems. It is widely
accepted that displacing the K-conversion to yield compounds with a
high melting point can solve the alkali problems during combustion
(Li et al., 2013a,b). Karlsson et al. (2015) reported a significant de-
crease in corrosion co-firing sewage sludge with waste biomass (bark
pellets) in a circulating FB.

The component B is a fraction of municipal solid waste with a
high content on plastics. It has been selected due to its high Si con-
tent, which should lead to the formation of alkali silicates and, con-
sequently, silica-melt related problems. Additionally, the admixture
should fulfill other criteria related to the supply reliability and its sea-
sonality.

The relatively high P content in component A should play an im-
portant role in the K reactions forming alkalis and alkaline earth phos-
phates with a high melting temperature such as K2CaP2O7, K3PO4 and
KCaPO4, which would reduce the sintering propensity (Boström et al.,
2009a; Ren and Li, 2015). The modification induced by the presence
of P in the overall K behavior in co-combustion has been studied (Ren
and Li, 2015) in a small-scale bubbling fluidized bed co-firing wheat
straw with municipal sewage sludge, evidencing that P can react with
K in both the fly ash and the bottom ash to form high melting T ma-
terials. Further evidence of the influence of ammonium phosphates on
gaseous K release has been studied in a tube furnace- combustion of
maize straw, cotton stalk and rice straw (Li et al., 2015). Boström et al.
(2009a) used rapeseed meal rich in P, mixed with bark in a bubbling
FB, concluding that the appropriate molar ratios PO4

3−/K are between
1:1 and 2:1. In relation to the Ca role, Wang et al. (2011) remark that
it presents the highest effectiveness in anti-slagging among the reac-
tive ash-forming elements. However, calcium sulfate deposits are fre-
quently observed on cold surfaces (Boström et al., 2012). Due to the
low Si content, the presence of complex Ca silicates is not expected
because these do not usually affect the chemistry of flue gases (Niu et
al., 2016). The CaO path could lead to SO2 production, and thus, in-
creasing the yield of slag formation through alkali chlorides sulfation
(Niu et al., 2016).

Component B contributes to a higher Si content boosting the prob-
ability of operational problems related to K-silica melt. Predictions of
K release indicate a limitation at low K/Si ratio. For the fuel compo-
nents used in this work, the K and Si concentrations will show a pat-
tern of K > Si in the case of A, and Si > K in B. The K and Si con-
centration are higher in components A and B than the respective con-
tents in base fuel C. However, the individual ratio K/Si, indicating
the potential to enhance nucleation (Wiinikka et al., 2007) is higher
in fuel C (2.01) than in A (1.77) and B components (0.30). Using
the above-mentioned mixing ratios, the K/Si for blend AC (1.80) was

(5)
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close to that for fuel C (2.01), showing the lowest value for blend BC
(0.46), as it will be later discussed.

Chlorine is more abundant in both blends than in the base fuel. The
chlorine-to-alkali molar ratio (Cl/(Na + K)) was 0.29, 0.40, and 0.09
for blends AC, BC and fuel C, respectively. This ratio warns against a
higher trend of nucleation events, and consequently a higher corrosion
ability of the raw gas. The Cl availability is the controlling factor for
early inorganic aerosol formation in the absence of high sulfur con-
tent. As for the K/Na molar ratio, values were substantially different:
1.47 for blend AC, 0.91 for blend BC, and 11.29 for fuel C. Compo-
nent A shows the maximum alkali content.

Compared with the mean values reported for woody biomasses
(Vassilev et al., 2013b), the content of P as P2O5 in blend AC is largely
out of range, and the S content as SO3 although in the range is for all
the fuels close to the upper limit. In contrast, the alkali content of all
the fuels tends to be about or below the mean of typical woody bio-
masses. The SiO2 content for all the blends is close to the minimum of
the reported values (Vassilev et al., 2013b).

3.3. Fuel and ash characterization methods

The blends were characterized following European Standards
(ASTM D-2361-95, 2001; EN 14774-2, 2009; EN 14775, 2009; EN
14918, 2009; EN 15104, 2011; EN 15148, 2009; EN 15289, 2011; EN
15290, 2011; UNE 32024, 1995) for calorific value, moisture content,
ash, volatile matter, content of C, H, N, S, Cl, Al, Ca, Fe, Mg, P, K,
Si, Ti and Na.

Ash characterization comprises chemical analysis as well as speci-
ation of mineral phases. So far, operational prediction is usually based
on analysis of ashes obtained by normalized procedures. Neverthe-
less, the ashing temperature varies among different standards: ASTM
E870-82, (2013) employs 600°C, ISO 540, (2008) employs 550°C
and GB/T 212, (2001) adopts 815°C. Some authors, also, establish
other values such as Thy et al., (2006) who use 525°C. Xiao et al.
(2011) recommend 600°C from a purposely-designed study of the in-
fluence of ashing temperature on the resulting composition of some
biomasses. Niu et al., (2013) discuss in detail the sudden and signifi-
cant transformations in this range, mainly for K and Cl species. Since
the ash is not a uniquely defined material, but strongly dependent on
the combustion conditions, in this work both process and laboratory
ashes have been analyzed to assess the implications of a given ashing
procedure on the diagnosis derived from both kinds of fuel engineer-
ing tools.

The inorganic matter (Al, Ca, Fe, K, Mg, Na, P, S, Si, Ba, Mn,
Sr, Ti and Zn) has been analyzed following the standard EN 15290
(2011). Laboratory ashes obtained at 550°C from “as received” ma-
terials were digested in a microwave oven and then analyzed by ICP/
AES using a THERMO JARRELL ASH spectrometer. Process ashes
were analyzed using ICP/MS (Na, K, Ca, Mg, Cl, S, Si, Al and P) and
ICP/AES (Na, K and S) model Varian 735ES, and XRF (Na, K, Ca,
Mg, Si, Al, P, and Fe) model PANalytical Axios.

Mineralogical identification has been carried out by means of pow-
der X-Ray diffraction (XRD) using a PANalytical Xpert PRO dif-
fractometer with Cu Kα radiation (λ = 1.5418Å), with generator set at
40KV and 40mA, and diffractograms recorded in the 5–80° 2theta
range. The relative proportions of the phases have been obtained by
applying Reference Intensity Ratios (Hubbard and Snyder, 1988) val-
ues to the area of the strongest peaks for each phase, to reduce the
effect of overlapping found in complex experimental diffraction pat-
terns.

4. Results

Experimental results as well as predictions are shown below. First,
the fuel blend characteristics and their implications are discussed;
then, the observations on experimental ashes and finally, the opera-
tional diagnosis derived from the above mentioned prediction tools.

4.1. Fuel characterization

Base fuel C is olive tree pruning waste, component A is a com-
posted fraction of sewage sludge and component B is a fraction of
municipal solid waste with a high content on plastics. Mixing ratios
in the blends AC and BC were 50/50 (%wt) approximately, under a
constraint of a high heating value (HHV) around 20MJ/kg, whatever
components are present.

The blend components have been pelletized separately, and up-
graded through the exclusion of any extraneous inorganic matter,
which could be added during harvesting, handling and processing of
the material. Due to the proper storage conditions, the humidity of the
three components is relatively similar and shows lower values than the
raw resource.

The differences in Ash, FC, N and S content of fuel C, when are
compared with literature data, for instance those reported in García et
al. (2012) for olive tree pruning, can be ascribed to regional differ-
ences in fertilizing, harvesting, storage and pretreatment procedures.
The parameters more closely related to the vegetal structure, such as
HHV, VM, RH, C, H and O exhibit much less variability.

Table 1 summarizes the composition and heating values of the
three components (A, B, C) and the blends (AC, BC), calculated us-
ing the actual mixing ratio using a linear superposition approach. The
proximate analysis presents differences among the ash content, VM
and FC among the fuel C and their blends. Especially relevant for op-
erational purposes are those related to ash content. For instance the
blend AC contains 300% of ash in comparison to fuel C, which in

Table 1
Heating values (MJ/kg) and composition (wt%) of blends and their components [4].

Compost
(A)

MSW
(B)

Olive prune
(C)

Blend AC
(49:51)

Blend BC
(45:55)

Heating values (MJ/kg)
HHV 16.62 24.04 19.12 17.89 21.33
LHV 15.48 22.53 17.78 16.65 19.92

Relative humidity (%wt. w.b.)
RH 10.15 8.80 7.47 8.78 8.07

Proximate analysis (%wt. d.b.)
Ash 25.30 21.10 5.07 14.98 12.28
VM 64.80 75.50 81.27 73.20 78.67
FCa 9.90 3.40 13.67 11.82 9.05

Ultimate analysis (%wt. d.b.)
C 38.85 51.70 47.43 43.23 49.35
H 5.25 7.00 6.17 5.72 6.54
O
(diff)

23.36 17.92 40.49 32.09 30.33

N 5.77 1.24 0.74 3.20 0.96
S 0.58 0.28 0.08 0.33 0.17
Cl 0.90 0.76 0.03 0.45 0.36

Elemental analysis (%wt. d.b.)
P 0.353 0.027 0.007 0.177 0.016
Si 0.097 0.207 0.018 0.056 0.103
K 0.171 0.061 0.035 0.102 0.047
Na 0.082 0.066 0.002 0.041 0.031
Ca 0.732 0.347 0.161 0.441 0.244
Mg 0.072 0.022 0.014 0.043 0.018
Al 0.009 0.156 0.004 0.007 0.073
Fe 0.006 0.066 0.002 0.004 0.031
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turn implies operational challenges for both deposit prevention and
atmospheric emissions. The concentration of volatile matter
(81.27% d.b.) in fuel C is the highest, although the blends present val-
ues near to 75%wt. The fixed carbon concentration (FC) in fuel C is
the highest, although the three values are within the range of 9–12%.
Blend BC shows the highest values and the lowest for elemental C and
for FC, respectively.

In order to compare the energetic and chemical behavior of these
fuels with other biomasses, some widely used diagrams are adopted
from the literature. Fig. 2 shows the Van Krevelen diagram relating
the H:C and O:C atomic ratios for different fuel categories, which
are associated to areas of similar characteristics and properties, such
as the calorific value. Generally, biomass fuels present higher ratios
than coal (1.2–1.8 in H:C and 0.4–0.8 in O:C). The fuels used in this
study have approximately the same H:C ratio (1.6), although they dif-
fer in the O:C ratio (0.25–0.65). Component C, the most oxygenated
one, lies in the middle of the biomass area as defined by Jenkins et al.
(1998). Component A falls in the lower limit and component B is lo-
cated outside this area. In spite of that, both AC and BC blends can be
considered as biomass according to their energetic potential (Jenkins
et al., 1998).

Fig. 3 presents two ternary diagrams from the fuel proximate and
ultimate analysis as defined by Vassilev et al. (2015). The first one
represents the biomass area using VM, FC and ash content, whereas

the second displays the classification of both the components and
blends according to the C + H, O and N + S + Cl content. Fuel C is lo-
cated near to wood and woody biomass positions, blends AC and BC
show a close match to the herbaceous biomasses and contaminated
biomass group, respectively. Thus, according to these ternary plots
and in agreement with Van Krevelen diagram, fuel C and its blends
can be considered as biomass or biomass-like fuels.

The absolute content and the atomic ratios of most important ash
forming elements with respect to raw aerosol formation and further
condensed phase reactions (Boström et al., 2012) are shown in Fig. 4.
The discussion about ash fusion propensity must be based not only on
the chemical composition but also on the presence of refractory ver-
sus fluxing minerals, as will be discussed later on, retrieving the infor-
mation from ash characterization. The S and Cl content ranges from
0.08 to 0.33% wt. d.b., and 0.03 to 0.45%wt. d.b., respectively. In both
cases, the lower values correspond to fuel C and the highest to blend
AC. However, the ratios of S and Cl to total alkalis highlight differ-
ences in the S and Cl related chemistry; whereas the values of Cl/(
Na + K) follow a clear tendency (fuel C < blend AC < blend BC), S/(
Na + K) is practically similar for all the fuels.

The blends show a priori different tendencies in elements attrib-
uted to pro- and anti-slagging contributions. Whereas BC shows the
highest content in Si and Al, blend AC has the highest content of Ca,
P, S and alkalis. Fuel C presents the lowest content in Fe, Na and P.

Fig. 2. Position in the Van Krevelen diagram, adapted from Jenkins et al. (1998), of the fuel, components and blends and the general loci of coal and biomass fuels.

Fig. 3. Compositional (wt%) positions of the blends relative to the area attributed to biomass (grey) (Vassilev et al., 2015). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Atomic content (a) and ratios (b) of ash-forming elements in the fuel and its blends.

The ratio of P to total alkalis of blend AC is about four times the cor-
responding values for blend BC and fuel C. The ratio of Si to total
alkalis of blend C reaches up to three times the values for both blend
AC and fuel C. The Si content in blend BC is slightly greater than
five-times the corresponding value in fuel C; the Ca content in blend
AC is around 2.5 times the corresponding value in Fuel C. However,
the highest Al content is present in blend BC; about 7.5 times of that
of fuel C.

4.2. Ash characterization

The results for both laboratory (550 °C) and process ashes are pre-
sented as follows: major ash elements as oxides and its position in
compositional maps qualifying their propensity to operational prob-
lems, elemental analysis of the process ashes and crystalline phase
composition (XRD) of bottom ashes from the ESP and the BF.

The composition, as conventionally expressed as oxides, is shown
in Table 2 together with typical values (Vassilev et al., 2013a) for
woody biomass for the sake of comparison. These concentrations span
over a quite wide range, as is reported. Values in Table 2 are re-
ported for both the laboratory ashes (550 °C) and the material col-
lected at the MCP, thus having undergone the corresponding trans-
formations at the temporal evolution of temperature along the process
line. As a general trend, standard ashing leads to an underestima-
tion of the oxide content with the exception of CaO and SiO2. These
differences range up to about 50% in the case of SO3 as observed
by Magdziarz et al. (2016). However, the composition of blend BC

Table 2
Chemical composition (wt%) of the ashes at different ashing temperatures and com-
pared with literature data for woody biomass (Vassilev et al., 2013b).

SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2

(a) Laboratory ashes at 550 °C
Fuel C 9.99 59.60 11.29 4.39 2.24 6.36 0.87 4.48 0.67 0.10
Blend
AC

8.74 47.51 9.26 19.41 1.32 5.28 0.56 5.22 2.67 0.04

Blend
BC

17.62 45.21 8.06 4.04 9.39 4.38 3.10 4.32 2.82 1.05

(b) Process ashes at FB temperature (900–1000K)
Fuel C 5.85 48.76 15.25 6.70 3.88 7.93 1.47 8.32 1.84 –
Blend
AC

7.94 37.26 13.11 20.15 2.05 4.54 1.14 9.56 4.25 –

Blend
BC

18.03 35.25 7.31 5.39 15.58 3.87 4.08 6.03 4.46 –

(c) Typical ashes for woody biomass
Mean 22.22 43.03 10.75 3.48 5.09 6.07 3.44 2.78 2.85 0.29
Min 1.86 5.79 2.19 0.66 0.12 1.10 0.37 0.36 0.22 0.06
Max 68.18 83.46 31.99 13.01 15.12 14.57 9.54 11.66 29.82 1.20

ashes shows an opposite tendency, since standard ashing overesti-
mates the content in K2O, contrary to the general behavior as in Xiao
et al. (2011) indicate, it while underestimates the SiO2.

The concentration as oxides in both ashes (laboratory and process)
falls close to the mean value reported by Vassilev et al. (2013a).
In the case of laboratory ashes, the CaO concentration of fuel C is
59.60% compared to the average of 43.03% and the AC blend pre-
sented 19.41% of P2O5 compared to the mean value of 3.48%. The
process ashes result in analogous compositional pattern as the labo-
ratory ones. The CaO content in fuel C is 48.76% and the P2O5 con-
tent is 20.5% in blend AC. Both ash points– at the process and at the
so-called standard temperatures- are displayed in Fig. 5 on the ternary
diagrams proposed by Vassilev et al. (2014) to link the ash composi-
tion expressed as oxides and the potential operational problems.

The chemical and mineral characteristics of the ashes collected
along the HF are discussed below. The itemized elemental profiles
of process ashes are shown in Fig. 6. A clearly distinct profile is ob-
served, depending on the fuel for ESP and BF ashes, thus reflecting
the size distribution of the chemical signature. Ashes from the ESP
hoppers are more concentrated in Ca, P and Si, to a larger extent in
the blends than in fuel C, while ashes collected by the BF are rela-
tively enriched in Na, K, Cl and S. The influence of blending on al

Fig. 5. Compositional plot, adapted from Vassilev et al. (2014) of laboratory (550 °C),
process and predicted ashes, expressed as oxides (wt%).
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Fig. 6. Chemical profiles for ashes along the flue gas line for ash-forming elements (%wt. d.b.) Black (ESP). Grey (BF).

kali concentration is basically attributed to K, and shows a substantial
contribution in the case of blend AC.

The ESP and BF ashes were analyzed by XRD. Fig. 7 shows an
example of a typical diffraction pattern, which reflects the complexity
of the mineral composition as well as the presence of a minor although
non-solved amorphous matter. The major reference peaks–whose sit-
uation is signaled by vertical lines-, are observed and further as-
signed to specific species. XRD data processing is encapsulated in
Fig. 8.The most abundant mineral phases are in agreement to those
itemized in Boström et al. (2012) with the exception of halite and
gehlenite. A number of phases reported such as feldspars, periclase,
magnetite and several alkaline earth silicates among others (Boström
et al., 2012) have not been identified in this study. The more abun-
dant species in fuel C ash are calcite, apatite and portlandite, in both
ESP and BF hoppers. K is present in form of arcanite and sylvite,
both species clearly biased towards the BF ash. Blend AC presents
a higher abundance of apatite as the major P-containing phase in the
ESP than in the BF ashes. Alkali-containing phases are mainly aph-
thitalite and a smaller quantity of sylvite, the latter being strongly dis-
placed to the BF ash, which also shows the presence of halite about
5%. The identified silicate minerals are quartz and merwinite (a dou

ble sulfate of alkaline earth elements) in minor amounts in the ESP
ash. The pattern of most relevant phases in blend BC ashes is notice-
ably different. The Ca-containing phases account for about 85% in
the ESP whereas in the BF about 50%. The alkali-containing phases
(sylvite, aphthitalite) account for about 10% of the mineral content in
the ESP ash, but this value increases up to 50% in the BF, confirm-
ing the tendency to form fine particles. K2SO4 is present only in the
fuel C, although K,Na-sulfate appears in the blends, always displaced
to the BF ashes. The low presence of alkaline chlorides indicates their
presence in the flue gases.

4.3. Diagnostic based on ash composition

This type of diagnosis is about customarily elemental composition
expressed in the form of oxides.

Table 3 encapsulates the diagnosis obtained from a suite of crite-
rion numbers based on the oxide composition of the standard ashes.
The three RB/A numbers indicate all that severe ash-related problems
should be expected firing these fuels. This ratio shows extremely
high values for fuel C and blend AC, and a lower index for BC, al-
though in all the cases these values are sufficiently higher than the in

Fig. 7. Diffraction pattern of ESP ashes firing Blend AC.
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Fig. 8. Relative abundance of crystalline phases in ESP and BF ashes firing Fuel C and its Blends. Nomenclature: KCl (sylvite), Ca2Al2SiO7 (gehlenite), K3Na(SO4)2 (aphthitalite),
Ca(OH)2 (portlandite), NaCl (halite), Ca3Mg(SiO4)2 (merwinite), CaCO3 (calcite), SiO2 (quartz), Ca5(PO4)3 (OH, F, Cl) (apatite), K2SO4 (arcanite).

Table 3
Diagnostic of slagging and fouling propensity based on criterion numbers.

Index
Fuel
C

Blend
AC

Blend
BC Ref Diagnostic

Fuel
C

Blend
AC

Blend
BC

RB/A 6.39 6.46 2.26 Vassilev et al,
2013

6.75 8.38 2.41 Teixeira et al.,
2012

RB/Asimp 5.46 5.30 1.95 Jenkins et al.,
1998

SR 13.00 14.08 25.06 Teixeira et al.,
2012

Cl ratio 1.03 1.48 0.51 Pronobis, 2006
S ratio 1.12 1.39 0.47
Fu 76.43 77.11 24.65 Jenkins et al.,

1998

Severe slagging and fouling probability.
High slagging and fouling probability.
Low slagging and fouling probability.

dicator of high propensity. However, no selective blending guidance
can be obtained for this kind of prediction. The same can be concluded
from modified RB/A numbers; in particular, RB/(A+P) does not present
significant advantages over RB/A. The Cl and S ratios indicate severe
slagging propensity for C and AC, whereas this tendency is low for
blend BC in contrast to the predictions using RB/A numbers. In this
case, the S ratio has been calculated taking the total S content in the
biomass, as S volatile, thus, considering that the full S content is ox-
idized to SO2. As total S will be always higher or equal to volatile S,
the resulting values are overestimations of the S ratio. This approach
is a conservative one and does not entail any detectable gross error in
the final diagnosis from S ratio index.

In Fig. 5, process and laboratory ash composition are located on
the ternary diagrams proposed by Vassilev et al. (2014) to link the
ash composition and the potential operational problems. Process ashes
are denoted as C′, AC′ and BC′ and the standard ones as C, AC,
BC, respectively. The boundaries of the regions represented (Vassilev

et al., 2014), assign to biomass fuels with lower alkali, Cl, Si and ash,
and with higher Ca contents a more manageable behavior. ‘‘C-MA’’
and ‘‘C-LA’’ should represent the best positions to prevent fouling
and slagging.

The blend ashes can be classified in substantially different regions
than those of the original components, as is the case for B but not for
A. For instance, component B position within the S-MA anticipates
probable slagging and fouling. In general, component B leads to po-
sitions in the medium acid region and component A in the low acid
region. Point C lies within the ‘‘C-LA’’ sub-type, which includes al-
most entirely woody biomasses but C′ moves to the boundary between
C-LA and CK-LA types. The ‘‘CK-LA’’ sub-type gathers biomass
ashes of low acid tendency such as those from component A. Both AC
and AC′ points lie within the same region, thus the operational diag-
nosis will not be sensitive to the ashing temperature.

BC but not BC′, is located within “K-MA” region, which repre-
sents the worst conditions, that is, ashes with lower fusion temper-
atures, short softening–melting range and high flow-dissolution rate.
Thus, the estimation from standard ashing leads in this case to a more
severe prognostic that can even hinder the use of this blend.

4.4. Diagnostic based on thermodynamic equilibrium

Given that the relevance of the condensed mass fraction at a given
temperature is a priori unknown; two different calculation procedures
have been adopted, as above discussed. Table 4 encapsulates the molar
percent (in relation to the total amount of solids) for the major species,
based on both a closed and an open system approach. As previously
defined, the closed system approach neglects the irreversible segre-
gation of the condensed phase; thus keeping constant the availability
of each element for the formation of species along a wide tempera-
ture range. In the case of the open system approach, the simulation
proceeds step by step and the system mass and composition is recal-
culated assuming that the solid phase formed at a given temperature
is completely separated. The temperature ranges are between those
reached in the HF (400–500K) and the maximum in FB (900–1000K).
Here are presented the results for an initial elemental load calculated
for a 45% of excess air, close to the operation conditions.
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Table 4
Molar percent share of main species to the total amount of solid phase along the gas line, and relative amount of solid formation in the case of open systems.

Open System Closed System

C AC BC C AC BC

Species Fluid Bed (975–990K) Fluid Bed (950 K)

Ca P Ca3(PO4)2 1.6% 39.3% 5.1% 1.6% 38.5% *
CaCO3 72.5% 72.3% *
CaFe2O4 0.5% 0.5% 6.3% 0.5% 0.5% *

Si Ca2SiO4 7.3% *
Ca2Al2SiO7 23.1% *

Mg Ca3Mg(SiO4)2 7.9% 5.3% 16.5% 7.9% 5.2% *
CaMgSiO4 17.0% 16.8% *
MgO 5.3% 0.9% 5.3% 0.1% *

K Cl KCl 14.4% 0.6% 16.5% *
S K2SO4 6.3% 9.6% 0.6% 6.3% 9.0% *

Na Na2SO4 4.6% 11.4% 4.6% *
Na2CO3 0.9% 7.3% 0.90% 7.3% *
Ri 0.14% 0.28% 0.15%

ESP (450–482K) ESP (500 K)
K Cl KCl 88.4% 59.8% 76.3% 1.8% 6.5% 11.2%
Na NaCl 10.6% 17.5% 22.3% 8.0% 1.3%

Al2O3 22.3%
Ca CaCO3 81.1% 25.8% 61.1%

P Ca3(PO4)2 1.6% 32.3% 3.2%
Ri < 0.01% 0.01% 0.01%

BF (445–475K) BF (450 K)
SnO2 100%
TlCl 100% 100%

Ca CaCO3 73.8% 19.4% 61.1%
P Ca3(PO4)2 2.5% 33.4% 3.2%

K Cl KCl 1.8% 6.8% 11.2%
S K2SO4 5.4% 11.8% 1.8%

Ri <0.01% <0.01% <0.01%

Table 4-left- shows the results following the open-system ap-
proach, including the major species and the elemental solid fraction
(Ri) produced at each temperature. It is observed that the higher Ri
values correspond to the highest temperature, although the absolute
value is as low as 0.28% mole basis. Therefore, in this particular
case no substantial implications on the final bottom and fly ash major
species are to be expected. At lower temperatures such as those pre

vailing in the HF, Ri takes a value of about 0.01% mole basis, where
the predominant species are alkali chlorides (KCl and NaCl), presum-
ably present in the fine particles.

Finally, Fig. 9 presents the closure of the elemental composi-
tion obtained from thermodynamic equilibrium against the analysis of
process ashes.

Fig. 9. Elemental closure between thermodynamic prediction (striped columns) and elemental analysis of process ashes (solid columns).
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It is observed how the prediction overestimates Ca and Si content
in ash, and in contrast, underestimates K, S and Cl content. Neverthe-
less, these differences never exceed a 5% wt.

It is important to recall that a systematic bias is to be expected,
which will result in higher values from prediction. This is due to the
fact that whereas equilibrium modeling gives a total amount of each
chemical, irrespective of the stream, the experimental analysis has
been conducted merely on the solid process stream. Consequently, this
bias is expected to be more important for those compounds whose par-
tition is more pronounced to the aerosol.

The simulation results of the solids are also integrated in the phase
diagram in Fig. 5. The compositions of these predicted “ashes” are
represented as Cs, ACs and CBs in the diagram.

5. Discussion

As above mentioned, the olive tree pruning waste-based blends
have been designed to show extreme and opposite behavior, although
keeping roughly constant the thermal output. Some noticeable differ-
ences in ash content are present between the olive tree pruning and
their blends. The ash content in blend AC is three times higher than
the fuel C content and 2.5 in the case of blend BC. The slag formation
properties are affected by both total ash content and chemical compo-
sition. Component A contributes noticeably to the K content, which
should indicate a higher propensity to alkali-induced corrosion in the
absence of S, due to KCl deposits. However, the mere consideration
of K content is not sufficient for a prediction of the behavior of AC
ashes. In the case of a significant S content, as in blend AC, sulfa-
tion will take place at high temperature, decreasing the K availability
for chlorine-based deposits. Component B contributes to the Si and
Al content, which increases the formation of alkali silicates and, con-
sequently, silica-melt related problems. Therefore, the blends will be
more problematic than the base fuel C.

The chemical fingerprint of fly ash as well as the mineral phases of
the material collected along the HF, show that the alkali content firing
AC, and in less proportion firing BC, is higher and exhibit a greater
variability than fuel C ashes (Fig. 6). From Fig. 8 it can be observed
how the abundance of alkali minerals in the ESP ashes firing blend
AC accounts just for 15%, whereas in the BF ashes this value rises up
to 60%. It can be observed that Ca is the most abundant component
and competes in the formation of phosphate and sulfate. However, due
to the higher available P content, calcium forms mainly Ca-phosphate,
while sulfur is available to the alkaline sulfate formation. The same
occurs firing blend BC, the abundance of alkali minerals in the ESP
ashes is about 12% whereas in the BF ashes it increases to 51%.

The differences of elemental composition between the BF and the
ESP ash, even for a given fuel reflect the ability of some elements to
concentrate in the size bins penetrating the ESP. A detailed discus-
sion of the aerosol characterization downstream the HF can be found
in Aragon et al. (2015). The particles whose size fall within the ESP
penetration window (>0.5 µm range) are enriched mainly in Na, K,
Cl and S, whereas the ashes from the ESP hoppers are more concen-
trated in Ca, P and Si, to a larger extent in the blends, as observed
in Fig. 6. Alkaline earth minerals are more abundant in ESP ashes,
and a shift to the BF is observed for the alkaline phases related to
the ESP penetration window. Fig. 7 shows how the BF ashes are in
all the cases enriched in KCl, K3Na(SO4)2, NaCl, and K2SO4; while
ESP ashes are more concentrated in Ca5(PO4)3, Ca2Al2SiO7, Ca(OH)2,
Ca3Mg(SiO4)2). A noticeable difference between fuel C and blend is
that in the former case the differences between ESP and BF ashes are
less pronounced.

Hereinafter, the results using the two types of approaches will be
shown and their match to both experimental results and literature data
is discussed. The ability of the diagnosis tools in providing blending
criteria is determined from a congruence assessment and also from a
comparison with experimental data.

As Fig. 5 shows, the influence of ashing temperature on the diag-
nosis from ternary diagrams cannot be generally ignored. In the case
of blend AC, little difference is observed between AC′ and AC posi-
tions in the “CK-LA” area. This is not the case for blend BC, whose
ashes can fall within different regions, depending on the tempera-
ture, leading to contradictory predictions. At standard ashing temper-
ature (550°C), blend BC is classified in the ‘‘K-MA’’ sub-type, usu-
ally associated to herbaceous and agricultural biomass and rarely from
woody biomasses (Vassilev et al., 2014). The ‘‘K’’ type should show,
according to the literature (Vassilev et al., 2014), comparatively high
values of K, S and Na, which is not consistent with the elemental com-
position as shown in Fig. 4. At process temperature, BC ashes posi-
tion moves to C-MA area, leading to a completely different a priori
description of the ash behavior that is from the worst case of slagging
to a moderate one. This highlights the importance of a realistic assay
temperature and suggests the appropriateness of a harmonization of
the prediction tools and the conditions of ash generation in real life.

The diagnostic suitability of criterion numbers is also significantly
dependent on the ashing temperature, as in Xiao et al. (2011). The re-
sults display a low sensitivity of the diagnosis to the fuel, allocating
similar numbers to very different ashes, although it is claimed they
provide qualitative guidance on the propensity of the ashes to trigger
operational problems. Moreover, some disagreement with the infor-
mation from the phase diagrams is observed. According to the phase
diagrams, blend BC presented the highest propensity to operational
problems, whereas, according to the criterion numbers in Table 3, it
presents a lower slagging and fouling propensity, obtaining lower val-
ues than blend AC and fuel C.

The diagnosis from thermodynamic prediction is compared with
the mineral ash composition in order to validate the scope of this
kind of tools. Due to the similarity of both simulation strategies at
high temperatures, the species and phases predicted were, as expected,
very similar with the exception of CaCO3 firing BC. The differences
arise when cooling down the flue gas, due to irreversible phase seg-
regation. As it is observed in Table 4, firing fuel C, the prediction
of main species in the ash (CaCO3, Ca5(PO4)3, Ca(OH)2, K2SO4 and
KCl) matches the XRD observations. In the case of P species, the
difference between the prediction as Ca3(PO4)2 and the observed ap-
atite could be attributed to further recombination in the ash, due to
the temperature and vapor pressure (Boström et al., 2012). At low
temperatures (450–500K), the amount of K2SO4 and KCl increases
in comparison with the obtained at high temperatures. In case of the
blends, the amount of KCl and K2SO4 also is higher at low temper-
atures. These potassium species are present also in XRD results, in-
creasing along the HF (higher concentration in BF than ESP). For
blend AC, the main phases at high temperatures are in agreement with
XRD results, except CaCO3 (present at low temperatures): Na2CO3
and CaMgSiO4 which are not observed by XRD. Furthermore, al-
kali sulfates appear as Na2SO4 and K2SO4 in thermodynamic sim-
ulation, while in XRD they appear as K2Na(SO4)2. Again, at low
temperatures, new species appear whose real contribution is not de-
tected by XRD. For blend BC, several Si species are predicted, mainly
Ca2Al2SiO7 and Ca3Mg(SiO4)2, which are also observed by XRD.
The main mineral phases observed by XRD, with the exception of
apatite and aphthitalite, are predicted by MTDATA, which in turn
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identifies Ca3(PO4)2 as the most probable species of P without any
combination with individual alkali sulfates.

Therefore, several differences are observed: (1) some compounds
are not identified by XRD, mainly those containing Mg, Si and Al. In
the case of fuel C, Ca3Mg(SiO4)2, MgO, K3PO4 and MgAlO4 are iden-
tified; firing AC,CaMgSiO4, Na2CO3 and Al2O; and for BC,Ca2SiO4,
CaFe2O4, Na2Al2Si6O16 and other minor phases. (2) Chemical equi-
librium does neither predict the formation of a double alkaline sulfate
(K3Na(SO4)2) - yielding instead in single sulfates- nor the formation of
apatite (Ca5(PO4)3) and portlandite (Ca(OH)2). This fairly agree with
the mineral phases identified for a suite of biomasses by Vassilev et al.
(2013b) within a wide range of temperature. The main discrepancies
arise at low temperatures, and correspond to the presence of feldspar
and sodium carbonates, which are not detected, at least above the de-
tection limit, in this work. The more pronounced abundance of sili-
cates in this work is attributed to a higher Si-content in the blends used
in these trials, because of equilibrium predictions ranging from 5 to
17% merwinite and, for example up to a 23.1% of calcium aluminosil-
icate firing BC. The higher content of silicates in the blend BC would
indicate the greater probability of formation of a melting phase, which
would trigger the deposits formation on the internals. Blend AC pre-
sents a smaller number of silicates, so less propensity to these opera-
tional problems.

In Fig. 5, it can be observed how the predicted ashes are located
in very close positions with respect to the real ones, validating the
thermodynamic prediction. Therefore, it will be possible to predict the
suitable position for the combustion, based on the biomass composi-
tion, excess air, combustion temperature, the composition of the solids
generated, and by using the triangular diagram.

6. Conclusions

The usefulness of prediction tools can be crucial for MCP firing
agricultural or forestry wastes due to the intrinsic seasonality in sup-
ply and, thus, the feasibility of blending.

Fuel engineering provides guidance on the blending criteria for
both prevention and mitigation of ash related issues in waste biomass
combustion. Two types of prediction methods have been used: using
the composition of ash and using the fuel/air ratio to be fed to the
boiler. However, the predictions based on the ash composition can be
strongly dependent on the ashing temperature. The use of criterion
numbers needs a previous assessment of the similarities between the
target biomass and the empirical basis of these ranking indexes. Pre-
dictive tools, diagrams and criterion numbers, can result in different
diagnoses for the same blend. For instance, blend BC presents, using
the triangular diagrams, the highest propensity to operational prob-
lems, while the criterion numbers indicate lower values than blend AC
and fuel C. In the case of the thermodynamic prediction for this blend,
similar results have been obtained to those from triangular diagrams.

As an alternative for prediction, multiphase equilibrium modeling
does not require any additional information or assumption on ashing
procedure (temperature and equivalence ratio); therefore, it is an effec-
tive way to avoid the information loss associated to the volatile species
in the range of temperature from ashing to process conditions. The el-
emental closure for the main ash-forming elements was above 95%.
Since the fluidized bed operates in the bubbling regime, the thermo-
dynamic system can be assumed as a closed one without a noticeable
loss in accuracy of prediction.

Although the prediction through equilibrium calculations does not
pretend to give an operational diagnosis, it opens the possibility of
assessing the ash sensitivity to both blend formulation and equiva

lence ratio. Moreover, this sensitivity study can be done in an a priori
way, thus enabling an effective method for operational problems pre-
vention.

The validation of predictive tools has been carried out at MCP
scale, firing pellets based on olive tree pruning waste and its typical
blends. A separated characterization of ESP versus BF ashes reflects
the size-distributed chemical composition. The sub-micrometer partic-
ulate matter in the flue gas of woody biomass combustion mainly con-
sists of alkali sulfates and chlorides (as observed by XRD and ther-
modynamic prediction). The crystalline phase proportions reflect the
composition of the fuel concerning K, Cl, and S, with respect paid to
bottom ash temperature conditions and K retention properties in the
form of reactive Si. Although its relevance is critical for the HF per-
formance, it is not the case for ash-related prevention purposes.

Chemical equilibrium simulations obviously differ from real ashes
due to the influence of a suite of rate phenomena coupled to a chem-
ically reacting flow system. Nevertheless, they are of enough accu-
racy for giving blending criteria associated with main ash-related is-
sues and for providing plant operators a sustainable fuel management.
This allows prescribing this approach as the main guideline for blend-
ing design in a multiproduct MCP. However, more research is needed
to asses this method in rate- or kinetically-controlled systems.
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