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HIGHLIGHTS

« We propose a characterisation tool to describe the fouling of high-P solid fuels.

« The influence of H3PO,4 and CaCOs additives is studied in a drop tube furnace.

« Visual and SEM-EDX analyses are applied to the deposits.

« A proper addition of Ca-, P-based additives can reduce the sunflower hulls fouling.
« The experimental results confirm the added value of the characterisation approach.

ARTICLE INFO

ABSTRACT

Article history:

Received 18 April 2015

Received in revised form 8 December 2015
Accepted 10 December 2015

Available online xxxx

Keywords:
Sunflower hulls
Phosphorus
Fouling

Drop tube furnace

Fouling from the processing of residual biomass fuels in combustion applications is a major concern. This
paper discusses the fouling behaviour of sunflower hulls with a high phosphorus (P) content by means of
a broad fuel characterisation strategy including advanced predictive indices, the fuel selective leaching,
multiple deposition tests in a Drop Tube Furnace (DTF) and deposits analysis with scanning electron
microscopy-energy dispersive X-rays spectroscopy (SEM-EDS). First, we summarise the P-role in the
ash chemistry, with a focus on the fouling mechanisms. Second, a characterisation strategy of the ash,
based on three indices, including some details from the fuel selective leaching, is proposed to describe
the P-rich fuels propensity to foul. The developed approach could be used as a complement to chemical
equilibrium models. Thirdly, the characterisation strategy is applied to sunflower hulls. Deposition tests
in an industrial scale DTF are performed for the raw fuel, and for the fuel with phosphoric acid (H3PO4)
water solution and calcium carbonate (CaCOs) as additives, to obtain different P/K and P/Ca ratios in the
fuel composition. The results show that increasing the fuel P-content allows to capture the alkali metals
in alkali-alkaline earths-phosphates and alkali-phosphates phases, reducing the occurrence of deposits
of S- and Cl-compounds. Low melting temperature phases can be reduced enhancing the formation of
coarser, high melting temperatures ash particles formed by K/Na-Ca/Mg-phosphates, by means of an
optimised addition of phosphorus- and active calcium-based additives. The experimental results
confirmed the added value of the high-P fuels predictive characterisation strategy.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

observed for herbaceous biomass and agricultural residues, such
as straws, husks and hulls, to be used as a fuel, both in small scale

Biomass is one of the renewable energy sources that are envis- and large-scale production plants. As an example, in southern Eur-
aged to be intensively used in a new energy paradigm. Because of ope, a total of 2.66 million hectares of sunflower are grown each
woody biomass decreasing availability, a growing interest is year, mainly for oil production, evidencing the potential energy

* Corresponding author. Tel.: +32 10472219.

E-mail address: lucio.defusco@uclouvain.be (L. De Fusco).

http://dx.doi.org/10.1016/j.fuel.2015.12.017

0016-2361/© 2015 Elsevier Ltd. All rights reserved.

utilisation of the residues from the de-hulling, which is practised
prior to the oil-extraction process [1]. Nevertheless, the combus-
tion of these fuels portends several ash related issues such as slag

Please cite this article in press as: De Fusco L et al. Fouling propensity of high-phosphorus solid fuels: Predictive criteria and ash deposits characterisation
of sunflower hulls with P/Ca-additives in a drop tube furnace. Fuel (2015), http://dx.doi.org/10.1016/j.fuel.2015.12.017
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formation, bed agglomeration, fouling and corrosion [2,3]. Among
the ash related issues, fouling is mainly driven by a volatilisa-
tion-condensation mechanism of low-melting point inorganic spe-
cies [3-6].

Fouling is primarily influenced by the fuel inorganic composi-
tion, which can vary greatly, then by the boiler design and the
operating conditions (i.e. the temperature profile along the boiler)
[7-9]. First the alkalis (K, Na) and alkaline earth metals (Ca, Mg),
then Si, S, Al, P and Cl are present in substantial amounts in bio-
mass fuels (Table 1) and are significant to fouling mechanisms
[6,9-11].

In herbaceous fuels the potassium content can exceed 1 wt.%
(on weight on a dry basis) (Table 1), essentially occurring as highly
volatile ionic salts [2,9-11], which can react during the combustion
to form different alkali compounds in the deposits: alkali phos-
phates, hydroxides, carbonates, silicates, chlorides, sulphates. As
an example, sunflower hulls have noticeable sulphur and chlorine
contents, with a high risk of sulphates condensation and Cl-
induced corrosion [12]. Ash salt mixtures including K, Na, S, Cl have
a melting temperature of approximately 600 °C, which can
decrease when including heavy metals such as Pb and Zn [13].

Phosphorus (P) can be present in large amounts in several
herbaceous biomass fuels such as rapeseed cake, distillers dried
grains with solubles (DDGS), bran, corn stover, oat straw and sun-
flower hulls (Table 1). In the recent years, because of its consider-
able influence on the fouling mechanisms [14,15], an increasing
interest has been given to the influence of phosphorus on ash for-
mation and deposition: several experiments were conducted by
Piotrowska [14], Eriksson [16], Grimm [15], Billen et al. [17], Wu
et al. [18]. The fuels investigated were rapeseed cake pellets, wheat
straw, logging residues, DDGS, poultry litter and bran.

Chemical fractionation analyses on a P-rich fuel show that it is
present in the fuel in different associations, having different reac-
tivities during combustion [14,15]. Mineral phosphorus is usually
not much reactive while organic phosphorus has a higher reactiv-
ity [19]. In woody fuels, it is mainly inorganically bound, therefore
most of P is embedded in the coarse fly ash fraction. In agro-fuels
and biogenic residues, a share of P may be organically bound, par-
ticipating in the gas phase reactions and aerosol formation process
[13].

During combustion, phosphorus compounds are released out as
P,0s5(g). This species can then either form low melting points alkali
phosphates salt particles (e.g. KsPOy4, KsP301¢ and KPO3) according
to Eq. (1) [20], or react with calcium compounds to form stable and
solid calcium phosphates [21] (Table 2), as an example according
to Eq. (2) [20]. Besides, alkali phosphates are rather volatile and
can react with alkaline earth metals to form solid ternary phos-
phates belonging to the K;0—CaO—P,0s system, which have melt-
ing points above 1000 °C [22] (Table 2). A plausible global reaction,
see Eq. (3), was proposed by Wu et al. [18].

P,05(g) + 2KOH(g) = 2KPOs(1, g) + H,0(g) (1)
P,0s5(g) + 2Ca0(s) = Ca,P,07(s) (2)
KPOs(1, g) + CaO(s) = KCaPO4(s) (3)

When available, phosphorus will tend to react with alkali before
any alkali chlorides, alkali sulphates or alkali hydroxides can
form [15]. According to Bostrom [20], if equilibrium is attained,
K-phosphates will be the first species to form followed by
K-sulphate, K-chloride, K-carbonate and K-hydroxide. According
to the same authors, P also dominates over Si in the competition
for the base cations: K*, Mg?* and Ca?*; thus K-Mg/Ca phosphates
form prior to the corresponding silicates. However, Billen et al. [23]
state that not all phosphates are thermodynamically more stable
than silicates.

Table 1
Order of magnitude for some inorganic element concentrations (in fuel dry weight
percentage) for some selected fuels (Phyllis 2, ECN).

Woody fuel Herbaceous fuel Sunflower hulls (%)*
K+ Na ~0.1% ~2% ~1.6
Ca+Mg Variable Variable ~0.8
Si ~0.2% ~0.2...4% ~0.3
Cl ~0.1% ~0.2...3% ~0.2
P ~0.1% ~02...2% ~0.4

2 Average from sample analyses.

Table 2

Melting behaviour of some compounds from the ternary diagram K-Ca-P [14,24,25].
Compound Melting T (°C) P/K P/Ca
KPO3 810 1 -
KCa(PO3); 846 3 3
Ca(P0O3), 984 - 2
K4P, 0 1105 0.5 -
CaK,P,0; 1143 1 2
CayP,07 1353 - 1
KCaPO4 1560 1 1
Ca(POy), 1670 - 2

Experimental results [14-16] showed that phosphorus-rich
fuels can decrease the problems related to fouling by converting
the low melting temperature alkali species present in the gas phase
- probably alkali oxides or hydroxides that are formed during the
initial combustion stages - into high melting temperature alkali-
alkaline earth-phosphates: K/Na-Ca/Mg-phosphate! will essen-
tially form coarse fly ash particles while the amount of fine fly ash
is reduced. Grimm [19] underlines that phosphorus could be used
as an additive to form ternary phosphates, such as CaK,P,0, pro-
vided that sufficient active calcium additives (e.g. organically bound
or dissolved calcium compounds) are available, mitigating the alkali
phosphates formation [15,16].

However, under high phosphorus concentrations and low alka-
line earth metal concentrations in the fuel, low melting tempera-
ture alkali phosphates are formed on top of the K-Ca-phosphate
ternary phase, causing an increase in the fouling propensity of
the fuel [15]. In the ternary diagram K-Ca-P, these compounds
are situated near the region where KPO; is found. Also, Billen
et al. [17] evidenced that high phosphorus concentrations can
cause melt formation (during fluidized bed combustion) not
because of the formation of low melting points alkali phosphates,
but because Ca-phosphates instead of Ca-silicates are formed,
with consequent availability of silicates to form low melting points
K-silicates.

Although some investigations have been carried out, more work
is needed to understand additional details of the phosphorus role
in the ash chemistry of agricultural residues combustion. Theoret-
ical models based on equilibrium calculations still suffer from the
lack of data and from results dependency on the database used for
the phosphorus compounds [13,18,23].

The objectives of this work are: (i) develop a semi-empirical
characterisation strategy for high-P fuels based on present knowl-
edge (ii) perform experimental testing of sunflower hulls fuel com-
bustion: qualitatively characterise the fuel deposition propensity
based on the strategy developed and study the sunflower hulls
fouling deposition behaviour by means of combustion tests in a

! Sodium is expected to have a similar behaviour as potassium. Even though
K-Mg-phosphates are expected to react in a similar way as K-Ca-phosphates, it
seems that Mg is much weaker to retain P compared to Ca. This can be seen
comparing the melting temperatures of the formed compounds. The K-Mg-P phase
diagram can be found in [26].
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of sunflower hulls with P/Ca-additives in a drop tube furnace. Fuel (2015), http://dx.doi.org/10.1016/j.fuel.2015.12.017

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175


http://dx.doi.org/10.1016/j.fuel.2015.12.017

176
177
178

179
180
181
182
183

184

185

186

188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

207
208

210

211
212

214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

JFUE 9919
22 December 2015

Drop Tube Furnace (DTF). The combustion tests are performed in
presence of additives (phosphoric acid and calcium carbonate) to
explore different P/K and P/Ca molar ratios in the fuel composition.
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Table 3
Some indices for a first prediction of ash-related issues in combustion [27-30].
Index Qualitative risk
(1) BiKisi Indication of the ash-sintering temperature

SEM-EDX analyses are applied on the DTF deposits.

The simplified characterisation strategy and the experimental
set up are described in Section 2. The results of the fuel character-
isation (i) and the outcome of the experimental testing (ii) are dis-
cussed in Section 3.

2. Methodology and materials
2.1. High phosphorus fuels characterisation strategy

Some slagging and fouling indices proposed in the literature can
be considered as valuable means for a first assessment of the ash
deposition propensity for a given fuel. Typical indices based on
the inorganic fuel composition were selected from the literature
[27-29] and reported in Table 3. They hardly account for the influ-
ence of P in the deposition mechanisms.

More advanced strategies have been proposed. Grimm [15] sug-
gested that the relationship (K + Na)/(Ca + Mg) in the overall fuel
ash should be considered to evaluate the possibility of fouling
reduction using active phosphorus as additive. Novakovic and co-
authors [31], studying the K-Ca-P ash system, evidenced that a
decreased Ca/P molar ratio significantly decreased the K-
volatilisation rate. Piotrowska [24] showed that when the Ca/P
ratio is larger than 1 and the (K+ Na)/(Ca + Mg) ratio is smaller
than 1, sintering issues in fluidized bed combustion are not
evidenced.

Seresen et al., studying straw combustion in presence of mixed
P and Ca-based additives, reported a reduction of 74-98% of the
level of Cl in the deposits when the molar ratios of P/(K+ Na)
and P/Ca in the resulting fuel were in the ranges 1.9-3.2 and
0.8-0.9, respectively [25,32,33]. The amount of P and Ca to be
added, should be [32]:

Podged + P
K+Na-Cl~ (4)
Paddgea +P
< 5
Cagagea + Ca ®)

where K, Na, P, Ca, Cl are the elements molar quantities in the fuel
ash. The presence of chlorine in the first ratio is because Cl is
expected to capture the potassium in KCl compounds [32]. Concern-
ing the second relation, according to Seresen et al.,, in order to
obtain KCaPO, (Table 2) as the major product, Ca, P and K should
be present in equal molar amounts; to obtain K,CaP,0; (Table 2)
as the major product, calcium should only be available in half the
amount of phosphorus [32].

Wau et al. [18] studied the grate combustion of bran, showing
that Ca-based additives increased the released K/P  (+8-30%),
whereas kaolinite showed an opposite effect (—60%).> According
to their simplified thermodynamic computations, when the molar
ratio of the released K/P is below 1, KPOs (Table 2) and P401(g)
are the main inorganic species above 500 °C. If flue gas temperature
in the convective section is below 800 °C, a powdery, not sticking
and easily removable deposit buildup is expected on the super-
heaters. When the molar ratio of the released K/P is greater than 1,
below 500 °C, the released KPO3 and P,010(g) may be converted to
H3PO4(1) which can cause low temperature fouling issues. These
can be reduced by increasing the molar ratio of the released K/P to
above 2 and using kaolinite for potassium retention in the bottom
ash.

2 A great reduction of the release of K is evidenced whereas the effect on P is
insignificant [18].

CarM
e tendencies [28-30]

Aerosol formation potential (mg/kg d.b.)
[27,28]

Indication concerning HCI and SO, content in
the combustion products [27,28]

4% Indication of KCI sulphation, which could
reduce the corrosion risk [27,28]

Indication of the S adsorption [27]

(2) K+Na+Zn+Pb+Cd

OFEs

(5) s:55p

According to present knowledge, not all the potassium content
is active in the ash chemistry; for example, potassium feldspar is
not-reactive and harmless in combustion [27]. The alkalis that
are soluble at a pH of 3 in the fuel leaching process can be assumed
especially prone to deposition on convective heat exchangers [34].
Analogously, calcium is present in several silicate minerals in bio-
mass, quite inert under combustion conditions. This fraction is
insoluble in the selective leaching tests [27,35]. The fraction of
the total calcium content involved in the ash chemistry is assumed
as the one leachable from the fuel at pH 1 [34]. The pH 3 fraction
can be defined as the inorganic matter fraction leached in ultra-
pure H,0 and 1.0 M NH4Ac(aq) solutions in the chemical fraction-
ation. The pH 1 fraction can be defined as the inorganic matter
fraction leached in ultra-pure H,O, 1.0 M NH4Ac(aq) and 1.0 M
HCl(aq) solutions in the chemical fractionation.

Within our work, three improved molar quantities to charac-
terise the high-P fuels® fouling are proposed, based on the analysis
of the K,0-Ca0-P,0s ternary system and global reactions Eq. (1)-
(3), on the combination of the reported indices from Grimm [15],
Piotrowska [24], Seresen et al. [25,32,33] and Wu et al. [18], and
on the mentioned additional information from the chemical
fractionation.

* WoniNa) [mol) A value higher than 0.4-0.5 corresponds to a

high influence of P in the ash interactions.

. m [mal], A value higher than 1.0 could evidence the risk

of formation of alkali-phosphates.

(Capy1 +Mgpn1) I . .
Ko iNa mai]- A value higher than 1.0, for P-rich fuels, could

mol
indicate high probability of formation of K-Ca-phosphates tern-
ary phases [19].

For the reactive potassium and sodium contents, only the frac-
tion of the oxides that has not reacted to silicates should be taken
into account. However the competition between P and Si for react-
ing with K*, Mg?* and Ca?* seems not fully understood, as previ-
ously mentioned [20,23]. Since the focus is the fouling,
concerning the phosphorus content, only the fraction released
from the fuel bed to fly ash (and not the one retained in the resid-
ual ash) should be taken into account.” As for potassium, high com-
bustion temperatures seem to enhance the phosphorus volatilisation
[36].

3 Defined, for example, as a fuel with a P concentration in the ash higher than
1200 mg/kg (of fuel, dry basis) and with P/(Kyu3 + Napyz) > 0.2.

4 As an example, the phosphorus fraction released for poplar and brassica energy
crops combustion was quantified to much below 20% [36]; on the contrary in case of
bran combustion 60-70% of phosphorus content was released during combustion in
the temperature range 900—1100 °C [18]. For agricultural residues the leachability of
phosphorus in water and ammonium acetate in the fractionation process spans
between 70% and 100% [35].
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By the combination of these ratios, different limit scenarios can
be analysed. Besides, it could be possible to evaluate in a prelimi-
nary simplified strategy (Fig. 1) whether potassium, calcium and
phosphorus could be included in ternary alkali-alkaline earths-
phosphates which have a positive effect concerning fouling, mainly
by mitigating the formation of low melting temperatures potas-
sium phosphates, chlorides and sulphates.

In case of scenario (a) a severe fouling behaviour is expected
because, theoretically, alkali can react with P, Cl and S compounds
forming fouling alkali phosphates, chlorides and sulphates. Also in
case of scenario (b) a severe fouling behaviour is expected, how-
ever, the molar amount of alkaline earth metals is higher than
the phosphorus content, increasing the probability of formation
of high melting temperature K-Ca/Mg-P phases. In case of scenario
(c), a severe fouling behaviour is expected since alkali phosphates
are expected to be formed (preferential interaction with K). When
looking at scenario (d), a medium fouling behaviour is expected
because, theoretically, alkali can react with other species than
phosphorus, forming alkali chlorides and sulphates. A relatively
low occurrence of alkali phosphates is expected; alkali chlorides
and sulphates are expected in less extent with respect to the sce-
nario (b). If considering the scenario (e), theoretically, most of
the alkali can react with Ca, Mg and P. A relatively low occurrence
of alkali phosphates is expected, and alkali chlorides and sulphates
are expected in less extent with respect to the case described in (d).
However, P-compounds in the flue gas (i.e. H3PO4) should be mon-
itored, because they could cause low temperature deposition prob-
lems [18]. This characterisation strategy should not be used
without modifications in case of high silica fuels, because of the
possibility of forming low melting points Ca-P-silicates [14], not
investigated here because of the low quantities of Si in the sun-
flower hulls.

Following this approach, additives could be used to modify the
elemental release (i.e. kaolinite) and to enhance the formation of
specific phases (i.e. phosphorus and active calcium compounds),
moving towards the scenarios (d) and (e). This strategy is expected
to be helpful to evaluate possible countermeasures to hard fouling
issues and to understand experimental outcomes presented in the
following sections.

2.2. The drop tube furnace

In the last years, different studies about biomass fuel combus-
tion performances have been performed in Drop Tube Reactors or
Furnaces (DTF) [37,38]. In the frame of the this study, an experi-
mental campaign took place in a DTF [5]. The DTF jointly developed
by Laborelec and UCL is depicted in Fig. 2. Its main component is a
6 m-high vertical tube (17.8 cm ID) heated by electrical resis-
tances. The furnace is composed of six electrical modules, of which
the temperatures are independently regulated. The maximum
temperature reached by the modules is 1300 °C. The metal alloy
tube used in this study can withstand temperature up to 1100 °C.
It is equipped with six pairs of welded ports, for easy injection or
sampling of particles, as well as insertion of deposition probes.
One additional visualisation port is installed at the bottom of the
tube in order to have visual access to any deposition probe inserted
in the lower pair of horizontal ports. For application up to 1300 °C,
the alloy vertical tube can be replaced by a ceramic tube. The elec-
trical modules can be easily opened for replacement of the tube or
for maintenance, due to their unique half-shelf design, depicted in
Fig. 3. The particles are dropped in the tube by gravity or are
sucked in by an ejector and entrained in a compressed air flow.
The mass flow rate is controlled by a vibrating plate. A gas burner
can deliver flue gases to the vertical tube in order to control the
combustion atmosphere. The deposition probes inserted horizon-
tally through the ports are cooled by air or water, and are equipped

with thermocouples welded on their surface (flash welding) for an
accurate control of their surface temperature.

2.3. Experimental conditions

Six fuels have been considered for the experimental part of this
work, namely RAW, PA1, PA2, PA3, PA4, PA3c. The main parame-
ters for the conducted experiments are described in Table 4. The
fuel RAW is sunflower hulls. The fuels PA1 to PA4 are sunflower
hulls with an increasing concentration of phosphoric acid H3PO4
(PA) 85% aqueous solution as additive, in order to obtain different
P/K ratios in the fuel. The fuel PA3c is sunflower hulls with a speci-
fic addition of phosphoric acid and calcium carbonate. The PA solu-
tion was diluted with water to get a final volume of 1 L of injected
liquid for 15 kg of solid fuel. Limestone powder (CaCO3) (>98%,
Fisher Scientific) was added to reach a specific P/Ca ratio in the fuel
composition (PA3c). The PA impregnation and the limestone addi-
tion (premixed) to the fuel was achieved in a cement mixer. For
each experiment the fuel batch was inserted in the mixer for about
1 h. The measured P/K ratio of the fuel with PA addition was shown
to be in good agreement with the targeted P/K ratio. Each fuel has
been tested in the furnace. For each test, the biomass flow rate was
set to 1.25kg/h and about 5 kg of sunflower hulls fuel were
burned. The DTF was fed with milled and sieved sunflower hulls
with a particle mean size below 2 mm (aspect ratio 5-6).

The DTF operating parameters have been kept constant for all
the tests. The temperature of each heating module was set in order
to mimic the conditions seen by a particle before depositing on the
economiser convective section (medium-low temperature) of a
boiler (see Table 5). A deposition probe (25.4 mm diameter) was
inserted in the horizontal port of the penultimate module and
cooled using air in order to maintain a temperature of
200 + 30 °C on its surface. Then the probe was removed and the
deposits analysed. In this test campaign, the HCI and SO, concen-
trations in the flue gases were not monitored, being beyond the
scope of this work.

3. Results and discussion
3.1. Fuel characterisation

The fuels tested were characterised with XRF analysis and the
results are presented in Table 6 and Fig. 4. The variations among
the samples composition could be explained: (1) considering the
non homogeneity of the inorganic compounds distribution within
the fuel matrix®), (2) considering the mixing with additives.

Chemical fractionation results for the PA3c case is reported in
Figs. 5 and 6. The higher concentration of calcium and potassium
in the ash with respect to the sample analysed, and for which
the concentrations are reported in Table 6, might be explained con-
sidering inhomogeneity in the fuel batch and measurement errors.
In the sample analysed, calcium is mainly acid leachable. The
majority of the magnesium, phosphorus and potassium contents
are water-soluble (about 90%). The high solubility of sulphur and
phosphorus indicates the presence of alkali sulphates and phos-
phates. The insoluble part of sulphur indicates the presence of
organically bonded sulphur.

The chemical fractionation for a RAW case sample was per-
formed and the results are coherent with outcomes available in
databases (not shown here). The addition of phosphoric acid causes
an increase in the phosphorus content (as well as for sodium, pre-
sent in the additive in a small quantity, <200 ppm). Almost all the

5 For example, for calcium and sodium the concentrations in two samples of the
same fuel (without PA addition) varied in the range +35%.
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Fig. 1. Qualitative characterisation of the fouling propensity of high-P fuels. For case (e) low temperature deposition, not related to alkali but to the other P-compounds
should be monitored.
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Fig. 2. Schematic of the drop tube furnace [5].

phosphorus added is found in the solubles fractions. As a partial mass [18]. According to test performed for bran combustion [18],
conclusion, for the sunflower hulls analysed, the potassium and the elemental release of P in such an association happens in the
the phosphorus contents soluble at pH = 3 corresponds to the total temperature range 850-1100 °C, mainly forming KPO3, which has

contents. All the calcium in the fuel is soluble at pH = 1. a melting point of about 800 °C (Table 2).

The majority of phosphorus in sunflower hulls is expected to be The molar ratios introduced beforehand (see Table 3) were
present as phytic acid or phytate if combined with other inorganic computed for all the tested fuels. The results are presented in
elements such as K, Mg, Ca, as is suggested for seed-originated bio- Table 7. According to this first assessment, the probability of
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Fig. 3. LasoreLec-UCL drop tube furnace, with opened electrical modules, in order to
access the vertical tube [5,12].

Table 4
Measured molar quantities in the fuel for the experimental campaign.

Experiment P/Ca (mol/mol) P/K (mol/mol)
Raw s. hulls [RAW] 0.69 + 0.06 0.29 +0.08
PA addition [PA1] 2.00 + 0.06 0.85 +0.08
PA addition [PA2] 3.54+0.06 1.44 +0.08
PA addition [PA3] 4.80 +0.06 1.96 + 0.08
PA addition [PA4] 7.61 £0.06 3.09 £ 0.08
PA, CaCOs addition [PA3c] 1.26 £ 0.06 1.96 £ 0.08

Table 5
Target and actual temperature for each of the 6 modules of the DTF, and for the probe
surface.

DTF module Target T (°C) Actual T (°C)
Module 1 (top) 900 900+ 6
Module 2 900 900 £ 4
Module 3 800 800+2
Module 4 700 7001
Module 5 600 600+ 1
Module 6 (bottom) 500 500 +4
Probe surface 200 200+ 30

fouling is high. A high alkali concentration in the gas phase is
expected. The silica content measured is low, indicating that high
temperature fouling by molten alkali-silicate particles should pre-
sent a low risk. The amounts of potassium and sodium with respect
to the alkaline earth metals, which can increase the ash compo-
nents melting temperatures in the bottom ash fraction, is relatively
high. The coarse and fine fly ash emissions in the gas phase are

Table 6

Analyses of fuels tested (all fuels analysed, only the RAW, PA2, PA4, PA3c cases are
here reported). Er (%) relative error in percent (RAW, PA2, PA4). (PHY2*) Median
values from Phyllis 2 database (ECN): 3 samples. d.b.: dry basis. a.r. as received. daf:
dry and ash free basis. LHV reported as (M]/kg d.b.).

Er (%) RAW PA2 PA4 PA3c PHY2*
Sunflower hulls
LHV +0.5 19.0 19.0 18.6 19.0 19.4
M (% ar.) 2.0 12.2 16.5 16.0 8.1 10.5
Ash (% d.b.) 2.0 3.0 3.5 49 7.4 3.8
C (%dap) +0.6 50.5 49.8 48.4 49.4 51.1
H (%dar) 2.0 6.0 6.0 5.9 5.9 6.1
O (diff.) 425 433 44.8 434 42.7
N (%daf) +3.0 0.9 0.9 0.9 0.8 0.1
Ultimate analysis (mg/kg dry fuel)
S +3 1538 1601 1750 1769 2200
Cl +10 764 765 641 752 n.a.
Ca +2 2644 2073 2123 8049 3475
Mg +8 1742 1797 2213 1990 1707
Al 15 169 285 487 355 109
Si +6 108 108 108 108 108
Fe +6 223 119 112 119 1491
Mn +11 28 17 23 105 80
P 4 1410 5673 12481 7855 1366
K +4 6126 4964 5097 5056 10864
Na +8 653 994 1573 1217 100
Cu +25 9 8 7 9 n.a.
Zn +10 27 20 18 20 n.a.
Pb +10 7 <1 <1 <1 n.a.
cd +30 4 3 3 7 n.a.
Ash melting behaviour
IDT (°C)* n.a. n.a. n.a. n.a. n.a. 940

2 Initial Deformation Temperature from Phyllis 2 database (ECN).

mg/kg d.b.
9000

8000
7000
6000
5000
4000
3000
2000
1000

12481

S (o] Ca Mg Al P K Na
RAW PA1 WPA2 EPA3 EPA4 EPA3c

Fig. 4. Inorganic element concentrations in the different fuels tested.

expected to be medium-to-high. In particular, there is a high risk
of formation of SO, (relatively high sulphur content for a biomass
fuel) and HCI, which can further react in the gas phase and in the
deposits to form condensed KCIl. A high sulphur to chlorine ratio
is an indication of the possibility to have the sulphation of the chlo-
rinated deposits, reducing the risk of corrosion [27,28]. However,
alkaline earth metals can react with sulphur and with phosphorus,
globally reducing its availability for the alkali chlorides sulphation.

Concerning the P-role, the strategy introduced in the previous
section (Fig. 1) is applied. The results are presented in Table 8.
All the potassium and sodium contents are considered as reactive.
All the calcium and magnesium are considered as reactive, since
the very low occurrence of silicate minerals in the sunflower hulls,
and in coherence with selective leaching. As the split between bot-
tom and fly ash cannot be investigated in an entrained flow DTF, all
the phosphorus in the ash is considered available for the reactions
and the deposition.

According to these results (Table 8), three preliminary types of
information can be retained:
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"EEEEEE
80%
B Rest fraction
60% Leached in HCI
B | eached in Acetate
40%
B | eached in H20
20%
0% . -
Si Al Fe Ti Ca Mg P Na K

Fig. 6. Chemical fractionation results for a sample of the PA3c fuel batch (relative fractions).

Table 7

First prediction of ash issues in combustion of the considered fuels.
Index Value RAW/PA2/PA3c/PA4
Biiest 1.5/2.5/1.4/3.7
K+Na+Zn+Pb+Cd 6817/5981/5986/6691
%ﬁzli 0.6/0.7/0.7/0.6
2 4.4/4.6/4.2/6.0
ST 0.6/0.2/0.8/0.1

Table 8

Key molar indices concerning the P-role in the sintering propensity for the fuels
analysed.

(mol/mol) (mol/mol) (mol/mol) (Fig. 1)
RAW 0.74 £0.09 0.25+0.08 0.33+0.08 b
PA1 0.75 £ 0.09 0.69 +0.08 0.91 £ 0.09 b
PA2 0.74+0.10 1.08 £ 0.09 1.46 +0.09 C
PA3 0.74+£0.10 1.39+0.09 1.88 £0.09 c
PA4  0.72+0.10 2.03 £0.09 2.80 £ 0.09 C
PA3c 1.55%0.09 1.39+0.09 0.90 + 0.09 e

1. For the RAW and PA1 cases theoretically, the phosphorus molar
content, even if totally available, would be not sufficient to trap
the reactive alkali in high melting temperature ternary phases.
For the PA2, PA3, PA4 cases, the phosphorus could, theoreti-
cally, capture most of the alkali metals in ternary phases.

2. For all the fuels analysed apart from PA3c, the alkali earths
molar content is lower than alkali metals molar content. Con-
cerning the P-role, even if part of the potassium could be trap

in alkali-alkaline earths-phosphate phases, there is a high
probability that alkali metals react with sulphates and
chlorides.

3. For all the cases apart form the RAW and PA3c samples, the
phosphorus over the alkaline earth metals content in the fuel
samples is higher than 1, with high risk of formation of low
melting alkali phosphates.

As a summary for the PA2/PA3/PA4 cases respectively, a
high/very high/very high sticky fouling behaviour is expected. Con-
sidering the PA1 case with respect to the RAW test, an increased
amount of the phosphorus with respect to the alkali metals and
alkaline earths metals is present. With respect to the RAW test,
an increased amount of the phase K-Ca-phosphates could be
formed. The RAW/PA1 cases are expected to have respectively a
high/high fouling propensity. The case PA3c is expected to show
the lowest rate of build up on the deposition probe, mainly formed
by loose bounded deposits where the alkali-alkaline earths-
phosphate phases are dominant; this case is represented by the
scenario e (medium) in Fig. 1. The deposition tests visual and
SEM-EDX analyses are presented in the next sections.

3.2. Visual inspections

The six deposition probes were visually analysed. The wind-
ward views of the deposition are presented in Fig. 7. Two different
layers were observed on the deposition probes: (1) a loosely
bounded coarse outer layer, essentially on the windward side of
the probe, (2) a smooth and uniform inner layer covering the
probe.

The outer layer was initially greyish/white (RAW, PA3c) and
turned darker from PA1 to PA3, until being black for the PA4 exper-
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(a) RAW (b)

(e) PA2

(k) PA3c | @

Fig. 7. Windward views of the deposition probes after deposition tests for each
tested fuel sample. On the right side, details of the probes. The wires are the
thermocouples used to control the probe surface temperature.

iment. The layer was made of inertial impaction particles, easily
removed by gravity. The particles seemed to be coarser and larger
from PA1 to PA4 (about 1 mm diameter). This could be related to
the formation of a high melting temperature K-Ca-phosphates
ternary phase which could form seeds for heterogeneous conden-
sation and the formation of larger ash particles in the flue gas.
For the PA3 and PA4 experiments, the outer loosely bounded layer
seemed to be reduced in thickness. In the PA3c experiment the
outer layer seems constituted of inert greyish/white relatively
small particles.

The inner, sticky, layer seemed to turn darker as the PA addition
increased. The inner layer of the PA3c case seems less uniform and
dark, and visually similar to the PA2 case. The layer for the RAW

experiment has probably occurred by a condensation mechanism
(smooth, thick and uniform). The layer structure for the experi-
ments with PA addition looked more porous, probably made of a
mix of particles and of condensed matter, also harder to remove
than the greyish/white condensates (KCl and K,SO4 are expected)
from the RAW experiment. This could be related to the formation
of high melting temperature K-Ca-phosphates ternary phases,
low melting temperature alkali phosphates and phosphoric acid
condensate [18].

3.3. SEM-EDX analysis

SEM-EDX analyses were performed on the recovered deposits
on a representative area® of about 1 mm?, allowing for a semi-
quantitative assessment of the elementary composition of the
samples. For each of the six probes, two different ash samples were
analysed: (1) a sample was taken on the probe itself, including the
inner sticky deposition layer as well as some inertial impaction par-
ticles and (2) another sample was taken on the loose bounded parti-
cle deposits, which collided the probe due to the inertial impaction
mechanism. The inorganic compositions of both the inner and outer
layers were measured in large representative zones, as well as on
specific points of interest, see Table 9. The fate of the key inorganic
elements is discussed in the following, for each experiments, based
on the tendencies presented in Fig. 8.

Sulphur (S) and chlorine (Cl) concentrations did not exceed
more than 5% in the outer layers of the different experiments
and not more than 10% in the inner layers (see Fig. 8). S and Cl pre-
sent higher concentrations in the same spots in the inner deposi-
tion layer, in the form of alkali sulphate K;SO4 and KCI(s), given
the high concentration of K in all the zones where S and Cl are to
be found. The KCl compounds in the inner layer are expected to
be formed by heterogeneous condensation [21,39,40|. The outer
deposition layers of the PA3 and PA4 experiments showed the
presence of zones with high S concentrations (>20%) combined
with low Cl concentrations (<3%). As a very high Ca content is mea-
sured in those zones (>40%), sulphur is supposed to be present as
calcium sulphate. In general, S and Cl contents seem to decrease
in the inner and outer deposition layers with increasing PA addi-
tion (see Fig. 8). This could be explained considering the preferen-
tial association of K with P instead of with Cl and S species. Cl and S
will then tend to stay in higher concentrations in the flue gas as
HCI and SO,, instead of depositing on the probe. The reduction of
the Cl content in the deposits is especially favourable because of
the corrosive character of KCl compounds. Interestingly, the S
and Cl contents in the inner and outer layers seem to converge
with an increased phosphorus content in the fuel (see Fig. 8). Sul-
phur and chlorine concentrations in the PA3c case deposits are low
relatively to P and Ca contents, and not significantly different from
case PA3, confirming the preferential association of K with P and Ca
instead of Cl and S species. However, the spot analysis showed that
some particles from the outer layer were most probably made of
CaCl,, which would motivate the higher chlorine concentration
with respect to the PA4 and PA3 cases (see Fig. 8). CaCl, has a melt-
ing point of approximately 775 °C and could be formed according
to the reaction (6) [35]:

Ca0(s) + 2HCI(g) = CaCly(g, 1) + H,0(g) (6)

The phosphorus concentration increases in both inner and outer
deposition layers when increasing the PA addition (from 5% in the
RAW experiment to more than 40% in the PA4 experiment, see
Fig. 8). In the inner layer of the RAW experiment, the phosphorus

6 Avoiding the boundaries of the probe deposition area.
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Table 9

Molar concentrations of inorganic elements of some selected locations in the deposition layers analysed. Not all samples analysed are reported. For selected samples, the
composition of the whole analysed area is given (Sum spectrum), as well as for some specific zones of interest (Spectrum). All results in molar %.

Na Mg Al Si P S Cl K Ca Fe Cu Zn W
RAW experiment, outer layer (inert impaction particles)
Sum spectrum 0.00 25.76 0.15 1.73 6.13 4.03 3.26 34.83 27.06 0.32 0.59 0.49 0.00
PA1 experiment, outer layer (inert impaction particles)
Sum spectrum 0.00 14.51 0.34 1.63 22.05 3.24 1.65 37.20 21.44 0.46 0.35 0.31 0.00
Spectrum 4.02 2.75 17.11 42.61 8.07 0.91 0.45 18.15 8.68 0.49 0.30 0.14 0.00
Spectrum 0.00 9.43 0.81 2.68 38.23 0.58 0.45 36.77 12.79 0.76 0.21 0.00 0.00
PA3, inner layer
Sum spectrum 0.00 9.49 0.27 0.33 35.95 2.93 5.00 33.95 21.63 0.58 0.79 0.64 0.62
Spectrum 0.00 6.15 0.39 0.60 18.66 2.20 16.16 42,57 13.88 0.42 0.77 0.63 0.00
PA3c, inner layer
Sum spectrum 0.00 498 0.00 1.20 19.49 3.64 7.41 2245 42.10 0.26 0.33 0.00 0.00
60 40 ° tions in Fig. 8. The outer layer of the PA1 experiment is richer in
at? a0 . at? 30 o . e Ca and P, revealing the possible presence of a higher concentration
= . z of K-Ca-phosphates ternary phase. The phosphorus concentration
E 2 o * ¢ E . in ash increased for the PA2 and PA3 cases: in both the removed
Y . 10 layers in the form of K-Ca-phosphates ternary phase and alkali
RAWPAT PAZ PA3 PA4PA3C RAWPAT PAZ PAS PA4PASC phosphates. Potassium phosphates are expected to occur by
~ 60 - 20 heterogeneous condensation on K-Ca-phosphates seed particles,
% 40 . % 7 since both K—Cafphosphates ternary phases and K-phosphate
g sl o g . * ., phases are found in the same zone..
5 ¢ 0 e o = The phosphorus concentration increased by more than 10%
© = 5 ? e between the PA3 and the PA4 tests (see Fig. 8). Both in the inner
RAWPAT PA2 PA3 PA4PA3C RAWPAT PAZ PA3 PA4PA3C and outer layers of the PA4 experiment, deposits are dominated
10 10 by molten potassium phosphate compounds. In the outer layer,
g . g . the shape of the P-rich and K-rich zones is circular, a hint for con-
g s o ! e = 5 * . densate species. Alkali phosphates seem to have condensed on
E ¢ E ¢ . seeds before those seeds inertially impacted the outer layer of
o 0 L) “ i the deposition probe. For the PA3c case, the lowest concentration
RAWPAT PAZ PA3Z PA4PA3C RAWPAT PAZ PA3 PAAPASC of potassium is measured, among the six tests (see Fig. 8). Most
(a) Total deposit compositions of potassium is found in the same spots as is phosphorus, in detri-
ment to chlorine and sulphur. Few larger particles (about 50 um),
60 60 most probably made of K-Ca-phosphates, are found and probably
g a0 % g al * . acted like a seed for heterogeneous condensation of K-phosphate.
z .= . g ° g 5 Some chlorine and phosphorus rich zones, with low concentration
E 20 S * x E 20 3 of K but with high concentration of Ca or Mg, are also present. In
T x 0 the outer layer, the deposits analysis shows that phosphorus is
RAWPAT PA2 PA3 PA4PA3C RAWPAT PA2 PA3 PAAPA3C mainly associated first to K, and then reacting with Ca, because
60 30 K, P and Ca are found in high concentrations in the same spots
=y g i
T a0 x & ooo| ° (Fig. 9). , , , ,
S . S o . To summarise the experimental campaign outcomes, the addi-
% a8 X8, % 10 x xRS o tion of phosphoric acid increases the phosphorus concentration
O 4 * = o in the inner and in the outer ash deposition layers. Alkali sulphates
RAWPAT PA2 PA3 PA4PA3C RAWPAT PA2 PA3 PAAPA3C and chlorides are reduced and a K-Ca/Mg-phosphates ternary
107 x 15 phase is observed in both deposition layers already with small
ate % % ar? wl PA additions. The occurrence of this ternary phase replace some
Z 5 o g X of the condensate-type deposition layer by a particulate-type layer.
E ° o E 5 o o R e « Nevertheless, for high concentrations of phosphorus in the gas
o 0 ° x @ % " phase, an increased amount of partially melt potassium phosphate

RAWPAT PA2 PAS PA4PA3C RAWPAT PA2 PA3 PAAPA3C

(b) Inner and outer layer compositions

Fig. 8. (a) Inorganic composition for the inner and outer deposition layers collected.
(b) Inorganic composition for the inner layer (crosses) and the outer layer (circles)
of the deposits collected in the experiments.

content is quite low. In K-rich zones (the largest areas of the con-
densed deposits), the potassium seems to be mainly associated
with Cl and S (about 10% total weight relative percentage).

In the inner layer of the PA1 experiment, slightly less KCI and
K,SO4 condensates are present, seen the lower K, S, Cl concentra-

and other phosphorus compounds is observed. In the PA3 and PA4
experimental sets, two mechanisms could have occurred: in the
flue gas, the potassium phosphates could heterogeneously con-
dense on seed particles, increasing the agglomeration and forming
large, higher inertia,” particles; in the deposit, the partially melt
layer probably acts as a glue for ash particles occurring by inertial
impaction to stick on the deposition probe. This could explain the
larger size of the impacted particles in the PA3 and PA4 experiments
and the smaller amount of loose deposits. Finally, for the PA3c case,
an increased amount of coarse, loosely bounded outer layer particles,

7 Therefore with higher propensity to bounce off the probe after their impaction.
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Cl Ka1

Fig. 9. SEM-EDX images for P, K, Cl, Ca of a representative area (1.7 mm?) of the outer layer particles (removable by gravity) of the case PA3c.

mainly made of K-Ca/Mg-phosphates ternary phase is observed. The
occurrence of this ternary phase, easier to remove from the probe, is
maximised in this case, due to the higher availability of calcium.
During the PA3c test, calcium chloride is also formed.

The experimental outcomes confirm the trends identified with
the preliminary characterisation strategy (see Fig. 1). Due to an
increased P content, K is captured in phosphate phases, due to an
increased Ca content, the formation of K-Ca/Mg-phosphates tern-
ary phase is maximised, reducing the occurrence in the deposits of
S- and Cl-compounds and the sticky fouling behaviour.

4. Conclusions

During high-P solid biomass fuel combustion, part of the K and
P is released and involves in complex interactions with other ash
forming elements. Previous studies have shown the great influence
of phosphorus on the ash deposition behaviour, even though the
exact phosphorus-related deposition mechanisms are still not
completely understood.

A detailed literature review suggested to assess, in a simplified
characterisation step, the high phosphorus fuel fouling behaviour
with three molar quantities in the ash. The simplified strategy
developed could be used for a preliminary characterisation of the
fouling behaviour of high-P solid fuels and for a semi-
quantitative assessment of the need for additives. Furthermore it
could integrate thermodynamic equilibrium models outcomes,
which however still suffer from a lack of data and results depen-
dency on the database used for the calculations, especially for
phosphorus compounds [13,23].

The experimental results show that increasing the fuel
P-content allows to capture the alkali metals in alkali-alkaline
earths-phosphates and alkali-phosphates phases, reducing the
occurrence in the deposits of S- and Cl-compounds. Low melting

temperature phases can be reduced enhancing the formation of
coarser, high melting temperatures ash particles formed by K/
Na-Ca/Mg-phosphates. The investigation suggests that sunflower
hulls fouling could be reduced by an optimised addition of phos-
phorus and alkaline-earth metals additives, confirming the trends
identified for logging residues and wheat straw [19], on the condi-
tions that higher concentrations of acidic gases HCI, SO, can be tol-
erated [22]. The drop tube furnace experimental results confirm
the tendencies identified in the preliminary characterisation strat-
egy proposed. The characterisation strategy, based on three
improved indices, can bring valuable information on the fouling
propensity, when processing high-P solid fuels.

Further experimental work should be performed to assess the
ash behaviour when co-firing a high-P fuel with a high-Ca fuel
(e.g. bark) and to assess the effectiveness of calcium-based addi-
tives (i.e. CaCO;,CaOH,, Ca(H,P04),H,0) to minimise the rate of
buildup for agro-residues with high phosphorus content. Improve-
ments in the experimental outcomes would be reached with flue
gas measurements in the DTF. Additional fundamental research
should also investigate the phosphorus split between the bottom
ash and fly ash.
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