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ABSTRACT: Agrobiomass is presented as a suitable alternative to
contribute to the fossil fuel decarbonization strategy at the
European level. To achieve the ambitious objectives established
in this regard: (i) new biomass resources need to be used and
therefore initially tested in order to confirm its potential for
different applications, such as energy production, and (ii) biomass Ay e
supply capacity needs to be enlarged; therefore, agroindustries S ASE"s% agropellets
converted into Integrated Biomass Logistic Center (IBLC) can play
a key role. In this research, eight different agropellets (blends of
wheat straw and maize stalk with forestry wood) were produced in
a IBLC and tested in a commercial boiler, comparing the results
with previous ones obtained in a fixed bed reactor test campaign
and to a base case (woody pellets). This paper includes both individual results in terms of bottom ash, deposition, and a final
comparison of ash behavior in both facilities. All biofuels tested showed an adequate performance in terms of efficiency and
emissions, being slightly better for the agropellets produced with wheat straw. Regarding sintering and deposition, the tendencies
found in the reactor investigation were also observed in the commercial boiler. Moreover, the assessment of the results from the
boiler and reactor’s tests proved that reactor experiments are representative and may be used to test new biofuels more efficiently in
terms of effort and time allocated and could be used to predict sintering and deposition phenomenon occurrence.

Commercial

grate fired
boiler

1. INTRODUCTION

Decarbonization and climate change mitigation are presented as
challenging goals for industrial sectors in Europe. Recently, the
European Commission launched the legislative initiative “Fit for
55” in July 2021." The package contains legislative proposals to
revise the entire EU 2030 climate and energy framework,
addressing the legislation on effort sharing, land use and forestry,
renewable energy, energy efficiency, emission standards for new
cars and vans, and the Energy Taxation Directive. Previously,
Red II defined the overall EU target for renewable energy source
consumption by 2030.” In order to reach these decarbonization
objectives established for 2030 and 2050, it is crucial to find and
test new sources of residual biomass fuels, which could be able to
compete and/or substitute fossil fuels and traditional biomass
sources, such as forest biomass.

The main challenge concerning these new biofuels relates to
ash content and their composition, which can lead to deposition
and sintering. It is therefore necessary to deeply study their

of many residual biomass fuels, can sinter and cause significant
problems in terms of emissions as well as efliciency and
equipment lifetime decrease.””” The ash that is not retained in
the bed (fly ash) can leave it by means of two different
mechanisms: vaporization or entrainment of solid particles
(coarse fly ash). After complex mechanisms,®~'% a fraction of
this volatilized ash can directly condense or, after formin%
aerosols, be deposited by thermophoresis and/or diffusion™" "'
on the heat exchange surfaces of the equipment. It can even
condense into coarse fly ash.”'" On the other hand, part of the
coarse fly ash can be deposited on heat exchange surfaces by
inertial impact. All these deposits can cause a reduction of the
heat transfer, and an increase of corrosion and erosion
phenomena.’™”

Within this context, pilot facilities can play a key role enabling
to learn more about the performance of these new biofuels,
which in turn could contribute to expand their use. This kind of

behavior during combustion and how to address these
phenomenon occurrence to decrease their impact on the overall
performance and efficiency.

Ash undergoes physical and chemical transformations during
combustion. Part of the ash components accumulates on the
grate (bottom ash) and, given the low ash melting temperature
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Table 1. Bibliography Studies in Lab-Scale Reactors

Objective Technology References

Examine kinetics of loose biomass combustion seeking to study heat- and mass-transfer processes and the ~ Vertical tube reactor 13

impact of flue gas recirculation on the peak temperature
Analyse fouling on heat exchangers Lab-scale combustor with underfeed 14

fixed-bed and air staging
Study of the ignition front propagation velocity and the impact of the excess air ratio Fixed-bed combustor 15
Evaluate combustion characteristics and process rates Fixed bed reactor 16
Study the dynamic behavior of ash deposition Down-fired furnace 17
Evaluate the deposition behavior and fouling phenomena Entrained flow reactor 18
Comparison of silica and limestone as bed materials to reduce agglomeration and sintering tendencies Bubbling fluidized bed 19
Quantify the release of K, Cl, S, and P during combustion Fixed-bed reactor 20
Evaluate combustion performance and study ash behavior (sintering and deposition) Fixed-bed reactor 21
Table 2. Fuel Properties (% a.r.: Weight Percentage as Received; % d.b.: Weight Percentage in Dry Basis)
‘WP100 WSP100 WSP72 WSP60 WSP35 MSP100 MSP52 MSP10
Wood Wheat straw Wheat straw Wheat straw Wheat straw Maize stalk Maize stalk Maize stalk
Parameter Units pellet 100%  pellet 100% pellet 72% pellet 60% pellet 35% pellet 100% pellet 52% pellet 10%
Proximate Analysis

Moisture % a.r. 7.6 4.8 6.4 6.7 10.2 S.5 S.5 7.6
Volatile % d.b. 81.0 73.8 74.5 74.9 74.7 71.7 72.9 74.8

matter
Fixed carbon % d.b. 18.0 20.1 21.6 22.0 21.2 15.8 20.9 22.1
Ash % d.b. 1.0 6.1 3.9 3.1 4.1 12.5 6.2 3.2
Durability % a.r. 91.3 97.7 96.6 95.9 92.6 96.1 97.4
Bulk density kg/m‘s,d.b‘ 510.2 667.3 604.3 562.2 460.0 638.1 655.6 587.6
Fine <3.1S mm 3.07 1.76 3.10 1.52 4.41 2.44 0.98 1.27

percentage

Ultimate Analysis
C % d.b. 51.90 45.50 48.10 49.20 49.30 42.60 48.10 S14
H % d.b. 5.80 5.80 5.90 6.00 5.90 5.20 5.80 5.8
N % d.b. 0.13 0.42 0.30 0.50 0.29 0.82 0.44 0.27
S % d.b. 0.01 0.08 0.08 0.03 0.05 0.13 0.03 0.03
Cl % d.b. 0.02 0.19 0.06 0.05 0.05 0.53 0.20 0.06
(6] % d.b. 41.00 41.91 41.66 41.12 40.32 38.20 39.23 37.7
Heating Value

Low heating kW h/kg, 4.90 4.43 4.59 4.67 4.50 4.00 4.61 4.70

value ar.

facilities allow one to perform flexible and complete
experimental studies, which enable to analyze the dynamic
behavior of ash deposition in pure or blended biomass
combustion to optimize its performance. The aim of this kind
of research is to understand fuels’ behavior and define the most
appropriate operating parameters for each blend.

Even though it represents the most accurate method to test
new fuels, combustion tests carried out in facilities with boilers
are challenging and time consuming, due to the large number of
variables affecting the performance and the difficulty to
appropriately monitor them. For this reason, these tests are
frequently carried out in lab-scale reactors, which allow one to
adequately control the combustion conditions while simplifying
the operation, enabling the performance of more systematic
analyses, longer experimental series, and a tighter control of the
conditions. The applicability of experimental reactors is
supported by numerous experiences. Table 1 summarizes the
characteristics and objectives of some of these experiences.

This type of reactor enables to monitor more easily the
behavior of fuels under different operating conditions. Addi-
tionally, they allow samples to be taken more readily for the
characterization of solid residues, which is key to assessing
sintering and deposition phenomenon occurrence. Several
studies have investigated the deposition phenomena in these
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lab-scale reactors (e.g., refs 14, 17, 18 , and 22—24) and the
problems associated with biomass sintering (e.g., refs 19 and
24-27).

The rationale for the use of these reactors is to carry out tests
and, based on the obtained results, extract conclusions that
enable for instance to predict the behavior of different biofuels
during combustion in commercial installations in terms of
sintering and deposition. Nevertheless, the validation of the
results obtained in these reactors by means of tests performed in
boilers is rarely performed. Experiences have been carried out in
boilers applying similar methodologies to the one described in
the current work aiming to assess the behavior of different fuels
regarding sintering””” and deposition phenomena;*>’*' never-
theless, the results have not been compared with the ones
achieved in reactors.

In this sense, the work carried out aims to compare and
validate the results obtained in a fixed bed reactor at the lab scale
with the ones achieved during the combustion tests performed
in a commercial boiler, using the same fuels, aiming to verify the
former’s suitability to predict the importance of sintering and
deposition phenomenon occurrence. The work presented in this
paper has its origin in several experimental series performed in
the reactor facility (see publications (refs 32 and 33), which have
been compared with an experimental campaign in a boiler

https://doi.org/10.1021/acsomega.3c03201
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Table 3. Ash Analysis (EN-ISO 16967:2015)

‘WP100 WSP100 WSP72 WSP60 WSP3S MSP100 MSP52 MSP10
Wood pellet ~ Wheat straw Wheat straw Wheat straw Wheat straw Maize stalk Maize stalk Maize stalk
Parameter  Units 100% pellet 100% pellet 72% pellet 60% pellet 35% pellet 100% pellet 52% pellet 10%
Na,O % d.b. 1S 0.27 0.58 0.51 0.89 0.64 0.67 1.17
MgO % d.b. 9.06 3.04 2.86 291 2.69 7.99 6.1 6.77
ALO; % d.b. 5.62 1.19 175 2.13 5.88 5.81 5.82 7.00
SiO, % d.b. 16.55 55.81 38.11 34.57 35.00 38.94 38.38 27.71
P,04 % d.b. 3.89 2.62 4.36 3.84 2.96 3.61 4.17 3.65
K,0 % d.b. 13.27 21.71 27.52 28.48 23.87 11.05 11.75 11.29
CaO % d.b. 41.02 9.88 17.50 20.27 21.6 21.95 24.97 35.06
TiO, % d.b. 0.35 0.08 0.10 0.12 0.21 0.3 0.29 0.38
Fe,04 % d.b. 3.85 0.57 0.85 1.03 1.81 2.35 2.56 3.17
seeking to validate this comparison. This paper includes both
individual results in terms of bottom ash, deposition, and a final
comparison of ash behavior in both facilities. Weighing :
scale m| Chimney

2. MATERIALS AND METHODS II

2.1. Fuels. Eight different biofuels were produced in an Deposition
agroindustry inside the feed and fodder sector according to the - —————n probe
AGROiInLOG project’® concept based on the promotion of Data _VV
Integrated Biomass Logistic Centers (IBLC) in agroindustries. ',°ggeL-‘

The starting point to define the blends to be used was to — —Tes
evaluate the available residual agricultural biomass from the
surrounding area where the IBLC is located. Based on this 5 thermoouples
potential availability assessment, wheat straw and maize stalk [P feach 15 m) ! v
were selected to develop blended pellets together with forestry 2 B
wood seeking to fulfil quality requirements (according to ISO £ Fuel Entry —_— @
17225-6 Class A and B). More information on the methodology nepection [— [
followed to design and produce agropellet blends can be found e TC10 4
in ref 35.

As aresult, eight fuels were produced and analyzed taking into level 2 ————cy 10thprmocouples
account the following aspects: durability, amount of fines, bulk . feachts cml
density, proximate and ultimate analyses, lower heating value . Y-l TCa
(Table 2), and ash chemical analysis (Table 3). SE 1

2.2, Experimental Fixed Bed Reactor. The reactor used 2 TC1
consists of a vertical cylindrical combustion chamber, a grate, an o ;;e_;:;
air supply system, and a weighing scale, which allowed one to
monitor the reactor weight (see Figure 1). The chamber is made Air Fan Air flow

of steel AISI-3108S. Its dimensions are 1700 mm height, 200 mm
inner diameter, and 8 mm thick. The insulation placed around
the side wall is made of two different materials: ceramic fiber (50
mm) and rockwool (70 mm) seeking to ensure that bi-
dimensional effects are avoided almost completely besides
increasing safety when operating. The primary air is supplied
from below through the grate (grate porosity is 4.5%), so it is
evenly distributed in the width of the reactor. The reactor has a
system for air conditioning (see Figure 1), so that air is supplied
at a constant temperature (25 °C), independently of the
ambient conditions. The maximum bed height is 500 mm (i.e.,
level 1 in Figure 1). A smaller batch can be introduced (reaching
only levels 2 or 3, as shown in Figure 1) when tests are carried
out with a biofuel with high bulk density.

Regarding the operation, the equipment operates in the
counter current mode: ignition starts at the top of the fuel bed
(level 1,2, or 3) by means of an electrical ignitor and the ignition
front propagates downward, while combustion air moves
upward. In order to monitor the performance, 15 N-type
thermocouples can be placed along the height of the reactor
enabling to measure gas temperatures up to 1250 °C. Ten of
them are inserted inside the fuel bed (separated by S cm).

29487

meter
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T control é

Figure 1. Scheme of the experimental test facility.

Additionally, the facility was completed by installing a
deposition probe in the outlet pipe of the reactor (see Figure
1, more information is provided in this regard in Section 2.4).

2.3. Commercial Grate Fired Boiler. A 430 kWth nominal
power biomass grate-fired unit, primarily adapted for the
conversion of ash-rich fuels, was used to evaluate the
applicability of blended biofuels for heating purposes in existing
biomass units. As presented in Figure 2, the conversion system
used in the experimental part of this work is mainly divided into
four zones: burner (I), combustion chamber (II), and a heat
exchanger section (1II).

The burner is placed inside the combustion chamber and
consists of two stationary main grates (see Figure 2, 5) with
several holes for air supply. The first grate, which is located in the
upper part of the burner, is composed of horizontally positioning
small steps, resembling a ladder (with the openings in the riser

https://doi.org/10.1021/acsomega.3c03201
ACS Omega 2023, 8, 29485—-29499
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Legend:

Main zones in the conversion system:
1. Burner zone

II. Combustion chamber

III. Heat exchanger tubes

Main components in each zone:
1.Fuel feeding system

2.Primary air fan and ignitor
3.Ashremoval system

4.Ash exit

5.Burmer grate

6.Secondary air fan and air distribution
7.Ash pit and worms

8.Draught fan

9.Deposition probe

Figure 2. Main components of the grate fired conversion system.

part). The second one, which is positioned at the end of the last
step, is also flat but longer to facilitate complete char burnout.

Combustion air is supplied by three different fans. Primary air
(see Figure 2, 2) is provided as underfeed air through each
burner grate by two independent fans, one impels primary air
through the horizontal grate and other through the ladder. The
air injection nozzle arrangement and their number differ in each
grate step in order to supply as much air as possible according to
requirements for each thermal transformation process that fuel
particles undergo during combustion over the grate (i.e., heating
up, drying, devolatilization, and char oxidation phases).

This burner is also designed with an automatic ash removal
system (see Figure 2, 3), which scrapes ashes and other
combustion residues away from the second grate and moves
them into the ash pit located inside the combustion chamber
(see Figure 2, 7). The working period of the ash pusher (on/off)
can be adjusted according to the fuel properties’ requirements,
in order to both guarantee the required time for char
combustion and avoid ash accumulation and severe slag and
sintering occurrence over the grate. The latter function
attributed to the pusher speed controller system, which
contributes to provide a higher air—fuel contact over the grate,
and hence enhances maximum fuel—air mixing, adapted to the
fuel ash properties. In this manner, bed movement conditions on
the grate are also controlled by adjustments to both the air
distribution and the automatically controlled periodical ash
removal under a continuous operation mode.

In order to facilitate complete mixing, as far as possible,
between the air and volatilized matter released from the fuel bed
on the grate, secondary air is distributed into a combustion
chamber through several nozzles located in a surrounding
channel above the grate (see Figure 2, 6), where secondary air is
partially preheated by heat transferred to the boiler walls. This
configuration allows a radial secondary air injection (see Figure
2, 6). Besides the boiler walls in the combustion chamber, the
integrated heat exchanger (see Figure 2, III) is also water
jacketed.

Finally, in order to control the amount of air supply and flue
gas residence time during their path in the system, the force
draught is automatically regulated by a fan equipped with a
frequency meter (see Figure 2, 8). More detailed information on
the description and the operation of the installation can be found
in ref 28.

The same as in the fixed bed reactor, deposition was measured
through the deposition probe (described in Section 2.4) that was
introduced inside of the combustion chamber (Figure 2, 8).

2.4. Ash Analysis. For all tests performed, both reactor and
boiler tests, bottom ash and fly ash were collected in order to
better assess the ash behavior of each fuel under different
operating conditions.

2.4.1. Evaluation of Deposition Behavior. Both facilities
were completed by installing a deposition probe in the gas outlet.
This is a usual device used to estimate the ash deposition in heat
exchanger surfaces. It consists of a removable ring, which is
cooled by compressed air, allowing to keep its surface at an
appropriate temperature for deposition phenomena to occur
(350 °C). Three N-type thermocouples are placed in the
deposition probe to continuously measure flue gases, refriger-
ation air, and sampling ring temperatures during the tests. Prior
to the experiment, the sampling ring is cleaned, dried, measured,
and weighed. Once extracted, the dirty sampling ring is dried
and weighed again to obtain the amount deposited. Using this
weight value, the surface of the sampling ring, and the duration
of the test, it is possible to calculate the deposition rate (DR, g:
m~>h™"), allowing one to estimate the deposition tendency of
each studied fuel. *'®

In the tests carried out in the reactor, the deposition probe was
placed in the chimney (see Figure 1) during the interval of stable
combustion (defined in Section 3.1). In the boiler test, once the
steady-state regime was reached, the probe was placed in the
combustion chamber at the high-temperature zone (see Figure
2), in which the probe was positioned vertically to keep it
perpendicular to the flue gas path.

In this work, the methodology exposed in ref*® to estimate
deposition by condensation (DRc,,q) and by inertial impact
(DRImP) has been applied to both reactor and boiler results.
DR(ong. is associated with the ash that leaves the bed by
vaporization and which includes the deposition by thermopho-
resis and diffusion; meanwhile, DR, is associated with the ash
that leaves the bed by entrainment. This methodology uses the
elemental composition of the S1 fraction and of the deposits
[from scanning electron microscopy—energy-dispersive spec-
troscopy (SEM—EDS) analysis, Section 2.4.3].

2.4.2. Evaluation of Sintering Behavior. Once combustion is
completed and the reactor or boiler has cooled down, bottom
ash is collected from the grate. It is weighted and classified in
three fractions based on a revised classification of sintering status
defined in a previous work.””** The fractions are as follows:

S1: passes through a 3.15 mm sieve, and it is considered as not
sintered.

S2: does not pass through a 3.15 mm sieve, but it is easily
disaggregated.

https://doi.org/10.1021/acsomega.3c03201
ACS Omega 2023, 8, 29485—-29499
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Table 4. Summary of Reactor Test Features

‘WP100 WSP100 ‘WSP72 ‘WSP60 WSP35 MSP100 MSPS52 MSP10
Number of successful tests 10 8 8 9 10 S 8 10
A min 0.66 0.85 0.75 0.74 0.62 0.81 0.64 0.64
max 191 1.67 1.35 141 1.48 1.18 1.27 1.51
mean 1.20 1.12 1.04 1.08 1.06 0.98 0.93 1.04
T, (°C) min 935 1135 1103 1009 1100 1234 1203 1152
max 1180 1252 1169 1136 1239 1268 1282 1268
mean 1069 1176 1133 1091 1181 1248 1235 1230

S3: does not pass through a 3.15 mm sieve, and it is difficult to
disaggregate.

Because the difference between S2 and S3 is subjective, a
fraction S2/3 encompassing both classes was used. The sintering
degree of a fuel will be calculated as the percentage of this last
fraction with respect to the total ash was fed with the fuel in each
test. The higher this percentage, the more problematic the fuel is
considered.

2.4.3. Ash Chemical Characterization. After obtaining DR, a
sample was taken from the front face of every removable
sampling ring, that is, from the one faced perpendicular to the
flow of combustion gases. Each sample was glued onto metal
plates with carbon tape and then coated with carbon.

In the same way, once the sintering degree had been
calculated, a sample of S1 and S2/3 bottom ash fractions were
collected and crushed in a mortar to obtain a homogeneous
sample with an adequate particle size. Once this process was
finished, they were treated in the same way as the ones collected
in the removable rings.

All the samples were analyzed by the SEM—EDS method. The
equipment used is a Carl Zeiss Merlin electronic field-emission
microscope equipped with a Gemini Column, with acceleration
voltages between 0.02 and 30 kV, with an EDS X-MAS detector
of Oxford Instruments with a window of 20 mm?® and with
resolution in energy from 127 eV to 5.9 keV. For each sample,
three zones of 1 mm? were selected, taking the image with the
retro-dispersed detector (asb). The average elemental compo-
sition was obtained through EDS with a voltage of 15 kV, being
processed with the INCA software. Elements analyzed included
the main participants in the most important ash transformations
processes, namely, Na, Mg, Al Si, P, S, Cl, K, and Ca.

In addition, the crystalline matter composition of S2/3
fraction and removable ring samples of some test for each fuel
were determined by the P-XRD method. Standard X-ray
diffraction patterns were collected at room temperature using
a Rigaku D/max instrument with a copper rotating anode and a
graphite monochromator to select Cu Ka wavelength. The
measurements were performed at 40 kV and 80 mA, in the
angular range from S to 80° on 26, applying a step size of 0.03°
and a counting rate of 1 s/step. The X-ray pattern was analyzed
using the JADE 7 program, with access to “JCPDS-International
Center for Diffraction Database (2000)”. Crystalline phases
were quantified using the reference intensity ratio (RIR)
method. In addition, to quantify the amorphous phase peak,
decomposition was carried out through profile fitting, using a
pseudo-Voigt approximation, with Lorentz = 0.5. The crystallite
size of each peak (XS) was measured and the proportion of the
amorphous phase was calculated, considering peaks with an XS
below 80 A to be included.

2.5. Statistical Analysis. To determine the goodness of the
correlations between different parameters related to sintering
and deposition obtained in the tests carried out in the reactor

and in the boiler (Section $), a statistical analysis through the
estimation of the Pearson’s correlation coefficient (r) and its
corresponding p-value (p) was performed. The correlation will
be considered statistically significant when p < 0.05.

3. EXPERIMENTAL TEST IN A FIXED BED REACTOR

3.1. Experimental Design and Test Features. A total of
68 tests were successfully carried out with the eight fuels
(between S and 10 test per fuel). The inlet air temperature (T,)
was the same in all the tests (25 °C). The air inlet, expressed as
the air mass flow by the unit area of the grate (PA, kgm >s™"),
was changing (range from 0.25 to 0.55 kg'm™*s™"). Depending
on the air flow supply, an excess air ratio () lower (simulating a
boiler with secondary air inlets) or higher than 1 was obtained.
Both regimens are interesting to analyze the sintering
phenomenon because it takes place at the bottom of the boiler.
Nevertheless, when the deposition phenomenon is analyzed,
which take place at the top of the boiler; the test with 4 < 1 has
not been considered because the combustion is incomplete
(because the experimental reactor does not have a secondary air
flow that guarantees the excess of air necessary in operating
conditions of regular facilities).

In addition, the mean flame temperature (T, °C) was
calculated. To compute this temperature, a time interval of
stable combustion is defined between the instant the first TC
placed inside the bed (see Figure 1) reaches 500 °C and moment
TC1 (near the grate) reaches the same temperature. The mean
value of the maximum temperature of these TC is Tje

Based on the tests carried out in the reactor, the combustion
behavior of the eight fuels could be compared and the influence
of the operating conditions could be analyzed. Table 4
summarizes the main features of the tests performed. All the
fuels presented adequate combustion parameters for a wide
range of excess air ratio (especially the blended pellets).”” Tj;was
higher in the tests carried out with the agropellets, reaching in
these cases the maximum value around the stoichiometric air (4
~ 1).*> On the other hand, the MSP family presented higher
temperatures and more stable than the WSP family. In the case
of WP100, this temperature decreased with 232

In the following sections, only the results related to the
behavior of the ashes will be shown, in order to compare them
with those obtained for the same fuels in the commercial boiler.

3.2. Bottom Ash. From the tests carried out in the reactor, it
was possible to analyze the influence of 4 on the amount of
bottom ash and its sintering degree.”” The behavior was
different for agropellets compared to the WP100 in which case
both values decreased with A. As previously mentioned, for this
fuel, the T} decreases with 4, which implies the decrease of the
sintering degree. This fact, together with the increase of 4, leads
to a greater entrainment of solid particles that causes the bottom
ash to decrease. For the rest of the fuels, the bottom ash was not
affected by 4, while in the case of the sintering degree, a certain
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Table 5. Bottom Ash Results from the Reactor Tests (Mean Values for Each Fuel)”

Sintering degree (%)

Mean values of the elemental composition expressed as a S1 Al

percentage of the total mass of measured elements (Na, Si

Mg, Al Si, P, S CL, K, and Ca) (SEM-EDS) (% m/m: mass
percentage)

Cl

K+ Na

Ca + Mg
S2/3 Al

Si

S

Cl

K + Na
Ca + Mg

WP100 WSP100 WSP72 WSP60 WSP3S MSP100 MSPS2 MSP10
20.0 84.2 74.9 63.1 S1.9 75.5 69.6 62.1
4.69 0.9 1.32 1.53 3.49 4.08 4.31 5.2
21.76 49.23 32.99 27.14 30.02 37.99 35.99 37.37
2.76 1.95 3.36 2.82 2.38 2.45 2.97 2.06
0.74 0.82 2.15 2.11 1.88 0.79 0.83 0.56
0.1 0.56 0.4 0.37 0.29 0.86 0.46 0.15
14.69 30.06 35.76 36.82 29.65 11.76 1391 13.68
55.26 16.47 24.01 29.21 32.3 42.07 41.51 40.98
4.25 1.04 1.44 1.78 3.96 4.04 4.27 5.6
29.94 52.28 37.64 33.48 39.63 46.51 45.28 44.75
2.47 1.99 3.13 2.71 2.02 1.97 2.53 1.65
0.09 0.16 0.29 0.22 0.1 0.12 0.02 0.01
0.02 0.03 0 0.01 0.02 0 0.02 0.01
10.29 28.08 34.45 33.9 26.33 9.52 12.53 11.61
52.94 16.42 23.06 27.92 27.95 37.84 35.35 36.38

“Due to their chemical similarity and the almost identical role they play in reactions taking place in the ash transformation, the concentrations of K
and Na** as well as Ca and Mg"® have been aggregated for all the analysis and included in all the elemental composition tables.

relationship was found between the two parameters, although
the variation was very small, given that the combustion
temperature for the same fuel was very similar in all tests (see
Table 4).

Regarding ash composition, the analysis of the results
confirmed that neither the composition of fraction S1 or
fraction S2/3 was related to A, even in the WP100 in which the
sintering degree did vary with this parameter.”’

Because a clear influence of 1 on the sintering degree has not
been found, except for the WP100, and the composition of each
fraction was not affected by this parameter either, for the present
analysis, it is interesting to work with mean values and an average
composition (see Table S). The sintering degree is much lower
for WP100 than for the rest, and it increases as the percentage of
herbaceous increases. The WSP family presents a slightly lower
sintering degree than the MSP family, but only in the blended
pellets because for pure herbaceous fuels WSP100 has a greater
tendency to sinter.

3.3. Deposition. As already mentioned, when analyzing
deposition phenomena, only reactor tests with 4 > 1 have been
considered, in order to reproduce the operating conditions of
actual facilities. Therefore, the number of tests per fuel used in
this analysis was much lower, and it was necessary to study all of
them together (33 tests between the 8 fuels) in order to know
the influence of the operating conditions.

From the analysis of these values, an inverse correlation
between DR and 4 was obtained.”” On the other hand, applying
the methodology previously indicated, DR¢y,g and DRy, were
estimated in order to determine the contribution of each of the
mechanisms to the total DR. Thus, it was found that the increase
in A had opposite effects on each of the two deposition
mechanisms: DRc,,q decreases while DRy, increases. Both
results are, in turn, related to the opposite effect of the 4 increase
on the combustion temperature and entrainment of solid
particles (see refs 32 and 33).

In order to make the analysis of the comparison between fuels
independent from the operating parameters, the average values
of DR, DR¢,g, and DRy,,,, of the tests carried out with each fuel
are going to be used (see Table 6). It can be seen that for the
WP100 the main deposition mechanism is the inertial impact,
while for the agropellets, condensation clearly dominates.
However, when the percentage of herbaceous in the blend is
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small (WSP35 and MSP10), the deposition by impact becomes
more important.

Regarding the ash composition, the analysis of the results
confirmed that it was not linked to the A value.>® For this reason,

in this work, the average composition of each fraction is used
again (Table 6).

4. EXPERIMENTAL TEST IN A COMMERCIAL GRATE
FIRED BOILER

4.1. Experimental Design and Test Features. Two tests
per each fuel were carried out; first, in order to establish the
optimal operation conditions and second, a long run
experimental combustion test at steady-state conditions, in
which data were obtained to compare with the results of the
fixed bed reactor.

These steady-state conditions aim to reach a constant power
output of the installation (the goal was to maintain 300 kWth
but in the case of MSP family was not possible), with stable
combustion parameters during at least 6 h. Table 7 shows the
results achieved.

The optimum operating conditions were achieved for an
excess of air between 1.5 and 1.65, and the distribution of this air
was slightly higher with the primary air (50—57%) than the
secondary air (43—50%) for the majority of the tests. This range
of configuration was established seeking to assess the best
performance for these fuels with a high tendency of sintering.

The efficiency obtained for each fuel was obtained and
compared with the reference fuel. For the case of the WSP
family, the efficiency is similar to the reference fuel (97—102%),
whereas for the MSP family is 15% lower (84—86%) also for all
of them, as despite increasing the fuel flow, the power output was
below a target value of 300 kW as was mentioned before.

More information about the test features can be found in the
Supporting Information, but as mentioned, the main goal
satisfied steady-state conditions and this was achieved. There-
fore, further analysis of the sintering and deposition phenomena
can be compared with the results obtained in the fixed bed
reactor for the same fuels.

4.2, Bottom Ash. As indicated in Section 2.4, once each of
the tests carried out in the boiler had been completed, the ash
deposited on the grate was collected to be weighed and classified
in two fractions (S1 and S2/3). After, the elemental composition
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of each fraction was obtained from SEM—EDS. Table 8 includes
the percentage of fraction S2/3 with respect to the total ash, i.e.,
the sintering degree, and the elemental composition of fraction
S1 and S2/3.

Table 9 shows the results obtained from the P-XRD analysis of
the samples of the fraction S2/3. The percentage of amorphous
present in some of the samples has made it impossible to detect
some species and quantify those detected (marked in the table
with an X).

As can be seen in Table 8, the WP100 has the lowest sintering
degree while for agropellets, unlike what happened in the tests
carried out in the reactor, it is significantly lower in the MSP
family, although the sintering degree also increases with the
percentage of herbaceous introduced in the blend in the two
families.

As expected, the main elements that appear in both fractions
are Si, Ca + Mg, and K + Na. Si content is higher in the S2/3
fraction, while K + Na is in the S1 fraction. The composition of
both fractions is directly related to the initial composition of the
fuel. Thus, the percentage of Ca + Mg is much higher in WP100
and in the MSP family due to the high percentage of these
elements in the fuel ashes (see Table 3), while the K + Na
content is significantly higher in both fractions in the WPS
family. Regarding the results of the P-XRD (Table 9), it is worth
noting the high percentage of amorphous, except in the
reference fuel and in the MSP10. It can be stated that this
percentage increases with the herbaceous content in the pellet,
which is in line with the increase in the sintering degree. In all
cases, the presence of high percentages of silicates has been
detected in the S2/3 fraction and the presence of quartz has been
verified in agropellets, which could be due to a previous
contamination of the pellet (presence of sand'").

4.3. Deposition Results. In boiler tests, the deposition
probe was placed 3 times, with a different sampling ring, during
the same test. Figure 3 shows the deposition rates measured
from the sample collected in the respective sampling rings and
the mean value. It can be verified that the values, for the same
fuel, do not vary significantly. These results, in addition to
supporting the fact that the conditions remained stable
throughout the test, could mean that the DR was similar, not
increasing over time. Only the rings of the test carried out with
MSP10 present a significant variation. Taking into account these
values, in subsequent analyses, the mean value will be used (see
Table 11).

Figure 4 shows the mean elemental composition and the
range (maximum and minimum values) obtained from SEM—
EDS of fly ash deposits collected in the three sampling rings
placed during the same test for each fuel. Only a slight variation
was detected in this elemental composition (except in the
MSP10, where the change was a little bigger). On the other
hand, Table 10 shows the crystalline phases and amorphous
concentrations detected in the deposits recollected in the three
rings of a test, which confirm similar elemental compositions
detected previously. Therefore, it was decided to work with the
average value (see Table 11) for the following analysis.

As was done in the case of the reactor tests, from the average
DR, and applying the methodology indicated in Section 2.4,
DR¢ypa. and DRy, were estimated in order to know the
contribution of each of the mechanisms to the total DR.

Table 11 shows all the deposition results obtained from the
boiler test. In this table, it can be verified that the DR values are
much higher than those obtained from the reactor tests (Table
6) mainly due to the different probe locations in both facilities.

MSP10
5.87
3.91 (66.6)
1.96 (33.4)
125
1217
0.98
3.32
1.09
228
36.81
41.36
14.17

MSP52
15.97
14.7 (92.0)
1.27 (7.9)
1.11
1235
022
1.42
0.33
1.49
45.19
49.5
1.86

MSP100
16.90
16.18 (95.7)

0.72 (4.3)
1.26

1234

0.16

0.67

0.26

1.64
47.19
49.15

0.94

WSP35
8.53
6.75 (79.1)
1.78 (20.9)
131
1166
0.56
3.06
0.61
6.68
3222
50.61
6.26

6.53 (90.9)
0.65 (9.1)

1.36

WSP60
1053

7.18

0.2
1.39
0.31
6.56
35.94

53.45
2.16

WSP72
9.53
8.36 (87.7)
1.17 (12.3)
1.22
0.22
2.53
0.54
6.12
35.64
53.40
1.56

1135

15.26 (92.5)
1.23 (7.5)

1.35

‘WSP100
1200

16.49
0.25
1.55
0.31
321

41.92

52.07
0.69

WP100
471
1.9 (40.3)
2.81 (59.8)
1.49
1022
1.75
421
1.97
6.34
14.75
34.16
36.81

Al

Si

P

S

Cl

K+ Na
Ca + Mg

K, and Ca) (SEM-EDS) (% m/m:

Al Si, P, S C,

percentage of the total mass of measured elements (Na,
mass percentage

Table 6. Deposition Results from the Reactor Tests (Mean of Tests with A > 1)
Mg,

Mean values of the elemental composition expressed as a

DRcond. (S'm_z'h_l) (%)”
DRyp. (gm™>h7") (%)”
)
“Percentage with respect to DR.

DR (gm™>h™")
Ty (°C)
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Table 7. Operational Parameters and Combustion Commercial Boiler Test Results

Parameter Units WP100 WSP100 WSP 72  WSP60 WSP3S  MSP100  MSPS2 MSP10
Test duration at steady state h 8.38 6.05 6.23 7.05 7.52 7.75 6.75 6.02
Boiler Working Conditions
Flow of biomass kg/h 76.6 83.1 78.0 79.2 82.6 97.2 83.4 86.0
Average output kw 304 303 293 303 300 270 265 281
T-gas °C 791 762 810 852 835 803 759 749
Total air m®/h 551 581 538 504 S16 507 508 546
Average excess of air % 66 80 68 S3 54 60 50 46"
Distribution of the air horizontal grate primary air (%) S0 SS 50 S7 56 S0 S5 55
secondary air (%) N 45 S0 43 44 S0 45 45
Efficiency
Compared to WP100” % 100 102 101 97 100 86 84 84

“Average excess of air for MSP10 was lower than expected in order to guarantee a good performance as a consequence of problems faced with the
air distribution of the installation. ®The efficiency mentioned in the table is not the efficiency of the combustion, it is the efliciency referred to the

reference fuel, WP100.

Table 8. Bottom Ash Results from the Commercial Boiler Tests

WP100 WSP100 WSP72 WSP60

WSP35 MSP100 MSPS2  MSP10

Sintering degree (%) 13.0 68.2 61.1 56.0 47.9 52.2 38.3 31.1
Mean values of the elemental composition expressed asa Sl Al 4.07 0.98 11§ 1.61 3.27 3.97 3.84 5.23
ey of ;héltggflar:gsg::)f TSy s (e, si 1347 4329 3193 2587 3537 3883 3565 3358
mass percentage) P 301 246 313 282 206 256 317 216
S 1.12 2.08 3.38 3.65 1.90 1.36 1.50 0.98
Cl 137 1.14 0.92 1.07 0.51 1.16 135 0.99
K + Na 21.34 32.69 38.72 40.20 30.65 14.04 16.94 16.46
Ca + Mg 55.62 17.36 20.77 24.80 26.24 38.09 37.54 40.60
S2/3 Al 5.33 0.99 1.63 1.84 4.07 4.32 3.96 5.19
Si 25.94 45.6 38.38 33.40 40.44 48.16 42.87 43.2
P 2.53 2.37 3.23 2.62 191 1.71 2.68 1.90
N 0.02 1.08 0.89 1.04 0.36 0.17 0.24 0.21
Cl 0 0.50 0.01 —0.05 0.0S 0.0S 0 —0.01
K + Na 13.89 33.09 33.65 34.61 26.90 11.56 15.87 14.36
Ca+ Mg 52.29 16.37 22.20 26.55 26.27 34.03 34.37 35.14
Table 9. Fraction S2/3 Composition
XRD analysis results
Crystalline matter (%)
Si0, Si0, Amorphous
Fuel A (quartz) (cristobalite) Ca,Mg(Si,0,) Ca,(Si0,) Cas(Si;0,) KAIS,O5 Ca;Mg(SiO,), K,Mg,(SO,)s (%)"
“WP100 165 17.9 244 39.2 18.5 0
WSP100 1.80 X° X* X* 96.92
WSP72 1.70 Xe X© Xe 93.85
WSP60 1.55 X© X X* 90.49
WSP35 155 194 474 20.3 12.9 53.67
MSP100 1.60 25.8 8.1 9.8 34.5 21.8 74.78
MSP52 1.50 6.2 2.6 7.8 58.5 27.8 49.9
MSP10 1.65 12.3 23.6 36.8 27.3 2.01

“Expressed as mass percentages with respect to the total crystalline matter in fraction S2/3. PExpressed as mass percentage with respect to the total
amount of fraction S2/3. “Substances that, being detected, could not be quantified.

Despite this difference, which will be analyzed later, the 100%
herbaceous agropellets (WSP100 and MSP100) continue to be
those that have a higher DR, especially the latter, while the
WP100 presented the lowest DR, as expected. In addition,
WP100 and MSP families present a bigger DRy, than DR¢,q
This difference is more important in the reference fuel, where
almost 84% of deposits were due to entrainment of solid
particles. For MSP10, this value exceeds 64%. For these fuels, the
sintering degree was lower (see Table 8). As already verified in
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the tests carried out in the reactor’ and in other similar
experiences,’® there is an inverse relationship between both
values, due to sintering preventing entrainment, which, in turn,
decreases inertial impact deposition. On the other hand, in the
boiler test carried out with fuels of WSP family, the contribution
of DRc,,q was bigger (between 74 and 61%), which could be
related to a slightly higher combustion temperature.

The elements with a higher concentration in the deposits of
the agropellets are K + Na and the second Cl, except for MSP10.

https://doi.org/10.1021/acsomega.3c03201
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Figure 3. DR in the commercial boiler test (kgm™>h™").

In all of them, a high percentage of KCI appears (Table 10) and
in the case of the WSP family, K also appears as K,SO,. These

results are related to deposition by condensation (which
includes the deposition by thermophoresis and diffusion after
forming aerosols), which confirms the results estimated for the
DR(pg- The MSP family, in addition to the previous elements,
presents a high content of Si and Ca + Mg, due to the greatest
deposition by impact. The SiO, and CaCOj detected by P-XRD
(Table 10), which arrives by the entrainment of solid particles,

would confirm the high DRy,,, estimated (see Table 11).
In the case of the reference fuel, the high percentage of Ca +

Mg is also related to the alkaline-earth content of the fuel ashes
(see Table 3). On the other hand, it should be noted that the
composition of the deposits for MSP10 is more similar to

WP100 than the rest of the agropellets.
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Figure 4. Mass percentage of main elements in deposits, expressed as a percentage of the total mass measured elements (Na, Mg, Al Si, P, S, Cl, K, and

Ca). Mean, maximum, and minimum values for each fuel.
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Table 10. Deposit Composition

XRD analysis results

Crystalline matter (%)

Sio, Ca,(Al(AISi) Amorphous
Fuel A KCl K,;SO, (quartz) CaCO; K(AL(OH)((SO,),) Ca,Mg(S,0,) Ca,(SiO,) 0,) CaO MgO (%)*
WP100 1.65 7.4 20.1 11.7 18.1 18.3 4.4 19.8 40.78
8.1 23.6 12 18.3 12.1 S 21 46.19
10.7 23.5 11.8 18.3 13.3 39 18.6 31.8
WSP100 1.80 79 21 8.96
79.1 20.9 23.23
76.3 23.7 22.96
WSP72 1.70 S1.7 48.3 43.6
41.8 58.2 15.76
35 65 25.79
WPS60 1.55 52.8 47.2 33.75
43.5 56.5 22.45
5§ 45 36.72
WDPS3S 1.58 30.8 40.5 28.7 23.59
26.7 56.1 17.2 23.05
32.7 44 23.3 26.8
MSP100 1.60 47.8 413 10.9 24.65
35.8 52 12.1 18.3
323 53.1 14.5 23.39
MSP52 1.50 17.4 36.3 13.4 14.1 10 8.8 38.11
26.5 30.3 13.5 8.7 13.3 7.6 45.28
22.5 43 20 14.4 4541
MSP10 1.65 5.6 75.2 13.3 59 27.97
10.7 62.2 19.8 7.3 52.1
12.6 324 23.6 24.7 6.8 60.97

“Expressed as mass percentages with respect to the total crystalline matter in fraction $2/3. “Expressed as mass percentage with respect to the total

amount of fraction S2/3.

5. RESULT COMPARISON AND VALIDATION OF THE
EXPERIMENTAL INSTALLATION

In this section, the results obtained in both installations are
compared in order to verify if the reactor (results in Sections 3.2
and 3.3) adequately reproduces the ash behavior in a
commercial boiler (results in Sections 4.2 and 4.3).

Regarding the sintering degree, Figure S5 shows the mean
fraction S2/3 in the reactor tests (Table 5) versus the one
obtained in boiler tests (Table 8). There is a statistically
significant correlation (r = 0.84 and p = 0.0081) between both
values.

It can be verified that these values are somewhat higher in the
reactor, which may be related with differences in the combustion
temperature. It must be taken into account that in the tests
carried out in the boiler, the operation conditions were adjusted
to control sintering problems, which could not be done in the
case of the tests in the reactor. Thus, for the MSP family, the
combustion temperatures in the reactor tests were very high
(mean Ty > 1200 °C, see Table 4), which increased sintering
problems. For these fuels, the difference between the results in
the reactor and the boiler is greater than for the rest of the fuels.
In any case, the relationship continued to hold in such a way that
the most problematic fuel in the reactor was also in the boiler
and vice versa.

Regarding the bottom ash composition, the elemental
composition of the two fractions that were obtained from
bottom ash (S1 and S2/3) in the tests carried out in the boiler
with each fuel (Table 8) have been compared with the mean
value obtained in the reactor tests (Table S). Figures 6 and 7
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present this comparison for the main elements that compose
fractions S1 and S2/3, respectively.

As reflected in these figures, the composition is very similar,
with no significant changes in any of the elements. It has been
proven that there is a statistically significant relationship
between the percentages of each element in the ash fractions
of both facilities (see Table 12).

Because both the composition and quantity of fraction S2/3
(sintering degree) are similar in the tests carried out in the
reactor and in the boiler, the conclusions obtained from the
reactor tests about the sintering behavior of fuels can be
transferred to commercial equipment.

Regarding the DR, Figure 8 shows the mean value obtained in
the reactor tests (Table 6) versus the mean value obtained in
boiler tests (Table 11). There is a correlation (r = 0.75; p =
0.0309) between both values, but, in this case, DR in the boiler is
much higher than in the reactor (between 4 and 6 times higher in
the boiler and up to 9 times for the MSP10).

These disparities are mainly due to the different locations of
the deposition probe in both facilities. First, in the boiler the
entire surface of the probe ring is exposed to gas flow, which
causes DR to have higher values. In addition, the probe is located
in the combustion chamber, much more directly exposed to the
gas flow, which have just left the bed entraining large amounts of
ash. This fact has implied that the DRy, in the boiler have been
much higher than the one in the reactor (see Figure 9). In this
case, no statistically significant relationship was found between
the two values (r = 0.42; p = 0.3049).

Another factor must be taken into account when the
differences detected in DRy, are analyzed: the influence of
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Table 12. Pearson’s Coeficient (r) and p-Values (p) of the Correlations between the Concentrations of Each Element in the
Bottom Ash Fractions Collected in Boiler Tests and in Reactor Tests

K + Na Ca + Mg Si P
7 p 7 p 7 p 7 p
S1 0.99 <0.0001 0.98 <0.0001 0.89 0.0033 0.83 0.0103
S2/3 0.99 <0.0001 1 <0.0001 0.92 0.0010 0.91 0.0015
DRygiter When the DR, is analyzed, differences are also found
(g'm-2-h-1) between the values obtained in both facilities (see Figure 11)
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the probe, which has led to a greater amount of total deposits,
but also to the fact that the bottom ash sintering degree was
lower in the boiler tests.
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Figure 12. Elemental composition (SEM—EDS) of deposits collected
in reactor tests (mean value of all tests) versus deposits collected in
boiler tests (mean of three sampling rings) for each fuel, expressed as a
percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S,
Cl, K, and Ca).

Statistically significant correlations were found for each of the
elements except for Si (see Table 13). This element has a higher
concentration in the boiler deposits due to the higher deposition
by impact associated with the location of the probe that has been
commented on previously.
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Table 13. Pearson’s Coefficient (r) and p-Values (p) of the Correlations between the Concentrations of Each Element in Deposits
Collected in Boiler Tests and in Reactor Tests

K + Na Ca + Mg Si Cl S

&7 p 7 p 7 p 7 p 7 p
Deposits 0.78 0.0218 0.88 0.0040 0.07 0.8718 0.76 0.0302 0.86 0.0061

On the other hand, the lower concentration of Cl and the
higher of S stands out in the boiler tests, which suggests a greater
deposition by condensation in the form of sulfates and a lower

number of tests performed and the typologies of fuels that
can be tested.

one in the form of chlorides. The P-XRD results already seem to e Concerning sintering, the results presented the same
confirm these findings (you can compare the results of the trends both in the reactor and the boiler tests. In addition,
deposits in the boiler case, as shown in Table 10, with those of it has been corroborated that carrying out the tests in this
the reactor case, as shown in ref 36). This difference in behavior type of reactor gives a representative insight of the worst
may be related to the fact that a greater excess of air was used in sintering degree that can be expected when working with
the boiler, which implies lower combustion temperatures and, these fuels in commercial boilers. These facilities allow
therefore, a lower release of Cl and a higher release of S.*' one to optimize the operating conditions according to the

In any case, it must be taken into account that the deposition fuel in a better way than an experimental reactor. In this
of each compound is also affected by the temperature of the sense, the sintering degree can be reduced as confirmed in
gases, their gradients, and their fluid dynamics, which are this work although keeping in mind that this decrease will
conditioned by the position of the probe in the boiler and in the depend on the type of boiler and the optimization
reactor. Despite all this, the trends of the results obtained conditions achieved in for each fuel.

between both facilities are similar.
e Regarding the fuel deposition trend, although the values

6. CONCLUSIONS obtained were very different due to the probes being
placed in different locations in each facility, the results
obtained indicate a statistically significant direct relation-
ship between the DR values.

Eight different pellets produced in an IBLC were tested in a
commercial boiler. The results were compared with the ones
obtained in a previous test campaign carried out with the same

fuels in a fixed bed reactor at the lab scale seeking to validate the e After analyzing separately deposition mechanisms, the
results and conclusions obtained in the latter. Agropellets percentage of deposits generated by the inertial impact as
achieved a good performance in all cases during the tests carried against the total was found to be inversely related with the
out in the boiler considering the efficiency reached and the sintering degree, keeping the same relationship in both
emissions reported even though agropellets produced with facilities. Taking into account that a biofuel’s bottom ash
wheat straw (WSP family) performed slightly better. sintering degree is foreseen to be lower in the commercial
Furthermore, and as a main objective of this paper, their ash boiler, deposition by inertial impact is expected to be
behavior was also assessed (sintering and deposition) by higher in the commercial boiler (caused by a higher
comparing the results in both installations in order to validate bottom ash entrainment) as it was previously pointed out,
the usefulness of the experimental tests carried out in the fixed thus excess of air will need to be adjusted according to this
bed reactor. fact.
The following conclusions can be drawn from the analysis and
comparison of the results obtained: Finally, the main conclusion of this study is that both sintering
e A very similar elemental composition was found in and depositi.on p}llenomena seem .to be predif:table based.on tbe
fractions S1 and S2/3 of bottom ash and in deposits results obtained in reactor experiments. This fact can simplify
collected in both facilities, even though operational the testing process, save significant time and effort, and allow for
conditions, such as the combustion temperature, were the behavior of more biofuels to be predicted. In addition, it
not the same, which may indicate that the reactor allows would mean that only those biofuels that exhibit favorable

reproducing a representative combustion performance. In
fact, the only meaningful variations detected in the
deposits’ compositions (lower chlorine and higher sulfur
composition in boiler test samples) seem to be directly
related to the deposition probe location and the excess of

behavior in reactor experiments, which would be tested in
commercial boilers.
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Bl ABBREVIATIONS

DR deposition rate (g:-m™>h™")

DR, deposition rate by condensation (grm™>h™")

DRy, deposition rate by inertial impact (gm™>h7")

IBLC integrated biomass logistic center

LHV  low heating value

MSP  maize stalk pellet (pure or blended with forestry wood)

p p-value (Pearson’s correlation)

PA air mass flow by unit area of the grate
r Pearson’s correlation coefficient

S1 not sintered ash fraction

S2 low sintered ash fraction

S§2/3  fraction S2 plus fraction S3

S3 high sintered ash fraction

T, inlet air temperature in the reactor

a

T-Amb ambient temperature

TC thermocouple

TCi temperature registered by the thermocouple located in
position i

T-gas commercial boiler combustion gas temperature
(combustion chamber outlet)

T mean flame temperature

WP wood pellet

WSP  wheat straw pellet (pure or blended with forestry
wood)

A excess air ratio
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