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Abstract: Eight different pellets (one woody and seven blends of woody and herbaceous biomass)
produced by an agro-industry were tested in a fixed-bed reactor to characterize their behaviour
during their combustion process. The objective was to analyze the possible problems that could arise
and, thus, achieve advances in the greater penetration of these agropellets in the energy market. The
blends’ design and tests results are presented in the first part of this article. The results of the bottom
ash and fly ash samples obtained from the combustion tests using SEM-EDS and P-XRD techniques
were analyzed in order to delve into the sintering and deposition phenomena, respectively. Regarding
the sintering, a clear relationship has been found between the results of the SEM-EDS analysis and the
initial composition of the ash of the fuels. Additionally, the analysis of the results confirms a different
ash behaviour regarding the sintering phenomenon depending on the ratio between the amounts of
Si, Ca + Mg and K + Na. With respect to deposition, it has been determined that in woody pellets,
showing the lower sintering degree, the predominant deposition mechanism is by inertial impact,
while in blend pellets it is by condensation, which increases when the percentage of herbaceous in the
mixture increases. It has been proved that, in order to compensate (at least partially) for the negative
effect of the herbaceous components in the blends, working with a higher λ value is interesting, as it
achieves a decrease in the combustion temperature (with λ >1), which implies both a decrease in the
sintering degree and in the deposition, improving therefore the ash behaviour in the combustion of
agropellets.

Keywords: agropellets; fixed-bed reactor; bottom ash sintering; deposition; SEM-EDS; P-XRD

1. Introduction

The use of residual agricultural biomass, which could significantly contribute to help
with the growing demand in the energy sector, is currently limited by the problems that
this type of biomass presents during its conversion, especially the herbaceous type.

It is well known that during combustion, fuel ash undergoes physical and chemical
transformations that give rise to their partitioning. A part of the ash components forms a
solid fraction that accumulates in the grate (bottom ash) that can sinter and cause important
problems in the facility [1–3]. The main phenomenon in the process of sintering is the
formation of low-melting alkali metal silicates, mainly K, with which other elements such
as alkaline earth metals, mainly Ca + Mg, can subsequently interact [4]. Another part
volatilizes (principally related to alkali metal compounds) and can condense directly or
be deposited, after the formation of aerosols, on the exchange surfaces of the boiler [4,5].
In addition, part of the solid particles can leave the bed by entrainment together with the
combustion gases (coarse fly ash). These particles can also be deposited on the exchange
surfaces through the mechanism of inertial impact. Both phenomena (vaporization and
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entrainment) can cause problems, as corrosion, erosion and deposition, that can reduce the
useful life of the equipment and its performance [2,6]. It is very important, therefore, to
know what the formation of one or another fraction depends on and to look for solutions
that contribute to reduce the negative effect of each one of them.

In recent years, there has been numerous research focused in this direction. These
research studies have pointed out the critical influence of the chemical composition of
ash on its behaviour [1,4,7–15]. In this sense, in order to minimize these problems, which
due to their characteristics affect more agricultural biomass, it is very common to resort
to mixing [1,13,14,16–18], both herbaceous and woody and with forest biomass. The
AGROinLOG Project [19] focuses on the transformation of agro-industries into Integrated
Biomass Logistic Centers (IBLCs) to avoid seasonality by means of exploiting their own
residues or those from nearby areas in order to create a new business line. Among the
demo sites developed in the project, a fodder industry in which blended agropellets were
produced based on herbaceous and forestry biomass was selected. In the framework of the
project, these agropellets were selected though a traceability assessment [20] and tested in a
lab-scale grate reactor to analyze how the blending contributed to mitigate problems related
to herbaceous biomass ash and the influence of its chemical composition and operation
conditions.

From these test series, extensive research was performed and the results have been
divided into two papers. The results of the first paper [20] based on the experimental
combustion tests results showed clear correlations between the sintering degree (percentage
of sintering fraction with respect to total fuel ash) and the Si and Ca + Mg content in fuel
ash which, in turn, are related to the percentage of herbaceous in the blend. Regarding
deposition, the deposition rate (amount of ash deposited per area unit and time) was
obtained and found to be lower in woody pellets compared to agropellets.

Even though adequate combustion performance was achieved for a wide range of
excess air, a high sintering degree and deposition rate were detected. Taking into account
the problems that both can cause, and to continue delving into the different partitioning
phenomena, this second paper goes one step further by characterizing the ash samples
collected during the tests. For that, two different analytical techniques were used: Scan-
ning Electron Microscopy (SEM) along with Energy-Dispersive Spectrometry (EDS) and
Powder X-Ray Diffraction (P-XRD). Both are widely used to identify and characterize ash
compounds (see, e.g., [6,13,21–25]) and have been used to study ash sintering [26] and
fly ash deposition [27]. On the one hand, SEM-EDS obtains both the morphology and
elemental chemical composition of samples. On the other hand, and in order to deepen the
analysis regarding ash chemical composition, P-XRD is used to measure the concentration
of crystalline phases and determine the amorphous fraction [22]. In addition, the results
obtained with SEM-EDS will allow the calculation, by applying a simple methodology [27],
of the amount of ash deposited by condensation and inertial impact mechanisms so that
these two fractions can also be studied.

The results achieved from the characterization have been analyzed in order to un-
derstand the sintering and deposition mechanisms, the relationship with the fuel ash
composition and the influence of the operating conditions and thus advance the knowledge
on the behaviour of residual agricultural biomass.

2. Materials and Methods
2.1. Fuels

Eight different biofuels were studied in this work, all of them having been produced
by an agro-industry inside the feed and fodder sector working as an IBLC in the context of
the AGROinLOG´s project [19].

The definition of the blends was based on the methodology described in [20]. This
methodology suggested selecting a pellet made from forestry wood, used as a reference,
and seven agropellets from two different families: wheat straw and maize stalk (two pure
herbaceous pellets and five blended with the aforementioned forestry woody biomass). The
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mix of herbaceous and woody fuels was selected to try to mitigate ash-related problems [14,17].
Moreover, some authors such as Brand et al. [28] suggest that this mix could improve the
pellets’ physical characteristics. Table 1 shows the characterization of each biofuel.

Table 1. Fuel properties (% a.r.: weight percentage as received; % d.b.: weight percentage in dry basis).

Parameter Units

WP100 WSP100 WSP72 WSP60 WSP35 MSP100 MSP52 MSP10

Wood
Pellet
100%

Wheat
Straw
Pellet
100%

Wheat
Straw
Pellet
72%

Wheat
Straw

Pellet 60%

Wheat
Straw

Pellet 35%

Maize
Stalk
Pellet
100%

Maize
Stalk

Pellet 52%

Maize
Stalk

Pellet 10%

Proximate analysis
Moisture (a) % a.r. 7.6 4.8 6.4 6.7 10.2 5.5 5.5 7.6

Volatile matter (b) % d.b. 81.0 73.8 74.5 74.9 74.7 71.7 72.9 74.8
Fixed carbon (c) % d.b. 18.0 20.1 21.6 22.0 21.2 15.8 20.9 22.1

Ash (d) % d.b. 1.0 6.1 3.9 3.1 4.1 12.5 6.2 3.2
C (e) % d.b. 51.90 45.50 48.10 49.20 49.30 42.60 48.10 51.4
H (e) % d.b. 5.80 5.80 5.90 6.00 5.90 5.20 5.80 5.8
N (e) % d.b. 0.13 0.42 0.30 0.50 0.29 0.82 0.44 0.27
S (f) % d.b. 0.01 0.08 0.08 0.03 0.05 0.13 0.03 0.03
Cl (f) % d.b. 0.02 0.19 0.06 0.05 0.05 0.53 0.20 0.06
O (c) % d.b. 41.00 41.91 41.66 41.12 40.32 38.20 39.23 37.7

Heating value
Low heating

value (g)
kWh/kg,

a.r. 4.90 4.43 4.59 4.67 4.50 4.00 4.61 4.70

Ash analysis (h)

Na2O % d.b. 1.5 0.27 0.58 0.51 0.89 0.64 0.67 1.17
MgO % d.b. 9.06 3.04 2.86 2.91 2.69 7.99 6.1 6.77
Al2O3 % d.b. 5.62 1.19 1.75 2.13 5.88 5.81 5.82 7.00
SiO2 % d.b. 16.55 55.81 38.11 34.57 35.00 38.94 38.38 27.71
P2O5 % d.b. 3.89 2.62 4.36 3.84 2.96 3.61 4.17 3.65
K2O % 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
TiO2 % d.b. 0.35 0.08 0.10 0.12 0.21 0.3 0.29 0.38

Fe2O3 % d.b. 3.85 0.57 0.85 1.03 1.81 2.35 2.56 3.17

(a) EN-ISO 18134:2016, (b) EN-ISO 18123:2016, (c) Calculated, (d) EN-ISO 18122:2016, (e) EN-ISO 16948:2015, (f) EN-
ISO 16994:2015, (g) EN-ISO 14918:2011, (h) EN-ISO 16967:2015

2.2. Reactor

In order to assess and compare the properties of the fuels and extract results for the final
conversion in larger scale equipment, it is desirable to perform experiments in simplified
geometry equipment and under controlled conditions [10,29–32]. This was achieved by
using a lab-scale grate reactor: a fixed-bed reactor, placed at CIRCE’s installations. The
description of the reactor, the parameters monitored and the methodology followed to
perform the test was described in [20].

2.3. Ash Analysis

For all the tests, bottom ash (ash and unburned material deposited over the grate of the
combustor) and fly ash (ash transported from the combustion chamber by the exhausted
gas that can be deposited over the exchange surface) were collected in order to better assess
the ash behaviour of each fuel under different operating conditions.

On the one hand, the fly ash deposition samples were collected during the combustion
through a deposition probe located in the chimney with a removable sampling ring that
also allowed the estimation of the Deposition Rate (DR) for each fuel and combustion
condition (for more information about the deposition probe characteristic and how DR
was obtained, see [20]). Then, a sample was taken from the front face of the removable
sampling rings, i.e., from the one faced perpendicular to the flow of the combustion gases.
Each sample was glued onto metal plates with carbon tape and then coated with carbon.

On the other hand, bottom ash samples collected in the combustion tests were
weighted and classified in three fractions according to their sintering status [8,33]:
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• 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;
• S3: does not pass through a 3.15 mm sieve, and it is difficult to disaggregate.

As the difference between S2 and S3 is subjective, a fraction S2/3 encompassing both
classes was used. Afterward, samples of the S1 and S2/3 bottom ash fractions were collected
and crushed in a mortar to obtain homogeneous samples 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 was 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 mm2 and a resolution in energy from 127 eV to 5.9 keV.
For each sample, three zones of 1 mm2 were selected, taking the image with the retro-
dispersed detector (asb). The average elemental composition was obtained through EDS
with a voltage of 15 kV, being processed with the INCA software. The elements analyzed
included the main participants in the most important ash transformation processes, namely
Na, Mg, Al, Si, P, S, Cl, K and Ca.

In addition, the crystalline matter compositions of the S2/3 fraction and the removable
sampling ring of four tests carried out with an intermediate λ value 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 the CuKα wavelength. The measurements were
performed at 40 kV and 80 mA, in the angular range from 5◦ to 80◦ on 2θ, 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 the “JCPDS-International Centre 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 Å to be included.

2.4. Test Features

A total of 68 tests were carried out successfully (between 5 and 10 tests per fuel), with
the 8 fuels. The most relevant combustion parameters were analyzed and reported in [20].
Table 2 is a summary of the main results achieved.

Table 2. Summary of reactor test features.

WP100 WSP100 WSP72 WSP60 WSP35 MSP100 MSP52 MSP10

Number of successful tests 10 8 8 9 10 5 8 10

λ

Min 0.66 0.85 0.75 0.74 0.62 0.81 0.64 0.64
Max 1.91 1.67 1.35 1.41 1.48 1.18 1.27 1.51

Mean 1.20 1.13 1.04 1.08 1.06 0.98 0.93 1.04

Tif (◦C)
Min 934.9 1134.7 1103.3 1009.2 1099.6 1234.1 1202.6 1151.6
Max 1179.5 1251.7 1168.9 1136.1 1239.4 1267.6 1281.9 1267.6

Mean 1069.0 1176.4 1133.3 1090.6 1180.5 1248.0 1235.2 1229.6
Bottom ash proportion (%) Mean 44.21 86.21 83.18 72.65 69.59 80.65 79.94 87.95

Sintering degree (%) Mean 19.96 84.15 74.86 63.09 51.88 75.51 69.56 62.07
Deposition rate (DR) (a) Mean 4.71 16.67 9.53 7.18 8.53 16.90 15.97 5.87

(a) Only test with λ > 1.

2.5. Statistical Analysis

To determine the goodness of a certain linear correlation, a statistical analysis through
the estimation of the Pearson´s correlation coefficient (r) and its corresponding p-value (p)
was performed. The correlation was considered statistically significant when p < 0.05.
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3. Results
3.1. Bottom Ash Results

In this section the results obtained from the SEM-EDS and P-XRD analyses of the
samples collected in the grate during the reactor tests are presented and analyzed. Tables 3
and 4 show mean values and the range (minimum and maximum values) for the elemental
composition obtained by SEM-EDS for each of the eight fuels of fractions S1 and S2/3 of
bottom ash, respectively, expressed as a percentage of the total mass of measured elements
(Na, Mg, Al, Si, P, S, Cl, K and Ca).

Table 3. Mean values (range) of the elemental composition (SEM-EDS) of fraction S1 of bottom ash
expressed as a percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, K and Ca)
(%m/m: mass percentage).

Na Mg Al Si P S Cl K Ca Ca + Mg K + Na

WP100 1.28
(1.12–1.41)

6.19
(5.66–6.96)

4.69
(4.17–5.44)

21.76
(16.79–27.06)

2.76
(2.51–3.14)

0.74
(0.26–1.45)

0.1
(0.02–0.21)

13.41
(9.5–17.71)

49.07
(47.23–52.73)

55.26
(53.45–59.1)

14.69
(10.78–18.95)

WSP100 0.28
(0.2–0.36)

2.25
(2.19–2.32)

0.9
(0.82–1)

49.23
(46.85–51.14)

1.95
(1.85–2.21)

0.82
(0.44–1.37)

0.56
(0.21–1.06)

29.79
(28.61–30.65)

14.22
(13.38–15.06)

16.47
(15.57–17.3)

30.06
(28.83–31)

WSP72 0.46
(0.41–0.51)

1.95
(1.86–2.1)

1.32
(1.18–1.68)

32.99
(31.32–35.62)

3.36
(3.21–3.47)

2.15
(1.53–2.52)

0.4
(0.23–0.57)

35.31
(33.9–35.97)

22.06
(20.51–23.03)

24.01
(22.41–25.14)

35.76
(34.31–36.41)

WSP60 0.57
(0.46–0.69)

2.32
(2.11–2.45)

1.53
(1.38–1.73)

27.14
(23.13–31.11)

2.82
(2.64–3.03)

2.11
(1.61–2.74)

0.37
(0.15–0.59)

36.25
(35.24–37.43)

26.89
(24.21–28.76)

29.21
(26.42–31.17)

36.82
(35.8–38.03)

WSP35 1.1
(0.97–1.2)

2.53
(2.28–2.84)

3.49
(3.21–3.86)

30.02
(27.8–32.2)

2.38
(2.22–2.64)

1.88
(1.45–2.57)

0.29
(0.09–0.47)

28.55
(26.97–29.51)

29.77
(27.99–32.39)

32.3
(30.34–35.21)

29.65
(28.06–30.68)

MSP100 0.63
(0.54–0.71)

5.16
(4.96–5.27)

4.08
(3.93–4.34)

37.99
(36.77–39.97)

2.45
(2.33–2.67)

0.79
(0.66–0.9)

0.86
(0.66–1.19)

11.13
(10.65–12.15)

36.91
(35.94–38.01)

42.07
(40.89–43.21)

11.76
(11.3–12.73)

MSP52 0.7
(0.61–0.77)

4.52
(4.24–4.7)

4.31
(4.04–4.72)

35.99
(34.46–38.2)

2.97
(2.8–3.22)

0.83
(0.69–1.05)

0.46
(0.3–0.59)

13.21
(11.96–14.57)

36.99
(34.22–39.17)

41.51
(38.46–43.84)

13.91
(12.67–15.24)

MSP10 1.15
(1.02–1.26)

4.1
(3.72–4.29)

5.2
(4.9–5.57)

37.37
(36.02–40.21)

2.06
(1.91–2.21)

0.56
(0.37–0.81)

0.15
(−0.01–0.26)

12.53
(12.01–13.02)

36.88
(34.56–38.19)

40.98
(38.28–42.32)

13.68
(13.18–14.12)

Table 4. Mean values (range) of the elemental composition (SEM-EDS) of fraction S2/3 of bottom
ash, expressed as a percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, K and
Ca) (%m/m: mass percentage).

Na Mg Al Si P S Cl K Ca Ca + Mg K + Na

WP100 0.91
(0.31–1.36)

5.21
(3.94–6.46)

4.25
(1.75–5.61)

29.94
(25.16–38.54)

2.47
(2.04–2.83)

0.09
(0.04–0.24)

0.02
(−0.05–0.08)

9.38
(6.4–14.74)

47.73
(36.96–52.39)

52.94
(40.9–57.2)

10.29
(7.43–15.43)

WSP100 0.23
(0.17–0.29)

2.35
(2.23–2.43)

1.04
(0.95–1.2)

52.28
(51.11–53.44)

1.99
(1.88–2.23)

0.16
(0.07–0.23)

0.03
(−0.04–0.1)

27.85
(26.49–28.37)

14.07
(13.47–14.71)

16.42
(15.9–17.03)

28.08
(26.71–28.67)

WSP72 0.36
(0.27–0.43)

1.81
(1.72–1.91)

1.44
(1.34–1.62)

37.64
(36.85–38.46)

3.13
(3.04–3.36)

0.29
(0.14–0.53)

–0.01
(−0.06–0.07)

34.09
(32.98–34.91)

21.24
(20.98–21.66)

23.06
(22.88–23.47)

34.45
(33.42–35.29)

WSP60 0.53
(0.48–0.58)

2.06
(1.92–2.17)

1.78
(1.69–1.9)

33.48
(32.28–34.05)

2.71
(2.55–2.81)

0.22
(0.11–0.38)

0.01
(−0.05–0.05)

33.37
(32.51–34.38)

25.86
(25.38–26.36)

27.92
(27.45–28.28)

33.9
(33.02–34.93)

WSP35 1.06
(0.9–1.15)

2.06
(1.88–2.23)

3.96
(3.78–4.19)

39.63
(38.79–41.22)

2.02
(1.92–2.18)

0.1
(0.02–0.2)

0.02
(−0.04–0.08)

25.27
(23.8–25.99)

25.89
(25.06–26.78)

27.95
(27.09–28.7)

26.33
(24.88–27.06)

MSP100 0.57
(0.53–0.63)

4.38
(4.23–4.53)

4.04
(3.79–4.2)

46.51
(43.97–48.7)

1.97
(1.86–2.15)

0.12
(0.02–0.24)

0
(−0.06–0.06)

8.95
(8.2–9.47)

33.46
(30.98–35.66)

37.84
(35.37–40.13)

9.52
(8.75–10.06)

MSP52 0.62
(0.56–0.75)

3.97
(3.73–4.3)

4.27
(4.09–4.44)

45.28
(44.58–46.21)

2.53
(2.42–2.7)

0.02
(−0.08–0.07)

0.02
(−0.01–0.08)

11.91
(11.55–12.52)

31.38
(29.19–32.8)

35.35
(33.49–36.53)

12.53
(12.12–13.27)

MSP10 1.06
(0.96–1.15)

3.58
(3.44–3.66)

5.6
(5.48–5.7)

44.75
(44.29–45.32)

1.65
(1.49–1.79)

0.01
(−0.03–0.07)

0.01
(−0.06–0.06)

10.56
(10.25–11.09)

32.8
(32.46–33.36)

36.38
(36.06–36.89)

11.61
(11.32–12.24)

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 [4] as well as Ca and
Mg [34] have been aggregated for the analysis and included in Tables 3 and 4.

Additionally, Table 5 shows the crystalline phases and amorphous concentration
detected using the P-XRD technique for the fraction S2/3 samples of the tests selected for
each fuel. It can be seen that the percentage of amorphous is very high, especially for the
WSP family, meaning that part of the compounds contained in the sample might have not
been detected because they are not in the crystalline phase. In addition, those substances
that, being detected, could not be quantified are marked with X.
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Table 5. Fraction S2/3 composition (combustion test selected).

λ

P-XRD Analysis Results

Crystalline Matter (%) (a)

Amorphous (%) (b)

SiO2 KAlSi2O6 Ca3(Si3O9) K2Mg2(SO4)3 Ca2(SiO4) Ca2Mg(Si2O7) Ca2Al3Si3O12(OH) CaMg(CO3)2 CaSiO3
(Na0.75K0.25)

(AlSi3O8)

WP100 (d)

0.83 10.7 15 17.1 34.1 16.8 36.66
0.86 6.4 5.6 9 63.9 12.1 3.94
1.42 7.6 11.3 13.3 52.9 12.1 25.38
1.44 1.6 12.4 15.2 56 14.8 3.3

WSP100

0.87 X (c) 99.84
0.85 X (c) 97.81
1.63 X (c) 96.93
1.67 X (c) 96.1

WSP72

0.95 X (c) X (c) 97.65
0.97 X (c) X (c) 97.67
1.35 X (c) X (c) 96.42
1.32 X (c) X (c) 94.53

WSP60

0.99 X (c) X (c) 95.7
0.96 X (c) 95.21
1.41 X (c) X (c) 93.56
1.30 X (c) 92.1

WSP35

0.88 11.5 13.2 75.3 77.36
0.86 13.4 23 63.6 77.3
1.32 11.8 28.4 59.8 77.78
1.40 16.6 15.6 67.8 69.98

MSP100
0.83 41.7 16.6 6.3 21.1 14.3 31.34
0.81 32.4 12.1 8 31.3 16.1 52.1
1.18 23.2 13 4.4 29.3 30.1 67.7

MSP52

0.87 17.1 22.7 32.2 7.7 20.2 55.04
0.84 8.2 30.4 23.8 4.1 33.6 57.52
1.13 22.9 20.5 28.8 7 20.7 59.02
1.27 23.1 26.2 16.4 10 24.4 53.25

MSP10

0.79 12.6 27.8 35.4 24.2 43
0.81 18.7 28.6 32.6 20.1 37.16
1.26 16.3 31 33 19.7 16.34
1.28 10 27.4 32.1 30.4 15.85

(a) Expressed as mass percentage with respect to the total crystalline matter in the S2/3 fraction. (b) Expressed as mass percentage with respect to the total amount of the S2/3 fraction.
(c) Substances that, being detected, could not be quantified. (d) Small amounts of Fe2O3 were detected in this fuel, due to contamination of the samples.
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3.2. Bottom Ash Analysis

In view of the SEM-EDS results shown in Tables 3 and 4, it can be stated that the
three main components of the bottom ash are Si, Ca + Mg and K + Na, staying, in general,
approximately constant for each agropellet for the whole range. Al also appears in those
fuels that have a high percentage of this element in their composition (WP100, WSP35
and the MSP family, see Table 1), being practically insignificant in the rest. As for P, it is
present in lower concentrations than the previous elements although not negligible, and the
quantity is quite similar in all the fuels and in both fractions. In all cases, the percentages of
Cl are very low, as this element is almost completely vaporized [35] and afterward a part
can condense in the form of deposits, as will be seen in the next section. The same occurs
with S, although, in this case, amounts above 1% have been detected in fraction S1 of the
WSP family, which could have been fixed as calcium sulfates when reacting with the Ca of
the fuel [34].

The compositions of both fractions (S1 and S2/3) are similar for each fuel, although
it can be verified that the Si content in the latter is higher, which is related to its higher
sintering status, while the content of Ca + Mg and K + Na is slightly lower.

Once the main elements that form bottom ash have been identified, it should be noted
that the amount of each one and the compounds that they form are different depending on
the fuel, which can be verified by taking into account the results obtained for fraction S2/3
(see the SEM-EDS and P-XRD results in Tables 4 and 5, respectively).

In the case of WP100, more than 50% of the ash was composed by Ca + Mg, as expected
due to the high percentage of alkaline earth that the ash of this fuel presents. These elements
were fixed forming different compounds (the detected ones by P-XRD were: Ca2(SiO4),
Ca2Mg(Si2O7), Ca2Al3Si3O12(OH) and K2Mg2(SO4)3). The second most abundant element
was Si, which appeared in combination with Ca or as SiO2 (quartz), probably coming
from the contamination of the pellet (sand) [36]. In this case the percentage of alkaline
metals was the lowest of all the fuels, and of the same order, in some tests, of aluminum or
phosphorus. This could also be related to the high content of alkaline earth metals as these
elements could bind to Si in the compounds indicated above, which have high melting
temperatures [37], justifying the low sintering degree, and thus K would be released [35].

With respect to the WSP family, the most important element was Si, especially in the
case of WSP100, with more than 50% by mass. The high percentage of amorphous matter
did not allow quantification, but the presence of SiO2 was detected. High percentages
of K + Na also appeared in all of them (around 30%), which may have been fixed in the
bottom ash in the form of low-melting silicates or phosphates (it may have been in the
amorphous phase and had not been detected). Due to the higher Al content in WSP35,
KAlSi2O6 was detected. This compound has a higher melting temperature than K-silicates
and K-phosphates [37] and, again, could be related to the lower sintering degree of this fuel
compared to the others of the same family. For the WSP family, the quantities of Ca + Mg
were lower than for the rest of the fuels, among other reasons, due to the fact that its content
in fuel ash was also low (see Table 1). The high content of Si and K + Na, together with the
low presence of Ca + Mg, could justify the high sintering degree of these fuels [4,18,25].

All the MSP family fuels presented a very similar composition of the ash. The percent-
age of Si was around 45%, Ca + Mg was above 35% while K + Na exceeded 10% (except
in MSP100). It should be noted that despite having a higher concentration of Ca + Mg
and less K + Na it had no lower sintering degree, as could be expected, which may be
related to the high combustion temperatures that were achieved during the tests with
these agropellets [20]. These temperatures might imply that alkali metal silicates could
be formed and melted, which would justify the high ash sintering degree. However, high
concentrations of less problematic compounds such as alkaline earth metal silicates (CaSiO3,
Ca3(Si3O9) and Ca2Mg(Si2O7)) have been found (in addition to KAlSi2O6, which could
have been formed due to the high Al content of these fuels [25]). Although, at first, alkali
metal silicates could be formed, K and Na have been able to be displaced and released for
Ca or Mg [4,26,33], forming finally the compounds indicated above. Those compounds are



Energies 2022, 15, 1499 8 of 20

clearly predominant in the crystalline phase, although SiO2 was detected too. The higher
number of compounds found is linked to the greater crystalline phase of these fuels with
respect to the others.

On the other hand, no relationship has been found between the SEM-EDS results and
λ, not even for WP100 in which a decrease in the sintering degree as λ increased was found
(see [20]). The ash composition remained constant although the quantity of the sintering
fraction varied.

Once the composition of the ash formed in the tests is known, it may be interesting
to check whether there is any relationship between this and the initial composition of the
ash of the fuel, taking into account the different ash conditions (combustion temperature,
residence time, λ and turbulence) in the reactor and the laboratory. As no relationship
was found between the SEM-EDS results and λ, it is possible to work with an average
composition for each fuel. Therefore, Figures 1–3 show the results for mean bottom ash
composition obtained as a weighted average of the fraction S1 and S2/3 compositions for
all the tests versus the concentration of Si, Ca + Mg and K + Na in the fuel preliminary
analysis, respectively. A clear relationship between both compositions was confirmed
(Figure 1: r = 0.81, p = 0.014; Figure 2: r = 0.94, p < 0.001; Figure 3: r = 0.99, p < 0.001).

Figure 1. Si concentration in bottom ash versus Si concentration in fuel preliminary analysis.

Figure 2. Ca + Mg concentration in bottom ash versus Ca + Mg concentration in fuel preliminary
analysis.
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Figure 3. K + Na concentration in bottom ash versus K + Na concentration in fuel preliminary
analysis.

It can be seen that the main differences are a higher percentage of Si (Figure 1) and
lower K + Na (Figure 3) in the SEM-EDS analyses for all the fuels. These results are logical
due to the higher combustion temperatures reached in the reactor compared to the labora-
tory. Si is the most refractory element [4], so, regardless of the temperature, the compounds
formed remain solid, while K + Na is much more volatile, so when increasing the tempera-
ture the compounds formed are less retained in the bottom ash. The concentration of Ca +
Mg does not vary much as the compounds either do not vaporize [4] or do so but in a very
small proportion compared to K + Na [38]. The behaviour of Si, K + Na and Ca + Mg is
similar to the one found when analyzing other blended pellets [26].

Furthermore, it should be noted that K + Na decreased proportionally more in those
fuels in which the initial Ca + Mg content was higher, even though the K + Na content was
lower (WP100 and the MSP family). This could confirm the displacement of alkali metals
in the silicates by alkaline earth metals when there is an excess of the latter. In this case,
the K and Na would be released to form other compounds that come out of the bed. This
latter phenomenon is also favored by higher combustion temperatures, especially in the
tests with the MSP family.

Regarding the WSP family, the K + Na content decreased proportionally less, which
would imply that they remained fixed, forming silicates and phosphates that, although not
detected by P-XRD, could form part of the amorphous phase (higher than 95% in these
fuels, except WSP35). The presence of phosphates could be corroborated by the fact that
the phosphorus concentration is very similar in the results of the SEM-EDS to the initial
one in these fuels (see Figure 4). For the MSP family, the phosphorus decrease (see Figure 4)
could be due to the fact that the high temperatures may have led to its volatilization [33].

3.3. Deposition Results

The results obtained from the SEM-EDS analysis of the samples collected in the
deposition probe during the reactor tests are presented in Table 6. As discussed in [20],
when analyzing deposition phenomena only tests with λ > 1 were considered, in order
to reproduce the operating conditions of actual facilities. To carry out the analysis, the
concentrations of K and Na, and Ca and Mg, were aggregated again. It can be seen how the
most abundant groups of elements in WP100 are Ca + Mg and K + Na, while in agropellets
they are K + Na and Cl, being much lower than the concentration of Ca + Mg. In addition,
as the percentage of herbaceous in the blend increases, in general, the percentage of Cl also
increases, while Ca + Mg decreases.
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Figure 4. P concentration in bottom ash versus P concentration in fuel preliminary analysis.

Table 6. Mean values (range) of the elemental composition (SEM-EDS) of deposits expressed as a
percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, K and Ca) (%m/m: mass
percentage).

Na Mg Al Si P S Cl K Ca K + Na Ca + Mg

WP100 1.67
(1.36–1.91)

4.65
(2.84–6.3)

1.75
(1.14–2.25)

4.21
(2.8–5.34)

1.97
(1.25–2.66)

6.34
(4.85–8.93)

14.75
(9.12–19.77)

32.49
(25.39–41.23)

32.16
(20.84–42.13)

34.16
(26.75–43.15)

36.81
(23.68–48.43)

WSP100 0.22
(0.19–0.24)

0.11
(0.05–0.18)

0.25
(0.18–0.28)

1.55
(1.17–2.29)

0.31
(0.21–0.43)

3.21
(2.18–5.02)

41.92
(39.41–43.53)

51.85
(50.54–53.03)

0.57
(0.36–0.81)

52.07
(50.73–53.27)

0.69
(0.41–0.99)

WSP72 0.36
(0.31–0.42)

0.14
(0.07–0.25)

0.22
(0.19–0.28)

2.53
(1.32–4.09)

0.54
(0.45–0.65)

6.12
(5.92–6.26)

35.64
(34.42–37.12)

53.04
(51.55–53.86)

1.42
(0.82–2.4)

53.4
(51.87–54.28)

1.56
(0.89–2.65)

WSP60 0.56
(0.5–0.6)

0.19
(0.12–0.35)

0.2
(0.12–0.33)

1.39
(0.74–2.45)

0.31
(0.23–0.43)

6.56
(5.61–7.08)

35.94
(34.07–38.5)

52.89
(51.65–53.71)

1.96
(1.1–3.61)

53.45
(52.14–54.3)

2.16
(1.22–3.96)

WSP35 1.21
(1.13–1.33)

0.52
(0.3–0.7)

0.56
(0.42–0.74)

3.06
(2.38–3.64)

0.61
(0.48–0.78)

6.68
(6.13–7.4)

32.22
(30.15–34.79)

49.39
(48.06–50.67)

5.75
(3.38–7.27)

50.61
(49.19–52)

6.26
(3.68–7.97)

MSP100 1.26
(1.22–1.31)

0.14
(0.06–0.21)

0.16
(0.13–0.18)

0.67
(0.21–1.11)

0.26
(0.19–0.34)

1.64
(1.15–2.15)

47.19
(46.02–48.94)

47.89
(47.31–48.52)

0.8
(0.22–1.43)

49.15
(48.53–49.82)

0.94
(0.27–1.64)

MSP52 1.2
(1.14–1.28)

0.23
(0.14–0.31)

0.22
(0.13–0.29)

1.42
(0.86–2.17)

0.33
(0.26–0.43)

1.49
(1.09–1.9)

45.19
(43.89–46.36)

48.3
(47.07–48.9)

1.63
(0.99–2.19)

49.5
(48.21–50.17)

1.86
(1.13–2.5)

MSP10 2.15
(2.03–2.25)

1.53
(0.97–2.37)

0.98
(0.73–1.41)

3.32
(2.6–4.9)

1.09
(0.8–1.41)

2.28
(1.77–2.79)

36.81
(31.33–40)

39.21
(36.1–41.41)

12.64
(8.92–17.45)

41.36
(38.13–43.66)

14.17
(9.88–19.81)

Table 7 shows the crystalline phases and amorphous concentrations detected in the
samples of the deposits of the tests selected for each fuel, using P-XRD techniques. Firstly,
it should be highlighted that, on the whole, there was a high crystallinity degree in the
samples (percentage of zero amorphous in many of them), which considerably reduces the
possible uncertainties of the method. Nevertheless, in WP100 and MSP10 the crystallinity
degree was lower (albeit much larger than in bottom ash samples). In the case of the
agropellets, the main compounds detected were KCl and alkali metal sulfates (K2SO4 and
K3Na(SO4)2), with a reduced amount of SiO2 in several fuels and CaCO3 in MSP10. On the
contrary, in WP100 the percentage of K, Na and Cl compounds was much smaller, with
the compounds of Ca, Mg and Si being the main ones. These results corroborate the ones
obtained from the SEM-EDS analysis.
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Table 7. Deposits composition (combustion test selected).

ṁ_air
(kg/m2s) λ

P-XRD Analysis Results

Crystalline Matter (%) (a) Amorphous
(%) (b)KCl K2SO4 K3Na(SO4)2 SiO2 CaCO3 Ca2Mg(Si2O7) Ca(OH)2 CaO Ca2(SiO4) MgO

WP100
0.47 1.42 13.4 9.2 1.9 23.4 5.5 9.6 2.8 7.5 26.8 21.24
0.47 1.44 26.9 13 1.6 24.8 2.5 2.5 2.2 7.5 19.1 17.6

WSP100 (c)
0.48 1.63 91.3 8.7 0
0.48 1.67 89.2 10.8 0

WSP72
0.48 1.35 77.4 22.6 0
0.48 1.32 76.1 23.9 0

WSP60
0.48 1.41 81.9 18.1 0
0.46 1.30 75 21.5 3.5 0

WSP35
0.48 1.32 69.7 23.6 6.7 5.68
0.48 1.40 77.1 16.9 6 0

MSP100 0.39 1.18 91.4 5.3 3.3 0

MSP52
0.47 1.13 86.7 7.5 5.7 0
0.48 1.27 84.7 8.7 6.7 0

MSP10
0.48 1.26 71.3 6.2 22.5 10.18
0.48 1.28 68.4 10.9 20.6 4.42

(a) Expressed as mass percentage with respect to the total of crystalline matter in the deposits. (b) Expressed as mass percentage with respect to the total deposits. (c) Small amounts of
Fe2O3 were detected in this fuel, due to contamination of the samples.
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All these differences in the composition of the deposits (SEM-EDS and P-XRD) are
related to the different relative importance of the deposition mechanisms that apply for
each fuel and operating condition. In the next section this aspect is addressed, aiming
to deepen the understanding of the factors that influence the deposition and thus try to
reduce the negative impacts that this phenomenon entails.

3.4. Deposition Mechanisms Analysis

To understand the differences among the DR value between the different fuels and its
relationship with lambda [20], it is necessary to analyze the deposition phenomena, even in
a simplified manner. There are two ways in which ash can leave the bed, by vaporization
and by entraining. Each of these leads to a different deposition mechanism, one produced
by condensation and another by inertial impact, respectively [27].

Concerning condensation, it can be stated that some compounds, mainly alkali metal
chlorides, sulfates and hydroxides, are vaporized and can be deposited on the heating
surface chiefly as chlorides, sulfates and carbonates by direct condensation or after forming
aerosols by thermophoresis or turbulent diffusion. In the case of alkali metal sulfates and
chlorides, due to their low melting points, a sticky layer is formed, to which other deposits
adhere [5,36,39–42]. Part of these alkali metal compounds can also condense into coarse fly
ash [5,36,39–43].

In relation to inertial impact, some of the coarse fly ash entrained from the bed, which
contains mainly silicates, aluminosilicates and phosphates, as well as oxides, carbonates,
sulfates, and hydroxides of Mg, Si and/or Ca, can form deposits on the sticky initial layer
by inertial impact [5,36,39–43].

These two mechanisms are highly complex, and it is helpful to establish several
simplifications in order to facilitate the analysis of the results. In this work, the methodology
exposed in [27] to estimate deposition by condensation (DRCond.) and by inertial impact
(DRImp.) was applied (Fe has not been considered, due to the contamination of some
samples with oxides from the reactor). This methodology uses the elemental composition
of the S1 fraction and of the deposits (from SEM-EDS analysis) instead of analyzing the
fluid and particle dynamics and is based on the different composition of the ashes that
leave the bed by entrainment and by vaporization. This simplified method uses the
average composition of the ashes, without considering the differences that may exist in this
composition depending on the different particle sizes. Nevertheless, it obtains information
regarding the relative importance of both deposition mechanisms and identifies trends
when varying operating conditions. In Figures 5 and 6, DRCond. and DRImp. values are
shown with respect to λ.

Figure 5. Deposition rates by condensation versus λ.
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Figure 6. Deposition rates by inertial impact versus λ.

As can be seen in Figures 5 and 6, DRCond. and DRImp. clearly depend on the type
of fuel and also vary with the operating conditions. Thus, deposition is expected to be
affected by the quantity and the composition of the ash in the fuel, as well as by λ and the
combustion temperature. All these parameters are in turn interrelated, which complicates
the analysis. These aspects are dealt with in the following subsections.

3.4.1. Comparison between Fuels

In order to make the analysis of the comparison between fuels independent from the
operating parameters, in this subsection, the average values of the tests carried out with
each fuel were used. The means of DR, DRCond. and DRImp. values for each fuel are shown
in Table 8.

Table 8. Deposition rates (total, by condensation and by inertial impact) mean values (λ > 1).

WP100 WSP100 WSP72 WSP60 WSP35 MSP100 MSP52 MSP10

DR 4.71 16.49 9.53 7.18 8.53 16.9 15.97 5.87
DRCond.

(% a)
1.9

(40.3)
15.26
(92.5)

8.36
(87.7)

6.53
(90.9)

6.75
(79.1)

16.18
(95.7)

14.7
(92.0)

3.91
(66.6)

DRImp.
(% a)

2.81
(59.7)

1.23
(7.5)

1.17
(12.3)

0.65
(9.1)

1.78
(20.9)

0.72
(4.3)

1.27
(8.0)

1.96
33.4)

a Percentage with respect to DR.

It can be seen that in WP100 the main deposition mechanism is the inertial impact,
while in the blended pellets condensation clearly dominates. However, when the percentage
of herbaceous in the blend is small (WSP35 and MSP10) the deposition by impact becomes
more important.

In the event that the temperature of the sampling ring had been higher, the importance
of condensation would have decreased, with the inertial impact gaining importance, as
happens for example in [44].

The results shown in Table 8 are consistent with those of the P-XRD analysis (Table 7).
Thus, fuels with a DRCond. percentage greater than 75% with respect to the total (WSP100,
WSP72, WSP60, WSP35, MSP100 and MSP52) present a percentage of compounds related to
vaporization and subsequent condensation (KCl, K2SO4 and K3Na(SO4)2) greater than 90%.
The other two fuels (WP100 and MSP10) had relatively high concentrations of compounds
with a high vaporization point (SiO2, CaCO3, Ca2Mg(Si2O7), Ca(OH)2, CaO, Ca2(SiO4) and
MgO) that could only have been deposited by inertial impact.

Due to deposition by condensation beginning with the vaporization of various com-
pounds, mainly alkali metal chlorides, sulfates and hydroxides, when the amounts of K, Na,
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Cl and S are higher in the fuel, it is expected that the DRCond. will increase. The amounts of
these elements generally increase as the percentage of herbaceous does (molelement/kgfuel,
which can be obtained from Table 1), which justifies that in both fuel families DRCond.
increases with the percentage of herbaceous (see Table 8) except in WSP60, possibly due
to the low value of S that this fuel presents. The relationship between these elements and
deposition by condensation is reflected in Figures 7 and 8, where DRCond. is represented as
a function of the amount of K + Na and Cl + 2S (to take into account that the molar ratio
between K + Na and Cl is 1 in alkali metal chlorides and 2 between K + Na and S in alkali
metal sulfates) in the initial analysis of the fuels, respectively.

Figure 7. Deposition rate by condensation versus K + Na (mol/kgfuel).

Figure 8. Deposition rate by condensation versus Cl + 2S (mol/kgfuel).

It can be seen that there is a clear correlation between DRCond. and K + Na (Figure 7:
r = 0.75, p = 0.033) and between DRCond. and Cl + 2S (Figure 8: r = 0.80, p = 0.016). The
latter is more significant as, while an important part of the K + Na can be retained in the
bottom ash (see Section 3), not participating in the deposition phenomenon, almost of the
Cl and S vaporizes [35] and can lead to deposition by condensation.

Regarding the DRImp., it should be noted that, despite its low amount of ash, WP100
presents by far the highest deposition by inertial impact (Figure 6 and Table 8). This is
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possibly due to the low sintering degree of this fuel (see Table 2), which favors entrainment
and the subsequent deposition of solid particles. In this sense, it should be noted that in
the case of WP100 it was found that the S1 fraction was made up of a large quantity of ash
in the form of fine dust. The sintering degree is related, in addition to certain operating
parameters and to the composition of the ash. Due to the high percentage of K + Na in
all the fuels analyzed, the sintering degree is mainly related to the concentration of Si, Ca
and Mg, and with the relation between them (see [20]). In this sense, in Figure 9 it can be
observed how DRImp. correlates negatively with the Sr index (Sr = SiO2/(SiO2 + Fe2O3 +
CaO + MgO)·100 [45]) (r = −0.72, p = 0.043).

Figure 9. Deposition rate by inertial impact versus Sr index.

The relationship between DRImp. and the sintering degree will be discussed again in
the next subsection.

3.4.2. Influence of Operating Conditions

As was done in [20], given the low number of tests for each fuel with λ higher than 1,
it is interesting to analyze all of them together (33 tests between the 8 fuels).

It can be seen in Figures 5 and 6 how λ is negatively correlated with DRCond. (r = −0.40,
p = 0.022) and positively with DRImp. (r = 0.48; p = 0.005). Thus, the increase in λ has
opposite effects on each of the two deposition mechanisms. Nevertheless, given that in the
case of blended pellets DRCond. has a greater influence than DRImp., it can be stated that
increasing λ decreases DR, as already suggested in [20].

Although the separation of these two mechanisms makes the relationships obtained
statistically relevant, and much stronger than the one between λ and DR (r = −0.34,
p = 0.051, [20]), a significant dispersion of results is still observed in Figures 5 and 6.

To better understand this dispersion, it is necessary to delve into the analysis of the
effect associated to the λ increase on various operating conditions. On the one hand, when λ

is increased, there is a decrease in the combustion temperature (for λ > 1), although it affects
each fuel in a different way (as can be seen in [20]). This decrease in temperature, and not
directly λ, is what produces a decrease in the vaporization of some compounds of the ash,
with the consequent decrease in deposition by condensation. The very clear relationship
between DRCond. and the mean flame temperature (Tif, ◦C) is shown in Figure 10 (r = 0.69,
p < 0.001).
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Figure 10. Deposition rates by condensation versus Tif.

On the other hand, increasing λ also affects the entrainment of solid particles in two
ways. Firstly, the aforementioned decrease in combustion temperature implies a decrease
in the sintering degree (from the results presented in [20] it is possible to determine for
all fuels as a whole that when λ > 1 there is a very clear correlation between the sintering
degree and the combustion temperature: r = 0.68, p < 0.001). Secondly, there is a clear direct
relationship between λ and air mass flow by unit area of the grate (PA, kg·m−2·s−1) so
that an increase in λ corresponds to an increase in the air velocity in the bed [20]. Both
effects, the decrease in the sintering degree and the increase in air velocity, allow a greater
entrainment of solid particles and, consequently, a greater deposition by inertial impact as
reflected in Figures 11 and 12.

It can be seen how the relationship between DRImp. and the sintering degree is very
strong (r = −0.75, p < 0.001), being of less intensity in the case of DRImp. vs. PA (r = 0.41;
p = 0.016). Therefore, it can be inferred that the increase in inertial impact deposition
with increasing λ is closely related to the decrease in the sintering degree and, to a lesser
extent, to the increase in air velocity. However, it must be taken into account that a greater
particle entrainment does not always have to produce a directly proportional increase of
the inertial impact deposition, as for this deposition to occur there must be a sticky layer of
condensation deposits.

Figure 11. Deposition rates by inertial impact versus sintering degree.
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Figure 12. Deposition rates by inertial impact versus PA.

4. Conclusions

The behaviour regarding the sintering and deposition phenomena of eight different
biofuels produced by an agro-industry working as an IBLC has been studied in depth,
through the analysis, using SEM-EDS and P-XRD techniques, of the ashes obtained in
combustion tests.

With respect to sintering, the SEM-EDS and P-XRD results confirm a different be-
haviour of ash depending on its composition, in particular Si, Ca + Mg and K + Na.
Additionally, a clear relationship has been found between the results of the SEM-EDS
analysis and the initial composition of the ash of the fuels, and the differences are fully
justifiable due to the different conditions at which the ashes were obtained in both cases.
As the changes between the two types of analysis showed the same trend for all fuels, an
adjustment of the current limits or definition of new indices and ratios from the initial
composition of the ash of the fuels should allow a comparison of the phenomenon severity
between the fuels for the same operating conditions.

Regarding deposition, it was determined that in WP100 the predominant deposition
mechanism is inertial impact, while in blend pellets it is condensation. In addition, it was
observed that when the percentage of herbaceous in the mixture increases, the deposition by
condensation also increases significantly, while deposition due to inertial impact decreases
only slightly.

Thus, it has been confirmed that due to the composition and quantity of its ashes,
increasing the percentage of herbaceous in the blend increases sintering problems and also
negatively affects the deposition phenomenon. To compensate at least in part for these
negative effects, the operating conditions can be acted upon. Thus, increasing λ implies
both a decrease in the sintering degree and in deposition by condensation. However, it
must be taken into account that when λ increases there is a slight increase in deposition by
inertial impact (although less important than the aforementioned decrease in deposition by
condensation) and possibly in the amount of particles emitted through the chimney (which
can be solved with an oversized particle capture system), as well as a decrease in boiler
performance (which can be greatly limited with the use of condensing boilers).

Consequently, after performing the tests in the experimental installation and the depth
analysis of the behaviour in terms of the sintering degree and deposition, aiming to mini-
mize any negative effects, it can be stated that these biofuels are technically interesting to be
burned in adapted boilers able to operate with agropellets and under appropriate operating
conditions. Therefore, the production of these blended pellets based on herbaceous and
forestry biomass by the fodder sector agro-industries working as IBLCs can contribute
to opening an additional business line to be considered by these agro-industries during
periods of lower activity.
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