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A B S T R A C T   

Although residual agricultural biomass is a high-potential energy source, its use is curtailed by the characteristics 
of its ash (quantity and composition). This ash can cause problems during combustion, including bottom ash 
sintering, which is the main focus of this study. Results of bottom ash proportion and sintering degree yielded by 
combustion tests carried out with four different agropellets (one was exclusively woody, and the others were 
blended with various herbaceous components –mixed agropellets) under different operating conditions in a 
laboratory fixed-grate reactor were presented in a previous paper. The inlet air temperature and the excess air 
were the two controlled operating parameters in the tests. To bring the analysis further, samples of bottom ash 
collected during these tests have been characterized using SEM-EDS and P-XRD techniques. The results 
confirmed that, given its high content of alkali metals and its high ratio (K+Na)/(Si+P), the differences in 
sintering behavior presented by the four agropellets are related to the formation of alkali metal silicates and 
phosphates; Si+P is the limiting and determining content that condition the sintering severity. Regarding the 
influence of operating conditions, only small variations in the composition of both the sintered and not sintered 
fractions of the bottom ash have been detected when varying inlet air temperature and excess air in the analyzed 
range. Nevertheless, these SEM-EDS results have led to the detection of two opposing phenomena related to 
increased excess air: higher ash entrainment and lower vaporization, which are associated with the increase of 
air velocity and the reduction of combustion temperature, respectively. Whereas in the mixed agropellets and in 
the range of excess air tested these two effects offset each other, woody agropellet is significantly affected by 
entrainment due to its lack of sintered matter. These results provide useful information towards a solution of the 
problem posed by sintering in the combustion of residual agricultural biomass.   

1. Introduction 

Mid-term forecasts concerning the new uses of forest biomass (e.g., 
biorefineries and new materials) will hinder the recently increased use 
of this resource in energy production [1,2]. Therefore, in order to meet 
EU targets for the contribution of biomass to the heating and cooling 
sector, the use of biomass from the agricultural sector must be taken into 
consideration [3]. 

Among these new resources, herbaceous crop residues stand out for 

their potential. However, in order for the use of these fuels to become 
widespread, the problems associated with the thermal conversion of this 
type of biomass (sintering, deposition, corrosion, erosion and emissions) 
need to be overcome. These problems are essentially due to the char
acteristics of its ash (quantity and composition). Research undertaken in 
recent decades has pointed out the critical influence of the chemical 
composition of ash [4-21], especially the concentration of Na, Mg, Al, Si, 
P, S, Cl, K and Ca [5]. Ash-forming elements include those added by 
anthropogenic activities (such as harvesting or processing) [22,23] 

Abbreviations: %m/m, mass percentage; d.b, dry basis; EDS, Energy Dispersive X-ray Spectrometry; HHV, High heating value (MJ⋅kg− 1); LHV, Low heating value 
(MJ⋅kg− 1); PV, Vineyard pruning agropellet; PVB, Vineyard pruning and Barley straw mixed agropellets; PVC, Vineyard pruning and Corn stover mixed agropellets; 
PVCB, Vineyard pruning, Corn stover and Barley straw mixed agropellets; P-XRD, Powder X-ray Diffractometry; S1, Bottom ash fraction not sintered; S2/3, Fraction 
S2 plus fraction S3; S2, Bottom ash fraction with a low sintering status; S3, Bottom ash fraction with a high sintering status; SEM, Scanning Electron Microscopy; Ta, 
Inlet air temperature (◦C); TC3m, Mean flame temperature (◦C); TCi, Temperature registered by the thermocouple located in position i; w.b, wet basis; XS, Crystallite 
size; λ, Excess air ratio. 
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which can contaminate the biomass, although these elements are typi
cally less reactive [5]. 

During combustion, ash undergoes physical and chemical trans
formations that lead to fractionation. One part, mainly related to alkali 
metal compounds, is volatilized. After complex and not always well 
known mechanisms [5,24,25], these compounds can directly condense 
or, after forming aerosols, be deposited by thermophoresis and/or tur
bulent diffusion [5,25–27] on the heat-exchange surfaces of the equip
ment. Ash entrainment of solid particles (coarse fly ash) in the gas- 
combustion flow from the bed can also ensue and, in given conditions, 
these particles can be deposited on exchange surfaces by inertial impact. 
These phenomena (volatilization and ash entrainment) can also be 
responsible, besides deposition, for both corrosion and erosion, which 
reduce the performance and lifetime of the equipment [28,29]. 

Other part of the components of the ash forms a solid fraction which 
accumulates in the grate (bottom ash). Under certain combustion con
ditions and when the fuel ash fusion temperatures are sufficiently low, 
the bottom ash can sinter and cause severe problems in the equipment, 
affecting conversion in the bed, restricting the effectivity of the grate 
and negatively affecting gas emission control [4,28–31]. 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 and Mg) can subsequently interact [5]. 
The eutectic temperatures of the K2O-SiO2 system, which can be as low 
as 600 ◦C [5], are a critical factor in this phenomenon. Bottom ash 
sintering through this mechanism is especially acute in herbaceous fuels 
compared to woody biomass, since its ash content is generally higher, as 
well as its concentration of Si and K [23]. Phosphorus has also a key role 
in sintering as it can form alkali phosphates (P dominates over Si [32]), 
which also have low melting temperatures [32]. However, in agricul
tural biomass P is considerably lower than Si [33], but not negligible. 

Taking into account these characteristics of herbaceous biomass, the 
mix of herbaceous and woody fuels, among other strategies, may reduce 
the above-mentioned problems. The objective of these blends is to both 
decrease ash percentage in the fuel and improve its composition. 
Regarding the latter, the aim is to reduce or dilute the conflicting ele
ments (such as K, Cl, S and N) and/or obtain molar ratios between ele
ments that diminish the problems of sintering, deposition and gaseous 
emissions [4,19,35–37]. This paper shows the results and analysis of 
tests carried out with blends of three types of residual agricultural 
biomass: two herbaceous (barley straw and corn stover) and one woody 
(vineyard pruning). 

In addition to the influence of the chemical composition of ash, 
combustion conditions on the bed, both design- and operation-related, 
and their impact on problems associated with thermal conversion has 
been also researched [16,17,38–41]. In order to analyze the influence of 
all these factors it is essential to carry out combustion tests. Due to the 
complexity of the phenomena involved in the ash fractionation, these 
tests are frequently undertaken in laboratory reactors (most of which 
operate fixed-grate technology) so that adequate control over combus
tion conditions is maintained [11,16,42–51]. 

In a previous study [52], various aspects related to combustion 
(reactivity, bottom ash quantity, sintering degree and deposition rate) 
were examined for different pellets made of residual agricultural 
biomass and evaluated under different operating conditions in a labo
ratory fixed-grate reactor. Based on the tests carried out in that study, it 
was established that both the velocity of the ignition front (and therefore 
the ignition rate) and the combustion temperature achieved were 
adequate for a very wide range of excess air ratio (λ). However, the 
differences in behavior in terms of sintering between the fuels could not 
be satisfactorily explained; nor was it possible to determine why the 
quantity of bottom ash remained almost constant for the fuels with an 
herbaceous component as λ increased. 

The following step in the analysis, presented in this paper, intends to 
delve into these aspects by characterizing the bottom ash samples 
collected during the tests. Scanning Electron Microscopy (SEM) with 

Energy Dispersive X-ray Spectrometry (EDS) was used to know their 
elementary composition and Powder X-ray Diffractometry (P-XRD) was 
used to determine the main phases formed within the ash. 

Based on this information, compositional differences between the 
most and least sintered fraction identified in the bottom ash for each 
fuel, as well as between fuels, were analyzed and related to the sintering 
degree and to the composition of the ash fuel preliminary analysis. 

Additionally, by using the information obtained from SEM-EDS 
together with the quantity of ash collected in each test, it is possible 
to analyze the influence of operating conditions (inlet air temperature 
and excess air) in bottom ash behavior and to identify how volatilization 
and ash entrainment were affected by these factors. 

Against this background, the aim of this study is to advance in the 
knowledge of the sintering phenomenon, and contribute to find solu
tions to the problems it poses and, therefore, to achieve the desired in
crease in the use of residual agricultural biomass in the domestic sector. 

2. Material and methods 

2.1. Fuels 

Three agricultural residual biomasses (two herbaceous and one 
woody) were selected owing to their wide availability in both Europe 
and the rest of the world: vineyard pruning, barley straw and corn sto
ver. The energy potential of these biomasses can be estimated at over 
500 PJ/yr for the EU (see [53]). 

Given these raw materials, four agropellets were produced:  

• Woody agropellet: 100% Vineyard pruning (PV)1  

• Mixed agropellets (Vineyard pruning blended with an herbaceous 
component, percentages in mass basis as received):  
o 70% Vineyard pruning + 30% Barley straw (PVB)  
o 70% Vineyard pruning + 30% Corn stover (PVC)  
o 60% Vineyard pruning + 20% Corn stover + 20% Barley straw 

(PVCB) 

The three mixed agropellets were designed to meet the requirements 
of the ISO 17225–6:2014 standard for non woody pellets, both A class 
(PVB) and B class (PVC and PVCB), the limiting parameters being the ash 
and Cl contents. Pellets produced had a diameter of 6.5 mm with lengths 
ranging from 10 to 30 mm. More information about the fuel design 
process followed can be found in [54]. 

The main thermochemical properties of the four fuels used are 
reproduced from [52] and presented in Tables 1 and 2. 

2.2. Reactor 

As noted, when investigating ash phenomena during combustion it is 
usual to resort to laboratory reactors. In the case of fixed bed reactors, 
simplified geometries are generally used to be able to consider one- 
dimensional behavior [49]. 

In order to perform the combustion tests of this study, an experi
mental fixed-grate reactor was used (see Fig. 1). In this batch-fed 
reactor, inlet air is injected through the grate from the bottom by 
means of a fan equipped with a variable-frequency drive which allows 
airflow to be regulated. Since experiments require inlet air temperature 
(Ta) to remain under control, the reactor is equipped with a refrigerator 
and an electrical resistor either to cool or heat the air as needed. It 
allowed two different types of tests to be undertaken: without preheat
ing (inlet air at 25 ◦C) and with preheating (inlet air at 80 ◦C). 

The reactor is fitted with 15 N-thermocouples to monitor tempera
ture at both the bed and the freeboard. They take measurements from 

1 Vineyard pruning residues used to produce this agropellet were not the 
same as those used for the mixed agropellets. 
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the center of the combustion chamber and are aligned. For identification 
purposes, they are numbered from TC1, the closest to the grate, to TC15, 
located in the upper part of the reactor. Based on the recorded tem
peratures, it is possible to estimate the mean flame temperature (TC3m, 
◦C) as the average value of the temperature registered by TC3 in the 
interval between TC2 and TC1 reaching 500 ◦C. For more details about 
reactor characteristics, operation and regulations see [52]. 

2.3. Ash analysis 

Once combustion was completed and the reactor cooled down, bot
tom ash was collected from the surface of the grate for weighing and 
classification, which allowed the tendency of each fuel to sinter to be 
determined [14,28,33,35,55]. Bottom ash proportion was calculated as 

the total mass of ash collected compared to the total mass of ash intro
duced with the fuel. The following categories, based on a revised clas
sification of sintering statuses established in previous works [14,33], 
were used: S1, ash which passes through a 3.15 mm sieve and was 
considered not to be sintered; S2, ash which does not pass through a 
3.15 mm sieve, but was easily disaggregated by hand pressure, indica
tive of low sintering status; and S3, ash which does not pass the 3.15 mm 
sieve, and was difficult to disaggregate by hand pressure, which is 
indicative of high sintering status. Since the difference between S2 and 
S3 was subjective, both were regarded as a single category (S2/3). The 
sintering degree of a fuel was calculated as the percentage of this last 
fraction (S2/3) compared to the total ash introduced with the fuel in 
each test. The higher this percentage, the more problematic the fuel is 
considered. 

For all tests, samples of S1 and S2/3 bottom ash fraction were 
collected. SEM-EDS and P-XRD methods were used to characterize the 
bottom ash samples. These complementary techniques are the most 
widely used for the identification and characterization of ash com
pounds [19,27,29,56–61]. 

The samples were crushed in a mortar to obtain a homogeneous 
mixture with an adequate particle size for analysis. Each sample was 
glued onto metal plates with carbon tape and then coated with carbon 
before being analyzed by SEM-EDS. The equipment used was a Carl Zeiss 
Merlin electronic field emission microscope equipped with Gemini 
Column, with acceleration voltages between 0.02 and 30 kV, fitted with 
an EDS X-MAS detector by Oxford Instruments with a window of 20 mm2 

and energy resolution between 127 eV and 5.9 keV. For each sample, 

Table 1 
Agropellets properties.    

PV PVB PVC PVCB   
Vineyard 
pruning 
100% 

Barley 
straw 
30% 

Corn 
stover 
30% 

Corn 
stover 
15% 
Barley 
straw 
15% 

Bulk density 
(kg⋅m¡3)a  

599 562 556 546 

Proximate 
analysis (% 
m/m d.b) 

Volatile 
matterb 

76.5 72.4 72.1 72.3 

Fixed 
carbonc 

20.5 21.7 18.6 21.2 

Ashd 3.1 5.9 9.3 6.5 
Total moisture 

(% m/m w. 
b.)e  

9.0 9.1 9.2 9.0 

Ultimate 
analysis (% 
m/m d.b.) 

Carbonf 48.9 46.36 46.01 46.36 
Hydrogenf 5.8 5.77 5.64 5.55 
Nitrogenf 0.55 0.56 0.55 0.60 
Sulfurg 0.09 0.055 0.050 0.094 
Chlorineg 0.03 0.047 0.080 0.090 
Oxygenc 41.6 41.29 38.33 40.58 

HHV (d.b. at 
p¼constant) 
(MJ⋅kg¡1)h  

19.11 18.54 18.06 18.36 

LHV (w.b. at 
p¼constant) 
(MJ⋅kg¡1)h  

16.01 15.48 15.06 15.40 

aEN 15103:2009 bEN-ISO 18123:2016 cCalculated dEN-ISO 18122:2016 eEN-ISO 
18134:2016 
fEN-ISO 16948:2015 gEN-ISO 16994:2015 hEN-ISO 14918:2011 

Table 2 
Ash properties.    

PV PVB PVC PVCB 

Chemical ash 
composition (% m/ 
m d.b.)a 

Al2O3 0.91 2.72 2.19 2.30 
CaO 42.39 45.77 48.17 40.54 
Fe2O3 0.71 2.22 1.98 1.27 
K2O 30.09 14.88 15.79 19.43 
MgO 10.45 8.64 7.64 11.01 
Na2O 0.62 0.41 0.39 0.38 
P2O5 7.35 4.45 4.00 4.36 
SO3 3.95 2.32 3.24 4.39 
SiO2 2.65 17.70 15.31 15.22 
TiO2 0.07 0.17 0.18 0.16 
Cl 0.12 0.21 0.57 0.54 

Ash melting 
temperatures under 
oxidizing conditions 
(oC)b 

Initial 
deformation 
temperature 

1240 1130 1310 1330 

Hemisphere 
temperature 

>1500 1310 1460 1460 

Flow 
temperature 

>1500 1370 1480 1470  

a EN-ISO 16967:2015 bCEN/TS 15370-1:2006 

Fig. 1. Diagram of the experimental test facility [52]  
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three 1-mm2 representative zones were selected using the angle selective 
backscattered electron detector (AsB). Average elemental composition 
was obtained through EDS, using a voltage of 15 kV. INCA software was 
used to process the results. Major participating elements in the most 
important ash transformation processes – namely Na, Mg, Al, Si, P, S, Cl, 
K, Ca and Fe – were included in the analysis. 

In addition, four combustion experiments without preheating were 
undertaken for each fuel. These tests were chosen to evenly cover the 
range of λ for each fuel (see Table 3). An experiment with preheating 
was also selected for each agropellet, all of which presented an almost- 
identical excess air ratio value (λ≈1.3). In all instances, the crystalline 
matter composition of the S1 and S2/3 bottom ash samples was deter
mined by P-XRD. 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 CuKα wave
length. 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. X-ray patterns were analyzed with JADE 7 
software, with access to the JCPDS-International Centre for Diffraction 
Database (2000) and profile-based RIR analysis. In addition to this, peak 
decomposition was carried out through profile fitting, using a pseudo- 
Voigt approximation. 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 combustion tests were carried out with the four fuels; all 
tests followed the same protocol. Detailed information about this 
experimental protocol can be found in [52]. As noted above, tests both 
with and without preheating (the former are referred to as “ph” exper
iments) were undertaken with different inlet air temperatures. Table 3 
summarizes the main features of the experiments performed. 

The λ value used was greater than 1 in all tests (over-stoichiometric 
conditions) to reproduce combustion conditions in typical small do
mestic equipment with a primary λ>1. As a result, values of inlet air flow 
in the order of magnitude of those used in this domestic equipment and 
similar to those presented by other authors (e.g., [49] in his tests with 
λ>1) were obtained. 

2.5. Statistical analysis 

In order to determine the goodness of the linear correlations shown 
in section 3, a statistical analysis through the estimation of Pearson’s 

correlation coefficient (r) and its corresponding p-value (p) was under
taken. A correlation is considered statistically significant when p<.05, 
although all numerical values of p<.1 are included. 

3. Results and discussion 

3.1. SEM-EDS and P-XRD results 

Table 4 and 5 present mean values and range (minimum and 
maximum values) of elemental composition yielded by SEM-EDS for 
each of the four fuels (S1 and S2/3 fractions), expressed as a percentage 
of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, K, Ca and 
Fe). 

Fig. 2 and Fig. 3 plot the values summarized in Table 4 and 5 against 
λ, omitting the elements with a mean concentration lower than 5% (Al, 
S, Cl and Fe). Due to their chemical similarity and the almost-identical 
roles they play in the reactions that take place in ash transformation 
processes, the concentrations of K and Na [5], as well as Ca and Mg [62], 
are aggregated in both figures. 

Table 6 and 7 present the crystalline phases and amorphous con
centrations of S1 and S2/3 fractions of the five selected tests per fuel 
using P-XRD. 

3.2. Discussion 

3.2.1. Fuel comparison 
Based on previously published results [52,53], the important quan

titative differences between the mixed agropellets and PV in terms of 
sintering behavior must be highlighted. As shown in Table 3, mean 
bottom ash proportion for PV was relatively low (25% maximum), while 
for the mixed agropellets it was much higher (in the order of 50–75%). 
Concerning the mean sintering degree, again the two types of fuels 
behaved differently (Table 3): it was under 2% for PV, and between 34 
and 58% for mixed agropellets. 

As noted, in contrast to bottom ash, part of the fuel ash can leave the 
bed by vaporization, mainly in form of alkali chlorides, hydroxides and 
sulfates; another part can do it by entrainment. In relation to this 
entrainment, since the fuels which showed a greater sintering degree 
also presented higher bottom ash proportion values, a clear relationship 
is attested between both parameters. The reason for this could be that a 
high sintering degree precludes particle entrainment [52]. 

The differences attested in bottom ash fractions left by the different 
fuels tested were not only quantitative, as revealed by the visual and 
tactile examination of the ashes (see Fig. 4). The molten compounds 

Table 3 
Outline of test features.    

Without preheating tests (Ta ¼ 25 ◦C) Preheated tests (Ta ¼ 80 ◦C) 

Fuel  PV PVB PVC PVCB PV PVB PVC PVCB 
Number of tests 

performed  
10 10 10 12 8 6 6 6 

Fed fuel (kg)  4.03 3.78 3.74 3.67 4.03 3.78 3.74 3.67 
λ Mean 1.52 1.61 1.67 1.59 1.46 1.59 1.35 1.41 

Range (Min.-Max.) 1.15–2.04 1.24–2.30 1.18–2.29 1.23–2.07 1.27–1.65 1.21–2.14 1.26–1.54 1.28–1.51 
Inlet air flow 

(kg⋅m¡2⋅s¡1)a 
Mean 0.42 0.42 0.44 0.42 0.49 0.50 0.50 0.48 
Range (Min.-Max.) 0.36–0.47 0.38–0.48 0.41–0.47 0.37–0.45 0.43–0.52 0.46–0.54 0.49–0.54 0.46–0.51 

Air Velocity (m⋅s¡1)b Mean (all tests) 8.0 8.1 8.4 8.0 11.0 11.2 11.6 11.0 
Range (Min.-Max.) 6.9–9.1 7.2–9.1 7.9–9.0 7.1–8.5 9.9–11.9 10.4–12.2 10.7–12.3 10.5–11.7 
Mean (only tests within similar λ 
range than ph tests) 

7.9 8.0 8.3 7.8 — — — — 

TC3m (◦C) Mean (all tests) 1013 963 958 952 925 1004 1024 1029 
Range (Min.-Max.) 894–1109 783–1079 778–1074 808–1056 846–1038 913–1084 984–1058 1013–1052 
Mean (only tests within similar λ 
range than ph tests) 

1026 983 1006 1001 — — — — 

Bottom ash 
proportion (%) 

Mean 25.3 74.7 50.0 59.5 13.0 71.2 47.7 55.9 

Sintering degree (%) Mean 1.6 51.8 33.8 40.1 0.6 57.5 40.2 45.9 

a air mass flow by unit area of the grate b air velocity through the holes of the grate 
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merged with ash particles that are not molten, forming ash blocks of 
various sizes. In the mixed agropellets (Fig. 4-b) large and hard struc
tures typical of silicate melting were found in the S2/3 fraction, while 
the structures found after PV tests (Fig. 4-a) were less consistent. 
Important differences were also attested in the S1 fraction: for PV, a 
large quantity of ash in the form of fine dust was found, whereas in the 
mixed agropellets the quantity of S1 fraction was smaller and generally 
less fine and even contained some ash blocks, which, despite being 
partially melted, were small enough to be classed as S1 fraction ac
cording to the classification criteria applied (these differences are not 
clearly visible in Fig. 4). 

SEM-EDS (Table 4 and 5, and Figs. 2 and 3) and P-XRD (Table 6 and 
7) were used to try to understand these differences in behavior. 

First, amorphous fraction contents range from 3 to 32% (Table 6 and 
7). As noted by some authors (e.g., [63]), although a significant pro
portion of the melted ash is found in amorphous form (i.e. with a low 
degree of crystallinity, based on the crystallite size established above), 

there are some phases that, after the ash has melted, can recrystallize, 
and be detected by P-XRD. Along with the sintering-related compounds 
that can be present in the amorphous phase (mainly K-silicates), other 
components – e.g. organic matter –could also be detected in this fraction 
[34]. 

3.2.1.1. Alkaline earth metals (Ca and Mg). The results show that the 
Ca+Mg group is the most abundant in the bottom ash by far, amounting 
to more than 50% in all fractions and fuels, and no major differences are 
attested between fuels: although PV presents a higher percentage than 
the rest in the S2/3 fraction, owing to the low percentage that this 
fraction represents (see Table 3) this is not regarded as overly relevant. 
However, P-XRD results indicate that significant differences exist (across 
both fractions and fuels) in the phases formed by these elements. In S1 
fraction (Table 6), alkaline earth metals compounds are the most 
abundant in all fuels and conditions: carbonates are dominant, mainly 
CaCO3 (calcite), although K2Ca(CO3)2 is also attested (as fairchildite and 

Table 4 
Mean values (range) of the elemental composition (SEM-EDS) of S1 fraction of bottom ash expressed as a percentage of the total mass of measured elements – Na, Mg, 
Al, Si, P, S, Cl, K, Ca and Fe.  

SEM-EDS analysis results (%m/m)  
Without preheating tests (Ta ¼ 25 ◦C) Preheated tests (Ta ¼ 80 ◦C)  
PV PVB PVC PVCB PV PVB PVC PVCB 

Na 0.33 
(0.25–0.42) 

0.24 
(0.12–0.32) 

0.14 
(0.05–0.24) 

0.22 
(0.15–0.32) 

0.34 
(0.3–0.37) 

0.21 
(0.17–0.24) 

0.15 
(0.11–0.22) 

0.2 
(0.13–0.32) 

Mg 8.27 
(7.44–9) 

4.83 
(4.54–5.22) 

4.75 
(3.13–5.64) 

5.25 
(3.82–5.94) 

7.4 
(6.17–7.96) 

4.46 
(4.11–4.87) 

4.52 
(3.96–4.95) 

4.68 
(4.21–5.39) 

Al 0.6 
(0.47–0.7) 

1.63 
(1.43–1.86) 

1.59 
(1.37–2) 

1.63 
(1.43–1.86) 

0.59 
(0.48–0.76) 

1.56 
(1.25–1.8) 

1.52 
(1.36–1.69) 

1.48 
(1.32–1.59) 

Si 2.41 
(1.79–3.62) 

11.23 
(8.66–13.52) 

12.28 
(8.39–18.08) 

13.52 
(10.34–17.15) 

2.86 
(1.51–4.33) 

12.59 
(11.47–13.45) 

13.74 
(11.43–17.51) 

14.16 
(11.59–18.44) 

P 5.52 
(4.95–6.21) 

2.65 
(2.32–2.83) 

2.06 
(1.11–2.59) 

2.64 
(1.87–3.03) 

5 
(4.13–5.43) 

2.51 
(2.29–2.75) 

2.15 
(1.83–2.5) 

2.39 
(2.02–2.87) 

S 1.3 
(0.76–1.56) 

1.38 
(1.14–1.89) 

0.87 
(0.57–1.07) 

1.69 
(1.36–1.97) 

1.45 
(1.35–1.62) 

1.16 
(1.03–1.32) 

0.78 
(0.55–0.92) 

1.28 
(0.92–1.64) 

Cl 0.12 
(0.06–0.15) 

0.97 
(0.64–1.49) 

0.83 
(0.52–1.2) 

0.69 
(0.06–0.97) 

0.1 
(0.02–0.2) 

0.67 
(0.46–1.01) 

0.73 
(0.46–0.9) 

0.52 
(0.32–0.84) 

K 28.29 
(16.92–34.98) 

24.29 
(21.48–29.65) 

12.31 
(7.94–15.91) 

19.55 
(14.07–22.46) 

31.13 
(24.23–34.3) 

22.48 
(20.67–25.77) 

13.55 
(11.15–15.25) 

18.1 
(15.85–22.3) 

Ca 52.07 
(46.78–61.86) 

50.69 
(45.14–55.86) 

63.69 
(59.56–68.5) 

53.31 
(49.67–58.67) 

50.14 
(47.27–56.7) 

52.2 
(48.46–53.57) 

61.46 
(58.36–66.57) 

55.92 
(50.76–60.25) 

Fe 1.08 
(0.71–1.68) 

2.09 
(1.76–2.73) 

1.48 
(1.23–1.84) 

1.52 
(1.19–2.23) 

1 
(0.63–2.16) 

2.16 
(1.62–2.53) 

1.4 
(1.23–1.6) 

1.27 
(1.19–1.34)  

Table 5 
Mean values (range) of the elemental composition (SEM-EDS) of S2/3 fraction of bottom ash expressed as a percentage of the total mass of measured elements – Na, Mg, 
Al, Si, P, S, Cl, K, Ca and Fe.  

SEM-EDS analysis results (%m/m)  
Without preheating tests (Ta ¼ 25 ◦C) Preheated tests (Ta ¼ 80 ◦C)  
PV PVB PVC PVCB PV PVB PVC PVCB 

Na 0.1 
(0–0.25) 

0.19 
(0.09–0.3) 

0.17 
(0.07–0.22) 

0.23 
(0.14–0.3) 

0.2 
(0.07–0.36) 

0.2 
(0.13–0.25) 

0.18 
(0.1–0.22) 

0.22 
(0.17–0.27) 

Mg 9.78 
(5.58–12.37) 

3.5 
(2.49–4.19) 

4.02 
(2.84–4.86) 

4.49 
(3.86–5.08) 

6.17 
(2.43–10.08) 

3.53 
(3.14–3.91) 

4.08 
(3.49–4.34) 

4.51 
(4.19–4.89) 

Al 1.09 
(0.9–1.25) 

1.46 
(1.15–1.81) 

1.51 
(1.15–1.81) 

1.6 
(1.43–1.79) 

1.33 
(0.66–3.02) 

1.47 
(1.29–1.65) 

1.65 
(1.56–1.79) 

1.71 
(1.58–1.83) 

Si 7.43 
(3.47–18.51) 

18.6 
(13.27–23.93) 

20.71 
(15.14–24.83) 

19.9 
(14.43–24.31) 

11.98 
(2.72–24.02) 

19.58 
(17.38–21.47) 

23.38 
(21.98–26.06) 

22.18 
(20.03–24.76) 

P 5.82 
(2.97–7.56) 

1.78 
(1.13–2.14) 

1.55 
(1.07–2.06) 

1.99 
(1.68–2.35) 

3.64 
(1.39–6.24) 

1.83 
(1.59–2.11) 

1.51 
(1.16–1.76) 

2.05 
(1.91–2.15) 

S 0.38 
(0.11–0.74) 

0.93 
(0.25–2.22) 

0.4 
(0.09–1.89) 

1.27 
(0.15–3.14) 

0.62 
(0.22–2.05) 

0.44 
(0.22–0.64) 

0.11 
(0.04–0.17) 

0.39 
(0.19–0.57) 

Cl 0.02 
(0–0.08) 

0.06 
(0–0.19) 

0.05 
(0–0.12) 

0.1 
(0–0.86) 

0.01 
(0–0.05) 

0.04 
(0–0.1) 

0.01 
(0–0.03) 

0.01 
(0–0.05) 

K 4.7 
(1.06–10.87) 

15.17 
(9.49–17.89) 

7.71 
(6.13–9.64) 

13.99 
(10.75–18.76) 

13.08 
(6.7–20.14) 

14.66 
(12.31–18.02) 

7.91 
(6.62–9.32) 

11.82 
(10.3–13.38) 

Ca 68.75 
(56.37–73.02) 

55.91 
(49.65–69.74) 

62.39 
(55.97–71.78) 

54.78 
(49.07–61.62) 

60.7 
(51.26–65.39) 

56.07 
(53–60.65) 

59.64 
(56.45–62.02) 

55.49 
(52.66–58.31) 

Fe 1.95 
(0.99–3.7) 

2.4 
(1.91–3.18) 

1.49 
(1.14–1.84) 

1.67 
(1.09–2.63) 

2.28 
(0.81–6.2) 

2.19 
(1.88–2.54) 

1.55 
(1.34–1.7) 

1.64 
(1.37–1.83)  

J. Royo et al.                                                                                                                                                                                                                                    



Fuel 310 (2022) 122145

6

butschliite). Both of these compounds are very common in biomass ash 
[5], especially in fuel ash with a high proportion of Ca (i.e. the fuels used 
in this study), and are generated in areas of relatively low temperatures 
[5]. Therefore, they were either formed in specific low temperature 
areas or during the cooling process after combustion [17]. In fraction 
S2/3 (Table 7) alkaline earth metal silicates (Ca2SiO4, Ca3Mg(SiO4) and 
Ca2Mg(Si2O7)) are clearly predominant in the crystalline phase of the 
mixed agropellets, amounting to over 80% of this phase. This difference 
is significant since in S1 fraction alkaline earth silicates rarely exceed 
10%. Moreover, this is another major difference with PV, which does not 
present these compounds in the S1 fraction, and on average they fall 
short of 30% in the S2/3 fraction, far below the values detected in the 
mixed agropellets. As for the remaining phases, the notable reduction of 
CaCO3 in S2/3 fraction in all fuels stands out. Another difference be
tween PV and the mixed agropellets lies in the high content of alkaline 
earth metal oxides in PV ash, both in the S1 and S2/3 fractions (around 
20 and 40% of the crystalline part, respectively), especially MgO. This 
compound presents lower reactivity compared to CaO [5,26,64]; as 
there is less Si with which to react in PV, Mg tends to remain in oxide 
form. The high content of alkaline earth metal oxides could explain the 
relative brittleness observed in PV ash (Fig. 4), as their high melting 
temperatures [5,65] does not exacerbate bottom ash sintering. 

3.2.1.2. Alkali metals (K and Na). The alkali metal group K+Na pre
sents the second highest concentration in S1 in nearly every case 
(Table 4 and Fig. 2), where values in the order of 30% are found for PV, 
25% for PVB, 20% for PVCB and 13% for PVC. In S2/3, the percentage of 
K+Na detected by SEM-EDS is considerably lower in all cases (up to 5%, 
15%, 13% and 9% in PV, PVB, PVCB and PVC respectively) (Table 5 and 
Fig. 3). One possible explanation is their partial displacement by alka
line earth metals when, after the initial formation of the K and Na sili
cates that melt at relatively low temperatures, these compounds react 

with Ca and Mg (dissolution and precipitation), with which they have 
great thermodynamic affinity [5,33]. Although it is true that the origin 
of the Ca-(Mg)-silicates detected by P-XRD can vary (mainly secondary 
origin, with different formation routes [63]), this is one of the possible 
ways they can form. For this reason, the presence of these secondary 
compounds in these concentrations can be representative of the sinter
ing of the mixed fuels. 

Continuing with the P-XRD results, it should be noted that in S1 
fraction, K is detected only in the form of K2Ca(CO3)2 (Table 6), its 
concentration being especially significant in PV (more than 18%) due to 
the low proportion of Si+P in this fuel, which prevents the formation of 
large amounts of alkali metal silicates and phosphates with a tendency to 
sinter. In the case of S2/3 fraction, K is detected only in PVB forming 
KCl, which could be related to their retention as gas within the solid, as 
in [66]. This virtual absence of K-containing crystalline phases, in both 
the S1 and the S2/3 fraction, should be highlighted, mainly because it 
must be present in the amorphous material, predictably forming silicates 
and phosphates. 

3.2.1.3. Silicon. Si is the element in which greater differences in terms 
of concentration can be detected between the two fuel groups (Table 4 
and 5, and Figs. 2 and 3). Si content is lower in PV than in the mixed 
agropellets, all of which fairly present similar values. It also changes 
greatly between the two bottom ash fractions. In S1 fraction, the mean 
content is less than 3% for PV and ranging from 11 to 14% for the mixed 
fuels. The high content of SiO2 in the form of quartz in the fraction S1 of 
the mixed fuels should be highlighted (Table 6). This may be the result of 
contamination during the harvesting of barley and corn [26]. It is worth 
noting that, although it is true that this quartz, like the one that is 
inherent to the fuel, can react with the ash elements, it is less reactive 
[67]. In the S2/3 fraction, the Si content is higher than that in S1, with 
mean values ranging from 7 to 12% for PV and from 18 to 23% for the 

Fig. 2. Elemental composition (SEM-EDS) of S1 fraction of bottom ash expressed as the percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, K, 
Ca and Fe) against excess air ratio (λ) for PV, PVB, PVC and PVCB. Tests with (ph) and without inlet air preheating. 

J. Royo et al.                                                                                                                                                                                                                                    



Fuel 310 (2022) 122145

7

Fig. 3. Elemental composition (SEM-EDS) of S2/3 fraction of bottom ash expressed as the percentage of the total mass of measured elements (Na, Mg, Al, Si, P, S, Cl, 
K, Ca and Fe) against excess air ratio (λ) for PV, PVB, PVC and. Tests with (ph) and without inlet air preheating. 

Table 6 
Composition of S1 fraction of bottom ash (combustion tests selected).   

λ P-XRD analysis results  
Crystalline matter (%)a Amorphous (%)b   

SiO2 Ca2(SiO4) Ca2Mg(Si2O7) K2Ca(CO3)2 CaCO3 Ca(OH)2 Ca5(PO4)3(OH) CaO MgO 

PV 1.16  2.4    11.1  66.0   16.5   4.1  12.5 
1.46  2.3    19.1  44.2   14.0   20.3  6.1 
1.73     26.7  12.3  19.6  12.5  1.6  27.4  3.5 
2.04  9.7    17.0  31.9   15.4   26.1  20.0 
Mean  3.6    18.5  38.6  4.9  14.6  0.4  19.5  10.5 
1.34 (ph)  6.2    9.5  66.2  5.7  12.4    31.6             

PVB 1.24  43.3  4.5   7.7  44.5      23.7 
1.67  24.2  7.6   13.8  54.4      19.7 
1.98  16.2  7.6   8.5  67.7      23.7 
2.30  36.1  7.4   8.5  48.1      20.6 
Mean  30.0  6.8   9.6  53.7      21.9 
1.29 (ph)  33.6  7.0   17.7  41.7      18.4             

PVC 1.18  36.1  11.3    46.9  4.4   1.2   17.4  
1.38  28.3  15.5    46.6  7.7   2.0   15.8  
1.76  38.8  4.3    53.9    3.0   3.2  
2.29  26.0  7.5    58.1  4.7   3.6   9.9  
Mean  32.3  9.7    51.4  4.2   2.5   11.6  
1.31 (ph)  29.2  5.7    59.1  3.5   2.5   14.1             

PVCB 1.23  38.0  8.8   9.9  40.2    3.1   22.4 
1.44  35.5  11.5    47.5  3.6   2.0   26.4 
1.70  33.4  12.5    50.3    3.7   28.1 
2.07  30.9  8.2   10.0  47.4    3.5   24.8 
Mean  34.5  10.3   5.0  46.4  0.9   3.1   25.4 
1.28 (ph)  30.8  13.2  4.8  6.4  37.4  5.6   1.9   20.1  

a Expressed as mass percentages with regard to the total amount of crystalline matter in S1 fraction 
b Expressed as mass percentage with regard to the total amount of S1 fraction 
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Table 7 
Composition of S2/3 fraction of bottom ash (combustion tests selected).   

? P-XRD analysis results 
Crystalline matter (%)a Amorphous(%)b 

KCl SiO2 CaSi2 Ca2(SiO4) Ca2Mg(Si2O7) Ca3Mg(SiO4)2 CaCO3 Ca(OH)2 CaO MgO 

PV  1.16     15.3  10.3   12.1  21.9  2.8  37.6  4.6  
1.46     22.5  8.4   5.9  21.1  3  39  10.3  
1.73     15  7.6   6.9  23.1  3  44.4  23.5  
2.04   4.2   23.6  3.3   26.5  15.2  1.8  25.4  8.1  

Mean   1.1   19.1  7.4   12.9  20.3  2.7  36.6  11.6  
1.34 (ph)   1   12.1  11.1   28.3  18   29.5  24.0               

PVB  1.24  3.8  2.9   39.1   32  16.3  5.8    7.1  
1.67  2.7  16.3   39.1   18.2  20  3.8    9.7  
1.98  3.2  8.1   43.3   25.3  13.7  6.4    18.3  
2.30  2.3  15.8   34.5   12.1  31.8  3.4    9.1 

Mean  3  10.8   39   21.9  20.5  4.9    11.1  
1.29 (ph)  2.1  20.0   34.7   22.2  17.2  3.9    17.4               

PVC  1.18   4.4  3.0  29.0  30.6  15.2  10.8  7.0    11.7  
1.38   5  5.7  26.6  28.1  15.9  6.2  12.4    18.9  
1.76   3.6  4.5  31.9  31.4  18.8  9.8     15.8  
2.29   7.9  3.1  26.9  23.7  17  11.1  10.3    6.2  

Mean   5.2  4.1  28.6  28.5  16.7  9.5  7.4    13.2  
1.31 (ph)   3.1  2.7  34.1  34.2  15.6  5  5.2    10.9               

PVCB  1.23   7.7   31.3  21.1  31.2  4.9  3.7    11.3  
1.44   17.3   27.7  16.3  24.8  8.9  5.1    25.9  
1.70   13.1   22.7  17.7  32.9  13.7     7.1 

2.07   2.3   31.9  28.3  25.6  4.3  7.7    18.7  
Mean   10.1   28.4  20.9  28.6  8  4.1    15.7  

1.28 (ph)   4.5   34  28.6  26.7  4.1  2.1    14.9  

a Expressed as mass percentages with regard to the total amount of crystalline matter in S2/3 fraction 
b Expressed as mass percentage with regard to the total amount of S2/3 fraction 

Fig. 4. Images of bottom ash after a combustion test with an enlargement of S2/3 fraction from the top of the bed: (a) PV (λ = 1.36, TC3m = 1024 ◦C, fraction S2/3 
= 1.6%), (b) PVB (λ = 1.36, TC3m = 1079 ◦C, fraction S2/3 = 60.3%). 
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mixed agropellets. As noted, although part of the Si present in the fuel 
may remain unreacted (as quartz) or undergo polymorphic trans
formation, being present mainly in fraction S1, the formation of alkali 
and/or alkaline earth metal silicates is very common (Table 7). 

3.2.1.4. Phosphorus. It is well-known that, in early combustion stages, 
some P-compounds (e.g. P2O5, and others subsequently formed) are 
highly volatile [5] and can be released from the bed. Bottom ash SEM- 
EDS results show that P is present in lower, but not negligible, concen
trations than the previous elements: mean content around 5% for PV and 
2% for the mixed agropellets. However, virtually no P-compounds 
(Table 6 and 7) were detected by P-XRD in bottom ash: only hydroxyl
apatite (Ca5(PO4)3(OH)) was found in the S1 fraction of PV. The for
mation of this phosphate, which has a high melting temperature, can be 
explained by the higher presence of P in the PV ash. It is well known that 
P is predominant in the formation of compounds in combustion against 
Si, which has a more significant effect on PV by having a much larger P/ 
Si ratio than mixed pellets. 

Based on all this information, it is inferred that P may be present in 
the form of phosphates in the amorphous phase of mixed pellets as some 
K-phosphates melt at relatively low temperatures [26,62], even as low 
as K-silicates. 

3.2.1.5. Chlorine and sulfur. Cl content in both S1 and S2/3 is very low 
(<1% and <0.1% respectively), because this element tends to form highly 
volatile compounds, mainly KCl (favored by the high K/Cl molar ratio of all 
fuels) and HCl [4] which leave the bed by vaporization at combustion 
temperatures. Also the concentrations of S are considerably low in both S1 
and S2/3 (<2% and 1.5%, respectively), as this element tends to form 
gaseous SO2/SO3. In fact, in the P-XRD analysis no compounds with these 
elements were detected (except for the aforementioned KCl in the case of 
fraction S2/3 of the PVB). 

Having discussed the results of the main chemical elements con
cerning ash-related problems, two main ideas can be clearly related: the 
high concentration of K (and, to a lesser extent, Na) compounds in the 
amorphous fractions (estimated on the basis of SEM-EDS and P–XRD 
results), and the known close relationship between sintering and the 
formation of alkali metal silicates and phosphates [9,68]. Based on this, 
it can be argued that the major differences observed in the sintering 
degree of bottom ash lie mainly with differences in the concentration in 
ash fuel preliminary analysis of K and Na on one side and Si and P on the 
other. Since K+Na accounts for a high percentage of the four fuels 
analyzed (molar ratio (K+Na)/(Si+P) > 1, except in PVC with a value of 
0.92), Si+P is the limiting and determining content for sintering. This 
fact is reflected in a linear relationship (r=0.98, p=.015) between the 
molar percentage of Si+P (with regard to 
Na+Mg+Al+Si+P+K+Ca+Fe) in the fuel (from Table 2) and the mean 
sintering degree (tests without preheating, Table 3). 

Si was detected in the form of Ca-(Mg)-silicates and SiO2, which is 
practically absent from PV. The former compounds come partially from 
secondary reactions of Ca and Mg with the initially molten compounds. 
K-silicates and K-phosphates, which were not detected but are un
doubtedly present in the amorphous phase, explain the greater sintering 
degree attested for the mixed agropellets, since the presence of Si in fuels 
with an herbaceous component is higher. 

Furthermore, despite differences in sintering degree in the bottom 
ash of the mixed agropellets, no clear differences that could account for 
this behavior were found in the P-XRD results. The crystalline phases 
detected are almost identical and are present in similar concentrations. 
In addition, the amorphous fraction does not seem to be affected by 
changes in the sintering degree. 

Finally, comparing the mean bottom ash composition detected by 
SEM-EDS (as a weighted average2 of the fractions S1 and S2/3 of all 
tests) and that of the fuel ash obtained in the preliminary analysis 
(extracted from Table 2), a significant and complementary result can be 
inferred. This comparison is presented in Fig. 5, where SEM-EDS results 
are plotted as the average of concentrations for the tested range of λ. 

Some differences can be detected between both analysis owing to the 
different ashing conditions, mainly combustion temperature, but also 
residence time, λ and turbulence. At any rate, these differences affected 
all fuels in a similar way in terms of the relative position of the three 
groups of elements in the plot. In this way, K+Na group contents are 
lower in the SEM-EDS analysis than the concentrations detected in the 
ash fuel preliminary analysis because these elements tend to evaporate 
from the bed as a result of the high-temperature conditions in the 
reactor. The Ca+Mg group is still the most abundant; its concentration 
(as detected by SEM-EDS) is higher than in the preliminary analysis of 
the ash fuel, as alkaline earth metals do not vaporize [5] or do so only in 
very small proportions [69]. As for Si, like the Ca+Mg, the proportion of 
this element in the ash is greater after the tests than in the ash fuel 
preliminary analysis since Si forms compounds (silicates, aluminosili
cates and oxides) that remain solid regardless of combustion tempera
tures [5,26]. 

3.2.2. Influence of operating conditions 
The two operating conditions analyzed are Ta and λ. Based on the 

results provided by the P-XRD, the impact of λ on the composition of the 
bottom ash remains unclear because no correlation with either the 
percentage of the detected phases or the percentage of amorphous phase 
in any of the fuels (four tests without preheating air analyzed for each 
fuel; see Table 6 and 7). This may be due to the relatively small differ
ence between the combustion temperatures for each fuel (<300 ◦C in 
TC3m; see Table 3); other studies in which the temperature range was 
wider (e.g., [17]) have attested greater compositional differences, sug
gesting that the amorphous fraction increases with higher temperatures. 
It is also not possible to find significant differences in the P-XRD results 
between the tests with preheating (one test analyzed for each fuel) and 
without preheating. Therefore, in this section only the SEM-EDS results 
are used to analyze the influence of the two parameters noted above. 

3.2.2.1. Influence of Ta. Regarding the effect of inlet air temperature, to 
correctly analyze the results it is first necessary to establish the varia
tions in air velocity and combustion temperature between the 
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experimental tests with and without preheating (see Table 3). In pre
heated tests, air velocity in the bed increased compared to tests without 
preheating with a similar λ range (in the order of 40% on average for 
each fuel), due to both the increase in the specific volume of the air and 
the ignition rate [52], but this did not lead to significant temperature 
increases in TC3m for the mixed agropellets (in the order of 20 ◦C on 
average for each fuel) while leading to a temperature decrease for PV 
(approximately 100 ◦C on average). 

As illustrated by Table 4 and 5, and Figs. 2 and 3, no significant effect on 
the concentration of the main elements present in the ash resulted from 
preheating (except in the case of S2/3 for PV; however, due to the already 
noted low percentage that this fraction represents, this is not highly rele
vant). Only, in the case of the mixed agropellets a slight increase in the 
percentage of Si and a slight decrease in the proportion of K+Na (especially 
in PVB and PVCB) in the preheated tests is worth mentioning. The reason 
may be that Si in presence of K+Na has a tendency to form sintering 
compounds, being less affected by the increase in air velocity (entrain
ment), whereas K+Na may be affected by an increase in vaporization and 
entrainment (as K+Na is partially present in small-particle compounds). 

3.2.2.2. Influence of λ. Concerning the effects of excess air, it is once again 
necessary to take into account how it affected combustion temperature and 
air velocity (see Table 3 and [52]). When λ increased, TC3m values 
decreased (in the order of 250 ◦C for the mixed agropellets and in the order 
of 175 ◦C for PV in the tested λ range, tests without preheating) and air 
velocity in the bed increased (between 15 and 25% for the mixed agro
pellets and in the order of 30% for PV in the tested λ range, tests without 
preheating). 

First, concerning the influence of λ on bottom ash, it was observed 
that, for PV, increased λ led to a significant decrease in bottom ash [52]. 
The low quantity of bottom ash in PV, as well as its reduction with 
increased λ, could be related to a high particle entrainment. However, in 
the mixed agropellets the proportion of bottom ash was not significantly 
affected by increased λ [52]. One possibility to explain could be that, 
within the combustion temperature (TC3m) and air velocity ranges 
tested (see Table 3), the expected level of ash fractionation was reached, 
leading to the bottom ash fraction remaining on the grate, while the 
more volatilized components and fine particles were released. However, 
other possible explanation could be that the decrease in the quantity of 
volatilized ash (due to lower combustion temperature) was offset by the 
increase in ash entrainment caused by higher air velocity. 

Using the results of the SEM-EDS to interrogate these possible expla
nations, it can be observed that variations in the composition of bottom ash 
(both in S1 and S2/3) with different λ (Figs. 2 and 3) are of little signifi
cance. Nevertheless, it must be considered that these are percentages of 
elements from fractions (S1 and S2/3) that also vary depending on λ. 

To analyze the results taking this fact into account, the quantity of 
each element in fractions S1 and S2/3 is estimated considering a pro
portion of 1 kg of Ca+Mg+Si+P+Al+Fe+K+Na per 2 kg of the ash 
compounds which are typically formed in combustion [53]. Thus, by 
multiplying the concentration of each element in the corresponding 
fraction (kgelement_i/kgCa+Mg+Si+P+Al+Fe+K+Na,Figs. 2 and 3) by the per
centage represented by each fraction (from [52]) and dividing by 2 
(kgash/kgCa+Mg+Si+P+Al+Fe+K+Na), the quantity of each element in 
each fraction per unit of ash introduced with the fuel is obtained 
(kgelement_i/kgash). To take into consideration the specific characteristics 
of each fuel, this magnitude is subsequently multiplied by ash concen
tration and divided by the HHV (Table 1), the result being the mass of 
each element in each fraction per unit of energy introduced with the fuel: 

Where:  

• Elemental composition (SEM-EDS): elemental composition yielded by 
SEM-EDS, expressed as a percentage of the total mass of measured 
elements (Na, Mg, Al, Si, P, S, Cl, K, Ca and Fe, see Figs. 2 and 3).  

• % Fraction X: mass percentage of S1 or S2/3 (see [52]).  
• Ashfuel: mass percentage of ash in the fuel (d.b., see Table 1).  
• HHVfuel: high heating value of the fuel (d.b. at p=constant, see 

Table 1). 

From this formula, the quantity of each element (gelement_i/GJ) as a 
function of λ is shown in Figs. 6 and 7. These figures also show the trend 
lines, which are subsequently analyzed from the point of view of their 
statistical relevance (Pearson’s coefficient and p-values) in Table 8. 

As can be seen in Table 8, most linear correlations are statistically 
relevant. Those that are not, correspond to data series of relatively low 
concentration and/or practically insensitive to the variation of λ. 

It is observed that in all the mixed agropellets an increase in λ results 
in an increase of the amount of Si retained in S1 fraction (by a factor of 
3–4 in the range of λ analyzed). This behavior is partially offset by a 
decrease in the amount of Si retained in fraction S2/3 (approximately 
half); both fractions yield very similar values for high λ (in the order of 
100 g/GJ in all the mixed agropellets). For all these fuels, it can be 
observed that the amount of Si that remains as bottom ash (the sum of 
the fractions S1 – Fig. 6 – and S2/3 – Fig. 7) decreases with increasing λ, 
which can only be a consequence of greater entrainment, since Si is 
refractory [5,26] and consequently does not vaporize in the temperature 
ranges considered. Regarding PV, it is not possible to determine a cor
relation between retained Si and λ either in S1 or in S2/3 (see Table 8). 

Concerning Ca+Mg, which are elements that can be considered 
practically refractory, in the mixed agropellets the behavior with 
increasing λ is similar to that of Si in both S1 and S2/3, although in the 
case of bottom ash (S1+S2/3) no clear trend can be attested, increasing 
slightly in PVB and PVC, and decreasing slightly in PVCB. In the case of 
PV, the amount of these elements decreases with increasing λ in both S1 
and S1+S2/3, which is indicative of substancial entrainment. 

Due to the low quantity of P, despite having low p-values in some 
correlations, no clear conclusions for this element can be drawn. 

In the mixed agropellets, with increasing λ, the amount of K+Na 
retained in the S1 increases significantly in PVB and PVCB (in the case of 
PVC, no trend can be attested, as the correlations are not statistically 
relevant), whereas in S2/3 it decreases for PVB, but to a lesser extent (in 
the cases of PVC and PVCB, the correlations are not statistically signif
icant). Overall, in terms of bottom ash, a slight increase in these ele
ments ensues with increasing λ. That is, despite the greater entrainment, 
which also affects the K and Na compounds, an increase in these two 
elements is observed, which can only be due to a decrease in vapor
ization. The case of PV is different, since a certain decrease in the 
amount of K+Na is observed in S1 (although there is insufficient evi
dence to conclude that there is a significant relationship because p-value 
is somewhat greater than .05) and remains fairly constant (yielding very 
low values) in the S2/3 fraction. This behavior confirms the importance 
of the entrainment phenomenon in this fuel, which is not compensated 
for by the possible decrease in vaporization caused by the decrease in 
combustion temperatures. 

Therefore, the analysis of the influence of increasing λ on the mixed 
agropellets reveals a decrease in Si (the most representative of refractory 
elements) concentration in bottom ash, which is related to increased 
entrainment as air velocity in the bed increases. In contrast, it also 

Elemental mass in fraction X per unit of energy =
Elemental composition (SEM-EDS)⋅% Fraction X⋅Ashfuel

2⋅HHVfuel   
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Fig. 6. Si, K+Na, Ca+Mg and P in S1 fraction (g per GJ of fuel, HHV reference) against λ.  

Fig. 7. Si, K+Na, Ca+Mg and P in S2/3 fraction (g per GJ of fuel, HHV reference) against λ.  
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suggests an increase in the amount of K+Na, which is related to a 
decrease in vaporization as combustion temperature decreases; con
cerning these elements, this effect is more important than the entrain
ment effect. Thus, it can be concluded that, with the mixed agropellets, 
bottom ash is little affected by λ, due to two opposing phenomena 
(entrainment and vaporization), the effects of which are of a similar 
magnitude in the tests carried out when varying λ, although it was not 
possible to quantify it. In the case of PV, where bottom ash proportion 
decreases for higher λ, entrainment is the dominant effect which is re
flected in a clear decrease in all the elements. 

To highlight the influence of excess air on the sintering degree, Fig. 8 
presents this parameter as a function of the molar percentage of Si+P in 
the fuel for the means of three selected λ ranges (λ<1.4, 1.4<λ<1.8 and 
λ>1.8). 

First, as mentioned for the mean values of all tests, there is also a 
clear direct correlation between sintering degree and Si+P concentra
tion in all ranges of λ (r=.97, p=.028 for λ<1.4; r=.99, p=.01 for1.4
<λ<1.8 and r=.99, p=.014 for λ>1.8). It should be noted that this direct 
correlation occurs in the fuels analyzed in this study given their already 
mentioned high K+Na content and significant Si+P content (with high 
molar ratio (K+Na)/(Si+P)). In other cases, the trends may be very 
different and even contrary to the one observed here, such as when Si is 
clearly predominant over K+Na or when P and Ca+Mg content is really 
high. In these two given situations, sintering phenomenon can be 
reduced by the absence of K-silicates and the fixation of K in K-Ca- 
phosphates [70] respectively, as is reflected from the analysis of the 
ternary diagrams presented, among others, by [17] and [71]. 

With respect to the influence of λ, it can be seen in Fig. 8 that, due to 
the decrease in combustion temperature that it produces, the greater the 
excess air, the lower the sintering degree, an effect that tends to increase 
with greater Si+P concentrations. Therefore, in the case of PVB oper
ating at low λ (<1.4), switching to high λ (>1.8) means reducing the 
sintering degree by more than 20 percentage points in the tests carried 
out, the same order of magnitude that would have resulted from using a 
fuel with a Si+P content around 4.5 percentage points lower. However, 

in the case of PV, λ variation is irrelevant in terms of sintering degree. 
These results reinforce the idea that sintering is affected by both fuel 
composition and operational parameters. 

4. Conclusions 

The results of the SEM-EDS and P-XRD analysis have confirmed that 
the different behavior in terms of bottom ash proportion and sintering 
degree of four tested agropellets are closely related to the formation of 
alkali metal silicates and, to a lesser extent, phosphates. As the per
centage of K+Na is very high in the four fuels under analysis (molar ratio 
(K+Na)/(Si+P) over 0.9 in all cases), Si+P is the limiting and deter
mining content as far as sintering is concerned, and thus a direct cor
relation between Si+P concentration in the fuel and sintering degree can 
be attested. 

Alkaline earth metals are predominant in bottom ash in all cases, 
forming mainly carbonates in S1 and silicates in S2/3. However, neither 
SEM-EDS nor P-XRD analysis have clearly presented relevant differences 
between the bottom ash composition of the three mixed agropellets that 
can explain the varying sintering degrees attested. 

Regarding the influence of operating conditions, only small varia
tions in the concentration of the main chemical elements present in both 
S1 and S2/3 fractions have been detected when varying Ta and λ in the 
tested range. Nevertheless, since the composition of both fractions is 
different and their proportions vary with λ, the analysis of SEM-EDS 
results of mixed agropellets have pointed to the opposite effects of 
entrainment and vaporization, which explained why bottom ash pro
portion seemed not to be influenced by excess air in the analyzed range 
of λ [52]. For these fuels, operating with high levels of excess air (which 
means a higher air velocity in the bed and a lower combustion tem
perature) leads bottom ash to present a lower sintering degree and 
therefore fewer operational problems, increasing entrainment but 
decreasing vaporization. However, higher λ could affect the volume of 
particles expelled by the chimney and lead to a decrease in thermal ef
ficiency. In any case, these negative effects can be greatly reduced by the 
use of an oversized particle capture system and condensing boilers, 
respectively. In fuels that present a low sintering degree, as with PV, 
SEM-EDS results have confirmed that entrainment is the dominant ef
fect, so that the increase in λ implies very high entrainment of solid 
particles, with the resulting negative effect on deposition, erosion and 
chimney emissions. Due to this fact, and keeping in mind that no sig
nificant advantages in terms of sintering are otherwise forthcoming (as 
this is no longer a serious problem), operating with high λ values with 
this type of fuels is not recommended. 

However, based solely on the information of bottom ash it is not 
possible to determine the partitioning behavior of each element (per
centage retained in the bed, released by entrainment and by vapor
ization), nor quantify the influence of Ta and λ (air velocity and 
combustion temperature) in ash entrainment and vaporization. For this, 
it is necessary to jointly analyze the behavior of the bottom ash and the 
part that leave the bed (closely related to the deposition, discussed in 
[52]). This will be done at a later stage of the investigation. 

Table 8 
Pearson’s coefficient (r) and p-values (p) of the correlations between the concentrations of each element and ? (Figs. 6 and 7).    

CaþMg KþNa Si P   
r p r p r p r p 

S1 PV  -.823  .003  -.572  .084  -.378  >.1  -.867  .001 
PVB  .918  <.001  .808  .005  .824  .003  .864  .001 
PVC  .784  .007  .442  >.1  .764  .001  .350  >.1 
PVCB  .850  <.001  .834  .001  .747  .008  .866  <.001 

S2/3 PV  -.505  >.1  -.482  >.1  .035  >.1  -.588  .073 
PVB  -.753  .012  -.653  .041  -.763  .001  -.616  .058 
PVC  -.659  .038  -.227  >.1  -.697  .025  -.527  >.1 
PVCB  -.826  .002  -.548  .081  -.811  .002  -.823  .002  

Fig. 8. Mean sintering degree of bottom ash versus Si+P concentration in fuel 
preliminary analysis (molar percentage with respect to Na + Mg + Al + Si + P 
+ K + Ca + Fe, from Table 2 for three λ ranges. 
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[40] Magdziarz A, Dalai AK, Koziński JA. Chemical composition, character and 
reactivity of renewable fuel ashes. Fuel 2016;176:135–45. 
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