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Abstract. Agricultural residual biomass presents a high potential for energy use around the world, often not
utilized to a large extent due to its significant differences with respect to other biomass types, such as the one
of wood origin. These differences are mainly related to the characteristics of its ashes (quantity and
composition) which increase certain problematic phenomena during combustion, among them ash sintering.
The main purpose of this article is the experimental study of these issues for various agro pellets and wood
pellets, analyzed in various operating conditions in a laboratory reactor with a circulating bed.

1 Introduction

In view of the world’s population continues to grow at a
high rate, such that today’s population is twice that of
1960, and is projected to increase further to 9 billion by
2050 [1] increased energy demand is inevitable. In the
year 2018, the world’s primary energy consumption
increased almost twice as fast as the average rate recorded
since 2010 and is approx. to 14.3 billion tons of oil
equivalent which is about 599 EJ (exajoules), along with
an average growth rate of 2.3% per year [2]. The
production of energy by burning solid fuels as the main
item in energy mixes is prevalent across many countries
in the world, including the largest energy producers, such
as the USA, China, India and most of the European Union
(EU) countries. It seems that coal fuels will remain an
important element of their economies for at least several
dozen years [3]. However, a key policy solution to
mitigate climate change is to increase renewable energy
production [4]. The renewable energy market is expected
to grow dynamically in the near future, and play a
significant role in the world® future energy mix.
The Paris agreement-2015 is the first agreement in the
world to bind the treaty to reduce climate change [5]. The
sustainable development goals of the United Nations also
underline the importance of energy.  Affordable and clean
energy’ in Goal 7 and ‘Climate action’ in Goal 13,
highlight the significance of new and renewable energy to
transform the world [6]. In 2018, renewable energy
accounted for around 26% of global electricity
production. Hydropower remains the largest renewable
source, satisfying 16% of global electricity demand,
followed by wind (5%), solar farm (2%) and bioenergy
(3%) [2]. Due to the wide availability of biomass around
the world, it is a renewable energy source with high
growth potential [7]. Biomass is referred to as a carbon
neutral fuel because there is no net addition of carbon
dioxide in the atmosphere unlike fossil fuels [8]. Biomass
can be transformed into solid, liquid and gaseous form

using modern technologies, and thus becomes an efficient
and clean energy supplier for all sectors such as heat,
power and transport fuel [9]. There are two routes for
biomass conversion, namely the biochemical route and
the thermochemical route. The biochemical conversion
process uses enzymes, bacteria or other microorganisms
to convert lignocellulosic biomass into liquid biofuels. In
the thermochemical conversion process, biomass converts
to any form of energy in the presence of heat and with a
controlled supply of oxygen. In comparison to the
biochemical route, the thermochemical route has certain
advantages, such as the utilization of entire biomass,
faster kinetics, and flexibility in the feedstock [10]. There
are three main thermochemical pathways, such as direct
combustion [11,12], gasification [13], and pyrolysis [14].
Until now, mainly biomass from forest origin (residue
after logging and wood processing up to 27% of wood
mass) was used for energy purposes [4,15]. However,
along with the growing demand, the non-wood biomass
market developed - originating, among others, from
agricultural crops, energy plantations. In the energy
sector, processed biomass is most commonly used, in the
form of woodchips, sawdust, pellets and briquettes. The
advantage of using biomass as fuel is the possibility of
rapid technological adaptation of coal installations. It is
very beneficial to use fluidized bed combustion
technology due to the possibility of reducing emissions of
environmental pollutants arising during combustion and
the possibility of combusting inferior fuels, e.g. biomass.
In the case of wood biomass, comprehensive knowledge
on thermal energy conversion has long been accumulated
and a number of studies have been published [16-22],
however, in the case of agricultural biomass as well as
energy plantations, more research and analysis is still
needed due to the fact that thermal the conversion of these
fuels is significantly different from the conversion of
wood biomass. A lot of studies concerned the combustion
of pellets in grate boilers. At work [23] NOx emission
behavior of three pelletized energy crops was assessed.
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The experiment found that the ash content and chemical
composition of fuels had a significant impact on the need
for combustion air. During the experiment [24] various
fuels obtained from new energy crops - herbaceous plant,
poplar and manioc - were burned. Particular emphasis was
placed on explaining the role of the main elements
forming ash, sediments and emissions of solid particles
(fractions of fine and coarse ash particles) based on
experimental data. The main purpose of the work [25] was
to assess the suitability of multi-fuel combustion
technology of various pelletized energy plants in terms of
the required adaptations of four combustion parameters,
i.e. the ratio of charge, lambda, primary / secondary air
distribution and residence time on the grate, leading to the
best combustion efficiency in the system. The publication
[26] quantifies the release of K, CI, S and P for two
species of energy plants and their impact on the ash flow
phenomenon. However, the issue of agro biomass
combustion in a small-scale fluid bed was discussed in a
review article [27], where the most important problems
concerning biomass combustion were presented, paying
special attention to the presence of alkali metal
compounds. The mechanisms leading to slagging and
contamination of the heating surfaces of boilers have been
explained. Experimental research on the biomass of
various origins was presented in [28], where the process
of combusting spherical "briquettes” (obtained in the
process of grinding and pressing) of agro biomass (wheat
straw and energetic willow) and wood biomass (Scots
pine) in the circulating fluid layer was analyzed at 850 °
C. In order to determine the fuel combustion Kinetics, a
single briquette was introduced into the combustion
chamber, which was placed in a specially constructed
measuring system. Surface and pellet center temperatures
were measured with thermocouples. Simultaneously with
the measurement of the sample temperature, ignition time,
volatile component burning time and total pellet burning
time were measured. However, for the analysis of
pollutant emissions, briquettes were burned directly in a
fluidized layer at 850 °© C. Emissions of pollutants (NO,
N20, NO2, SO, CO, HCI, HF and HCN) were measured
and oxygen concentration measurements were made.
However, to characterize such a versatile fuel as biomass,
further experimental research is necessary. There are few
analyzes in the literature regarding the combustion of a
single biomass particle. In contrast to research [28], the
experiment described in this paper was conducted using
processed biomass fuels specially dedicated to
combustion in the power industry.

2 Biomass as fuel

The components of biomass include cellulose,
hemicelluloses, lignin, lipids, proteins, simple sugars,
starches, water, hydrocarbon, ash, and other compounds.
The concentration of each class of compound varies
depending on species, type of plant tissue, stage of
growth, and growing conditions. [29]. The bulk
composition of biomass in terms of carbon, hydrogen, and

oxygen (CHO) does not differ much among different
biomass sources. Typical (dry) weight percentages for C,
H, and O are 30 to 60%, 5 to 6%, and 30 to 45%
respectively. [30].

2.1 Effects of certain elements of fuel

Certain elements in biomass deserve special attention.
These include chlorine, potassium, sulfur, nitrogen, and
silicon. Perhaps the most important element, with regard
to its behavior in different combustion related problems is
chlorine. Chlorine, which is found in high quantities in
certain biomass types, such as straw, may affect operation
by corrosion. The high chlorine and alkali content of some
biomass fuels can cause severe damage to the combustion
units. Chlorine concentration often dictates the amount of
alkali (potassium) vaporized during combustion as
strongly as it dictates the transport of alkali from the fuel
to surfaces, where the alkali often forms sulfates. In the
absence of chlorine, alkali hydroxides are the major stable
gas phase species in moist, oxidizing environments i.e.,
combustion gases [29]. High percentages of silicon
together with potassium and chlorine also play their role
in causing severe ash deposition problems at high or
moderate combustion temperatures. Potassium is the
dominant alkali source in most biomass fuels [29, 31, 32].
Biomass is usually low in sulfur. The high percentages of
these elements (Cl, K, Si) also pose grave concerns for
bed agglomeration problems in fluidized bed boilers.

2.2 Ash

The major inherent ash forming elements in biomass
include Si, Al, Ti, Fe, Ca, Mg, Na, K, S, and P. Table 1
shows the ash analysis of some selected biofuels and
bituminous coal [27]. High alkali (potassium) and Si
content typically gives low ash melting temperatures
while Mg and Ca increase ash melting temperature
[27,31]. Although a major fraction of low melting point
alkali is released into the gas phase, the part left in the ash
may deliver detrimental effects (bed agglomeration)
during fluidized bed combustion. Ash sintering,
softening, and melting temperatures can differ
significantly among biofuels, and this characteristic is
essential in determining temperature control to avoid
sintering or slagging (resulting in deposits on, e.g., boiler
tubes).

3 Motivations

The aim of the experimental research was:

« analysis of the combustion process of selected biomass
fuels dedicated to combustion in technology with CFB,

» comparison of the agro and wood biomass combusting
process,

» comparison of the combustion mechanism of selected
pellets in clean air and the conditions of the circulating
fluidized bed,

* detailed analysis of the mass loss of pellets combusted
at variable fluidized bed temperatures.
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Table 1. Ash analysis of some biofuels and bituminous coal (mass basis % ash) [27].

Fuel SiO2 ALO; | Fe203 Mn MgO CaO Na2O K20 TiO: P20s SOs

Wood pellets 4.3 1.3 15 5.9 8.5 55.9 0.6 16.8 0.1 3.9 1.3

Sunflower pellets 29 0.6 0.8 0.1 21.6 21.6 0.24 22.8 0.1 15.2 14.0
Straw 53.1 3.6 1.2 3.0 17.7 4.5 30.0 4.1
Greenhouse residue 28.4 3.9 18.4 0.3 5.7 25.8 0.8 9.7 0.8 3.8
Bituminous Coal 59.7 20.3 7.0 <0.01 1.9 1.8 1.0 2.3 0.9 0.1 1.3

4 Experiment

During experimental research was analyzed the mass loss
of biomass pellets. In the research two types of fuels were
used: wood and agro-biomass. The research was carried
out in three different temperatures of the combustion
chamber: 850°C, 750°C and 650°C. The research was
performed without inert material and in a stream of inert
material: Gs=2,5kg/m2s and Gs=5kg/m2s. The values of
the stream of inert material are characteristic for the upper
and middle areas of the real zone of the fluidized bed
boilers. The temperature of 850 ° corresponds to the
combustion temperature of fuels in professional fluidized
bed boilers. The conducted experiments may also prove
to be helpful due to the possibility of using biomass in
other processes, among others rapid pyrolysis and
gasification [13,14].

4.1 Experimental stand

The research was carried out on a specially constructed
test stand. The experimental stand made it possible to
model the conditions of the circulating fluidized bed.
the experimental stand is presented in Fig. 1. [33].

4.2 Research material
Four types of biomass pellets, each in the shape of a
cylinder, were used for the study. Oak sawdust pellets, a

mixture of beech and oak sawdust and straw had a

Table 2. Results of technical analysis of biomass fuels.

diameter of 6mm, while the diameter of pellets from
sunflower husk was 8mm. The mass of the samples was
0.73 £0.03g. Table 2 contains the results of the technical
analysis of the tested fuels.

Fig. 1. The layout of the test apparatus. (1) vessel of inert
material, (2) computer (3) control panel, (4) rotametres, (5) gas
heater, (6) ventilator, (7) T-connector, (8) combustion
chamber, (9) fuel particle, (10) tensometric branch scale, (11)
support.

Pellets Volatile [%] Moisture [%)] Ash [%] Fixed coal [%] li‘:tnlbl\‘,;?/‘l‘(’g“]
Oak sawdust 79.6 8.7 1.2 10.5 18.2
30%beech and 70%oak sawdust 77.7 8.8 1.3 10.7 17.9
Sunflower husk 73.8 8.4 5.5 12.3 19.8
Straw 718 8.7 12.2 73 16.2

5 Results of the experiment

Fig. 2. presents a comparison of pellets combustion time
combusted at different conditions in a circulating
fluidized bed. Fig. 3. presents percentage comparison of
pellets combustion time during reduction of the
combustion chamber temperature compared to the
reference temperature (850°C). As expected, when
combusting pellets without inert material, lowering the
temperature in the combustion chamber results in longer
combusting time for all types of biomass fuels. The results
of mass loss of wood biomass pellets (pellets from oak

sawdust and pellets from a mixture of beech and oak
sawdust) combusted at different temperatures and at Gs =
2.5 kg/m?s indicate that, as in the case of combustion
without inert material, lowering the temperature in the
combustion chamber increases the pellets combusting
time. It is different in the case of agro biomass
combustion, where the combusting time at 850 ° C is the
longest. At this temperature the phenomenon of ash
softening is manifested by the sticking of sunflower husk
pellets through quartz sand. The sand forms a durable
surface surrounding the incinerated pellet, consequently
preventing the oxidizer from entering the combusted
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pellet. The residue after combusting sunflower husk pellet
at 850°C, tests were carried out in a stream of inert
material at Gs =2.5 kg/m”s was shown in Fig. 4. A similar

effect was observed when combusting straw pellets at straw Wl 0](99

850°C. The straw pellets combusted at 850°C were

imtered. The remdqe after (.:ombustlng straw pellet at 850 sunflower W & "
C, tests were carried out in a stream of inert material at Lo 0

Gs

Gs = 2,5 kg/m?s was shown in Fig. 5. Analyzing the
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Figure 7. shows a comparison of pellet combustion times
depending on the stream of inert material combusted at different
temperatures (Gs = 0 reference level). The presence of inert
material accelerates the mass loss of pellets from oak sawdust.
In comparison with combustion without inert material, the
combustion time in the stream of material Gs = 2,5 kg/m’s at any
temperature caused a reduction of the combustion time by about
40-50%. On the other hand, a further increase of the inert
material stream to Gs = 5 kg/m’s to a negligible extent
accelerated the combustion process. In the case of combusting
sunflower seed pellets compared to combustion without inert
material, the combustion time in the Gs = 2,5 kg/m?s stream at
650°C and 750°C has been reduced by approx. 30%, and for
850°C combustion time it increased by 12%. Increasing the
value of the stream of inert material to Gs = 5 kg/m?s resulted in
shortening the combustion time at all temperatures. In the case
of straw pellets compared to combustion without inert material,
the combustion time in the stream of inert material Gs = 2,5
kg/m?s at temperatures of 650°C and 750°C has been reduced
by approximately 30-20%, and for temperatures of 850°C the
combustion time increased by 9%. Increasing the value of the
stream of inert material resulted in shortening the combustion
time at all temperatures.
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Fig. 7. Comparison of pellet combustion times depending on
the value of the Gs material stream combusted at different
temperatures (Gs = 0 reference level).

6 Conclusions

The analysis carried out as part of the work facilitates the
formulation of the following conclusions:

1. Combustion of all types of pellets without inert
material and at different temperatures proceeded in a
similar and predictable manner described in subject-
related literature. As the temperature dropped, the
combustion time was increased.

2. The appearance of inert material caused very
significant differences in terms of time and the
combustion mechanism. These differences were mainly
observed at 850 °C for wood and agro-biomass.

3. Combustion of oak sawdust pellets in the stream of
inert material (2.5kg/ m?s and 5kg/m?s) in each analysed
chamber temperature intensifies the process of mass loss
of the combusted particles - the amount of air reaching
directly to the particle increases as a result of removing
ash from its surface of gaseous combustion products
through a stream of quartz sand.

4. In the case of sunflower husk and straw pellets,
combustion in a stream of inert material in Gs = 2.5
kg/m?s lasts the longest at the highest temperature of the
furnace (850 °C). In both cases, the ash softening
temperature is exceeded and the quartz sand covers the
pellets. Quartz sand coating hinders the flow of the
oxidizer to the fuel particle. The combustion time is
extended.

5. When the inert material stream was increased in the
case of sunflower husk pellets, the coating partially
disintegrated, and in the case of straw pellets, the sinter
was completely disintegrated.

6.  During the combustion of pellets from oak sawdust,
it was noticed that the stronger parameter determining the
intensity of the combustion process in comparison with
increasing the inert material stream intensity with Gs =
25 kg/m? per Gs = 5 kg/m?s is increasing the
temperature. Increasing the temperature prevailing in the
furnace chamber accelerates the mass loss of the pellets
combusted (almost 20%) more than the increase of the
inert material stream (only 1-2%).

7. Experimental research indicates that pellets
obtained from various types of biomass (agro and wood)
are characterized by a different nature of combustion in
fluidic conditions. The ash of different types of biomass
contains compounds of alkaline metals whose content
affects its softening and melting point.

8.  Therefore, it is necessary to operate biomass boilers
that are adapted to the properties of biomass combusted.
Incorrect boiler temperatures and Gs intensity to the type
of fuel supplied may cause an increase in the loss of
incomplete combustion and build-up of sediments on the
heating surfaces of boilers, as well as disturb the work of
circulatory fluidized bed boilers due to the change in the
particle distribution of the layer material.
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