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ABSTRACT

This study is aimed at the possibility of the fallen (waste) beech leaves usage as material for briquettes
production. The main purpose of beech leaves briquetting in this study is the possibility of using it in
small home combustion units, as partial substitute of wood. From the briquetting point of view, it is
necessary to dry the leaves to approximately 15% of water content (it takes more than a month by free
(natural) drying in an approximately 10 cm high layer inside a heated room). Beech leaves briquetting
by automatic press is an easy process, but with diverse lengths of briquettes at the output (2-20 cm).
Proximate and ultimate analyses of collected beech leaves were done. A briquette sample was subjected
to thermogravimetric analysis, which shows the temperature ranges of drying and hemicellulose,
cellulose and lignin decomposition. The determined temperature ranges correspond to those from other
literature sources. Combustion tests proved the possibility of beech leaves briquettes usage as fuel in a
small combustion unit. All limit values of the actual European standard EN 13240:2001 were met and
some limit values of future European Standard Commission regulation (EU) 2015/1185 were met as
well. Results of energy efficiency and mass concentrations of pollutants in the flue gas will differ with
different stove and different stove settings. Due to the properties of the beech leaves briquettes (high
mass fraction of ash and fast disintegration on the grate during the combustion process), it is
appropriate, especially for long term use, to combine this kind of fuel with a conventional one.
Keywords: tree leaves, briquetting, biomass, renewable energy, solid fuel.

1 INTRODUCTION

Numerous towns worldwide are trying to increase the living standards by maintenance and
modernization of public places. At the same time, many of them try to be as “green” as
possible, which leads to a situation when a lot of public places are full of grass and trees.
These steps are undoubtedly beneficial for people visiting those places. For the town itself,
each tree and grass means some worries with grass cutting and leaves collecting in autumn
as well. Both products of greenery maintenance become waste immediately after cutting and
collecting (according to Czech Act no. 185/2001 [1]) and towns have to treat them as waste.
Currently the most widespread way in Czech Republic is composting of bio waste, following
sale of compost and substrate back to the people.

At the same time, there are approximately 500 thousand houses in the Czech Republic,
which are heated by combustion of solid fuels (wood logs, briquettes, pellets and coal) in
boilers, or stoves. These kinds of fuels are often transported over long distance, which
increases their cost and also the carbon footprint of these fuels [2].

In recent years, the amount of burned briquettes has been increasing. Some reasons for
this fact could be: 1) there is no need to additionally dry the fuel for a year or more in case of
briquettes; ii) their energy density is high, so a smaller storage space is required; iii) it is
possible to burn the briquettes in stoves and boilers as well. Their production is limited by
the capacity of sawmills and by the amount of sawdust which they produce [3].

From an energy point of view, greenery, especially fallen leaves, is considered relatively
homogeneous biomass suitable for further use (for example briquetting). Briquetting of fallen
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leaves could simplify the situation of waste management in towns and can consequently
ensure a source of clean energy for heating households by solid fuels.

The potential of different kinds of leaves briquettes was observed before in recent research
works of Deepak et al. [4] (areca leaves), Khorasgani et al. [5] (oak leaves), Anggono et al.
[6] (amboyna wood leaves), Biswas [7] (sugar cane leaves), Hardianto et al. [8] (amboyna
pine leaves), Shiferaw et al. [9] (eucalyptus globulus leaves residues), Ushakov et al. [10]
(black poplar leaves), Shuma et al. [11] (mopani leaves and sugar cane leaves), Malak et al.
[12] (willow leaves) and Jittabut [13] (sugarcane leaves). In the mentioned research papers,
ultimate and proximate analyses of different types of leaves were made, as well as
investigations on the dependence of calorific value on carbonization temperature, physical
properties and ignition temperature.

A previous study of Nurdin et al. [14] describes the possibilities of tibarau sugar cane
bio-briquettes usage. The biggest net calorific value (32,270 kJ/kg) was reached after the
carbonization at the temperature 300°C, thereby an alternative charcoal was produced.

The results of all research suggest the possibility of real use of briquettes in power
engineering.

This study is aimed to determine the possibilities of further use of fallen beech leaves by
their briquetting and their subsequent combustion in small stoves to heat households.

2 MATERIALS AND METHODS
For the experimental part of this research, own beech leaves briquettes were made. The
process of their production with all details is described below.

For collecting the beech leaves, the area of urban forest known as Bélsky les on the edge
of Ostrava town was chosen. Bélsky les is a mixed forest with few types of broad-leaved
trees (beech, oak, birch). A collecting place with only beech trees was chosen for this
research. The weather on the day of leaves collection can significantly affect mass fraction
of water in the leaves, so an average autumn day (temperature around 9°C, cloudy — without
rain, day after light rain) was chosen. Approximately 70 kg of beech leaves was collected.
This material was transported to the Energy Research Center, Ostrava. Immediately after the
transport, analysis of water mass fraction was done (by HR 73 Halogen Moisture analyzer).
During the next month, free (natural) drying in the laboratory followed. Leaves were
manually aerated and the water mass fraction in the leaves was measured every few days.
The leaves were stored on the sail in a layer of approximately 10 cm. The process of changes
in water mass fraction in the leaves during the first month of drying is shown in Table 1. The
storage place is shown in the Fig. 1.

Table 1: Process of water mass fraction changes in the leaves before crushing.

Days after qus fraction of water Days after collection qus fraction of water
collection in the leaves (%) in the leaves (%)

0 66.9 9 41.1

2 58.8 10 40.4

3 50.3 16 36.4

7 43.9 22 30.6

8 425 27 271
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Figure 1:  Storage place of leaves during spontaneous drying in Energy Research Center,
Ostrava.

After 27 days of drying, the leaves were crushed. For this process, a hammering crusher
was used. At the crusher outlet, a sieve with a sieve opening of 20 mm was placed. The
dimension of the sieve was chosen according to previous experiences with this material.
Crushing took place after drying because leaves with high water mass fraction clogged the
sieve which was experimentally determined. Crushed leaves were stored at the same place as
before for a two-week period after-drying. The final water mass fraction in the leaves was
14.8% before briquetting. The recommended water mass fraction in the material according
to briquette machine producer was the reason for after-drying.

For the briquetting, the pressing equipment Dinamic 70N was used (Fig. 2). This
equipment was originally designed for wood residues (especially saw dust) briquetting. The
final product of the equipment are cylinders with a diameter of 55 mm. The length of the
briquettes is different according to the type of processed material. An example of beech
leaves briquette is shown in Fig. 3.

Figure 2: Used briquetting press Dinamic 70N.

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



78 Energy Production and Management in the 21st Century IV

Figure 3: The final product — beech leaves briquette.

During pressing, the material was slightly heated by compression, thereby partially dried.
The machine worked with the described material without any problems and there was no
clogging. The produced briquettes have variable length, from 2 to 20 cm. Any significant
crumbling did not occur during their manipulation.

2.1 Proximate and ultimate analyses

Proximate and ultimate analyses of leaves were done after their collection. The results of
these analyses are shown in Table 2 with recalculations of states before and after briquetting.
For comparison, the standard briquette analysis (with ONORM certification; without bark)

is included in the table.

Table 2: Results of proximate and ultimate analyses of beech leaves in different states.

Standard

Element Unit Raw Before After briquettes with

state | briquetting | briquetting ONORM

certification

Carbon (C) (%) 15.93 39.80 42.56 46.43
Hydrogen (H) (%) 1.73 4.32 4.62 5.66
Nitrogen (N) (%) 0.27 0.68 0.73 0.30
Oxygen (O) (%) 11.33 28.29 30.25 38.09
Sulfur (S) (%) 0.03 0.08 0.09 0
Water (W) (%) 65.88 14.77 8.87 9.21
Ash (A) (%) 4.32 12.05 12.88 0.31
Net calorific
value (Q) (MJ/kg) 4.32 14.47 15.64 17.03

@ WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
S www.witpress.com, ISSN 1743-3541 (on-line)



Energy Production and Management in the 21st Century IV 79

The high water mass fraction at the day of leaves collecting is evident. Also the high ash
mass fraction of the briquettes is evident. For comparison, there is approximately 43 times
less ash in analyzed standard wooden briquettes than in beech leaves briquettes. Other
differences include lower mass fractions of oxygen, carbon and hydrogen and higher mass
fraction of nitrogen and sulfur in the beech leaves briquettes. From net calorific value
point of view, the briquettes from beech leaves have approximately 8% less energy per one
kilogram than the standard wooden briquettes.

2.2 Thermal gravimetric analysis (TGA)

Biomass is composed of three major components which are: cellulose, hemicellulose, and
lignin with traces of minerals and extractives [15]. Generally, the mass fractions of cellulose,
hemicellulose, and lignin in biomass are in the range of 20-35 wt%, 40—45 wt%, and 15-30
wt%, respectively [16]. The proportion of these components depends on the type of biomass.
The different temperature ranges of their decomposition according to different types of
biomass as well as the heating rate (°C/min) and the gas flow (ml/min) are summarized in
Table 3, under TG conditions where RT stands for room temperature.

Table 3: Temperature ranges of thermal decomposition of hemicellulose, cellulose and lignin.

Hemicellulose | Cellulose | Lignin Type of .
©C) ©C) C) biomass TG conditions Ref.
30-600°C; 2, 5, 10, 15, 20,
Prosopis 25°C/min; 60 ml/min of Ar;
180-285 250-360 | 350-600 juliflora isotherm at 105°C for 20 min | L]
(for moisture removal).
RT-1000°C; 10, 20, 30,
. . . 40°C/min; 60 ml/min of N2,
250-400 250-400? | 400-700 | Pine wood isotherm at 1,000°C in the flow [20]
5 ml/min of an excess Oa.
Platanus . .
a a . . 30-700°C; 10°C/min, 50 ml/min
300-400 300-400? | 400-520 O;lentalls of air (N2 79%, Oz 21%). [21]
eaves
180-370 290-400 | 200-580 Biomass RT-800°C; 20°C; 40 ml/min [22]
components of Na.
a a Casuarina RT-800°C; 10°C/min;
172-466 172-466* | 466-792 leaves 100 ml/min of No. [18]
180-360 | 360-500 | 500-700 | Olive leaves 30-1,000°C; 10°C/min; [23]
60 ml/min of air.

*The TG peaks of hemicellulose and cellulose overlapped in this pyrolysis zone.

Thermochemical methods include pyrolysis, gasification, liquefaction, torrefaction, and
combustion [17]. As presented by Parathasarathy and Narayanan [18], thermal decomposition
of biomass in inert atmosphere can be divided in three zones: zone I refers to the evolution
of moisture, zone II is refers to the degradation of hemicellulose-cellulose components and
zone III corresponds to the decomposition of lignin and inorganics.

The temperature of moisture removal depends on type of biomass and the amount
of moisture. Above a temperature of 200°C there is a thermal decomposition of organic
components (cleavage of glycoside bonds). Hemicellulose is the first polysaccharide which
is decomposed. As hemicellulose and cellulose often degrade at a very close temperature
range, their degradation zones often overlap with each other [18].
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At temperatures above 400°C, the pyrolysis process gets enhanced to form a solid residue
(charcoal) and the volatile content comes down quite dramatically. The zone after which
there is no further weight loss is called the passive zone, i.e., devolatilization does not occur
above these temperatures, yet carbon and ash are formed as the final solid residue [19], [24].
The third stage (600—800°C) is also assigned to removal and reaction of inorganic matter and
beyond 800°C, transformation of residual inorganic matter occurs [25].

2.3 Combustion test

Combustion tests were performed to determine the behavior of beech leaves briquettes during
their real combustion in a small scale stove.

A Storch ESTELLI KERAMIK stove was chosen as the combustion unit. It is a fireplace
stove originally designed for wood log combustion. This stove is designed without any heat
exchanger or forced airflow by a fan. The heat is removed only through the walls of the
device and through a flue gas duct wall to the surroundings of the device. The flue gases pass
through a combustion chamber (with a rotary grate) and then into the flue gas path. This stove
was chosen for its easy operation and very controllable combustion air inlet. Presumed heat
output is 7 kW. Ignition was performed by beech log wood. After the creation of an ardent
embers basic layer, the first batch of beech leaves briquettes was added. Seven batches of
beech leaves briquettes were used in total during the combustion test.

3 RESULTS AND DISCUSSION
3.1 Thermogravimetric analysis evaluation

Thermogravimetric analysis of beech leaves briquettes was performed on the instrument STA
441 F1 Jupiter (Netzsch). The initial mass of the beech leaves sample was 52.3 mg. The
heating rate was 10°C/min from RT to 1,500°C in 100 ml/min of N,. The graph of beech
leaves thermal decomposition is shown in Fig. 4.

TG /% DTG /(%/min)

\ . Moo
o — g b

FAY ~ vy
~ figss Change. -9.26 / 05

100
\ r Peak: 694.3 °C, -0.43 %/min

80 \ /4 Peak 484.0 °C, -0.66 %/min

80 i
70
60

50

A
Mass Change: -13 48 % -3.5

v

40 Mass Change: -3 68 % -4.0

Residual Mass: 27.82 % (1384.1 °C)

30

200 400 600 800 1000 1200
Temperature /°C

Figure 4: Graph of thermal decomposition of beech leaves.
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Measured values of individual beech leaves briquettes decomposition temperatures
compared with those mentioned in the literature are given below.

e Zone I: temperature range 30-195°C (moisture removal) consistent with that in
literature sources [20], [22], [23].

e Zone II: temperature ranges 195-310°C and 310-380°C (hemicellulose and
cellulose decomposition, respectively) especially corresponds with those of
literature sources [1], [20], [22] where the decomposition of hemicellulose was not
overlapped with cellulose decomposition.

e Zone III: temperature range 380-610°C (lignin decomposition) corresponds with
that of literature sources [1], [20], [21] according to the starting temperature of
decomposition. Temperature range 610-770°C corresponds with the removal of
inorganic matter [22].

e Residual mass of the beach leaves sample at the temperature 1,384°C was 27.8%.

3.2 Combustion tests evaluation

The final (presented) values of mass concentrations of pollutants were recalculated to normal
conditions (T =273.15 K; p = 101,325 Pa) and a reference volume fraction of oxygen in the
flue gas (@rerjo21 = 13%). There are limits for flue gas composition according to national
standards and according to Commission regulation (EU) 2015/1185, which will apply from
1 January 2022.

According to the standard EN 13240:2001 [26] mentioned above (currently in effect),
there is a limit only for mass concentration of CO (12,500 mg/m?). There is also minimum
efficiency limit (50%). According to this standard, all tests were in accordance with the
standard. The final values of this research are not compared with other national laws currently
in effect in other states.

Further evaluation will be related to Commission regulation (EU) 2015/1185 because it is
stricter. There are mass concentration limits for CO (1,500 mg/m?), OGC (120 mg/m?*), NOy
(200 mg/m?) and PM (40 mg/m?). The limit for seasonal space heating energy efficiency is
65% [27].

As can be seen in Table 4, the heat output usually ranged between 5.2 to 6.3 kW with one
anomaly (8.1 kW). The energy efficiency ranged between 67.7% and 74.3% (recalculation
to seasonal energy efficiency decreased these values by 10% for this kind of stove) because
of relatively high temperature of flue gas at the stove outlet. CO mass concentration limits
were met during 5 of 7 tests. OGC mass concentration limits were met during 5 of 7 tests.
NOx limits were not met during all the tests. Mass concentration of PM in the flue gas was
not observed during the tests.

During the combustion process, the briquettes showed a higher tendency to be incohesive;
they disintegrated earlier than the standard wood briquettes.

3.3 Energy and monetary costs of production

The cost of leaves briquettes production may vary according to several factors. The first
factor is the collection process, where the type of terrain, the type of trees, their density and
used method dramatically change the cost of leaves collecting. The most expensive part of
leaves collecting, especially in the EU, is the price of human labor.

The second factor is transport. There lies the main advantage of this type of fuel, because
it is formed in a town and in the same town it can be used. No matter what happens with the
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Table 4: Combustion tests results: green color symbolizes fulfilled values according to
Commission regulation (EU) 2015/1185; red color symbolizes unfulfilled values
according to Commission regulation (EU) 2015/1185.

Mode number 1 2 3 4 5 6 7
Test time h 08 1]07]109[06[07]07]0.38
I?I(V)Zreage heatoutput during the | v | 6o | 63|52 |81 ]62]60]54

Fuel consumption kg/h | 2.1 21118128 (22122120

Power input kW | 83185 |72 |11.3|87|87] 80
Seasonal space heating energy % |62.0]643|62.7|61.7]61.5|59.0]57.7
efficiency

Flue gas temperature °C [338]321]304 (318304279 (282
Volume fraction of oxygen in Yovo |10.8[10.0|11.0[11.1]11.1[12.2]12.0
the flue gas

Alir excess ratio - 2.0711.92]2.11(2.13]2.11(2.40]2.32

Refe.rence oxygen volume %ot 13 13 13 13 13 13 13
fraction

Mass concentration of CO | mg/m’ 1,85 0 1’28 1’21 l’g?’ 1’28 1’3 0 1’3 7
I(’rzlclzltjﬂltztgétﬂfrggeer e NOx | mg/m | 267|281 | 277 | 321 | 339 | 378 | 356
oxygen volume fraction 13 %) OGC |mg/m3| 38 | 32 | 98 | 92 | 97 [ 228|256

CO, | g/m’ | 1481481148 [147)148 [ 146 146

Note: Final mass concentration of NOy is recalculated to NO,.

bio-waste (leaves) next, it is necessary to maintain the green areas in the towns, so collecting
and transport costs can be neglected from the overall perspective of briquette preparation.

The third factor is the drying process, which depends on the manner of leaves drying.
They can be dried naturally or technologically. If they are spontaneously dried, a large roofed
and ventilated space is required. In this case the only requirement is regular rummaging of
the leaves layer. No additional energy is needed. If they are dried technologically in some
continuously dried room, drying speed towards desired mass fraction of water is many times
faster. In that case the energy consumption to dry the leaves from the raw mass fraction of
water (65%) to the briquetting mass fraction of water (15%) per kg of briquettes is
approximately 3.7 MJ of heat energy (calculated by latent evaporating heat of water). This is
approximately 24% of the total chemically bound energy in briquettes. Collection of dryer
leaves could significantly decrease the energy consumption.

The fourth factor is the briquetting itself. There are many briquetting presses available.
Many of them allow the pressing of briquettes from different type of materials, such as leaves.
Their cost ranges between 1,000 and 20,000 € according to the mass flow of the briquettes at
the output. The energy consumption of this process is approximately 0.36 MJ of electrical
energy per kg of briquettes which is approximately 2.3% of the total chemically bound energy
in briquettes.

4 CONCLUSIONS
Beech leaves were collected, spontaneously dried, crushed and pressed into briquettes. These
briquettes were dark, with standard shape and variable length. The beech leaves briquettes
were analyzed and, in comparison with standard wooden ones (with ONORM certification),
were found to exhibit a higher mass fraction of ash and lower net calorific value. By
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thermogravimetric analysis, the temperature ranges of hemicellulose, cellulose and lignin
decomposition were described.

A few years old, regularly used stove (Storch ESTELLI KERAMIK) met the actual
legislative limits during combustion tests with this kind of fuel.

The leaves briquettes preparation could consume from approximately 2.3% to 26.4% of
the total chemically bound energy in briquettes according to the type of their drying process.
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