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Abstract: Impact of physical properties of se-
lected plant raw materials on the quality and en-
ergy intensity of briquettes produced. The article
presents an analysis of impact of physical proper-
ties of selected plant raw materials on the qual-
ity and energy intensity of briquettes produced in
a hydraulic piston briquette press. The following
materials were used for research: triticale straw,
meadow hay and giant miscanthus stalks. Dur-
ing the briquette production process, the moisture
content in ground raw materials ranged between
11.9 and 13.5%. During research, the calorific
value was determined, as well as particle size and
bulk density and tapped density of briquetting
raw materials. Measurements of physical proper-
ties of briquettes, including length, diameter and
mass, were taken to calculate volumetric density.
Energy density of briquettes was also determined,
as well as bulk density and mechanical durabil-
ity and capacity of the briquetting machine and
electricity consumption. Depending on the type
of briquetted raw materials and their physical
properties, a statistically significant impact on the
quality and energy intensity of the briquettes pro-
duced was found.
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INTRODUCTION

The diminishing resources of conven-
tional fuels and the necessity to protect
the natural environment have led to dy-
namic development of modern technolo-

gies of use of renewable energy sources,
including biomass obtained from agri-
cultural and forest production. Biomass
is now one of the most significant sourc-
es of renewable energy in the world and
the third most significant source of en-
ergy after coal and crude oil. However,
in comparison with conventional raw
materials and some renewable energy
sources, it has many advantages, as well
as disadvantages. The main advantages
include: lower emission of harmful com-
bustion products, possibility of using
local resources and production surplus,
relatively lower financial expenditures
for acquisition of this type of energy,
decentralization of production of ener-
gy and increased energy security of the
country. The disadvantages include: low
bulk density in unprocessed form, wide
range of moisture content (15-60%),
seasonal availability of some types of
biomass, potential biological and fire
threats, lower calorific value in compari-
son with fossil fuels and high content of
volatile compounds, chlorine and sulfur
compounds [McKendry 2002, Skonecki
et al. 2011, Kotodziej and Matyka (Ed.)
2012, Niedziotka (Ed.) 2014].

Biomass of plant origin is the basic
source of renewable energy also in Po-
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land and has a substantial energy poten-
tial. It includes by-products of farming,
forestry and agricultural and food indus-
try [Janowicz 2006]. Use of biomass in
unprocessed form is very problematic
due to high moisture content, low bulk
and energy density. Its calorific value
depends on such factors, as: the type,
moisture content and mode of storage.
In order to improve usability of biomass
for energy purposes, it is subjected to ag-
glomeration in such forms as briquettes
and pellets [Panwar et al. 2011, Hejft and
Obidzinski 2015, Sharma et al. 2015,
Niedziotka et al. 2015].

The process of agglomeration of
ground plant raw materials results from
application of external forces, coming
from compacting pressure, and internal
forces, associated with intermolecular in-
teractions. The briquettes produced may
vary in terms of dimensions and shape,
depending on the type of compacting
device used. On the other hand, density
and mechanical durability of briquettes
depend both on the working parameters
of the device and the physical properties
of the raw materials used. These include:
working pressure of the compacting unit,
raw material moisture content, grinding
level and particle size, as well as the in-
ternal friction coefficient [Skonecki and
Potre¢ 2010, Hebda and Ztobecki 2011,
Kachel-Jakubowska et al. 2013].

The proper course of the process of
compacting of ground plant material
influences greatly the quality of biofuel
obtained. Optimization of this process
should take into account the designa-
tion of the biofuels produced. It is also
important to select the proper grinding
and compacting equipment and their
working parameters. Therefore, proper

preparation of biomass, in particular,
by grinding prior to briquetting, is one
of the significant stages of production
of solid biofuels [Fraczek (Ed.), 2010,
Syputa et al. 2010, Hejft 2011, Lisowski
and Swietochowski 2011].

The objective of research was an analy-
sis of impact of physical properties of se-
lected plant raw materials on the quality
and energy intensity of briquettes produced
in a hydraulic piston briquette press.

MATERIAL AND METHODS

The following materials were used for
research: triticale straw, meadow hay
and giant miscanthus stalks. Before bri-
quetting, they were ground using a ham-
mer mill type H 111/1, equipped with
two sieves of mesh diameter of 20 mm.
A hydraulic piston briquetting press type
JUNIOR was used, made by Deta Pol-
ska, at the working pressure of 10 MPa.
During analysis, relative moisture
content of the raw materials was deter-
mined using a laboratory analytical scale
MAX 50/1/WH, their calorific value was
verified using the calorimetric method
with an isoperibolic calorimeter Parr
6400, the particle size was determined
using a laboratory shaker type LPzE-4e,
and bulk density was determined ac-
cording to standard PN-EN 15103:2010,
while tapped density was checked using
a container of capacity of 50 dm?.
Determining relative moisture con-
tent of raw materials, samples of ground
biomass were collected (approximately
5 g each) and placed in the drying cham-
ber of the analytical scales, and then
dried in the temperature of 120°C until
reaching constant mass. Moisture con-
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tent measurements were repeated three
times. To conduct the sieve analysis of
raw materials, samples of mass of 100
g (x1 g) were prepared and a laboratory
shaker was used with the set of sieves of
the following mesh dimensions: 3.15,
2.8,2.0,1.4,1.0,0.5, 0.25 mm, and par-
ticle size was determined in accordance
with the standard PN-EN 15149-2:2011.

Measurements of physical properties
of briquettes produced using the hydrau-
lic piston press included the length, di-
ameter and mass. Briquette samples of
mass of 1,000 g (10 g) were collected,
and measurements were repeated five
times. Geometrical dimensions of bri-
quettes were determined using a caliper
at the accuracy of £0.1 mm, and mass
was determined using laboratory scales
at the accuracy of +0.1 g.

Bulk density of the briquettes pro-
duced was calculated on the basis of
measurements of physical properties,
repeated five times. Mechanical dura-
bility of briquettes were performed at
a test bench according to standard PN-
-EN 15210-2:2011. The drum rotational
speed was 21 rpm (£0.1 rpm), the trial
time was 5 min, and the sample mass was
2,000 g (100 g). After the durability test,
the briquettes were screened using sieves
of mesh diameter of 31.5 mm.

Energy intensity of the briquetting
process for the plant raw materials used
was measured using a special unit. It

consisted of a meter for parameters of
the power supply network type Lumel
N14 with current transformers to meas-
ure the energy consumption, relating it to
the mass of briquettes produced.

The obtained results of physical prop-
erties of the raw materials, as well as bri-
quette density and durability, were sub-
jected to statistical analysis, using variance
analysis and Tukey’s test. For this purpose,
SAS Enterprise Guide 5.1 statistical soft-
ware was used. For all analyses, the signifi-
cance level applied was o = 0.05.

RESULTS AND DISCUSSION

The relative moisture content for briquet-
ted raw materials ranged from 11.9% for
giant miscanthus stalks to 13.5% for
meadow hay, while the calorific value
ranged from 16.5 MJ-kg™ for meadow
hay to 17.2 MJ-kg™ for giant miscanthus
stalks (Table 1).

On the basis of the screening analysis
conducted, it was found that the high-
est mass share of fraction of particle
length above 3.15 mm was present in
triticale straw (74.6%), while the lowest
value was recorded for giant miscanthus
(55.5%). On the other hand, the mass
share of dust fraction of particles blow
0.5 mm ranged from 4.1% for giant mis-
canthus stalks to 6.7% for meadow hay

and 8.9% for triticale straw (Table 2).

TABLE 1. Relative moisture content and calorific value of briquetted plant raw materials

. Relative moisture content [%] Calorific value [MJkg™']
Material type
from-to average from—to average
Triticale straw 12.3-12.8 12.6 16.3-16.9 16.7
Meadow hay 13.1-13.8 13.5 16.1-16.8 16.5
Giant miscanthus 11.7-12.3 11.9 16.9-17.4 17.2
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TABLE 2. Particle size of the briquetted plant raw materials [%]

. Sieve mesh [mm]
Material type
3.15 2.8 2.0 1.4 1.0 0.5 0.25 0.0
Triticale straw 74.6 0.1 0.4 2.5 44 9.1 6.4 2.5
Meadow hay 61.8 1.1 1.7 6.9 10.6 11.2 3.9 2.8
Giant miscanthus 55.5 1.3 8.7 15.6 7.9 6.9 2.6 1.5

The research conducted indicates that
the briquette densities obtained were in-
fluenced greatly by the level of grinding
and particle size of the raw materials.
The lowest bulk density was recorded for
triticale straw (55.2 kg-m*3), somewhat
higher (by 18.5%) — for meadow hay,
and the highest — for giant miscanthus
(by 45.7%). On the other hand, tapped
density amounted to 63.1 kg:m™ for
triticale straw, and it was higher by 1/3
for meadow high and almost 1.5 times
for giant miscanthus. On the basis of the
results obtained, statistically significant
differences were found, both in terms of
bulk and tapped density, between all of
the raw materials examined (Fig. 1).

Research of Lisowski and Swie-
tochowski [2011] indicates that bulk
density of ground material from energy
crops dependent on the plant species, the
mode of grounding of material and the
dimension and shape of particles, and
for the cut giant miscanthus straws it was
68 kg'm™. Syputa et al. [2010] provide
that the highest bulk density for giant
miscanthus was obtained for particles
cut to the length of 7.1 mm (about 95
kg'm™), while average bulk density of
ground giant miscanthus amounted to
61.2 kg'm™. Research conducted by
Skonecki et al. [2011] also suggests that
bulk density depends on the raw material
type and its grounding level, and for gi-
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FIGURE 1. Average bulk and tapped density of briquetted plant materials
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ant miscanthus in bulk and tapped state,
it amounted to 71.5 and 92.9 kg'm™ re-
spectively.

The average length of briquettes pro-
duced was from 23.2 mm for meadow
hay to 33.4 mm for giant miscanthus, and
their average mass was 48.1 and 61.6 g,
respectively. The length and mass of the
briquettes produced was influenced by the
type of raw material, as well as its grinding
and the level in the fill chamber. In the case
of briquette length, statistically significant
differences were found between all of the
raw materials examined, and for briquette
mass — between triticale straw and mead-
ow hay and giant miscanthus (Table 3).

The diameter of the briquettes produced
was constant, amounting to 50 mm.

The average bulk density of briquettes
was within the range of 496.4 kg'm™ for
giant miscanthus to 625.2 kg'm™ for
meadow hay. On the other hand, aver-
age volumetric density of briquettes was
941.5 and 1,056.8 kg'm™, respectively.
Statistically significant differences were
found between bulk density of briquettes
made of triticale straw and giant mis-
canthus and bulk density of briquettes
made of meadow hay. Similar correla-
tions were found for volumetric density
of the briquettes produced (Fig. 2).

TABLE 3. Length and mass of briquettes made of plant raw materials examined

. Briquette length [mm] Briquette mass [mm]
Material type
from—to average from—to average
Triticale straw 25.8-27.1 26.5a 48.6-50.3 495a
Meadow hay 22.6-24.1 232b 45.2-50.2 48.1a
Giant miscanthus 31.6-35.8 334c 58.4-64.1 61.6b

Average values marked with the same letter do not show a statistically significant difference at the level
a=0.05.
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FIGURE 2. Average bulk density and volumetric density of briquettes made of plant raw materials
examined
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TABLE 4. Volumetric calorific density and mechanical durability of briquettes made of plant raw ma-

terials examined

. Volumetric calorific value [GJ -m’3] Mechanical durability [%]
Material type

from—to average from—to average

Triticale straw 15.5-16.1 15.9 92.6-94.2 93.7a

Meadow hay 17.0-17.7 17.4 95.3-97.2 96.6 b

Giant miscanthus 15.9-16.4 16.2 70.6-73.8 724 c¢

Average values marked with the same letter do not show a statistically significant difference at the level

a=0.05.

The volumetric calorific density of
briquettes was influenced by their volu-
metric density and calorific value of the
raw materials. The highest density was
recorded for briquettes made of meadow
hay (17.4 GI'm™), it was slightly lower
for giant miscanthus (by 7%) and triti-
cale straw (by 9%). Also the highest was
mechanical durability of briquettes made
of meadow hay (96.6%), and the lowest
— of giant miscanthus (72.4%). Statisti-
cally significant differences were found
between mechanical durability of bri-
quettes made of all raw materials exam-
ined (Table 4). Lower mechanical dura-
bility was influenced by structure of raw
materials briquetted and their moisture
content. This has been confirmed in re-
search conducted by Hebda and Ztobecki
[2011], who found that the best moisture
content of straw for briquetting was be-
tween 10 and 15%, for which the dura-
bility achieved ranged from 93 to 97%.

Efficiency of the briquetting press
depended on the particle size of the raw
materials and their bulk density. In the
case of compacting of triticale straw,
it amounted to 22.1 kg-h™!, which was
higher by 21% in comparison with giant
miscanthus and 24% in comparison with
meadow hay. Statistically significant dif-
ferences were recorded between the ef-
ficiency of briquetting of triticale straw
and the same efficiency for meadow
hay and giant miscanthus. On the other
hand, power consumption was greatly
determined by raw material type and
briquetting machine capacity. Energy
consumption by the briquetting proc-
ess ranged between 0.125 kWh-kg™! for
meadow high and 0.132 kWhkg™' for
triticale straw. Statistically significant
differences were found between energy
consumption of production of briquettes
made of triticale straw and meadow hay
(Table 5).

TABLE 5. Capacity and power consumption of briquetting of the raw materials examined

Efficiency [kgh™'] Energy demand [kWhkg ']
Material type
from—to average from—to average
Triticale straw 20.8-23.3 22.1a 0.127-0.138 0.132a
Meadow hay 26.6-28.3 2740 0.121-0128 0.125b
Giant miscanthus 25.5-28.1 26.8b 0.125-0.133 -

Average values marked with the same letter do not show a statistically significant difference at the level

a=0.05.
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Efficiency and energy consumption
in production of briquettes of plant bio-
mass are influenced by many factors,
including: type of raw material, mois-
ture content and level of grinding, as
well as bulk density. The work edited by
Fraczek [2010] indicates that unit energy
consumption by briquette production
depended on the type of agglomerated
plant materials, the level of their grind-
ing and the pressure of compacting,
and for grass and perennials it ranged
between 18 Wh-kg™' (at the pressure of
17 MPa) and 58 Wh-kg™' (47 MPa). Also
the author’s research [Niedziotka et al.
2015] showed that energy consumption
by briquetting depended on the type of
raw material compacted, as well as ef-
ficiency and working pressure of the bri-
quetting press (6—10 MPa), and it ranged
from 0.108-0.134 kWhkg™' for wheat
straw to 0.089-0.115 kWh-kg™" for rape
straw.

CONCLUSIONS

On the basis of analysis of the research
results obtained, the following conclu-
sions can be drawn:

1. A statistically significant impact on
the quality features, efficiency and
energy consumption by briquette pro-
duction was exerted by such factors,
as: type of raw material, the level of
its grinding and particle size, as well
as bulk and tapped density.

2. The physical properties of briquettes
produced, with regard to their length
and mass, were influenced by the type
of raw material agglomerated, as well
as its grinding, and thus better filling
of the fill chamber of the briquetting
press.

3. Depending on physical properties of
the raw materials examined, statis-
tically significant differences were
found between bulk density of bri-
quettes made of triticale straw and
giant miscanthus and bulk density
of briquettes made of meadow hay.
Similar correlations were found for
volumetric density of the briquettes
produced.

4. Mechanical durability of the bri-
quettes obtained depended largely on
the type of raw material compacted,
as well as its physical properties. The
highest mechanical durability was re-
corded for briquettes made of shadow
hay (96.6%), somewhat lower — for
triticale straw briquettes (93.7%), and
the lowest — for giant miscanthus bri-
quettes (72.4%).

5. More advantageous physical proper-
ties, influencing both the quality and
efficiency and power consumption
of the briquette production process,
were found in the case of agglomera-
tion of meadow high, and much less
advantageous — for triticale straw and
giant miscanthus.
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Streszczenie: Wplyw cech fizycznych wybranych
surowcow roslinnych na jakosc i energochtonnosé
wytworzonych brykietow. W artykule przedsta-
wiono analizg¢ wpltywu cech fizycznych wybra-
nych surowcéw roslinnych na jako$¢ i energo-
chtonnos¢ produkeji brykietow, w hydrauliczne;j
brykieciarce ttokowej. Do badan wykorzystano
nastgpujace surowce: stome pszenzytnia, siano
takowe i todygi miskanta olbrzymiego. Podczas
procesu brykietowania wilgotno$¢ rozdrobnio-
nych surowcoéw wynosita od 11,9 do 13,5%.
W trakcie badan okreslano warto§¢ opatowa,
sktad granulometryczny oraz ggsto$¢ nasypowa
i utrzgsiona brykietowanych surowcow. Wykony-
wano takze pomiary cech fizycznych wytworzo-
nych brykietow, obejmujacych dtugosé, srednice
oraz masg i na tej podstawie obliczano ich ggsto$¢
objetosciowa. Okreslano rowniez objgtosciowa
gestosé energetyczna brykietow oraz ich gestosé
nasypowa i trwato$¢ mechaniczna, a takze wy-
dajno$¢ brykieciarki i pobor energii elektryczne;.
W zalezno$ci od rodzaju brykietowanych surow-
cow i badanych cech fizycznych, stwierdzono ich
statystycznie istotny wplyw na jakos$¢ i energo-
chtonnos$¢ wytworzonych brykietow.
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