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Abstract. The present article relates to assessment of energy utilization of sweet sorghum waste
biomass as solid biofuel (briquettes). The briquettes were produced from biomass of pure sweet
sorghum after juice extraction, mixture of sorghum with wood sawdust (ratio 1:1) and mixture of
sorghum with wood shavings (ratio 1:1). Chemical, physical and mechanical properties of produced
briquettes were measured in accordance with appropriate standards. The research results showed
that the mixed sorghum briquettes with wood shavings have the highest mechanical durability and
the lowest ash content; on the other hand, briquettes made of sweet sorghum and wood sawdust
havethe best values of all other parameters, including higher calorific values, density, etc.
Although addition of residual wood biomass improved the general quality of sorghum based
briquettes, it was stated that the briquettes made of pure processed sorghum stalks belong to the
category of high quality agricultural solid biofuels. It can be concluded that sweet sorghum is of
very good prospects and thus it is a promising biomass feedstock for solid biofuels production (not
only for the production of liquid biofuel as it has been used by today and has been known before).

1Introduction

Bioenergy, i.e. energy produced in the field or gained
from waste biomass is one of promising trends in
agricultural engineering research that merits higher
attention of researchers and investments into application
of its results. This is because the increasing energy
consumption leads at present to a fast shrinking fossil
fuel deposits and strong environment pollution probably
reflecting in warming up the Earth's atmosphere.
Therefore, there is a need to utilizing alternative energy
resources including biomass and biomass-based biofuels
[1]. Biomass of energy crops has been gaining a
considerably wide energy application during recent years
[2]. Due to high biomass yields with a high sugar content
(fermentable saccharides) as compared to other crops
yielding sugar or starch like sugarcane, wheat or corn,
the sweet sorghum gives a very attractive raw material
for the liquid biofuel - bioethanol production [3].
According to [4] and [5] sweet sorghum has on average
85-90% sugar fermentation efficiency for bioethanol.
Sorghum (Sorghum bicolor (L).Moench), including
sweet sorghum, is one of the longest growing crops, it is
widely adapted to diverse environments and grows
almost everywhere in the world [6]. Sorghum is
multipurpose plant, also called 4F crop, because it is
used for fuel, food, fodder and feed [S]. In the world
cereal’s rank sorghum is in the fifth place following
corn, rice, wheat and barley as useful to human daily
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need [7]. Sweet sorghum is annual or short perennial
plant and according to growing conditions and varieties,
it reaches a height of about 120400 cm [8]. Sorghum is
C4 crop with high photosynthetic efficiency. It
accumulates carbon dioxide during the night and then
has a lower photorespiration rate during the day that
reduces waste of carbon and water [9]. In most of
tropical and temperate countries, where sugar cane or
corn cannot grow, sweet sorghum is growing well and
tolerates salinity and drought [7, 10]. As confirmed by
[5] that sweet sorghum has low water requirements for
high yield, as comparing to sugarcane, which requires
three times more. Sweet sorghum resists to biotic and
abiotic factors. It has low requirement for fertilizers, one
third of sugar cane or corn need in the same conditions
[11]. Sweet sorghum is concerned as low inputs and low
costs crop [12, 13], which has many advantages in
contrast to other energy crops.

Sweet sorghum has been considered as a particular
energy crop for production of bioethanol since 1970s. It
has high yield of biomass (54—69 t ha™"), i.e. stalks with
high sugar content [14]. Amount of the main substances
that compose sweet sorghum stalk as carbohydrates
(glucose, sucrose and fructose) often depends and
changes according to the maturity stage, cultivar and
harvesting period [15]. Nevertheless, growing
production and consumption of bioethanol generates
large quantities of waste biomass remaining from
sorghum processing — sugar juice extraction [10]. In
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accordance with [16] residual biomass from sweet
sorghum  contents mainly cellulose  34-44%,
hemicellulose 25-27% and lignin 18-20%. Crushed
residual stalks were burnt by [17] to generate electricity
or steam. But for a more efficient combustion residue
obtained from sorghum processing should be used in a
form of compacted solid biofuel. Sweet sorghum is
important for refined sugar and bioethanol production.
Effective use of waste biomass can contribute to
additional lowering of sugar production costs and good
waste to energy management.

The main objective of this research is the analysis of
potential and suitability of sweet sorghum biomass after
juice extraction to be used for energy purposes in the
form of solid biofuels, particularly as briquettes.

2 Material and methods

For experimental purposes of this research the briquettes
(three kinds of briquettes) were produced from the
following feedstock materials:

1)Briquettes from sweet sorghum without any
blender addition or any mixing with other crops. This
type was made of sweet sorghum stalks in dry and
grinded form after sugar juice extraction. For briquetting
10 kg of biomass with moisture content 12% was used,
abbreviated as sample S,.

2)Mixed briquettes made of 50 % of sweet sorghum
stalk and 50 % of wood sawdust, named as SW;.

3)Mixed briquettes made of 50 % sweet sorghum
stalk and 50 % of wood shavings, assigned as SW..

Sweet sorghum biomass used for the research
purposes was shipped from Moldova. The briquettes
were produced by hydraulic piston briquetting press
BrikStar 50-12 (Briklis, Czech Republic) with working
pressure 18 MPa and a cylindrical matrix of 65 mm in
diameter.

Fractional composition (particle size distribution) of
sweet sorghum biomass used for briquetting was done by
sieve analysis method according to EN 15149-1:2011and
it is presented in the Figure 1.

8mm 6.7mm  Sjeve’s opening size
<05mm 2.6% 32% 4. e

14.0% 8.5%

=5 miIn

3.15mm “6.7mm
10.9% ®4.5 mm
m3.15 mm

25mm w9 5mm
7.6%

1.5 mm

0.5 mm

<0.5 mm

Fig. 1. Particle size distribution of sweet sorghum
biomass used in experiment

All required briquettes’ parameters were measured in
the laboratory according to the methodology given by
EN and ISO standards for solid biofuels.

Determination of moisture content (w) of briquettes
as well as initial raw biomass was performed according

to EN ISO 18134-2:2015 and EN ISO 18134-
3:2015,respectively. Tested samples were dried out at
105 °C in laboratory oven Memmert 100-800 and the
following equation was used for calculation:

w= 22T %100,% (1)
mz—my
where: m;— mass of empty crucible, g; m,— mass of
crucible with sample before drying, g; m;— mass of
crucible with sample after drying, g.

The gross calorific value (GCV) for dry basis (d.b.)
and as received (a.r.) samples was measured by bomb
calorimeter ~Laget MS-10A according to EN
14918:2009and was calculated by simplified equation
[18,19]:

Gev = dika—c’ I g'l
m

@)
where: dTk — temperature jump, °C; Tk— mean value of
the effective heat capacity of the calorimeter as
determined in the calibrations (9,161 J °C™"); ¢ total
repair (repair on benzoic acid plus repair on burning
spark fine wire), J; m — weight of material sample, g.

For calculation of net calorific value (NCV) from
gross calorific value was used equation applied by [20]:

NCV = GCV — 2453 x (w+9H),Tg' (3)

where: 24.53 — heat of water evaporation; w — moisture
content of the sample, %; 9 — coefficient for conversion
of hydrogen to water, H — hydrogen content in the
sample, %.

It should be mentioned that according to [21]
moisture content has significant impact on a net calorific
value of solid biofuels and the quality of biofuel largely
depends on the moisture content of initial raw material.
Calorific value of briquettes also depends on the origin
and treatment of the feedstock material, especially on
material’s particle size. Other authors [22] have stated
that solid biofuel with high density have a higher
calorific value.

Briquettes’ average dimensions (length and diameter)
were measured by digital calliper and their density (p)
was simply calculated by the equation (4):

. kgm” )

where: m — weigh of the briquette, kg; » — D/2 half of the
diameter, m; / — length of the briquette, m.

p:

TXTZX1

Mechanical durability (DU) of produced briquettes
was determined using a special rotary drum in
accordance with standard EN ISO 17831-2:2015and was
calculated as follows:

DU = T4 x 100, % (5)
mg

where: m, — mass of sieved briquettes after the drum
treatment, g; my — mass of pre-sieved briquettes before
the drum treatment, g.
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Proximate analysis (ash content and volatile matter)
and ultimate analysis (C, H, O, N, S and Cl) of tested
briquettes were performed as well.

In case of ash content measurements, the standard
EN ISO 18122:2015was respected and ash content (4) of
dry samples was calculated by the equation (6):

_ (mz-my)
A= pe— x 100, % (6)
where: m; — mass of empty dish, g; m, — mass of dish
plus test sample, g; m; — mass of dish plus ash, g.

Determination of volatile matter content (V,) was
done in accordance with standard EN ISO
18123:2015and the following equation was used for
calculation (7):

Vd _ [100><(m2—m3) _ W] % (ﬂ), A (7)

(my—my) 100-w

where: m; — weight of empty vessel, g; m, — weight of
vessel with sample before heating, g; m; — weight of
vessel with sample after heating, g; w — moisture
content, %.

Chemical elements were determined according to the
respective standards: EN ISO 16948:2015for carbon,
hydrogen, nitrogen and EN ISO 16994:2015 for chlorine
and sulfur. Oxygen content was then calculated.

3 Results and discussion

Quality of solid biofuels depends on number of
parameters. These parameters could be divided into two
groups: chemical properties and physic-mechanical
properties.

In the Table 1, all parameters assessed in this
research are presented and compared to the approximate
values given by solid biofuels standards.

From the Table 1 is visible that all produced
briquettes showed very good quality, i.e. briquettes made
of pure sweet sorghum biomass fulfil standard
requirements for graded non-wooden briquettes and
according to the stated parameters belong to A quality
class (the best one). It was found that S, briquettes have
relatively high gross and net calorific values, low ash
content and the contents of all measured chemical
elements below limits. Gross calorific values (w.b. and
a.r.) of pure sweet sorghum stalk briquettes correspond
to gross calorific values of sorghum biomass published
by other authors, for example 17.9 MJ kg™ [23] or 17-19
MJ kg'[14]. Compared to other sources of biomass:
GCVyy, of sorghum is higher than GCVy,,. of hay (grass
in general) — 18 MJ kg™ [21], switchgrass or corn stover
- 173 MJ kg’I [24] and it is almost equal to GCVyy,. of
famous energy crop Miscanthus — 19 MJ kg™, however
lower than GCVy,, of wood logging residues — 19.7 MJ
kg (broad-leaf wood) and 20.5 MJ kg" (coniferous
wood) (EN ISO 17225-1:2014).

The research results showed very good (low) value of
ash content in S, briquettes (see Table 1). According to
[25] ash content of herbaceous biomass reaches values

up to 10%, for example ash content of hay found by [26]
is 6.3%, which is almost twice higher in comparison
with sorghum. On the other hand, ash content of graded
wood briquettes should not exceed maximum 3% (EN
ISO 17225-3:2014). As [27] reported that low ash
content leads to better suitability of fuels for thermal
utilization in contrast to a fuel with high ash content.
High ash content causes high dust emissions and
negatively affects combustion efficiency.

Another fuel parameter, which has an impact of
combustion process, is volatile matter. According to [28]
high volatile matter (from 70 to 86%) improves the
combustion rate of the biomass during the devitalization
phase. On the contrary, low volatile matter causes high
smoke within incomplete combustion and release toxic
gases. [29]published that the values of carbon content in
biomass, which can be used as a fuel vary between 30—
60%, for hydrogen 5—6%, for oxygen 30—40% and for
the rest elements less than 1%. By [21] carbon, hydrogen
and oxygen are the main components of solid fuels,
which directly contribute to the fuel combustion
(affecting calorific value). Chlorine, nitrogen and
sulphur have an effect on ash formation as well as
significantly impact on the formation of harmful
emissions, mainly mono-nitrogen oxides (NOy) and
sulphur oxide (SO,) and highly corrosive hydrochloric
acid (HCI) [21, 30]. Taking into account all above
mentioned facts, it can be concluded that briquettes from
sweet sorghum biomass seem to be very suitable for a
clean and efficient combustion.

From the Table 1 is also visible that addition of wood
residual biomass, i.e. production of mixed briquettes
improves the total quality of sweet sorghum based
briquettes, including chemical and physic-mechanical
properties. The mixed briquettes are more compact as
confirms briquettes dimensions and density. The
addition of wood sawdust showed slightly better results,
except for mechanical durability and ash content, which
are insignificantly better in case of briquettes enriched
with wood shavings.

The differences between mechanical durability of
SW; and SW, can be caused by different fraction
composition, i.e. particle size distribution of the initial
raw materials and joining mechanisms between different
sized particles during mechanical compaction
(briquetting). [31]reported that the compacted briquettes
made of raw materials with larger particles (> 6 mm)
have usually better hardness and briquettes densification
in general. Sweet sorghum biomass used for the
experimental purposes contains of particles smaller than
6.7 mm from more than 97%, where almost 70% of the
particles are smaller than 1.5 mm (see Fig. 1). Hence, the
addition of larger particles into the mixtures or crushing
the sorghum through bigger screens can have a positive
impact on mechanical durability. Mechanical durability
is not presented as a normative parameter in the solid
biofuels standards; nevertheless, high mechanical
durability is preferable as it is a measure of resistance of
densified fuels towards shocks and/or abrasion in
consequence of transport and handling processes [32].
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Table 1. Determined properties of briquettes based on sweet sorghum biomass and typical standards’ requirements.

Parameter Briquette type Standard requirements*
So SW, SW, Typical Property class’
variations' A B

Moisture content, a.r., % 7.7 7.3 7.9 - <12 <15
Ash content, d.b, % 3.9 2.2 2.1 2-10 <6 <10
Volatile matter, d.b. % 70.8 76.3 75.5 - — —

GCV d.b., MJ kg! 18.9 19.7 19.5 16.6-20.1 - -

GCV ar., MJ kg™ 17.7 18.6 18.2 - - -

NCV d.b., MJ kg'! 17.7 18.4 18.2 15.8-19.1 - -

NCV a.r., MJ kg 16.3 17.1 16.7 - >14.5 >14.5
Length, mm 77.4 494 51.7 <50 to >400 - -
Diameter, mm 66.9 66.1 66.8 25 to>125 - -
Mechanical durability, % 90.5 94.1 95.1 <90 to > 95 - -
Briquettes density (kg m™) 617.5 745.9 645.5 - - -

C,db. % 43.1 45.7 45.4 41-50 - -

H, d.b. % 5.27 6.02 6.08 5.4-6.5 - -

0,d.b. % 373 39.0 38.9 3645 - -

N, d.b. % 0.61 0.32 0.34 0.2-1.5 <15 <2.0
S, d.b. % 0.04 0.03 0.03 <0.05t00.2 <0.20 <0.30
Cl,d.b. % 0.09 0.06 0.08 <0.1to 1.2 <0.10 <0.30

*!Typical variations were obtained from European standard for solid biofuels EN 14961-1 (2010) - for virgin straw

materials, with or without insignificant amounts of grains;

*Specification of graded non-woody briquettes for property classes A and B according to EN ISO 17225-7 (2014);
a.r. — as received; d.b. — dry basis; So— pure sweet sorghum briquettes, SW — mixed briquettes from sweet sorghum and
wood sawdust (1:1); SW,— mixed briquettes from sweet sorghum and wood shavings (1:1).

According to EN 14961-1 (2010) S, and SW,
briquettes have a medium category mechanical durability
DU90.0 and SW, briquettes reached the highest category
durability DU95.0 (see Table 1). Besides the material
fraction, compaction pressure is another factor which
affects the mechanical durability, i.e. with increasing
pressure durability of the briquettes increase [32]. Low
pressure used during the briquettes production had
probably impact on final briquette density as well, which
is relatively low for all briquettes’ types. [33] stated that
too low pressure produces poor quality of briquettes. For
example, screw presses have higher density of
briquettes. On the other hand, therefore higher pressure
used for briquetting produces briquettes with better
mechanical properties (dense and durable), but much
energy is spent [32].

4 Conclusions

Usage of suitable waste biomass in the form of biofuels
for energy purposes contributes to the support of
renewable energy development, replacement of pollutant
and limited fossil fuels, protection of forest reserves as
well as it has positive social/energy/environmental
impact and leads to sustainable development. Sweet
sorghum is almost worldwide spread crop with high
biomass yield. The big advantage of sorghum biomass
utilization for solid biofuels’ production is in an effective
recycling of waste from the bioethanol production,
which reflects on good waste management and makes
the sweet sorghum processing waste-free technology.

Based on references review and research results, the
sweet sorghum waste biomass can be evaluated as very
promising feedstock for solid biofuel (briquettes)
production. All three types of briquettes produced from
sweet sorghum and tested during this study showed very
good quality, which fulfil the standard requirements.
Briquettes made of pure sorghum processed stalks are
characterized by high calorific value, low ash content
and low content of chlorine, nitrogen and sulfur. The
study also concludes that the addition of woody biomass,
i.e. wood sawdust and wood shavings improve overall
quality of sorghum based briquettes. Two weakest
parameters of sorghum briquettes which were found by
the research measurements and are recommended to be
improved, i.e. mechanical durability and briquettes’
density (mechanical parameters), are not such decisive in
biofuel’s quality assessment as they can be
technologically improved and do not depend on the
biomass properties like other parameters.
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