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ABSTRACT

To generate various forms of energy, the plant biomass can be
burned directly or after its conversion into carbonized solid fuel,
liquid fuel, or gaseous fuel. The yield of plant, which is used as
biomass sources, need to be achievable with minimal energy
inputs for plant cultivation, planting, harvesting and transporting.
Using biomass in original form is very complicated, because of
high moisture content, irregular shape and sizes, and low bulk
density. Therefore, before removal from the field the biomass
densification into bales is conducted. Unfavorable conditions for
flax growing, harvesting and dew-retting are the reason for the
low-quality flax biomass production. This biomass cannot be
processed for fiber or other purposes. Therefore, flax straws are
burned in the fields or are used as fertilizer by plowing into the
soil, which are not good solutions for the environment and
subsequent cultivation operations. The limit values of quality
properties of flax stem, flax straw and retted straw for their
processing are summarized, which can be used to determine the
suitability of flax straw biomass for processing or burning. Low-
quality flax biomass is inexpensive, ecofriendly and renewable, it
can be used as solid fuel for heating greenhouses or buildings
located near the field where the flax is grown. Various techniques
of fibre flax and oilseed flax harvesting are presented in the
article. The technique of low-quality flax harvesting is
recommended, which include flax pulling out or flax cutting, flax
threshing, flax straw windrow forming, flax straw natural drying
on the field in natural way, flax bale forming, flax bale
transporting, flax bale burning. This harvesting technology can be
used for low-quality fibre flax and oilseed flax. Flax straw
biomass can be baled into three bale types: small rectangular
bales, big round bales, and big square bales The main
requirements for fuel flax biomass bales are recommended. The
boiler for burning flax straw bales must be chosen taking into
account the shape and size of the bales. For the efficient operation
of boilers, it is necessary to take into account the recommended
values of bale bulk density and moisture content of flax biomass.
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AHOTAILIA

Hecnpuamausi ymosu 0151 6upowsyeanus 1boHy, tio2o 30upanus ma
BUNEIICYBAHHA € NPUHUHOI OMPUMAHHA HU3bKOSKICHOI Olomacu
abony. L biomaca He mooce 6ymu nepepodiena Ha 80JIOKHO YU
iHwi yini. ToMy HU3LKOAKICHY TbOHOCOIOMY CHANIOIOMb HA NOJAX
abo BUKOPUCMOBYIOMb K 000PUBO WISIXOM 3A0PIOGAHHSL 8 IPYHMI,
WO 3YMOBIIOE He2aMUBHULL BNIUE HA HABKOJIUUHE cepedosuule ma
VCKAAOHIOE NPOBEOeHHA NOOANbUUX MEXHON02IUHUX onepayil 3
Ipynmom. Y cmammi npedcmasneni epanuymi 3HAueHHs AKICHUX
NOKA3HUKIE cmebell TbOHY, TbOHOCOIOMU Ma JIAHOI mpecmu, 3a
SAKUX 6OHU NPUOAMHI Ol NPOMUCTI08020 nepepodiienHs abo
ompumana iiaHa biomaca npuoamua auuie Oasi GUKOPUCIAHHA Y
suenadi namuea. Husvkosaxicna anana Oiomaca € HeO0po2oio,
€KOJI02IYHOI0 MaA  BIOHOBIIOBAHOK CUPOBUHOIO, SKY MOXCHA
BUKOPUCMOBYBAMU SIK MEepoe NANUBo 0isl ONAJIeHHA Menauyb abo
0y0igenb, Wo po3maulogani nooau3y nojs, 0e SUPOUWYIOMs IbOH.
Y cmammi npedcmaeneni pisni mexunonocii 30upamnHs 1boHy-
0os2yHyss ma JboHY oaitHoco. Takooc — pexomeHnOyembes
MEeXHON02IsT 30UPanHs HU3LKOAKICHO20 TbOHY, W0 nepedbaiac
mexHono2iyHi  onepayii:  OpanHs abo  CKOULYBAHHS  JIbOHY),
00MONIOUYBaHHA  JIbOHY,  (DOPMYBAHHS — BAJIKA  JILOHOCOIOMU,
NPUPOOHE CYWIIHHA NbOHOCOIOMU HA NOJi, OPMYBAHHA MIOKI8
JIbOHOCOIOMU, MPAHCNOPMYBAHHS ~ MIOKI8  JbOHOCOTIOMU,
CRANOB8AHHS. MIOKI8 AbOHOCONOMU. L{i0 mexHonoeio 30upanus
MOJHCHA ~ BUKOPUCMOBY8AMU O  JIbOHY-0062VHUA MdA  JbOHY
O7IIHO20, WO MaAomMb HU3LKY saKicmbs. Jluawy 6iomacy MmoorcHa
cnpecogygamu y mpu munu mroKie: Mani NpAMOKYMHI MIOKU,
8eNUKi Kpyeni mioKu (PYIOHU) ma 6enuxi Keaopamwui mioku. Y
cmammi peKoMeHO08aHI OCHOBHI 8UMO2U 00 NATUBHUX MIOKI6
asiHoL Oiomacu. Y cmammi maxodc 3a3HaveHo, wo Komen O
CRAIOBAHHS JILOHOCONIOMU HEOOXIOHO 8UOUpamu 3 ypaxy8aHHIM
Gdopmu i pozmipy miokie. Jna eghexmusnoi pobomu Komiie
HEOOXIOHO 8paAxX08y8amMu PEKOMEHO0BAHI 3HAYEHHS WITbHOCHI
MIOKi6 i 0j1020cmi IAHOI biomacu.
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INTRODUCTION AND PROBLEM

STATEMENT
Human energy consumption can be broadly
grouped under three headings: heat, grid

electricity, and transportation fuels (Gomez et al.,
2008). Plant biomass, which is inexpensive,
ecofriendly and renewable, can be converted to
various forms of energy through numerous
thermochemical conversion processes, depending
upon the type of energy desired (Tushar et al.,
2010). Using biomass materials in their original
form, in particular transport, store, and utilize, is
very complicated, because of high moisture
content, irregular shape and sizes, and low bulk
density (Kaliyan & Vance Morey, 2009).
Therefore, before removal from the field the
biomass densification into bales is conducted.

Using biomass reduces the consumption of
fossil fuels and limits the emission of CO,, SOy,
NOx and heavy metals (Naik et al., 2010). To
generate energy, the plant biomass can be burned
directly or after its conversion into carbonized
solid fuel (biochar), liquid fuel (bioethanol,
biodiesel, bio-oil), or gaseous fuel (biogas)
(loelovich, 2015). Pyrolysis is one of the most
promising  thermo-chemical process, which
converts biomass to liquid, gaseous and solid
fractions under an oxygen absence condition
(Zhao et al., 2011).

Plant biomass in the form of wood and fibers
are utilized as raw materials for burning for
energy and considered as an important renewable
source of biofuels (Demura & Ye, 2010). For
example, co-products, which are obtained during
hemp processing, content cellulose and
hemicellulose and can be profitably processed for
producing 2nd generation bioethanol, which is
used to produce energy for the industrial (Zatta et
al., 2010). Also, for different crops, straw
briquetting is an effective way of utilization of
straw  resources, because after  biomass
compressing its density is increased to about
1000-1200 kg/m?, and its volume is reduced by
8-10 times (Chen et al., 2022). The following
types of fuel briquettes are produced: rectangular
bricks with a dimensions of 65x95x150 mm;
round cylindrical briquettes with a diameter of
60-90 mm and length of 50-300 mm,; polyhedron
briquettes (Pini-Kay) with a hole in the center and
dimensions 50-80x200-300 mm (Pavlov, 2020).
Calorific value of biomass from different plant is
as following: wheat straw 20.3+0.2 MJ/kg, barley
straw 15.74+0.3 MJ/kg, flax straw 17.0+0.2 MJ/kg,

timothy grass 16.7+£0.3 MJ/kg, pinewood 19.6+0.2
MJ/kg (Naik et al., 2010).

Plant biomass contains lignocellulose, which
forms the structural framework of plants
consisting of cellulose, hemicellulose and lignin,
and which is broken down and hydrolyzed into
simple  fermentable sugars, which upon
fermentation form biofuels such as ethanol
(Chaturvedi & Verma, 2013). The sources of
biomass for biofuels need to be produced in a
sustainable way and before the potential biomass
production in a particular region it is important to
identify the degree of climatic adaptation by most
suitable plant species for this purpose (Kerckhoffs
& Renquist, 2013). The yields of crops, which are
used as biomass sources, need to be achievable
with minimal energy inputs for crop cultivation,
planting, nutrient production and application,
harvesting and transporting (Henry, 2010). Also,
it is necessary to consider that food crops rich in
starch and sugar, which is basically used for
biofuel production, can cause an imbalance in the
food and feed supply chain (Ning et al., 2021).

Biofuels are classified as primary, which are
used in an unprocessed form mainly for heating,
cooking (wood chips and pellets, fuelwood), and
secondary, which are produced by processing of
biomass (ethanol biodiesel etc.) and classified as
first, second, and third generation biofuels
depending on the kind of raw material used and
the technology employed for their production
(Chakraborty et al., 2012).

There are two types of flax, oilseed flax
(linseed) and fibre flax, which are different in
their  botany, morphogenesis, environment
requirements, and techniques of cultivation and
harvesting (Anthony, 2005; Heller et al., 2015).
Fibre flax is mainly cultivated for its fiber (Omer
et al., 2020). The oilseed flax is predominantly the
source of valuable oil, which is contained in seeds
and is the source of omega-3 fatty acids (Zuk et
al., 2015). Also, seeds are a source of protein,
soluble polysaccharides, phenolic acids and
flavonoids and other biologically active
components (Vinogradov et al., 2012). Oilseed
flax stems make up a considerable part of the
oilseed flax biomass, that are considered a by-
product of no value (Sankari, 2000). But, oilseed
flax stems are rich in high potential fibers (Bar,
2022), which is shorter in length than long line
fiber from fibre flax. In general, oilseed flax
straws are buried in the fields or burnt, which are
not good solutions for the environment and from
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an economical point of view (Khan et al., 2021).
The tough stem fibers in flax straw decay slowly,
creating a difficult condition for farming, as a
result, farmers traditionally burn flax straw after
raking it into piles (Harry et al., 2014). Smoke
from flax straw fires may obscure public
roadways and compromise the health of
neighboring residents (Chen et al., 2005). Burning
flax straw biomass residue also has agronomic
disadvantages including loss of 98 to 100% of
nitrogen (N), 70 to 90% of sulfur (S), and 20 to
40% of phosphorus (P) and potassium (K) (Heard
et al., 2006).

The entire flax yield can be used to produce
various types of fuel. Flax seeds are a raw
material for the production of biodiesel, which can
be used as one of the alternative fuel in diesel
engines (Asokan et al., 2021). Flax biomass,
which is cheap and available raw material, can
also be used as fuel. Flax straw biomass contains
cellulose  (27.4wt%) and  hemicellulose
(24.8 wt%) and lignin (21.2 wt%) (Mukhambet et
al., 2022). During the extraction of flax fibers, a
by-product, flax shives, is obtained, which is a
lignified part of the flax stem and which has a
calorific value of 17.25 kJ/g (Lugovoy et al.,
2021). Flax shives are used for burning in burners
or for producing fuel pellets and briquettes
(Rentsen, 2010), which have a calorific value of
18 MJ/kg (Komlajeva & Adamovics, 2012). In
addition, liquid bio-fuel can be produced using
flax shives (Mohabeer et al., 2019), in particular
the second generation ethanol can be produced
(Gonzdlez-Garcia et al., 2009).

In case of unfavorable weather conditions
during the cultivation and harvesting of flax, the
morphological characteristics and properties of
the flax stalks may not be acceptable for the
extraction of fiber. Therefore, according an
economic point of view, it is better to use low-
quality flax straw as fuel after seed separating. In
particular, low-quality flax straw can be formed
into fuel bales (Yaheliuk et al., 2020). For farmers,
to collect their own or neighbors’ flax straw and
burn it in burners of large barn or greenhouse can
be profitable. But, if the distance between the field
and the place of flax bale using is significant, the
transport costs may overtake cost savings of using
flax straw (Flax straw and fibre past and present
uses, n.d.). Also, flax straw biomass utilization is
linked to the problems of its harvesting (cutting,
baling), transporting and storage (Miadenovié et
al., 2009).

The Goal of the Study is to review the fibre
flax and oilseed flax harvesting, as well as the
harvesting technique of low-quality flax straw,
which can be used as solid fuel.

FLAX

The quality and yield of flax are varied
greatly in response to weather conditions, soil
type, varieties, cultivation techniques and other
factors (Casa et al., 1999; Pisupati, 2021). Fibre
flax stems have a diameter about 1.4-1.6 mm and
a total height of 1.1-1.2 m (Nag et al., 2015), and
one of the highest slenderness factor (i.e. the ratio
between height and diameter of the stem) among
botanical herbs and trees, which is about 365+33
(Goudenhootft et al., 2019). In the world, the yield
of fibre flax straw is varied widely from 220 kg/ha
to 4370 kg/ha depending on the country and
weather conditions of cultivation (Zajgc et al.,
2012). The seed yield is ranged from 270 kg/ha to
890 kg/ha (Dmitrevskaya et al., 2016).

Lodging is a major problem for fibre flax as it
complicates the harvesting, causes damage to the
flax stems and can cause the impossibility of
extracting fiber. The risk of flax lodging increases
with rainfall, wind, and a high slenderness ratio
due to self-weight and additional loads such as
rain (Goudenhooft et al., 2019). Also, the flax
stability to lodging is strongly linked to the
seeding rate, flax wvarieties and nutrients
availability, especially to high nitrogen amounts
(Gibaud et al., 2015). For fibre flax, a seeding rate
of 1800 seeds/m? is the better compromise long
fibre yield, fibre mechanical performances and
stem stability to lodging (Bourmaud et al., 2016).
In the case of significant lodging of flax, further
its processing is complicated, therefore it is
advisable to use its biomass as fuel.

Oilseed flax plants are typically shorter than
the fibre flax plants due to their branched growth
(Kymalainen et al., 2004). Oilseed grows to a
height of 0.40 to 0.91 m (Anthony, 2005). To
obtain increased seed yield, oilseed flax is sown
with a density 25-55 kg/ha, as in this case stem
branching is stimulated (Nag et al., 2015). The
seed yield of oilseed flax is varied widely from
202 kg/ha to 1991 kg/ha depending on the country
and weather conditions of cultivation (Lafond et
al., 2008; Zajgc et al., 2012; Zhang et al., 2020)
and the straw yield is ranged from 2360 kg/ha to
3190 kg/ha (Rudik, 2016). The seeds of both the
fibre flax and oilseed flax contain 20-40% oil and
can be used to obtain oils (Zhang et al., 2011).
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FIBRE FLAX HARVESTING

Nowadays, the technological level of flax
harvesting systems may be considered advanced
enough to fully exploit the crop to harvest seeds
and retted stems at the same time (Pari et al.,
2015). The sequence of technological processes
during flax harvesting depends on the flax
destination and whether it is fibre flax or oilseed
flax. Let’s consider the sequence of processes for
fibre flax harvesting.

The combine harvesting is the most common
technology for fibre flax harvesting (Fig. 1). This
technology makes it possible to obtain flax raw
material for the production of long and short fiber,
as well as seeds that can be used for processing
and sowing. According to the technology, flax
combine pulls the fibre flax out and lays it back
down on the field into flax band for dew retting.
During dew retting, fungi and bacteria partially
decompose the flax stems. Flax stems in the flax
band are placed parallel. Also, flax seed bolls
(seed capsules) are threshed by combine and
obtained flax heap is processed outside the field.

Flax pulling
out process

X

Flax seed boll Flax
threshing process heap

_r
Flax band
| forming process

e

Flax straw dew
retting process

7

3 b
Flax band turning
OVer process

Flax bale
forming process )
.

F
Flax bale
transporting process

a2

Retted flax straw

Fig. 1 — Diagram of fibre flax
combine harvesting

The duration of dew retting process depends
on weather conditions. To reach a good dew retting

levels for flax straw, fibre flax production areas
must have a mild and humid climate (Grégoire et
al., 2021), while oilseed flax cultivars are rather
grown in continental climate regions (Zuk et al.,
2015). For uniform dew retting of fibre flax, the
thickness of the flax band should be 1-3 stems. If
the thickness of the flax band exceeds the
recommended value, the lower fibre flax stems
may rot. For uniform dew retting process, the flax
band turns over 180 degrees once or twice. The
first turning over of the flax band is recommended
during 8-12 days after flax pulling out. If the
heterogeneity of the flax straw quality in the upper
and lower layers of the flax band is presented the
flax band turn again over 180 degrees after 5-7
days. The flax band are also turned over before
forming flax bale. During turning over, the flax
straw dries and separates from the soil and grass.
Before flax bale forming, the flax band is doubled,
that increases the productivity of the round straw
baler. Bales remain randomly inside the field or
stacking at a specific location close to one of the
field’s edges (Vahdanjoo et al., 2021). Then, flax
bales are transported from the field for further
retted flax straw processing.

The two-phase flax harvesting is technology
for fibre flax harvesting (Fig. 2), that is used
during adverse weather conditions. According to
the technology, the fibre flax is pulled out with
flax puller and flax band of unthreshed and
paralleled stems is formed. For natural drying and
ripening of seeds in bolls, the flax band is laid
down on the field. Then, a flax pickup thresher is
used, which picks up the flax band, threshes the
seed bolls and lays flax band back down on the
field for dew retting. A flax heap is threshed
outside the field. To improve the dew retting
conditions, the flax band is turned over once or
twice. Flax bale forming process is the next stage
of the two-phase flax harvesting involves. And
flax bale transporting for processing is the last
stage of two-phase flax harvesting.

If it is necessary to obtain high-quality flax
fiber, the fibre flax is pulled out with flax puller.
The flax band of unthreshed and paralleled stems
is formed on the field for dew retting (Fig. 3).
During dew retting, the flax band is turned over
once or twice. After dew retting, the flax band of
unthreshed flax stems is formed into bales and
transported for processing. According to the
technology, the flax seed bolls are threshed in the
conditions of the processing plant during the
unwinding of the bales.




CI/IbCBKOT'OCITOAAPCBHKI MAIIIMHY, 2022, Bun. 48

AGRICULTURAL MACHINES, 2022, Vol. 48

Flax pulling
out process

XZ
Flax band
forming process

~Z

rDryin,g and 1‘ipening‘
of flax seed bolls

Flax seed boll
threshing process

87

Flax straw dew |
retting process
é = Ny
Flax band turning
over process
R
Flax bale
! forming process )

Flax bale
transporting process |

7

Retted flax straw

Flax
heap

Fig. 2 — Diagram of fibre flax two-phase harvesting

For fibre flax harvesting, different machines
are used such as flax harvester, flax puller, flax
band lifting and threshing (rippling) machine, flax
band turner, flax band doubling machine, round
baler, bale loader and bale truck (Dudarev, 2020).

OILSEED FLAX HARVESTING

According to the combine harvesting, oilseed
flax is cut with a combine harvester, which is also
threshed the flax, cleaned the seeds and formed
windrow from crushed flax straw, where straw is
dried in a natural way (Fig. 4). When using flax
straw as fuel, the flax straw windrows are formed
into bales with a baler (Variant 1). Then the bales
of crushed flax straw are transported to the
location where the boiler is placed for straw bale
burning. When using flax straw as a fertilizer,
crushed straw is plowed into the soil (Variant 2).

In the case of unfavorable weather conditions,
the two-phase harvesting of oilseed flax is applied
(Fig. 5). Oilseed flax is cut and formed into
windrows with a mower. After natural drying and

Flax pulling
out process

~Z
Flax band
| forming process

~Z

-
Flax stems dew
retting process

~z

Flax band turning
OVer process

L
Flax bale
forming process

¥
Flax bale
ktranspomng process)

Retted and unthreshed
flax stems

Fig. 3 — Diagram of fibre flax two-phase harvesting

to obtain high-quality flax fiber

ripening of the flax seeds in bolls, the flax
windrows are picked up and threshed with a
combine harvester. Crushed and dried flax straw
is formed into bales (Variant 1) or left on the field
as fertilizer (Variant 2).

For oilseed flax harvesting, different
machines and equipment are used such as
combine harvester, mower, plow, flax round baler,
flax bale loader, bale truck, and flax straw bale
boiler.

Straw of certain varieties of oilseed flax is
used to extract short fiber. In this case, the
technologies of fibre flax harvesting are used to
harvest oilseed flax (Fig. 1, Fig. 2).

LOW-QUALITY FLAX STRAW
BIOMASS HARVESTING
Under favorable conditions during flax
cultivation, flax harvesting and dew-retting, the
retted flax straw is obtained, which can be
processed for fiber or other purposes (Fig. 6). But,
in the case of unfavorable conditions at these steps
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of flax manufacturing process, the low-quality
flax straw biomass, the processing of which is
unprofitable, can be obtained. It is advisable to
use this biomass as a renewable energy source.

During the flax cultivation, unfavorable
conditions, including adverse weather conditions,
flax diseases and pests, insufficient or excessive
use of fertilizers, weediness of flax and flax
damage by herbicides, deteriorate the quality of
flax straw biomass (Fig. 6). As a result, flax can
be stunted, weedy, damaged by herbicides,
diseases and pests. Also, the length and diameter
of flax stalks and the fiber content can be
unacceptable for flax straw processing. It is not
advisable to leave low-quality flax biomass on the
field for dew retting, as it is unsuitable for
extracting fiber. After flax threshing and flax
straw natural drying, the flax straw biomass can
be formed into bales and used as fuel.

During harvesting, flax can also be affected
by unfavorable conditions, such as adverse
weather conditions, untimely harvesting of flax,
wrong choice of flax harvesting technology and
incorrect operating regimes of harvesting
machines (Fig. 6). Unfavorable conditions lead to

the deterioration of quality indicators of flax
straw. Weather conditions are the most influential,
as heavy rain and wind can cause lodging of flax
and delay harvesting, which lead to flax yield
losses and deterioration of the quality of flax
biomass. In the case of incorrect operating
regimes of harvesting machines, mechanical
damage to the flax stems is possible. Also, it is
possible the thickened flax band forming with
tangled stalks. As a result, the conditions for flax
straw dew retting are worsened. To minimize flax
yield losses, the technology of flax harvesting
should be chosen taking into account the
condition of the grown flax and the weather
conditions.

As a result of unfavorable weather conditions
during flax straw dew retting, the quality of flax
straw can significantly deteriorate. In particular,
the tensile strength of the flax fiber and the color
of the flax straw can be worse than recommended
(Fig. 6). Therefore, during flax growing,
harvesting and dew retting, it is necessary to
analyze the flax biomass and make decisions
about its further use and the application of
technological processes.

Flax cutting
process
Flax threshing ¢ Flax straw
process crushing process
G {} Variant 2
Flax seed Straw windrow Plowing flax
| cleaning process | forming process straw into the soil
{} Variant 1 < O
Flax seeds Flax straw Fertilizer
drying process
Flax bale
forming process )
Flax bale
Ltl'anspoﬂing process |
Flax bale
burning process
Energy

Fig. 4 — Diagram of oilseed flax combine harvesting
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Flax cutting
process

2

-

Flax windrow

forming process
v

rDlying and ripening
of flax seed bolls
Flax threshing Flax straw
process crushing process
~ <L Variant 2
Flax seed [ Straw windrow Plowing flax
| cleaning process I forming process straw into the soil
{} Variant1 < % {}
Flax seeds Flax straw Fertilizer
drying process
Flax bale
forming process
Flax bale
ktransponing process|
Flax bale
burning process )
Energy

Fig. 5 — Diagram of oilseed flax two-phase harvesting

If the quality properties of flax biomass
obtained during flax manufacturing process do not
correspond to the allowed (limit) values necessary
for its processing (Table 1, Table 2), then it is
advisable to use flax biomass as biofuel. So, the
recommended processes of low-quality flax
harvesting are as follows: flax pulling out or flax
cutting; flax threshing; flax straw windrow
forming; flax straw natural drying on the field in
natural way; flax bale forming; flax bale
transporting; flax bale burning (Fig. 7). This
harvesting technology can be used for low-quality
fibre flax and oilseed flax.

For low-quality flax straw biomass
harvesting, different machines and equipment are
used such as combine harvester or flax harvester,
flax round baler, flax bale loader, flax bale truck
and flax bale boiler.

BIOMASS BALES

An important process of harvesting low-
quality flax straw biomass is its forming into bales
for transporting, storage and burning. Flax straw
biomass bales are formed with balers, which pick
up flax straw windrow, compress it into bales of
even size and weight, and tie them by means of
twine. The main requirements for fuel bales are
the following: high and uniform bulk density of
bale layers; low and uniform moisture content of
flax straw in the bale; convenience of transporting
and storage; possibility of compact bale packing;
low consumption of the twine during bole
forming; correspondence of the bale dimensions
to the boiler chamber. If bales size is larger than
the size of the combustion chamber, it is
necessary to disintegrate or cut the bales, which
requires additional using of equipment.
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Fig. 6 — Diagram of the influence of growing, harvesting and dew retting conditions

on the flax biomass suitability for its processing or burning:

1 — adverse weather conditions; 2 — flax diseases; 3 — flax pests; 4 — insufficient or excessive use of
fertilizers; 5 — weediness of flax; 6 — flax damage by herbicides; 7 — untimely harvesting of flax;
8 —wrong choice of flax harvesting technology; 9 — incorrect operating regimes of harvesting machines;

10 — untimely flax band turning over and flax bale forming;

«+» — flax biomass is suitable for processing; «—» — flax biomass is suitable only for burning

Table 1 — The limit values of quality properties of fibre flax stem, flax straw and retted straw

for their processing (GOST 28285-89, 1990; GOST 24383-89, 1990)

Quality properties Flax stem Flax straw Retted straw
Technical stem
(straw) length, m >0.6 >0.6 >0.6
Fiber (bast)
content” or output >20.0" >20.0" >5.0"
of long fiber™, %
Fiber tensile
>15.0 >15.0 >15.0

strength, daN

Stem (straw)

yellow, yellow-green,

yellow, yellow-green,

brown, yellow,

color green and yellow-brown green and yellow-brown gray
Weed content, % <10.0 <10.0 <10.0
Moisture

- <23.0 <23.0

content, %

Damage by fungal
diseases

minor degree

minor degree

minor degree
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Table 2 — The limit values of quality properties of oilseed flax, flax straw and retted straw
for their processing (Holovenko, et al., 2019)

Quality properties Flax stem Flax straw Retted straw
Technical stem
(straw) length, m >0.15 >0.15 >0.15
Fiber (bast)
>11.0 >11.0 >11.0

content, %

Stem (straw) yellow, yellow-green,

yellow, yellow-green, brown, yellow,

color green and yellow-brown green and yellow-brown gray
Weed content

(impurity), % <20.0 <20.0 <20.0
Moisture

content, % <250 <25.0 <25.0
Damage by fungal ] _ _

diseases minor degree minor degree minor degree

Flax pulling out or
flax cutting process

Fl
Flax threshing =
) heap or
RIRdEss flax seeds

K-

Straw windrow
forming process

-

Flax straw
drying process

=

Flax bale
! forming process

(-

Flax bale
transporting

(c

Flax bale
burning process

oo

Energy

Fig. 7 — Diagram of low-quality flax straw
biomass harvesting

The deformation of biomass bales during
transporting, storage and manipulation is not
allowed. Straw biomass, in particular can be baled

into three bale types (Fig. 8): small rectangular
bales (weighing up to 25 kg); big round bales (in
the range of 245 kg to 400 kg); big square bales
(in the range of 120 kg to 600 kg) (Guerrieri et
al., 2019). Small rectangular bales have the
following advantages: high packing pressure; low
consumption of the twine; ease of transportation;
good storage conditions; completely mechanized
manipulation  (Mladenovi¢ et al.,, 2009).
Rectangular bales more efficiently fill the
available shipping volume on trucks and storages
compared to large round bales (Shinners et al.,
1996). Small rectangular bales have density in the
range of 114 kg/m® to 207 kg/m*® (Hunt, 2001;
Afzalinia, 2005).

Fig. 8 — Bale types of flax straw biomass:
a —small rectangular bale; b — big round bale;
¢ — big square bale
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Cylindrical (round) bale is the most common
form of bale for flax straw biomass collecting,
which is formed with a roll baler. There are two
types of roll balers: fixed chamber baler, which
has a series of fixed rollers around the bale
chamber, and variable (expanding) chamber baler,
which has two arms. The bale, which is formed
with the fixed chamber, contain a softer/looser
core, and the bale, which is formed with the
variable chamber, contain harder/tighter core (Sun
et al., 2010). The shape of round bales provides
the ease of their manipulation and transporting,
and the low requirements for their storage (Romdn
& Hensel, 2014). Round bales have density in the
range of 100 kg/m® to 170 kg/m*® (Hunt, 2001;
Afzalinia, 2005). The main disadvantage of round
bales is the uneven distribution of straw along the
radius of the bale, which is a negative factor
during its burning.

Big square bales have bale cross section of
80x80 cm and maximum bale length about 2.5 m
(Shinners et al., 2000). Also, big square bales
have density in the range of 126 kg/m® to 251
kg/m® (Shinners et al., 2000; Descéteaux &
Savoie, 2003).

BIOMASS BALE BURNING

Straw-fired boiler technology has been
proven as an attractive method of disposing of
agricultural residues (Dedovic et al., 2012). The
process of straw bale burning, which is placed in a
thermal chamber of boiler, has following pattern:
straw bale loading, straw bale drying and heating,
straw bale burning with the release of volatile
substances, afterburning of residues, removal of
slags (Pochanin, 2007). There are two main types
of bale boilers: batch-fired straw boilers in which
the entire bale is loaded into the furnace and
cigar-type boilers in which the bales continuously
enter the burning chamber. The combustion
chamber of bale boilers may either be cylindrical
or cubic in shape (Kristensen & Kristensen,
2004). Each time the furnace door of batch-fired
straw boiler is opened and a new bale is fed into
the furnace the temperature and CO emission
peaks are occurred. This makes cigar firing
organization much more suitable, since it
preserves the continuity of the combustion
process, in contrast there are no sudden changes
of temperature and harmful products emissions in
cigar-type boilers (Mladenovic¢ et al., 2009). Also,
combustion biomasses can cause different
problems such as: slagging; premature corrosion

of the furnace metallic components; the high level
of alkalis in crop residues may lead to aerosol
formation, resulting in ash melting temperature
drop, fouling and emission issues (Morissette et
al., 2013).

During straw  burning, the furnace
temperature can reach about 700°C and more (Lu
et al., 2009). Straw moisture content must be
limited to below 25% to prevent excessive CO
emission without compromising the burning
equipment (Yang et al., 2007). The proximate
composition of flax straw is presented in Table 3
(Okolie et al., 2020; Tushar et al., 2012).
According to the straw moisture content of 16%
and the bale bulk density of 135 kg/m?, the straw
consumption in boiler is reached about 26.3 t/h
and boiler efficiency is reached about 92% (Yang
etal., 2007).

Table 3 — Proximate analysis of flax straw
(Okolie et al., 2020; Tushar et al., 2012)

Component Value
Moisture, wt% 8.4-9.3
Ash, wt% 2.6-2.9
Volatile matter, wt% 78.8-83.3
Fixed carbon, wt% 4.8-18.3
Carbon, wt% 47.78-49.10
Hydrogen, wt% 5.37-6.10
Nitrogen, wt% 0.84-1.30
Sulfur, wt% 0.12-0.21
Oxygen, wt% 40.50-43.22
Sodium, mg/kg 133
Potassium, mg/kg 5147
Chlorine, mg/kg 588
Higher heating value 20.04
HHV, MJ/kg

CONCLUSIONS
Under unfavorable conditions for flax

growing, harvesting and dew-retting, the low-
guality flax biomass can be obtained. It is
impractical to process low-quality flax biomass
for fiber, so farmers continue to face the problem
of its utilization. As a rule, farmers burn it on the
field or use it as fertilizer by plowing into the soil.
Burning biomass in the field causes significant
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damage to the environment. Flax biomass,
containing fiber, slowly decomposes in the soil,
therefore it complicates the cultivation operations.
After threshing the seeds, low-quality flax
biomass should be dried in natural way on the
field and formed into bales, which can be used as
solid fuel for heating greenhouses or buildings
located near the field where the flax is grown. The
boiler for burning flax straw bales must be chosen
taking into account the shape and size of the bales.
For the efficient operation of boilers, it is
necessary to take into account the recommended
values of bale bulk density and moisture content
of flax biomass.
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