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| NTRODUCTI ON

Recently circularbioeconomy has become extremely important for the implementation of
sustainable development goals. In agriculture, this strategy is closely linked to the
environmentally and economically efficient wdtion of both primary crops and the residues left
after their harvest. As the agricultural sector seeks new, innovative ways to align with these
principles, increasing attention is being paid to-trawlitional crops with high multifunctionality
and low enironmental impact. One such criggibre hemp Cannabis sativa..), which is rapidly
gaining recognition as a sustainable and economically viable option for modern farming systems.

Fibre hemp is one of the oldest cultivated plants, with archaeological evidence indicating
its use in textiles, ropes, and paper productiongiie Schumacher, Pequito and Pazour, 2020
Historically valued for its strong badibres hemp was a key agricultural crop in many
civilizations until the 20th century, when legal restrictions related to psychoactive cannabis
varieties led to a decline in its cultivation. In recent decades, hoviigvethemp has experienced
a resurgence, driven by growing interast sustainable materials and Hased industrial
applications. Modern research highl fibgdates hem
used in textiles, automotive composites, construction (e.g., hempcrete), and bioplastics, while its
woody core (hurds) is suitable for animal bedding, paper production, and ins@ftiaaducci
etal., 2015) Hemp seeds and their oil are rich in essential fatty acids and proteins, making them
valuable for food, cosmetics, and nutraceuticals. As scientific interest in hemp continues to grow,
its multifunctional potential offers promising avenues for innovaitidooth rural economies and
sustainable industry.

In addition to its industrial applications, hemp is also a rich source of biologically active
compounds known as phytocannabinoids, which have attracted considerable scientific interest
due to their potential therapeutic properties. Over 100 differenbpaghabinoids have been
identified in the plant, t he meearahydpocaonabinole nt L
(THC) (Andre et al., 2016). While THC is responsible for the psychoactive effects associated with
drugtype cannabis, industrial hemprigies are specifically bred to contain minimal levels of
THC (typically below 0.20.3%, depending on regional regulations), making them suitable for
legal cultivation and processinglLeizer et al., 2000) Among nonpsychoactive
phytocannabinoids, CBD has gained particular attention for itsirdla@mmatory, analgesic,
anxiolytic, and neuroprotective properties, as demonstrated in preclinical and clinical studies
(Pisanti et al., 20170ther compounds such as cannabigé@®G) and cannabinol (CBN) are
also being explored for their unique pharmacological effects. Importantly, phytocannabinoids

interact with the human endocannabinoid system, modulating physiological processes including



pain sensation, immune response, and mood regul&tidiarzo & Piscitelli, 2015)As research
advances, hemgerived phytocannabinoids are increasingly incorporated into pharmaceutical,
cosmetic, and wellness products, expanding the economic and biomedical value of hemp
cultivation beyond its traditional industrial uses.

Phytocannabinoids are primarily synthesized and accumulated in the glandular trichomes
located on the inflorescences and, to a lesser extent, on the leaves @flappyana et al., 2013)
These compounds are virtually absent in the
targeted harvesting of flowers and leaves for phytochemical extraction, a substantial amount of
lignocellulosic biomas$ namely the stemi remains unutibed. Although hemp stems are rich
in valuable raw materials such as bé#&stres and woody hurds, their potential is often
underexploited, especially in cultivation systems focused on-Vagle phytocannabinoid
production(Leoni et al., 2022)This presents both an environmental challenge and a missed
economic opportunity, as unprocessed stems are frequently left to decompose or are discarded,
despite their suitability for industrial applications. The dusé cultivation of hemp targeting
both phytochemical andibre-based outputs require integrated harvesting and processing
technologies, which are currently underdevelog@dnaducci et al.,, 2008)Additionally,
variations in stem quality caused by differences in harvest timing, plant genetics, ahdrpest
handling complicate the standasation offibre and hurd propertied.iu et al., 2015)Therefore,
further interdisciplinary research is essential to oniomass valosation strategies, develop
efficient biorefinery models, and ensure economic sustainability for farmers who grow hemp for
both phytocannabinoids and industrial raw materials. Advancing such knowledge would
contribute significantly to circular bioeconomy ¢gand maximize the utility of the entire hemp

plant.

The aim of the study. To determinghe influence of differenapplication technologies of
hempresiduedo the soilon the rate ohemp residuedecomposition, and the impact on spring
wheat yield, soil carbon and nitrogen levels, and to assess their potent@i hisenergy.

Scientific hypothesis:It is expectedhat hemp residues will improve spring wheat yields,
be a suitable raw material for bpellet production and soil improvement, while increasing carbon

accumulation in it.

Research tasks:
1. To determine the influence fithre hemp residues on soil nitrogen and carbon content.

2. To evaluate thenergypotential of abovground biomass dibre hemp.



3. Todeterminatehe influence ofibre hempresiduesncorporationn the soilfor the spring
wheat productivity

4. To determine the effect of different nitrogen sources and microbial products on the
mineralsation of hemp residues when they are buried or left on the sufféve soll

The statements of the thesis:
1. Hempresidue management hagluence on soil chemical properties across different

application technologies

2. To promote the decomposition of hemp, timely incorporation into the soil or additional
treatment with microbiological preparations is needed.

3. Incorporating hemp residue into the soilautumnincreasespring wheat productivity
while incorporating inspring or leaving them on the stolver it

4. Mixing hemp residues with oak sawdust and ligisian alternative for biofuel pellet
production

Novelty of the research work
The findings presented in thigork provide valuable insights into the impact of

incorporating hemp residues into the soil on changes in its C and N content. Properly selected
timing of incorporation of hemp residues, when hemp is incorporated sotheaot only affects

soil pH, but also influences the productivity of spring wheat. The first studies of the impact of
hemp residues on soil have shown that the practice used by fatmensw hemp residues early

in the spring- reduces cereal productivitHowever, hemp residues arehrin lignin and
cellulose, which prolong the minersdtion time of residues, therefeeelditional preparations are
needed to promote the rate of decomposition of residues. This study shows that the residues are
most likely decomposed by pig digestate anebaratiorfrom microorganisms. It also provides
knowledge about the energy value of hemp resicarebtheipotential use as biofuel pellets. The

quality of biofuel pellets when mixing hemp with other impurities.
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1Ll TERATURE REVI EW

1.Rel evance and posfsiibbbreehp ti es of gr ow

Hemp (Cannabis sativa..) is cultivatedworldwide and isconsideredone of the oldest
plants used by humans fimod, textiles and medicinal purpos@aldini et al., 202Q)In the 20th
century, itwas one of themost important textile cropgn Central and Southern Europe
(Livingstone et al., 2022; Vandepitte et al., 202@pwever,as demand for alternative, more
economicallyprofitable crops such as cotton or flgkew, the volume of hemp cultivation
decreased significantfBaldini et al., 202Q)In 2018, hemp was cultivated in Europe on an area
of approximately 50,081 ha, and the climatic conditions of Southern Europe are considered
particularly favarable for the development of this crop. However, dftedecline in production
in the mid20th century, there was a lacksyktematiaata on th@roductivity ofnewly registered
varieties Nevertheless, increasing interest among farmers is driving a revival of hemp cultivation.
Historically, the largest areas were concentrated in France, bilusisated in Figure 1, since
2019, significant growth in cultivation areas has been observed in other European Union
countries, including Lithuania and Poland. This process has been significantly influenced by the
increasing opportunity for countries taltvate hemp locally, share agronomic knowledge and
good practices, thereby reducing farmersoé un

cultivation of this croffAscrizzi et al. 2019Jikai Zhao et al. 2020)
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Figure 1. Fibre hemp cultivation area in European countries 202@23 Crop production in EU
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In Lithuania, farmers have been legally allowed to grow hemfildoe since 2014, when
their declared crop area exceeded 1,000 hectares for the firstJamieauskiene et al., 2015)
Within five years, the cultivation areas of these plants have increased to approximately 9,000
hectaregScheibe et al., 2023However, in recent years, due to the lack of a suitable legal
environment for the extraction of active substances from Higmgy the volume of its cultivation
has almost doubled Gy d e | i s . ®aspitathe existirgy @halenges, it is predicted that in
the future hempfibre can contribute to the strengthening of biodiversity in the co@ntry
agriculture and be more competitive in relation to other agricultural crops. Taking into account
these assumptions, it becomes necessary to comprehensively assess the potentiafilmiehemp

cultivation and the possibilities of effective use of its guatvest residues.

1. 2mpact acetsi dusspt omer t i es

Worldwide, more than 50% of the residues of primary crop production are returned to the
soil (Pradhan et al., 2024The degradation of residues is mainly influenced by their chemical
composition, climatic conditions, and soil fertility. The incorporation of crop residues and straw
into the solil increased its pH, thus creating more deafgle conditions for the activity of soll
microorganisms, which contributes to the transformation of carbon into organiq$or@hen
etal., 2023) Fibre hemp has a unique ability to absorb and accumulate toxic elements such as
lead (Pb), nickel (Ni), cadmium (Cd), and other harmful substances from the soll, fdwréhe
hemp plant can be used to clean up contaminate@fsitekina et al., 2020alrop residues play
a crucial role in regulating the dynamics of essential nutrients such as nitrogen, phosphorus and
potassium in the soil. Inorganic nitrogen, being the form, most easily absorbed by plants, is of
particular importance for plant nutrino During the mineradation process of organic residues,
inorganic nitrogen is released into the soil, thereby increasing its availability to the plant root
system(H. Li et al., 2024) Because of this, microorganisms, nitrogen, and the amount of lignin
and cellulose present in the residues play the most significant role in residue satiendBao
et al.,, 2023) Nevertheless, when we talk about hemp stems, the question remains: is it more
beneficial to leave plant residues on the surface as mulch or to incorporate them directly into the
soil? This issue remains unresolved, as it is still unclear how to effigcticeelerate the
mineralsation of ligninrich plant material. Furthermore, it is not yet fully understood how
additional nitrogen affects this process whether it facilitates lignin decomposition and how it
influences the soil's nitrogen balar{sém et al., 2020)Plant residues and straws positively affect
soil porosity, infiltration, and water retention, related to soil fauna and organic matter content
(BlancoCanqui & Ruis, 2020)

12



The main task of returning all plant residues or straw to the soil is to find a wayde ititili
and, at the same time, to improve soil health pimgsicaland biochencal properties(Sarker
etal., 2019) Achieving this goal requires research on the impact of residues on the soil; although
there are many studies on the influence of straw on soil quality and nitrogen content, it is still
unclear what impact other plant residues h@ve a fTejércaet al., 2019)Some of the most
common plants that could be repurposed for returning plant residues to the soittrecomps
or plants where only certain parts are used to make other products, $iloch lssmp(Cherney
& Small, 2016)

1.Bhe influence of application of agricultur

So far, there are no studies on the effediloe hemp residues on crop yields. However,
Poonsawatalks in his research about how different concentrations of hemp leaf extracts inhibit
the growth of other plants such as wheat, sorghum, lettuce, peas or other cannabis species
(Poonsawat et al., 2024%tudies have shown that returning straw to the soil is environmentally
friendly and positively affects crop production and productiflityChen et al., 2022According
to researcher Zhao, in hisy@ar experiments, the incorporation of straw into the soil resulted in
higher yields of wheat and corn than in controls without s{tawZhao et al., 2019)After all,
not only straw or other plant residues affect the increase in yield but also the dé&ptbr(Q 10
20 cm,and20i 30 cm) of their insertion and tillage, when straw plasighedo a depth of 2@m,
yields increased significantl{d. Zhao et al., 20215tudies show thailoughingand applying
nitrogen fertilsers can also increase crop productivity. Nitrogen, when added together with straw,
stimulates deep roots and thus increases crop(¥eldu et al., 2018)After conducting research
with the incorporation of corn residues into the soil, it was found thatmleaghingof the soll
for two years can promote the root length density at the soil depth 40 in and increase the
grain yield(Chen et al., 2020Plant residues can influence crop yield. There are no studies how
hemp residues can influence crop productivity, but more and more research is emerging on the
allelopathic properties of hemp. So, the most important thing is toserthly residu@ chemical

properties before returning them to the soil.

1.Bhe influence of agricultural bi omass

Returning plant residues to the soil increases cereal yields and soil carbon and nitrogen

content(Ji et al.,, 2024) However, plant waste must be decomposed; if it is rich in lignin,
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decomposition may take longer (Gunina and Kuzyakov 2022), or additional nitrogen must be used
for faster decompositiofMeng et al., 2024; Zhou et al., 2023)pplemental nitrogen fershtion

can accelerate the decomposition of plant resig¥e¥Vang et al., 2018; Y. Xu et al., 2022)
increasing soil carbon and organic carbon. Reintroducing plant residues such as cereal straw into
the soil and using mineral fersition can increase soil organic carbon by 00126 Mg C yi?

(Liu et al, 2014; Berhane et al2020). Plant waste or straw that is returned to the aspect is its
size, which affects residue decomposition and carbon gene(Bticka et al., 2021)f the aim

is only to improve the quality of the soil but not to grow such crops, a residue size ofiup to 2
10cm is recommende(s. Li et al., 2023a, 2023b; Meng et al., 2021, 20%4j is planned to

grow crops with incorporated residues, then they should be smalliet, ®&n(X. Wang et al.,

2023) depending on their chemical composition and decomposition rate. However, it should be
kept in mind that excess nitrogen can lead to high ammonia toxicity or soil acidification due to

reduced microbial respiration and biom@SsWang et al., 2018)

1.Bkiehremp residues use for bioenerg

Fibre hemp is a versatile plant with a wide range of applications. A lot of it has been grown
for fibre use or seeds, but recently, more and more products are made from hemp leaves, seeds,
fibres and net wasté Vi s k ov i | . Fbrehemp is a verg Sugtdinpble and organic crop
when appropriately managédVi s k o v i | . Fibte hemp fuel ha@ sim@ad 9r even better
properties than other solid biofuels such as wheat straw and(Rcame et al., 2012Fhaowana
and others in the research determinate diffei
ash content and other properties for biof€baowana et al., 2024Jhe research shows that
hemp stalks have great potential to be used as raw material for bioenergy pro@litdiowana
et al., 2024)Hemp residues can be used as thermal isolation afAdéison et al., 2024Hemp
fibre is also used to produce biogas, biooil, and biochar, which are then used in bigénergy
etal., 2024) Thus,fibre hemp can be widely used in the energy sector, thereby contributing to
climate change mitigation and the use of biofuels.
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1. 6. Summary

Organic products that do not reduce yields should be used to mitigate climate change
increasingly. As the numbers bémpcultivation grow more and mota Lithuania and in the
world. Problems arise with usirfigpre hemp residues whéditore hemp is grown for flowers, seeds,
or leaves. Although much processing is already done tibiredhemp residues, scientific research
showsfibre hemp mulch is used in horticulture. However, it is still unknown wsite impact
of fibre hemp residues is on soil quality, the decomposition rate of its residues, or viliether

hemp residues can increase crop yields.
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2MATERI ALS AND METHODS

2. .RAield experiment

The experimental study was carri €endomte i n
Agriculture and Forstry ( 55 N6 @ Njh | at iBasde,| o223 A8 BiNjedowd migi n
seasons 2A@PRiln atntkde t wo @i Mfeerpe rste efdii e2lddMdy.o okh & |
202InHd9May20282nd t he growing season extended f
(TablThel)experi ment al s &in ld o t wEpnedaovhgysp ocgll aesysi icf i Ce:
accordingCambiWRB.stypical and widespread I n
(Buivydiena et al., 2024)

TablFki €l.d expertieme stt i clsar a

Type Seed rate NPK, kg
He mp Felid(dPaldl s, F 35 180
Spring & o | @ (&imbeck, Germany) 210 180

The field experiment was conducted in 4 different treatments testedeplicates Each
treatmentarea3 0 m)] ( 3 Cnopslweré fértibed)once per seas@hable J. At the end
of the seasorfiboreh e mp pl ant bi omass was estimated i n ¢
thefibre hemp flowerswereut,tand t he remaining biomass was m
All residues were crushed and left in the field for further processing.

The experimentaliconeabdtmefhe weseduéd, al | r
fielid) ,brz hespp onghiedue n sdifli bf @e éesppdh o uah)ed u &
in early springr édeldepfet250 nc n)he asnodi 14 as mul ch

| replicate Il replicate Il replicate IV replicate

Treatment 1 Treatment 1 Treatment 1 Treatment 1

Treatment 1 Treatment 2 Treatment 2 Treatment 2

Untreated areas
Untreated areas
Untreated areas

Treatment 1 Treatment 2 Treatment 3 Treatment 3

Treatment 1 Treatment 4 Treatment 4 Treatment 4

3m

10m
Figure 2. Field experimenscheme
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At the same time when hemp residues were

established to evaluat hetetpereéscadmepsesi Biagns rx
11 months. 8 I 8 c¢cm nylon bags fvielheenpi 5t ad k g
pl ougmead or Il eft on the soil sur face, depen

measured mont h(lIkuBezsesmon3 24 @Gays 2005)
SpringTwihtiac url)a evsatCiovedsghas sowi ng in the sa

spring aftefri eep rrpeogiaduensy ( Tashd emADb)2i22 DRE s ee

anMday 2023, and the growing season |l asted fro

met hodol ogy i s presemamp riesiphpes drn nddiulenaclee

spring wheaftSpubdunonai vetgt al ., 2024b)
2.20il and hemp residues chemical a
General scheme of methodol ogy odeschemical

HEMP RESIDUES

Organic carbon and =
( pH ’ { mobile P,O; and K,O J [ C, N content 1

G) o of the soil was mixed wib /Agrochemical properties detennine} / Nitrogen and carbon COﬂTCIlT\

from the soil layer showed that was determined using a

50 ml of 1 M KClI solution and mobile P.ZOS was 130 = 10 mg kg“ CNS Elemental combustion

e Be T Home Ak la\ndl mobile K20 was 150 + 10 mg system, Costech instruments
g : gt

(Netherlands). For this, 10

shaking. the soil pH is measured Soil samples were taken two times - sseypuncn
& R before and after harvest (4 months g S'funples were weighed
using by .,PC 8+DHS* XS later), both year soil sample was n a tin cap§llle. ﬂ.lell sealed
taken the same — before experiment and placed in the instrument

Qstnunents” equipment (Italy )/ &pril and August after experiment. / \for analysis. /

Figure 3. Chemical analyses of the soil and hemp resigBeseviciene et al., 2021)

2. Measurenphmot ® sy fpetrhfeotrintanc e

Chlorophyll index is determined by a SPAID2 chlorophyll meter (Minolta, Ramsey, NJ,
USA). Five randomly selected plants were measured (the youngest fully expanded leaf) on days
20, 44, 60, and 78 after the establishment of experiment.
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The maximum quantum efficiency (Fv/Fm) of PSII photochemical activity was determined
using a multifunction pulsenodulated handheld chlorophyll fluorometer (model&p; Optt
Sciences, Inc., Hudson, NH, USKJosentino et al., 2016\fter 20 minutes of dark adaptation,
Fv/Fm values were directly measured with a fluorometer, and the actinic light intensity was 1000
O mo [28 fywith the modulation intensity set by two arbitrary u(@si et al., 2022)

2.Meteorological conditions

In the first year of the experiment2021, during the sowing dibre hemp vegetation, the
average temperature wasAC2 while the amount of precipitation reached 33 mm, when the
vegetation began, the temperature rose #&28nd the amount of precipitation was3nm, but
alreadyin the secondenday periodof the secondenday period the amount of precipitation
rose to 23 mm, in July, the amount of precipitation decreased again and a high average temperature
prevailedi 22AC, but these changes didtradfect growth. In 2022, spring wheat was grown in
field experiments and at the beginnindibfe hemp sowing, the average air temperature in May
was about 1&C, at the beginning of May, the amount of precipitation reached only 5 mm, in the
third tenday periodof May, the amount of precipitation increased to 25 mm and remained until

the firsttenday periodof July (Figure 4)

90
80
70
60
50

Precipitation, mm

4

1
| 1] I} | Il 1] | Il 1]

MAY JUN JUL

N W
o O O o

12021 m2022 m2023 m2024
Figure 4. The average precipitatiot, I, Ill 7 ten-day periodof the month
Meanwhile, the average temperature in June w&S,48 July the average temperature was

slightly lower, 20iC. These warm and humid weather conditions determined the high productivity

of the grown crops. In 2023, spring wheat and fibre hemp were grown again in field experiments.
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The average temperature in May was 10AC, whi
precipitation dropped to an average of 7 mm and again reached only 5 mm in July. Meanwhile,
the average temperature in Junen was y2 owaG, Tal
(Figure5) (Lithuanian Hydrometeorological Servi@otnuva data under the Ministry of
Environment data, http://www.meteo.lt/, accessed on 22 February @@2dijone et al., 2025;
Stulpinaite et al., 2023, 2024a, 2024b)

TemperatureiC
[N) N w
a1 o

-
()]

1

0
0
I Il 11l Il 1l | Il Il

MAY JUN JUL

o

m2021 m2022 m2023 m2024

Figure 5. The average tmperaturesll, Il T tenday periodof the month

2.Bi ofuel pell et experiment

Hemp @Felina 33 residues were collected from the experimental fields oEthet huani an
Re s ear c for AGreulturer aed Forestty Oak sawdust was coll ect e
(Prierai dist, Lithuania), and |lignin from UAB ALI ¢
materials were dried to 11% moisture content. Pellets were produced using an ATLAS auto T40

pelletizer, setting a compression of 20 tons. Pellet mixing options are presentedeirl Tdb
Article 1.

2.Betermination of the energy value o

The calorific value was measured using the
according to the EN 14918 standé&dulpinaite et al., 2023a)

19



2.0Oetermination of the durability of

Biomass mixtures were pelletized using the Specac Atlas auto T40 equipment (Fort
Washington, PA, USA). First, 3 g of biomass samples were placed in a pressure vessel and
compressed. After pelleting, all pellets were left to stabilize for 24 hours. Beiiaaility testing,
the pellets were weighed. The pellets were placed in a DELTA equipment for durability testing
500 times at 50 rpm. After that, the pellets were weiglgzan,and the durability was calculated.

Each variant was performed in triplicatdeldurability of the pellets was calculated according to

formula (1)
O —Dpmm (1)

whereme T pellet weight before the durability tester (g); i pellet weight after durability tester
(9).

28.Statistical analysis

Collected data were statistically angdg using R Studio 4.3.2 softwaf@ne way andwo-
way ANOVA and Tukey HSD and Duncan tests p < 0.05 were used to determine significant
differences between means (Stulpinaite, Tilvikiene, and Doyeni 2024a, 2024b; Stulpinaite,

Tilvikiene, and Zvicevicius 2023).
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SRESULTS AND DI SCUSSI ON

3.Hemp residue management has influence o
across different application techt

3. IFRilhemp biomass and residues

The rate of biomass that is applied to the soil after harvesting hemp flowers is in line with
the total hemp biomass. As for many crops, hemp biomass productivity depends on the varieties,
soil quality (even thougliibre hemp is not a so#ensitive plant) agricultural management
technologies and weather conditio#glesina et al., 2020kgnd climate conditions during the
vegetation season.

In our research the results show that the amouiihr@&fhemp biomass fluctuates fromil4
19 T"t!ITheae fluctuations @e mainly influenced by the weather conditions during the
vegetation season: year 2021 was warm and rainy, while year 2022 was very hot and with little
precipitation (Figure %). Therefore, the amount of hemp residues that were applied to the soll
was also different'lin2002 & 0t2tbatdvetendepcy df thesirdlue®ce t L h a
of biomass on soil quality and productivity of spring wheat was similar, they@ferwere al#

to present new research insights (Article 1V, Fig(\3gcione et al., 2025)

3. 1T.h2e i nf |l uence aopfp | hieomapt sbbi Bohmacsasl c(ocAmptao sciltei ol nv

One of the most important factors to describe soil quality is soil pH. Some scientists state
that returning plant residues or straw to the soil can improve soil pH (L. Liu et al., 2021). Others
noted that straw or residues do not have any impact on s¢X pifang et al., 2016; Xiao et al.,
2018). Results from thigeld experiment show thdibre hemp residues haah influenceon soil
pH when the soil pH before experiment is closer to the neutral. However, when the soil is more
acid hemp residues have ngrsficant difference between soil pH before and after experiments
(Article IV, Fig. 4) (Mecione et al., 2025)

The accumulation, transfer, and content of soil carbon involves the dynamic interplay of
microbial processes, climatic factors, and the physicochemical properties of t(feestiish &

Paul, 2021; Yao et al., 2023)fter evaluating the effect of different incorporationdibfe hemp
residues on soil carbon content in the 2P 3 and 2022024 experimental years, it was found
that the carbon content significantly increased intteatmentwhenfibre hemp residues were
ploughedearly in the spring, compared to the carbon content before the experiment (Article IV,
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Fig. 5) (Mecione et al., 2025)rhis was influenced by the timing of fersdition, as the residues
had already decomposed somewhat in the winter and their changed chemical properties increased
the soil carbon content. Our resdiiso confirm the influence of temperature sensitivity on the
carbon cycle during plant residue decomposition. Warmer seasons accelerate decomposition and
carbon release, while winter seasons slow down these processes, promotitggniongrbon
retention.

Meanwhile, nitrogen content decreased in the PR@23 experiment when hemp residues
were left on the soil surface and-tibfarming was applieqFig. 6)

F 9.67
Prob >F 0.0018

1%
<
<
R
=
& 024
e
=
0.22
: Control Hemp residues ~ Hemp residues Hemp re sid11§s
DR plowed on plowed on left on the soil
Autumn Spring

Figure 6. Nitrogen content in the soil before and after hemp residue application in the soil for the two
experimental year 2022 0 2 3 . Data are pr esentp<dO0Sbstwemenseans, N st

according to (VMecikne gtél.s2023SD t e st

In the othetreatmentsno significant differences in nitrogen content were found before and
after the experiment. In the 202024 experimental years, the amount of nitrogen increased in
all treatmentscompared to the soil before the experiment (Article 1V, Figisgcione et al.,

2025)

The nitrogen content of crop residues is one of the main factors determining the rate of their
decomposition in the soil by microorganis(xse et al., 2022)Since the regulation of nitrogen
content in the soil is of great importance, excessive nitrogen content can negatively affect the root
system of plants and the development of weggitzyb et al., 2020)The results of our study
showed that the incorporation of hemp residues did not significantly affect soil nitrogen

management. Small changes in nitrogen content in the soil may be related to the properties of
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hemp residues such as high carbon to nitrogen ratio, low nitrogen content, and high lignin and
cellulose contenfStewart et al., 2015  hese properties slow down the decomposition of residues
and the release of nitrogen, so that nitrogen is retained in organic forms for a longer time. As a
result, it becomes less available for the soil nitrogen balance and is more often used to meet the

energy needs of microorganisms.

313.The effect of hemp resi cdued eifricvmiplg rhaet iswon
using additional treatment with nitrogen
(Article 11)

The chamber experimenesults showed thait the beginning of the experiment, the soil
nitrogen content was 0.03%, but after the experiment, nitrogen content significantly increased in
all treatments. The highest amount of 9.20% was found after application of microbiological
preparate whefibre hemp residues were incorporated into the soil. The loiv8st4%7i was
determinate in control treatment whi#sre hemp residues were left on the soil (Article Il, Fig. 4)
(Stulpinaite et al., 2024aplthough there are few studies on destroyfibge hemp residues in
soil, other researchers have also revealed significant changes in nitrogen(¢@iéz=®m Abbasi
et al., 2015)Our study shows that applied nitrogen fesgits promoted the destruction fdsre
hemp residues and significantly increased th&ssaitrogen contenfStulpinaite et al., 2024a)
Nitrogen immobilsation may have occurred duefilore hemp residues, partly due to their carbon
ratio, so an additional nitrogen source was neéBehen et al., 2014; Fontaine et al., 2020)
This confirms that the decompositionfitre hemp residues with additional nitrogen significantly
increased the s@ nitrogen amount. In addition, the availability of mineral nitrogen during
decomposition affects the decomposition rate. Previous studies have shown that -nitftogen
residues contain enough nitrogen to support the decomposition process even whégei ni
is low. In contrast, the decomposition of lowrogen residues depends on the soil nitrogen
content, and its deficiency (e.g.hen the residues remain on the surface) slows down the
decomposition proceg€haves et al., 2021}t is also worth noting that potential directQ\
emissions from the supplements may be reduced by soil microbes that congumd&ladded
organic carbon from thebre hemp residue encourages the growth of soil microbes, and these
microorganisms use carbon as an energy source to carry out the denitrification process.

Although no statistically reliable difference was observed between treatments, further
analysis revealed significant differences in the total nitrogen contébt@hemp residues at the

beginning and the end of the experiment.

23



The carbon content of the soil increased only slightly after the experiment compared to the
initial concentration of 1.89% before the experiment. étamp residue mixed into the soil and
N fertiliser reduced carbon by 0.1%. A similar downward trend was determined in the control
treatment and whergbre hemp residues were left on the soil surface. Although the amount of
carbon increased slightly with other treatments, there were significant differences due to the
interaction of the site and nitrogen saairelowever, additional nitrogen influenced acceleration.
The destruction diibre hemp residues had no significant effect on soil carbon (Article Il, Fig. 5)
(Stulpinaite et al., 2024a)

Plant residues, such as humus, are the primary source of organic matter in the soil, and their
amount and composition are important indicators of soil fertility and physicochemical properties
ZhangP. et al.,fibre hemp stores much carbon in its leaves, stems, and roots, so its residues can
contribute to increasing soil carbon stokang et al., 2023After harvestfibre hemp residues
left on the surface or mixed into the soil provide additional organic matter that improves soll
structure and fertilityStulpinaite et al., 2024apimilar results were obtained in other studies,
where it was found that the lignin presentfiore hemp residues cause these residues to
decompose more slowAlmagro et al., 2016)Nitrogen application had no statistically reliable
results on the carbon contenffisire hemp residues in both sites, as the low carbon ratio indicated
that sufficient nitrogen was available for microbial activity. Therefore, additional nitrogen was
not necessary for changes in carbon content.

3. 1T.hde i nfluence of hemp residues into the s
(Article 111)
Changes in soil morbd Hiel ep hpaestpahsoogiusm ((PK 00)),

(€)g content before and after t he( Setxupl epriinnaeintte
2024)p O was significantly reduced in the <co
pl ouffhbeep resi dues. However, the amount of
fibeemp residues wer e (i StcwlrpiomaitteaMadhn ladh.& Ip0c
decreased after the experiment in all treat me
conf{Solul pinaite Oetgaali c, caddbdbm) content did no
after thd Seaxupgeriinmarte et al ., 2024)

I n 2023, significant changes in the amoun:
group (p < 0.05), where ( S$tsulapgmomuait.t elvecelri dads .ekKd
and organic carbon did not differ significant
(Stul pinai.te et al ., 2024)
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Nitrogen and carbon content are essenti al
the growilkKgnseas.anl.n t20IRL hneaspe arrecshi,dues wer e
I mprove soil carbon and nitrogen availabilit
content decreasedfafhteerp trreeyaltcdhoeanhveadghes ns g rhien g,
as when the residue was |l eft in(Shel piehbhdt i
2024)After the experiment, significant di fferu
bet ween t h-eauttruarent naepridtosis §pin ghaegnp r esi dplecu gmad n
resi(duteusl pi nai t eTlhe ladwest20rRidt)r ogen content (
i ncor ddarlhaeteepd r esi due treat ment, and this rest
to the otlé&ntutl peatamagaret £t al ., 2024)

Similar results were obtained in the amount of carbon after the experiBtefginaite
et al., 2024) An increase in carbon was observed wherfitire hemp residue was left in the
field without tillage, increasing by 44% in the end experin{&talpinaite et al., 2024)Carbon
content increased in the soil in both years, with the highest amount found in 202Zjhséaen
hemp residues were not incorporated in the (8tillpinaite et al., 2024)The springploughed
residue treatment presented the lowest carbon content (1(8086)e 1ll, Table 4)(Stulpinaite
et al., 2024)In addition, thenempresidue treatmentig@here hemp residues left on the s@itbon
content significantly differed from the other treatments in the end exper(Bempinaite et al.,

2024) The incorporation ofibre hemp residues also increased soil carbon. Although the timing
of residue insertion affected carbon content, an increase was observed in alBtapawite
etal., 2024) The increased carbon contentfibfe hemp residues may explain this increase, as

they release carbon compounds into the soil as they decompose. Chen and Wang observed similar

results for straw returh Mac 8k et al ., 2020; X. Wu et al .,

I n 2023, nitrogen content wasfshpempme easfi dea
was | eft in the field without tillage. It had
treatments (Ar$tiwl i ndil.t eATestd Ina!|5)r 2t0r2edn)d was
content in 2023f,i bwheap er ainnicaib ¢ s vragd £dl t ed i n si
content than(&8thépi haenehewewnéepl orRétbmp
residues and the control group before and af
(Stul pinai.Reteaetfnélregmp 20XR4)dspesng orcdrefitndrte as
soi l organic carbon,satpromoaedndéesbgeant ii onmo b
availability. Similar results were obtained i
resi(dkuaens et .al ., 2022hb)
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3.51Summary

As hemp residues gradually decompose, they release essential nutrients into the soil, thereby
improving soil chemistry, reducing dependence on synthetic $ersilimaintaining longerm soil
productivity, increasing carbon sequestration, and promoting sustainable agricultural practices.
Specifically, hemp Qannabis sativd..) residues positively affected soil chemistry related to
carbon content and pH at different tillage times. The timing of residue incorporation significantly
affected soil carbon conterand pH, although soil nitrogen content remained unchanged.
Incorporating hemp residues into the soil in the fall accelerates decomposition and promotes
greater carbon accumulation. Similarly, early spring incorporation increased soil carbon content,
likely due to earlier decomposition in the winter. Although slower mirsatédn and nitrogen
immobilisation may be a disadvantage of using hemp residues due to their complex chemical
composition and carbemitrogen ratio, ceapplication with nitrogemich crop residues or
additional nitrogen inputs can enable efficient minsaéibn and nutrient cycling in the soil.
Therefore, optimging hemp residue management to fully sélits benefits in improving soil

chemical properties is beneficial for soil health and sustainable agriculture.

3. 2o promote the decomposition of hemp, ti

or additional treatment with microbi ol oc¢

3. 2T.hlef fect of hemp residues incorpor

on tahee of hemp residues decomposi |

Mineralisation of biomass is mainly influenced byomass quality and the contact with
microbiome rich soil. On the other hand;tilband other reducedllage technologies have the
potential and are highly promoted, therefor the question rises if hemp residues colddtbebff
managed in such agricultural systems.

The results of field experimeshowthat n 2021 2022, after a month when tfibre hemp
residues were applied to the soil, the fastest decomposition was recorded in treatmetitbnehere
hemp residues werploughedinto the soil in autumn. However, there were no statistically
significant differences between other treatments. 4 months after the establishmeniilwethe
hemp residue experiment, the fastest minsatain was recorded in the treatment whenfithre
hemp residue was left on the soil surface. Tthemtmenthas statically reliable ifferences
compared to the onghenfibre hemp residuesereburied in autumnHowever in the end of the

experiment, the fastest minesaliion was recorded whefibre hemp residues were buried in
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autumn.Despite thevariation within the experiment, at the end significant differences were
found between treatments (Article IV, Fig.(RJecione et al., 2025)l'hat supports the idea that
different technologies could be chosen depending on thewtdph will begrown,and the time

of mineralswill be needed.

2022 2023

18
16
14
12
10

— de

o N b~ O

20/12/2022 10/01/2023 05/03/2023 05/04/2023 09/06/2023 04/10/2023

e Hemp residues plowed in Autums==Hemp residues plowed in Spring

= Hemp residues left on the soil

Figure 7. The rate of hemp residue mineralization. (ArticleMat a ar e presented as 1
error; differentletters correspond to significant differences<(f.05) between means according to
Tukey HSD test. Signif. Codes: 0 oO6***d6 0.001 0
(Mecione et al., 2025)

In 2022 2023, after the first month after the establishment of the experiment, the results
were the same as at the beginning of the experiment iri 2022. The treatment determdine
fastest mineragation when fibre hemp residueswvere ploughed in autumn. Meanwhile,
mineralsation waghe slowest whefibre hemp residuesereleft on the soil surface. Statistically
reliable differences were found betwebkasawo treatments Four months after the establishment
of the experiment, the minersdtion of fibore hemp residues was almost eqsedi in all
treatments, and there were no statistically reliable differences. Nevertheless, at the end of the
experiment, théighestmineralsation was determined in thieeatmentwhenfibre hemp residues
wereploughedin autumn. Thigreatmenhad staistically reliabledifferencescompared to other

treatmentgFig 7)(Article 1V, Fig. 8) (Mecione et al., 2025)
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322The ofatlkeemp residues decompgasiattimemtby u

wi niht r ogmincracnidi pt odguctias

The rate of residue minersdition is mostly influenced by moisture content, climatic
conditions,carbonto nitrogenratio, residue size and chemical composition. The higher the air
temperature, the more moisture evaporates from the soil and the lower the decomposigon rate
(Paul, 2016) Chamber experimerghowsthat b faste the decompositionadditional nitrogen
sources or microbiologicgbroducts might help In this study, wWen comparing additional
additives that promote residue decomposition, highest effect was obtained when hemp
residues wergploughedin the soil, biologicalproductsor organic fertilsers were used to
accelerate mineration. The used organic fertders are rich in plant available nitrogen as well
as is goodiccelerator for microorgasms activity.In thistreatment biomass wasduced to 54%
of the initial massWhen hemp residues were left on the soil, thus simulatiAglragriculture,
the fastest mineraation was determined using organic feséilis(Article II, Fig. 1) (Stulpinaite
et al., 2024a)A very important aspect of the minegalion of fibore hemp residues is their
composition and the amount of cellulose, hemicellulose and lignin, which requires a longer

mineralisation time(Xing et al., 2024)

3.32Ni trogen and carbon changes in the hemp r

Carbon content is a significant indicator when residues are returned to the soil, as they are
one of the components of organic carbon, and the higher the organic carbon content, the healthier
the soil and subsequently what influencehe highercrop yield (Johnson et al., 2007ribre
hemp plants are rich in carbas they are higiielding, have strong stems atiety accumulate
carbon in their leaves, stems and roétsthe beginning of the experiment, the carbon content in
thefibre hemp residues was determined to be 33.53%. After the experiment, it was observed that
the carbon content increased intaimp residuesand the most pronounced change was where
the fibre hemp residues were buried in the soild Iquid nitrogen fertilsers were additionally
usedi 12.11%. No significant differences in carbon content were found in the other treatments
(Article II, Fig. 2) (Stulpinaite et al., 2024a)jncreased carbon content explains the growing
interest in growing hemps and subsequently returning its residues to the soil due to the
accumulated carbon stocks and the increase in organic carbon in the soil (Almagro et al., 2021).

Nitrogen content is one of the most critidaf residues of straw destruction indicators.

Before the experimerihe average nitrogen content in biomassdedsrminateo be0.06%. After
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the experiment in all treatment nitrogesntentwas observed.His could bedue to the additional
nitrogen used, whiclpromotedthe destruction of residues. The highest nitrogen content was
determind in the treatmentvherethe soil was treated with organic feddrs and nitrogen
fertiliser whenfibre hemp residues were mixed into the £ill0% and 0.98%espectively) In
addition, statistically reliable differences were not observed among all other treatments when
hemp residuesvere incorporated intthe soil. The amount of nitrogen fibbre hemp residues
increased in both areas due to the added nitrogen source, which was used to accelerate residue
destructionrandwhen incorporated into the soil and when left on the surface (Article II, Fig. 3)
(Stulpinaite et al., 2024a)

It mustbe noted thathte decompositiorprocess is often slovespecially when biomass is
rich in lignin therefor additional nitrogen sources are needed in addition to the chemical
composition offibre hemp residues to speed it uditrogen content in residues can vary
significantly from material to material, affecting the amount of nitrogen released and the rate at
which it is released. Since destroyiifge hemp residues depends on the catbartrogerratio,
nitrogen supplementation can speed up or slow the destruction process. Some plant residues, such
as hemp, are rich in lignin, slowing decomposit{Salentijn et al., 2015; Vahdat et al., 2011)
Supplemental nitrogen supply accelerated the decomposition rate but did not significantly affect
carbon release frorfibre hemp residuegY. Liu et al., 2023) Our research supports the
observations of other researchers that the destruction of plant residuésghilignin content
occurs if there is sufficient nitrogen in the ddlaleeem Abbasi et al., 2015@)herefore, using
additional materials as a source of nitrogen can accelerate the decomposition of residues rich in

lignin compounds, such ifrehemp( K¢ hl i ng et al ., 2023; Vahdat

3. 25ummary

Different nitrogen sources as additives used in hemp residue nsagoalican accelerate
its decomposition in the soil and on its surface. Higher mass losses of hemp residues when they
are incorporated into the soil together with organic feetii (pig digestate) anmeparatiormade
from microorganisms is used. The readily available nitrogen contained in these additives
accelerates the decomposition process, and microorganisms accelerate the decomposition of
residues. Additional nitrogen not only decomposes hesiplues buélso increases the nitrogen
content of the sdiHowever, high lignin content in plant residues can be a problem for residue
mineralsation. Therefore, it is necessary to use additional nitrogen or other nsatoali

promoting substances to accelerate the decomposition of hemp residues.
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3.83ncorporating hemp residue into the soil
negatively affects spring wheat pr

3.13Hemp residues influence on spring w
Chl orophyl i's the primary pigment respons
Stressful conditions can negatively affect t

reduc(ihagnudgauskaiteThe&Kaddd @endprepldlZz&a)lves have,
efficient photosynthesis takes pl aclkl orlonphq
concentration Wa dhre@bps errevseidd unehserweer e i ncor por &
sprThgeul d bebinfhlewepncedi due needed nitrogen
process, and afteedtWwetiplantsogenm,e tileetr esi
decompose, providing the plants winteld addiat isdr
with wheat mgHchLbyebLi akt, akOBuafdg8r dédysLiofetp
s howe milgo rcoopnhtyelnt waehse Iscaweempiamo € & etr o t (r Aerattlinelndg s
Fig(SB8ul pinai.té¢ et galt. pd2doukst)umdn megd alvyai | abi |
nitrogen.

I n 2023, the results showed no significant
78 days after sowing. HBBVERR®Ersi dginti fdiagyasntafdiefr
observed between treat péoughwkdnthempoli ¢sii cdhu e
fitreanp | eft (Ant itdlee 6IBELIL] pFnhgi t.&8hesealesulRD?

completely different from previous years, du:

Anot her i mportant indicator is the maxi mur
(Fv/ Fm), which is commonly used to evaKante t
et al .., la2022>2b)an effective tool for detecti ng

apparatus that may be (chamsweda byk @intve, ,r oKuand znitear
deficiency, o(rHusscsiali nc cempTahckt.iyoen2 @21 8) show a hi
the plants, l i kely due( Stta | tph @ a h areestleet ow eodl tohgei r2
conditions characterized byln hi2d2 3t enma@e rua te unre
phot osynthetic guantum efficiency showed st
treatimedtays af tterre astome rntgdh ewnpe rmee s ipd way hwdrhee

soilear hy hapr itnhge | owest photosynthetic quant
significantly different ((Ar t<i Ol. 59t UflrpoiFm & ihted )
2024)In addition, statistically significant

taken 44 dapB8Chfath@r 780 wiarygB BaCfHt (epr9 <s o®vti @n3g)p i nai
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et al ., AgQ024&)ypected, t hese resuweast hvear ec omntdri ¢

(StulpinaiteTkReralis <20ORK) | i mited data on t
pl ant s’ guantum efficiency I n photosynthesi
photosynthesis by incr(ek.silnigu té& eVdiRadt/ rirarkn,t ex (0 loz
( Del Pozo @®@dmpadr.e dt 2t00l 6g9s yrsa e m. However, Hus s .

guantum efficiency of photosynthesis did not
(Hussain ef{Thals. ,st2@%1ba)l so sfhiodweedp thadi dud | d
significantly 4qfSftaudtpitnlae .tfev/eEmardat i 2 024)

3.3He2mp residues influence on spring wl

Grain yield, the most critical indicator of cereal productivity, is a complex outcome
determined by soil quality, climatic conditions, and nutrient up{ékelLi et al., 2019; Otteson
etal., 2007; Srivastava et al., 2018; G. Wu et al., 20222022, the highest spring wheat yield
( 6 ') Wwas abtained in the control treatment whenfibiee hemp residues were ploughed in
autumn(Stulpinaite et al., 2024bWang et al. found that returning straw to the soil along with
0.1i10 . 2 "ofinitragen fertilser could yield 6.46 . 6 '!pflgraia yield, which is similar as
the 2022 yield reported in this study yield achieved. Interestingly, in 2023, crop yields were halved
due to low rainfall and high temperatutasrefore spring wheat yields were significantly lower
whenfibre hemp residues were incorporated early spring and, in the treatmentfibwvedremp
residues were left on the soil surface. This was influenced by the choice of emisdxidingmp
residues or leaving them on the soil because they did not have enough time to start the
decomposition process. As a resiilttre hemp residues began to compete with plants for nutrients

and nitrogen.

Similar results were obtained in 2023, but
to 2022. In 2023 maxi Muen yi &ild wias|l @.i4ntthhaat
were ploughed in autumn was similar to the <c

that ithheenp residue treatment with no'tas |dnlgye
a few plangBi gAr@) cheedtul, piFngi.te)et al ., 20:
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Figure 8. Spring wheat grain yiel@Stulpinaite et al., 2024cpat a ar e presented as m
error; different letters correspond to significant differences: 205) between means according to
Tukeybds HSD test

This was because of | ow precipitatiom in 2
research shows that hemp sup@résked yt hdagr v
l eft on the soil surface had (aPo oanlslaewaotp aetth i acl
The same could have happened with the treatm

the spring as the grain yield was very | ow.

3. 3Sud3mmar y

Incorporation of hemp straw in the spring or leaving it on the soil surface reduced spring
wheat yield in both study years. This was influenced by the delayed nsataoali process,
weather conditions during the vegetation period, and the allelopathic properties of hemp straw.
Therefore, in order to maintain yield, hemp straw residues should be incorporated in the fall.

3.Mi xing hemp residues with oak sawdu

can be an alternative for biofuel p €

3. 4Pell |l ets chemical properties

Thermal convention biomass degradation still is one of the most popular in most countries,
especiallythose whichare rich in biomas@Mai-Moulin et al., 2019)However, not all biomass is

suitable for heat production due to its negative eftectthe environment. One of the most
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dangerous elements biomassaffecting environmental pollution is nitrogen. This element is
responsible for nitrous gases emissi(@witarese et al., 2019a)

Theresultof theexperiment shows that tiheghestitrogen content was determinedilore
hemp biomas$ 0.59%that means that we had to find fw®mising mixtures to potentially use
it for thermal convention.Thereforfibre hemp residues were mixed with other biomanssk
sawdust omixture made ofignin and oak sawdust, reducing nitrogen content. For example, in a
mixture containing onl§ibre hemp residues and oak sawdust, the lowest nitrogen coriiet6%
was found with 80% oak sawdust and 20% hemp residues. However, there were no significant
differences between the amountdfibfe hemp residues and oak sawddsterminegArticle I,

Fig. 2) (Stulpinaite et al., 2023)n mixtures consisting dibre hemp residues, oak sawdust, and
lignin, the lowest nitrogen conten®.35%was whemixture was made wittitbre hemp residues

were 20%, lignin 20%, and oak sawdukt60%. The resultpresenthat statistically significant
differences in nitrogen content are present in all mixtures except for those where the pellets consist
of two component$ hemp residues and oak sawdust concentrdtib@%. In comparison, the
nitrogen content of wood pelletanges from 0.04% to 0.26@Givitarese et al., 2019b)

Another crucial factor in pellet quality sulphurcontent.Sulphur causes corrosion of
boilers where pellets are burned and osddiduring combustion, releasing harmful substances
into the environment. Substances releaseliphurhexafluoride and oxidized to SOr SQ are
very aggressive, contributing to the formation of greenhouse gases. These substances harm human
health, accelerate the acidification of agricultural land, forests, and oceans, and cause corrosion
of heating device&Shetty et al., 2023According to ISO requirements, teelphurcontent in the
granules must not exceed 0.04 (Bulpinaite et al., 2023)The highestsulphurcontent was
established in lignifi 0.21%, and the lowe$tin oaksawdust 0.02% (Article |, Fig.5). This
variability in sulphurcontent depending on the type of wood underscores the need for careful
selection of wood for biofuel production. Comparing shéphurcontent of lignin with the results
of other studies, it was found to be very similar at 0.ZQW et al., 2018a)Thesulphurcontent
of wood sawdust pellets differs from the results of other studiessdlpaurcontent was 0.1%
in previous studiefCarvalho et al., 2013and 0.02% in our study. Tteeilphurcontent offibre

hemp residues, oak sawdust, and lignin pellets did not differ significantly.

3. 4As2h content i n di f frerseent raw mater

Ash is a norcombustible residue left after incompletely burned fuel or other combustible

materials. They consist of ndlammable and nowolatile mineral substances. According to the
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ISO 172252:2021 standar{Stulpinaite et al., 2023he ash contenh biofuel cannot exceed 2
percent.If the concentration of asis higherash must be removed regularly, which increases
energy and maintenance costs and poses a significant practical challenge in the use of biofuels.

After determining the astontentthehighest aslsoncentrationwvasfound in lignin (9.49%)
and the lowest in oak sawdust (0.700Adticle I, Fig. 6) (Stulpinaite et al., 2023 ollating the
ash content of lignin with the results of other researchers, it was observed that the ash content is
similar. USA researchers found 6.07% ash in lig@u et al., 2018b)Although this amount is
3% lower than in our study, the difference may be due to the different lignin compositions in
different countriegStulpinaite et al., 2023Also, collating the results of our wood pellets with
the data of other studies, it was found that the ash content of the wood pellets varied from 0.31%
to 1% (Oh et al., 2014; Qu et al., 2018@)hese results are similar to our stéalpak sawdust
pellet ash contenfThe fibre hemp ash conterwas determiné to be3.60% in other studies
( Hroncov § & L adiffer ash costentiof, thitiPe®elmg ¢ould be because of different
speeches or differ preparationfiire hemp residues.

The high ash content of lignin affected the quality of the pellets in the mixtures. Pellets
consisting of 80% oak sawdust and 2fl86e hemp residues had the lowest ash content. However,
there were no significant differences compared to other mixtures of oak sawdiistr@ahdmp
residuegArticle |, Fig. 7) (Stulpinaite et al., 2023)The highest ash content was found in the
mixture containing 50%ibre hemp residues, 25% lignin, and 25% oak saw@hsicle |, Fig.7)
(Stulpinaite et al., 2023While other studies have examined wood sawdust mixed with various
grasses ostraws whereghe ash content ranged from 3.29% to 7.4@4arvalho et al., 2013b;
Fanin et al., 2019However, in our study, the ash content of the mixtures ranged from 1.24% to
1.76%, almost half that of other stud{&ulpinaite et al., 2023a)

3.3dCal orific value content in different r

The calorific value directly reflects the energy and economic properties of thd figel.
highest and lower caloric values can be determined based on calorimetric measurements. The
highestcalorific value is calculated assuming that the water vapor from the combustion products
is wholly condensed and the wood is dry. The lower calorific value is calculated without
considering the heat of condensation of water vapor. These values ofterdukffe the water
content(Demirbas, 2004)

The highest calorific value was established inlighd1 . 35 MJLkg Ti,n and t
fiborehemp r es i du e s(Stuldinaite 8t@l., 2023bpNmgng thg mixtures, the highest
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calorific value (19.94 MJLKkg T) wadibrghempnd i n
residues, 25% lignin, and 25% oak sawdust (Article |, FigS8)Ipinaite et al., 2023However,
this mixture did not show significant differences compared to pellets containingl&@%emp
residue, 50% oak sawdust, 80#re hemp residue, and 20% oak sawdsticle I, Fig. 8)

(Stulpinaite et al., 2023Compared with the results of other scient@bserved that the caloric

content of the sambreh e mp vari ety was 17.37 MJLKg T in
MJLkg T in the r e dqJadinskas etaf., 202A)He ealorific \alsieechwoodh e r s
sawdust was 14 MJLkg T in other studies and I

related to different wood and moisture content. Comparing the calorific value of biomass pellets
with the results of other studigit was observed that their calorific value was11® MJ L kg 1
(Jasinskas etal.,2020) whi Il e i n our study, it ranged fron
be explained by including | ignin i n(Articke mi xt
Fig. 8)(Stulpinaite et al., 2023).

3.4Dudr ability of pellets

The durability of pellets is an important characteristic that determines their quality and
usability, especially during transportation and storage. Ensuring the granules are sufficiently
durable and resistant to moisture and mechanical da(fRajput et al., 2020)According to
biofuel standards, pellet durability should reach 89886, although most biomass sources exceed
95% durability(Miranda et al., 2015)

Durability tests showed that the most durable pellets (95%) were found in a mixture
containing 20%ibre hemp residue, 20% lignin, and 60% aalwvdusi(Stulpinaite et al., 2023)

The most unstablpelletsare determinedontaining 10%fibre hemp residues, 10% lignin, and
80% oak sawdusturability only reached 7 (Article I, Fig. 9) (Stulpinaite et al., 2023%imilar

results were obtained with biomass pellets with less than 93% dur&Bdisimani et al., 2017)

3. 4SS uSmmar y
The quality of hemp residue pellets can be improved by mixing hemp residue with oak
sawdust and lignin to improve their chemical composition. A blend of hemp residue, oak sawdust
and lignin reduced the nitrogen content of the pellets by 59%, which hagigeimpact on the

environment.
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Figure 9. The heat map of pellet in seven main pellet quality param@éutpinaite et al., 2023a).
Yellow squares present lower levels of different pellet parameters, while green colors indicate the

highest levels, n.a means not determinate, red colors no significant differences

However,the heat map showvall blends with lignin had a higher sulphur content, which
can increase equipment corrosion. Adding lignin and oak sawdust to hemp biomass improved the
durability and calorific value of the pellets. However, the ash content that meets EU requirements

wasdetermined in blends where hemp residue was mixed only with oak sawdust.
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CONCLUSI ONS

1. Hemp residues applied ini6t.hbeiafo@Bl dueduo oe

decomposition process and the release of aci

carbon content in the soil by 66 %. Resi dues
i n the soil. Althoudhltt henpe ocivesnaldi splid acmhtei
applied in early spring have the greatest po:

2.ln a field experiment without additional
residues, tmhetifastecsdums neheard ifi brous hemp re
this is because the residuegandreheaodecampesst
|l onger compared to other options. The results
resi dues mmorsdr agluii ckly when they are buried ¢

organiser f ept gl maniusr eusdeidg.e sMeaarewhi | e, nitroge.!
residues the sl owest.

3.l ncorporation of fibrous hemp residues f
effective as in traditional ehsepmp nrge swhdeuaets ciunlc
i n early spring or | eft on the soil S8sSlut%ace
in 2022 and by 50% in 2023.

4. The mixture of hemp residues, oak sawdus

the pellets by 59 %, which has a positive eff
with |ligniguhgidwnmaemitgkbelO. 04%, which can incr
| evel s that meet the EU requirements of O 2%
residues were mixed only with oak sawdust. T
t he umiextwhere fibrous hempm maki cdwevduwer e nmi X 46
the durability of the pellets was deter mined
pell ets of 97.5%.
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Abstract: The rising interest in lowering the use of fossil fuels, which influence environmental
pollution and global warming, is driving a substantial increase in renewable sources. Agricultural
residues are the likely potential scurce for bioenergy generation. Some of them are already utilized
for energy. Nonetheless, their potential is underutilized due to low biomass quality and high
concentrations of sulfur and chloride, which induce the corrosion of adjoining equipment. However,
their ash content and ash melting point make their utilization as renewable resources essential.
Therefore, there is a need to find technologies to enhance biomass utilization for bioenergy processes.
With the increase in hemp cultivation to extract phytocannabinoids, the amount of unused biomass
has increased. The aim of this research was to investigate the use of hemp biomass for pellets and
improve pellet quality by mixing them with lignin and oak sawdust. The results showed that the
lowest amount of ash was found in pellets with 80% oak sawdust and 20% hemp residue compared
with pellets made from mixtures of hemp residues, lignin, and oak sawdust. The highest caloritic

value was achieved by mixing hemp residues (20%) with lignin (80%).

Keywords: hemp residues; oak sawdust; lignin; pellets; pellets quality; biomass

1. Introduction

Climate change is one of the leading environmental challenges faced around the world.
The only way to mitigate the negative impact on the planet is to reduce greenhouse gas
(GHG) emissions drastically. This has necessitated the European Commission setting the
goal to become COy neutral by 2050 [1]. One of the crucial steps to fulfill these goals is
the replacement of fossil fuels with renewable sources. Burning this fuel releases as much
as 3.7 times more tons of CO; into the environment than burning biofuels [2]. In Europe,
biomass heating systems appeared earlier than in other countries of the world, with mature
utilization technologies and complete policy frameworks. Many EU countries, such as
Lithuania, are located at high latitudes and high altitudes, which means they experience
long, cold winters and high heating needs (Figure 1). Since they prioritized the development
of biomass as a renewable heating source relatively early on, more and more households,
industries, district heating networks, and buildings are turning to bioenergy [3].

In many countries, district heating systems have replaced fossil fuels with biofuels.
Biofuels, mainly used for heat generation, are divided into three main groups: woody
biomass, agricultural residues, and herbaceous energy crops. The main properties that
describe the quality of biofuels are calorific value, ash content, fuel moisture, carbon and
nitrogen content, and their ratio.

In most countries, wood is the most essential type of solid fuel. The part of tree stems
that is unsuitable for industrial processing can be used as biofuel. This wood does not
need any specific preparation, an advantage in the acceptability of wood waste as bicfuel,
with the main focus on logging residues [4]. The waste can be the above-ground part of
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the stump, tree tops, chopped sawn wood, or off-cuts from cutting tree stems [5,6]. As a
rule, the distribution of wood waste is widely distributed on the map, so it is imperative
to have economical and suitable transportation to the waste disposal plants for biofuel.
For the pellets to be made from forest or wood industry production waste, it is important
to ensure that the wood waste does not lose its technical and chemical properties during
transportation and storage [7].
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2020
2019
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Figure 1. The 10-year average monthly temperature in Lithuania (generated from Lithuanian Hy-

drometeorological Service, Dotnuva under the Ministry of Environment data, http://www.meteo lt/,
accessed on 27 July 2023).

Even though firewood and wood residues are widely used, the attendant environmen-
tal issues and the need for biomass chemical composition and physical quality improvement
have necessitated that attention should be paid to alternative sources of biofuels such as
herbaceous plants, short-rotation trees, food waste, or even their mixtures. There is a wide
range of biomass sources, but this research was focused on the analysis of the main three
ones: hemp residues, oak sawdust, and lignin.

Hemp is a traditional industrial crop in many regions of the world. For centuries,
hemp was primarily a source of strong stem fiber and seed oil [7]. Recently, this species
has received a lot of attention for alternative uses, including hemp for the extraction of
active compounds or even biofuel preduction. Hemp is an herbaceous plant that can
grow to about 1-2 m in height, depending on variety, and environmental and agronomic
conditions. Some authors have reported that hemp can reach yields higher than 22 tons
per hectare [8], but usually, hemp yield is 7-15 tons per hectare [5,9]. In addition to a
large amount of biomass, the plant has a well-developed tap root system, growing into
the soil to a depth of about 2 m or more. This crop is rich in cellulose (73-77%) and low
in hemicellulose and lignin (7-9% and 2-6%, respectively) compared to other herbaceous
crops [6]. Hemp is recognized as a low-maintenance plant due to its short growing cycle,
with the added benefit of reducing the need for pesticides [10]. With the increase of hemp
areas for phytocannabinoid extraction, hemp residues have increased drastically. It is not
very valuable to leave hemp residues as soil amendment due to its long degradation time
in the soil. Therefore, the use of such biomass for bioenergy might be an option for more
environmentally and economically friendly hemp management. Nevertheless, there is very
limited information about the ability to use hemp for pelleting and heat generation.

Oak is known as one of the trees with the best heating properties. Nevertheless, it is
very difficult to make pellets from oak sawdust because its durability is very low. Therefore,
there is a need to look for alternative biomass sources to mix and have better quality pellets.
Lignin is another potential organic material mined from the ground. The unique lignin
mine in Lithuania has accumulated about 630 thousand cubic meters of lignin. Lignin
has been stored for more than two decades, but due to the peculiarities of its chemical
composition, it is perfectly preserved. This lignin differs from the lignin found in plants
because it is mined directly from the ground. It has excellent bonding abilities and could
be used as binding material for making pellets; however, the quality of such biomass needs
to be studied.
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All studied biomass sources have very low bulk density, which can be increased
only by effective compression. The more the raw material is compressed, the better its
transportation and combustion properties [11]. Pelleting is the most popular biofuel
preparation technology. Pelleting converts potentially ground ingredients into dense, free-
flowing, durable pellets. Generally, one of the most important indicators of granule quality
is durability and mechanical durability [12-14]. Compaction of biomass using pressure and
temperature, compression, and extrusion systems—pellet and briquette press—can increase
the bulk density by 4-5 times [12]. World production of wood pellets has multiplied for
over a decade and today stands at almost 30 million tons annually. Forecasts suggest that
fuel pellet costs are rising rapidly worldwide [15].

For the pellets to be competitive in the market for their heating properties, the moisture
content of the pellets must be around 11%. It is essential for durability and mechanical
durability, with lengths of up to 40 mm and a diameter of 6 to 8 mm [15-17]. Grasses, plant
residues, and nut peels can also be recycled into pellets, thus reducing waste [16]. The
critical chemical composition of pellets produced from biomass includes nitrogen, carbon,
cellulose, hemicellulose, starch, lignin, fat, and ash. These components affect the density
and burning process. Compressed proteins and starch act as a binder that contributes
to the durability of the granules [18-20]. Typically, pellets and briquettes have a bulk
density of 600-750 kg-m? and 350-450 kg-m® [13]. In addition, due to the lower moisture
content of dense biomass, it can be stored for a more extended period with minimal loss
of quality [18]. High nitrogen content in the biomass might increase nitrous emissions,
harming the environment. Therefore, mixing different biomass sources with wood sawdust
is expected to improve the content of nitrogen or other chemical compounds.

It was hypothesized that hemp residues might be an appropriate source for pelleting
and combining its biomass with cak sawdust or /and lignin will improve pellet properties.
The aim of this research was to investigate the use of hemp biomass for pellets and improve
pellet quality by mixing them with lignin and oak sawdust. The research objectives were:
(1). To identify the potential biomass sources for pellet production; (2). To evaluate the
influence of different biomass mixtures on pellet durability and quality; and (3). To assess
the energy value of selected materials.

2. Materials and Methods
2.1. Research Design

Hemp (Felina 32) residues were collected from a field in Lithuania (Lithuanian Re-
search Center for Agriculture and Forestry}. Oak sawdust was collected from MB Biomica
(Prienai distr., Lithuania), while lignin was collected from UAB Ligneniko (Kédainai, Lithua-
nia). This material was dried to a moisture content of 11%. The pellets were made using the
ATLAS auto T40, and a pressure of 20 tons was applied. The composition of the different
biomass samples used for pelleting is presented in Table 1.

Table 1. The biomass mixtures used in the experiment.

Nomenclature Percentage of Biomass in Mixtures
ABOK20 Oak sawdust 80% hemp residues 20%
A50K50 Qak sawdust 50% hemp residues 50%
A20K80 Oak sawdust 20% hemp residues 80%

K80L10A10 Hemp residues 80% lignin 10% oak sawdust 10%
K50L25A25 Hemp residues 50% lignin 25% oak sawdust 25%
K20L40A40 Hemp residues 20% lignin 20% oak sawdust 60%

2.2. Calorific Value

The calorific value was measured using the equipment IKA 2000 (Konigswinter,
Germany) according to the standardEN 14918 [21].
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2.3. Durability of Pellets

Biomass mixtures were granulated by Specac Atlas auto T40 equipment (Fort Washing-
ton, PA, USA). First, 3 g of biomass samples were put in the pressure vessel and compressed.
After pelleting, all pellets were left to be stable for 24 h. Before conducting durability tests,
pellets were weighed. The pellets were placed in the DELTA equipment for durability
tests at 50 rpm 500 times. After this, the pellets were weighed again, and the stability was
calculated. Each treatment consisted of three replicates. The durability of the pellets was

calculated by Formula (1).

M4
Dy = —-100 1
U= S (1)

where mg—pellet weight before the durability tester (g); ma—pellet weight after durability
tester (g).

2.4, Carbon, Nitrogen, and Sulfur Content

Carbon and nitrogen content was measured using the CNS Elemental combustion
system equipment (Amsterdam, The Netherlands). First, 5 g of the samples was weighed
in the alov capsule, then folded and placed in the equipment.

2.5. Chlorine Content

Chlorine content was determined using Thermo Fisher ICAP Q ICP-MS (Waltham,
MA, USA). First, 3 g of the sample was diluted with 2 mL of HCl and 10 mL of HNO; and
mineralized for 1 h after mineralization. The resulting solution was diluted with water to
make up to 2% HNOjz in a 50 g flask.

2.6. Statistical and Numerical Analyses

The observed data were statistically processed using SAS 9.4 software. The Tukey
HSD test was applied to determine significant differences between means at an alpha level
of 0.05. Lowercase letters that differ denote significant differences at p < .05.

3. Results and Discussion
3.1. Chemical Composition of the Pellets

Energy generation is one source of CO; and even more dangerous nitrous oxide
emissions. It has been noted that biomass nitrogen content, which could be emitted to
the envirenment during thermal conversion processes, depends on biomass origin and
quality, incineration temperature, and oxygen concentrations. According to BALTPOOL
(biomass trade), the nitrogen content of the standard bicmass cannot exceed 1% of the
dry weight. The best pellets have a nitrogen content of less than 0.3% of the dry weight
(https:/ /www.baltpool.eu/lt/birzoje-prekiaujami-produktai/, accessed on 5 August 2023).

Data are presented as means =+ standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

The nitrogen and carbon content of the different mixed observed during this research
is shown in Figures 2 and 3. The yield of annual crops is mainly influenced by nitrogen
availability in the soil, which is one of the key elements for biomass and plant proteins
accumulation [22-25]. Therefore, hemp presented the highest nitrogen content in its
biomass (0.59%), while the lowest amount of nitrogen was observed in oak sawdust at
0.23%. Mixing hemp with the selected biomass helped reduce nitrogen content. Similarly,
in the group of mixtures consisting of only hemp residues and oak sawdust, the lowest
nitregen content (0.26%) was observed when oak sawdust comprised 80% and hemp
residues 20% (A80 K20). However, there were no significant differences between the
different amounts of hemp residues and cak sawdust as observed in the mixtures (Figure 2).
In the mixtures consisting of hemp residues, oak sawdust, and lignin, the lowest nitrogen
content was determined at 0.35% when hemp residues were 20%, lignin 20%, and oak
sawdust 60%. When comparing this mixfure with others, there were significant differences
in N concentration in all the biomass mixtures except for the combination where oak



Energies 2023, 16, 5900

50f12

sawdust was 50% and hemp residues 50%. In comparison, nitrogen content in wood pellets
varies from (.04% to 0.26% [26].

K20 L20 A60 1 =t
K50 A25 1251 E=—lab
K80 A10L101 E=—ab

AS0 K50 1 | ab
A20KB0T D | ab

ABD K201 e

Lignin ——a
Qak sawdust Hc
Hemp b
0 0.1 0.2 03 0.4 0.5 0.6 07

Nitrogen content, %

Figure 2. Nitrogen content in pellets made of different raw materials.
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K50 A25T.251 Eib
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AS0K50T | ob
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ASOK20T e ab
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0 5 10 15 20 25 30 35 40 45

Carben content, %

Figure 3. The carbon content in pellets made of different raw materials.

Data are presented as means =+ standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

The quality of biomass used for bioenergy is mainly described by the carbon content.
The carbon content in biomass is directly correlated to heating or calorific value. The higher
the carbon content is, the more heat will be produced [27]. [t was determined that the
highest carben content was in lignin (41.93%), and the lowest was found in hemp residues
(33.53%). However, there were no significant differences between the evaluated mixtures
(Figure 3). It can be stated that all evaluated biomass sources can potentially be used for
bicenergy generation because of the carbon content.

Data are presented as means -+ standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

In order to protect the boiler from corrosion, it is very important to control the chlorine
and sulfur levels in the biofuel. When pellets are burnt with high levels of sulfur and
chlorine, these chemicals form acid compounds that settle on the walls and eventually
break them down by forming corrosion [28]. According to ISO requirements, the amount
of chlorine in the granules cannot exceed 0.02% [29]. The highest chlorine content was
determined at hemp and lignin, with over 0.1% content (Figure 4). The lowest chlorine
content was found in oak sawdust, with statistical differences in the chlorine content of
different raw materials. Additionally, when comparing pellets, the lowest chlorine content
was found in the mixtures made from A20K80. There were no significant differences
compared to combinations made from hemp residues and oak sawdust.
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Figure 4. The chlorine content in different raw materials and pellets.

Data are presented as means + standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

Another important parameter in pellets is sulfur composition. Sulfur not only causes
corrosion to the boilers in which the pellets are burnt, but during combustion, sulfur
oxidizes and emits harmful substances into the environment. The substances emitted in the
form of sulfur hexafluoride, which oxidized to SO; and the rest to SOs, are very aggressive
components that contribute to greenhouse gases. They are acutely harmful to human health
and directly contribute to the acidification of agricultural lands, forests, oceans, and the
corrosion of heating machines. The sulfur content of the pellets should not exceed 0.04%
according to [SO requirements. The highest sulfur content was found in lignin at 0.21%,
with the lowest content found in oak and hemp at 0.02-0.04%, respectively (Figure 5).
Comparing the sulfur content of lignin with the results obtained by other researchers, it
was cbserved that the sulfur content is very similar at 0.20% [30]. The amount of sulfur in
wood sawdust pellets differs from other researchers. Previous studies found 0.1% sulfur
in the pellets, while in our studies, it was 0.02%. The variation in the content may vary
with different woods [31]. No significant difference was observed in the sulfur content of
the different pellets from different constituent components made from hemp residues, oak
sawdust, and lignin.

Qak mm b
Lignin  ee—— |
Hemp mmi b
KEOL10A10) wessmy L
K50L25A25 et b
K20L40A40 ooz b

A20K80 =1 b
AB0K20 1 b
A50K50 1 b

0 0.05 0.1 0.15 0.2 0.25 0.3

Sulfur content, %
Figure 5. The Sulfur content in different raw materials and pellets.

3.2. Ash Content in the Pellets and Different Raw Materials

Ashes are the non-burning residue left after the fuel or combustible material has not
completely burned. They consist of non-flammable and non-volatile (non-volatile during
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combustion) mineral substances. According to ISO 17225-2:2021 standards [32], biofuel ash
content cannot exceed 2%. In all other cases, when using fuel with higher ash content, the
ash must be removed continuously, which increases energy consumption and costs.

Data are presented as means =+ standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

The highest ash content was determined in lignin (9.49%), while the lowest ash content
was observed in cak sawdust at 0.70% (Figure 6). Comparing the results of lignin ash
content with those obtained by other researchers, it was observed that the obtained ash
content is similar. Scientists from the USA found 6.07% ash content in lignin [30]. This
determined ash content is 3% lower than the lignin ash content obtained in our studies, but
this may be due to the different lignin compositions in different countries. Furthermore,
comparing our experimental results of wood pellets with other previous studies, it was
observed that the ash contents obtained from wood amounts ranged between 0.31 and

% [30,33]. The results are very similar to those obtained in these studies when the ash
content of oak sawdust pellets was determined. The hemp ash content obtained in our
study was 2.59%, while other researchers obtained 3.60% ash content in hemp residues of
the same variety [34]. This difference may be due to differences in the preparation of hemp
residues, and it is unclear whether the fiber was removed entirely in other studies.

12,00
10.00 I
8.00
6.00
4.00

2.00
0.00 [

HEMP LIGNIN OAK

Figure 6. Ash content in hemp biomass, lignin, and oak sawdust.

Data are presented as means - standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

The high ash content in lignin influenced the pellet quality of all mixtures. The lowest
amount of ash was found in pellets with 80% oak sawdust and 20% hemp residue. However,
there were no significant differences compared to other oak sawdust and hemp residue
pellets. The highest amount of ash was determined in the mixture consisting of hemp
residues 50% lignin, 25% oak sawdust 25% (K50L25A25) (Figure 7). Although research has
been conducted in areas where wood sawdust is mixed with different grasses or straws,
our study presented research in the ash content of pellets made from oak sawdust and
hemp stalk residues These biomass mixtures from wood sawdust and different grasses
presented ash content in the range of 3.29-7.49% [31,34]. However, it was noticed that the
ash content of these mixture pellets was determined to be 1.24-1.76%. The ash content
of wood sawdust and other herbaceous plant pellets is two times higher than the pellets
produced in this experiment.
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Figure 7. Ash content in the biomass mixtures.

3.3. Calorific Value of Pellets and Different Raw Materials

Calorific value directly indicates energy and economic properties. The upper and
lower calorific values can be calculated from the calorimeter results. When calculating the
upper calorific value, we assume that water vapor has been released from the combustion
products so that the wood is completely dry or formed as a product of hydrogen combustion,
fully condensed. In contrast to calculating the upper calorific value, when calculating the
lower calorific value, we do not consider the heat of condensation of water vapor of
combustion products. The upper and lower thermal differences in wet material and large
volumes tend to be mostly water [35].

Data are presented as means + standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

The highest calorific value is determined in lignin at 21.35 MJ-kg~! with the lowest
calorific value found in hemp residues at 16.80 MJ-kg™!. After comparing the granule
mixtures, the highest calorific value was determined in the biomass mixture, hemp residues
50%, lignin 25%, and oak sawdust 25%—19.94 MJ-kg 1. When comparing these pellets with
other pellets mixed with hemp residues, lignin, and oak sawdust, significant differences
(» < 0.05) were found only in the mixture where the highest calorific value was determined.
Meanwhile, the lowest calorific value was in pellets, where hemp residues make up 80%
and oak sawdust 20%. However, compared to other pellets made only from oak sawdust
and hemp residues, there were no significant differences between these pellets (Figure 8).

K80A10L10 E—bdc
K50L.25A25 Ea
K20L40A40 E-ibdc

AS0K50 b a
A20K80 I Doa
ABIK20 I b d o

lignin Hde
oak sawdust Fibdc
hemp —id
0 5 10 15 20 25
M[-kgt

Figure 8. The calorific value of different pellets.
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Additionally, after comparing the mixtures of different pellets, the pellets mixed with
hemp residues 50%, oak sawdust 25%, and lignin 25% have the highest calorific value.
These pellets, however, showed no significant differences between pellets mixed with hemp
residues 50% and oak sawdust 50% and hemp residues 80% and oak sawdust 20%. It was
also noticed that the calorific value of the same variety of hemp in our experiments was
higher (17.37 M]-kg™") compared to 16.80 M]-kg ™' obtained by other scientists [24]. In
pellets from wood sawdust, the calorific value in other scientists” experiments reached
14 M_]-kg’1 compared to 18.67 M]-kg’1 observed in our study. This may be due to different
wood and different moisture content. When comparing the calorific value results of pellets
made from different biomass mixtures with the studies conducted by other scientists, it was
observed that in all cases, the calorific value was relatively low, from 10-15 M] -kg 1 [36].
In this study, the calorific value varied from 18-20 MJ-kg~1. These significant differences
can be explained by the fact that the mixtures of this experiment contained lignin with a
calorific value of 21.35 MJ-kg ™.

3.4. Durability of Pellets

Pellet durability is an important property to determine the quality and usability of
pellets. One of the biggest problems associated with durability occurs during transport
and straining work. It is necessary to ensure that the pellets or briquettes are sufficiently
durable. These problems arise due to moisture absorption and falling [37]. The biomass of
plants rich in lignin might improve pellet durability properties. Considering the biofuel
exchange requirements, pellets” durability should be no more than 98% and no less than
97.5%, but usually, most biomass sources have higher durability of more than 95% [27].

Data are presented as means =+ standard error; different letters correspond to signifi-
cant differences (p < 0.05) between means according to Tukey’s test.

After carrying out the pellet durability test, it was observed that the most durable
pellets at 95% were found in the biomass mixture comprising hemp residues 20%, lignin
20%, and oak sawdust 60%. In contrast, the lowest durability at 78% was found in pellets
with hemp residues 10%, lignin 10%, and oak sawdust 80% (Figure 9). Very similar results
were obtained by granulating pellets from biomass with a stability of less than 93% [38].

Hemp —e
K20 L20 A60 b
K50 A25 125 Ed
K80 A10L10 B

ASOKS0 e ——
A20K30
ABO K20 | i

0 20 40 60 80 100 120

Figure 9. The durability of different pellets.

The heat map shows how the pellets in this experiment correspond to the main
parameters of the pellets (Figure 10}. Yellow squares present lower levels of different pellet
parameters, while green colors indicate the highest levels, n.a means that the durability
of lignin was not determinate. Pellets made from various organic materials follow the
standard requirements for fuel pellets. Nevertheless, mixing hemp with oak sawdust and
lignin might increase the pellet quality and energy value.
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Figure 10, The heat map of pellet in seven main pellet quality parameters.

4. Conclusions

This paper proposed the potential improvement of hemp residue pellets by mixing
the hemp biomass with oak sawdust and lignin to increase hemp pellets” quality (chemical
composition), durability, and heating value. The present research results confirmed the
hypothesis that adding more oak sawdust and lignin biomass to hemp residues increases
the hemp pellet quality. The mixture of hemp residues with oak sawdust and lignin lowered
nitrogen content by 59% in pellets, positively affecting the environment. At the same time,
lower NO, emissions would be generated during the burning process. Nevertheless, all
mixtures with lignin had higher sulfur content, which might increase equipment corrosion.
Additionally, adding lignin and oak sawdust to hemp biomass improved pellet durability
and caloric value, Nevertheless, we faced the problem of excessive ash content only in
pellets where hemp residues are mixed only with oak sawdust following EU requirements.

Generally, we deduced that pellets made from various organic materials (hemp
residues, lignin, and oak sawdust) follow the standard requirements for fuel pellets
and can reduce the high amounts of residual biomass with a positive environmental
effect. Mixing different biomass sources might be an issue for increasing pellet quality and
energy potential.
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Abstract: Improving soil health across agroecosystems has continued to receive attention around the
globe, with an emphasis on sustainable organic inputs from agricultural practice. It is well known that
different organic materials, such as composts, manure and cereal straws, positively affect soil carbon.
The changing agricultural practices have continuously led to new and improved plants in farming.
One of these innovative plants is industrial hemp. With the increasing cultivation of industrial hemp
globally, the problem of the disposal of hemp residues has been encountered. However, the rich
carbon content found in hemp residues in soil is anticipated to enhance the soil quality and address
the challenge of effectively utilizing hemp straw. In this study, we conducted a two-way experimental
trial to evaluate the decomposition of hemp residues using placement methods (residues incorporated
into the soil or left on the soil surface) and nitrogen sources as additives. Different nitrogen additives
(nitrogen fertilizer pellets, liquid nitrogen, organic fertilizers, and the preparation “Bioversio”) were
selected to accelerate the decomposition of hemp residues. The results showed that the mineralization
rates were faster in the residues incorporated in the soil, with a mass loss of over 54% compared to
the treatments left on the soil. The influence of additives on the decomposition rates was statistically
significant. Additionally, there was a significant increase in the N content in the soil, while the change
in carbon content in the soil was not statistically significant. These research results reinforce nitrogen
fertilizers’ positive role in accelerating hemp residue decomposition in soil. Furthermore, our findings
will help contribute to the effective and sustainable utilization of hemp residues as a bioresource
material to improve soil health.

Keywords: hemp residues; soil; nitrogen; carbon; mineralization

1. Introduction

Exploring green, sustainable, and alternative energy sources and production methods
is vital. Biomass resources, especially those derived from plants, have gained increased
attention as clean, sustainable, and affordable energy sources, chemicals, and materials [1].
Plant biomasses that are rich in organic compounds, such as cellulose, hemicellulose, and
lignin, promise to address these challenges [2]. Intensive agricultural practices contribute
to soil degradation and climate change by releasing CO;,, converting natural grasslands
into agricultural soils, and increasing the decomposition of organic matter in soils affected
by tillage [3,4]. On the other hand, sustainable soil management practices, such as reduced
tillage, cover cropping, composting, and the use of composts or plant residues instead of
synthetic fertilizers, can help to mitigate the effects of climate change and enhance the
resilience of agroecosystems by increasing the amount of soil carbon [5-7].

The chemical composition of plant residues influences their mineralization, organic
matter formation, and carbon and nutrient efficiencies in agricultural soils [7,8]. Generally,
above-ground plant residues decompose more quickly if they contain a low C:N ratio and
lignin content. Incorporating plant residues into soil is less favorable, as decomposition
is slow and enhances the carbon loss [9]. Organic carbon has a significant influence on
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fertility and the microorganisms in soil [10]. Although the long-term decomposition of
organic carbon in soil mitigates the emission of greenhouse gases into the environment,
the physical properties of soil are also highly dependent on the amount of organic carbon
present. Assessments of the dynamics of carbon (C) and nitrogen (N) mineralization
in soils reveal this complex process [11,12]. As crop residues decompose, the accelerated
mineralization of soil organic matter releases organic acids [13], which may further facilitate
the release of nutrients, such as phosphorus (P) and sulfur (S), from soil perfusion and
desorption reactions [14]. These reactions vary across soil types due to differences in clay
content, clay mineralogy, and multivalent cations (e.g., Ca?*, Mg®", Fe?*, and AI*") [15].
Moreover, these reactions are more pronounced in microaggregates, which are characterized
by a larger specific surface area and ion sorption-desorption capacity compared to those of
macroaggregates [16].

Certain agricultural management practices, such as no-till farming and intercropping
with legumes or perennial woody crops in stubble, are one way to address land degradation
and climate change in arid climates [16]. However, leaving them on the soil surface
as mulch or plowing them into the soil still raises the question of how to increase the
mineralization of semi-arid or lignin-rich plants and the accumulation of carbon and
nitrogen in the soil. Furthermore, incorporating or leaving plant waste on the soil increases
the activity of microbial biomass and dominant fungi, thus improving the soil quality [17].
Positive effects of crop residues have also been observed on the soil properties, such as
microporosity, infiltration, and water retention, related to the essential soil organic matter
content and faunal activity [18]. Green manure increases the soil organic carbon stocks [19].
However, it is essential to note that a comprehensive greenhouse gas balance should
consider potential adverse impacts, such as the potential for more direct NO emissions
from crop residues [20].

While it is important to focus on the long-term increases in the soil organic carbon total,
the amount of soil organic matter must also be increased to enhance carbon and nitrogen’s
physical and biochemical properties, thereby improving soil health [14]. There is still a
research gap in investigating the effects of different above-ground and soil-incorporated
crop residues on carbon and nitrogen dynamics and stabilization in agricultural soils to
evaluate different crop residue utilization strategies and soil improvement targets. As the
demand for non-food crops and other agricultural products increases, industrial hemp is
increasingly cultivated [21]. Industrial hemp stands out as an atypical plant that is highly
adaptable to various climatic conditions and is not very demanding in soil [22]. This crop
and its processed products can be used in various industries, including agriculture, textiles,
automotive, construction, biofuels, oil, cosmetics, and pharmaceuticals [23].

Additionally, hemp stands out as a remarkable carbon sink, with an ability to absorb
CO;. The substantial hemp biomass helps to sequester carbon effectively through photo-
synthesis and stores it within its plant body and roots through bio-sequestration. About
9000 hectares of hemp were declared in Lithuania in 2023. Meanwhile, in Europe, over
56,196 hectares of land were dedicated to hemp cultivation in 2019 [24], with more pro-
duction planned for the coming years. Each hectare can capture up to 22 tons of CO; [25].
However, with the increasing cultivation of industrial hemp, the problem of the disposal
of hemp residues is encountered. The problem of the disposal of hemp residues is one of
the most common issues among hemp growers. Currently, there are few or no scientific
studies on the mineralization of hemp residues and their impact on soil.

Therefore, this study aimed to evaluate how different nitrogen sources influence the
mineralization rate of hemp residues, both when the residues are on the soil and when the
residues are incorporated into the soil. Specifically, this study hypothesized that different
nitrogen fertilizers will improve the mineralization rate of hemp residues.
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2. Materials and Methods
2.1. Experimental Design and Treatments

This experiment was conducted in 2023 (from March to June) at the Agrobiology
laboratory, Lithuanian Research Centre for Agriculture and Forestry. Soil was collected
from the field (Akademija, Lithuania). This experiment was conducted in climate chambers
with a controlled environment and uniform conditions. The chamber parameters were
set appropriately for cereal growth for a daytime 16 h period and nighttime 8 h mode as
follows: temperature 24 £ 0.5 °C during the day and 16 £ 0.5 °C during the night, RH
75 + 2%, fan mode on 100%, light on during the day and light off during the night. Each
experimental pot (1.5 L) was filled with 1 kg of loamy soil. Hemp (Felina 32) residues
were collected from the field in Lithuania (Lithuanian Research Centre for Agriculture
and Forestry). Chopped hemp residues were harvested in 2022 autumn. A total of 5 g
each of dry hemp residues was weighed and placed in 5 x 5 cm? litter bags. The bags
were put 5 cm deep in the experimental pot. Additional nitrogen rate 270 kg-ha™1. After
determining the amount of nitrogen in different soils, the rate was calculated for each
experimental pot (Table 1).

Table 1. Different nitrogen sources.

Fertilizer N Content, % Application Dose, g
Nitrogen pellets 34 1.22
Liquid nitrogen 36 1.15
Organic fertilizer 84 49.46
Bioversio - 0.2

The following five treatments were selected: control, nitrogen fertilizer pellets (N 34.4%,
(N-NHy) 17.2%, and (N-NOj3) 17.2%), liquid nitrogen fertilizer (N 32%, NH; 16%, NHy4 8%,
and NOjz 8%), organic fertilizer (pig digestate), and a preparation made from “Bioversio”
(Reesei BVO5 > 1 x 107 CFU/mL, Longibrachiantum BVO7 > 1 x 107 CFU/mL, and Asperel-
lum BVO6 > 1 x 107 CFU/mL). The five treatments were mixed/ incorporated into the soil,
while another five treatments were left on the soil. Each treatment had four replicates.

2.2. Carbon and Nitrogen Contents

Carbon and nitrogen contents were measured using CNS elemental combustion system
equipment (The Netherlands). A total of 10 g of the samples was weighed in the alov
capsule, and then the capsule was folded and put into the machine (Table 2).

Table 2. Chemical properties of soil and hemp residues before experiment.

N Content, % C Content, %
Soil 0.03 1.89
Hemp 0.06 33.53

2.3. Statistical and Numerical Analyses

The observed data were statistically processed using R Studio 4.3.2 software. ANOVA
two-way and the Tukey HSD and Duncan tests were applied to determine the significant
differences between the means at an alpha level 0.05. Lowercase letters that differ denote
significant differences at p < 0.05 and p < 0.1. Signif. codes: 0 “*** 0.001 "** 0.01 “*" 0.05
./ 0.1"" 1, no significant ns".
3. Results
3.1. Mass Weight of Mineralized Hemp Residues

The weight of the hemp residues after mineralization using two different application
methods is described in Figure 1. Mineralization occurred faster in the treatments mixed with

61



62

Agriculture 2024, 14, 508

4of11

mass, g

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Control

soil, as evidenced by the higher mass loss (over 54%) compared to the lower mass loss in
the treatments left on the soil. The “Bioversio” preparation had the highest mineralization
rate when the hemp residues were mixed with the soil, with the lowest mineralization
rate observed in the nitrogen fertilizer pellet treatments. Furthermore, in the treatment
where the hemp residues were mixed with soil, significant differences (p < 0.05) were found
in the treatments of “Bioversio” and control, as well as between the nitrogen pellet and
liquid nitrogen fertilizers. Similarly, no significant differences were observed between the
organic fertilizer treatments and the preparation made from “Bioversio” when mixed with the
soil. Comparing the treatments where hemp residues were left on the soil surface, the only
significant difference was observed between the control and the organic fertilizer (Figure 1).
In comparing the results obtained between all the treatments available using the two methods
of hemp residue application, statistically significant results (p < 0.05) were obtained in the
interaction between the additives and the mode of application (placement) (Figure 1).

Factor A (additives) *
Factor B (placement) *
AB*

liy[c
cd
< cde
de
I de
o de e
nitrogen liquid organic  preparation  Control nitrogen liquid organic  preparation
fertilizer  nitrogen  fertilizer from fertilizer  nitrogen  fertilizer from
pellets fertilizer ..Bioversio™ pellets fertilizer ..Bioversio™
mixed into the soil left on the soil

Figure 1. Change in weight of hemp residues after mineralization. Data are presented as means
+ standard error; different letters correspond to significant differences (p < 0.05) between means
according to Tukey HSD test. Signif. Codes: 0 “** 0.001 **" 0.01 ' 0.05"." 0.1 "’ 1, no significant ns’.

Furthermore, the results showed that the mass of hemp residues decreased in all the
variants after 90 days of the experiment. The nitrogen fertilizer significantly affected the
decomposition of hemp residues and the increase in nitrogen content in the soil. However,
it did not affect the amount of carbon in the residues and soil.

3.2. Carbon Content in Hemp Residues

These results show the differences between the carbon content in the hemp residues
before and after the experiment (Figure 2). The carbon content in hemp residues before the
experiment was 33.53%. At the same time, the carbon content of hemp residues increased
in all the treatments after the experiment, with the highest change observed in liquid
nitrogen fertilizer (12.11%), where the hemp residues were mixed into the soil. There
was no significant difference observed in the interaction between the N additives and
the treatment placement (p < 0.1). The carbon content increased when the hemp residues
were left on and mixed into the soil. We can safely assume that hemp residues take up
more nitrogen during mineralization, which promotes the rate of decomposition, while the
carbon content has no effect on mineralization.
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Figure 2. Carbon content in hemp residues. Data are presented as means = standard error; different
letters correspond to significant differences (p < 0.1) between means according to Tukey HSD test.
Signif. Codes: 0 ***0.001 "** 0.01 ' 0.05 " 0.1 *-" 1, no significant 'ns’".

3.3. Nitrogen Content in Hemp Residues

Figure 3 shows the nitrogen content increased in hemp residues after the experiment.
Before the experiment, the nitrogen content was 0.06%. The highest nitrogen content was
determined in the treatment with organic fertilizer and nitrogen fertilizer pellets at 1.10%
and 0.98%, respectively, when the hemp residues were left on the soil. However, these
two treatments were not significantly different (Figure 3). Additionally, there was no
significant difference observed in all the treatments that were mixed into the soil. The
nitrogen content of hemp residues across the two placements increased due to the addition
of the N source, which was used to accelerate the mineralization of the residues when
they were incorporated into the soil or left on the soil surface (Figure 3). Mineralization
often takes longer, and additional N sources are needed to accelerate it in tandem with the
chemical properties of the hemp residues. Hence, using nitrogen preparations for the faster
mineralization of the residues increased the amount of nitrogen in the residues.

3.4. Nitrogen and Carbon Contents in the Soil

The amount of nitrogen in the soil changes throughout the mineralization of plant
residues. The results showed the amount of nitrogen in the soil before the experiment
was 0.03%, which increased significantly in all the treatments after the experiment. The
highest nitrogen content was observed in the “Bioversio” treatment at 0.20% when the
hemp residues were mixed/incorporated into the soil. The lowest amount of nitrogen
was found in the control treatment at 0.14% when the hemp residues were left on the soil
surface (Figure 4).

However, between the treatments, there was no significant difference (p < 0.05%)
(Figure 4). Further analysis showed significant differences in the nitrogen total in the hemp
residues before and at the end of the experiment. We observed no changes in nitrogen
content after the investigation, affirming the mineralization of the hemp residues, which
the different nitrogen sources enhanced.
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