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INTRODUCTION 

 

Recently, circular bioeconomy has become extremely important for the implementation of 

sustainable development goals. In agriculture, this strategy is closely linked to the 

environmentally and economically efficient utilisation 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 non-traditional crops with high multifunctionality 

and low environmental impact. One such crop is fibre hemp (Cannabis sativa L.), 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 production (Duque Schumacher, Pequito and Pazour, 2020). 

Historically valued for its strong bast fibres, 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, however, fibre hemp has experienced 

a resurgence, driven by growing interest in sustainable materials and bio-based industrial 

applications. Modern research highlights hempôs potential across multiple sectors: its fibres are 

used in textiles, automotive composites, construction (e.g., hempcrete), and bioplastics, while its 

woody core (hurds) is suitable for animal bedding, paper production, and insulation (Amaducci 

et al., 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 innovation in both 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 different phytocannabinoids have been 

identified in the plant, the most prominent being cannabidiol (CBD) and ȹ9-tetrahydrocannabinol 

(THC) (Andre et al., 2016). While THC is responsible for the psychoactive effects associated with 

drug-type cannabis, industrial hemp varieties are specifically bred to contain minimal levels of 

THC (typically below 0.2ï0.3%, depending on regional regulations), making them suitable for 

legal cultivation and processing (Leizer et al., 2000). Among non-psychoactive 

phytocannabinoids, CBD has gained particular attention for its anti-inflammatory, analgesic, 

anxiolytic, and neuroprotective properties, as demonstrated in preclinical and clinical studies 

(Pisanti et al., 2017). Other compounds such as cannabigerol (CBG) and cannabinol (CBN) are 

also being explored for their unique pharmacological effects. Importantly, phytocannabinoids 

interact with the human endocannabinoid system, modulating physiological processes including 
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pain sensation, immune response, and mood regulation (Di Marzo & Piscitelli, 2015). As research 

advances, hemp-derived 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 of hemp (Happyana et al., 2013). 

These compounds are virtually absent in the plantôs stems and roots, which means that after the 

targeted harvesting of flowers and leaves for phytochemical extraction, a substantial amount of 

lignocellulosic biomass ï namely the stems ï remains unutilised. Although hemp stems are rich 

in valuable raw materials such as bast fibres and woody hurds, their potential is often 

underexploited, especially in cultivation systems focused on high-value 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 dual-use cultivation of hemp - targeting 

both phytochemical and fibre-based outputs require integrated harvesting and processing 

technologies, which are currently underdeveloped (Amaducci et al., 2008). Additionally, 

variations in stem quality caused by differences in harvest timing, plant genetics, and post-harvest 

handling complicate the standardisation of fibre and hurd properties (Liu et al., 2015). Therefore, 

further interdisciplinary research is essential to optimise biomass valorisation 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 goals and maximize the utility of the entire hemp 

plant. 

 

The aim of the study: To determine the influence of different application technologies of 

hemp residues to the soil on the rate of hemp residues decomposition, and the impact on spring 

wheat yield, soil carbon and nitrogen levels, and to assess their potential use for bioenergy. 

Scientific hypothesis: It is expected that hemp residues will improve spring wheat yields, 

be a suitable raw material for bio-pellet production and soil improvement, while increasing carbon 

accumulation in it.  

 

Research tasks: 

1. To determine the influence of fibre hemp residues on soil nitrogen and carbon content. 

2. To evaluate the energy potential of above-ground biomass of fibre hemp. 
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3. To determinate the influence of fibre hemp residues incorporation in the soil for the spring 

wheat productivity 

4. To determine the effect of different nitrogen sources and microbial products on the 

mineralisation of hemp residues when they are buried or left on the surface of the soil. 

 

The statements of the thesis: 

1. Hemp residue management has influence 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 soil in autumn increase spring wheat productivity 

while incorporating in spring or leaving them on the soil lower it. 

4. Mixing hemp residues with oak sawdust and lignin is an alternative for biofuel pellet 

production. 

 

Novelty of the research work 

The findings presented in this work 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 in the soil, not 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 farmers - to mow hemp residues early 

in the spring - reduces cereal productivity. However, hemp residues are rich in lignin and 

cellulose, which prolong the mineralisation time of residues, therefore, additional preparations are 

needed to promote the rate of decomposition of residues. This study shows that the residues are 

most likely decomposed by pig digestate and preparation from microorganisms. It also provides 

knowledge about the energy value of hemp residues, and their potential use as biofuel pellets. The 

quality of biofuel pellets when mixing hemp with other impurities.  
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1. LITERATURE REVIEW 

 

1.1. Relevance and possibilities of growing fibre hemp  

 

Hemp (Cannabis sativa L.) is cultivated worldwide and is considered one of the oldest 

plants used by humans for food, textiles and medicinal purposes (Baldini et al., 2020). In the 20th 

century, it was one of the most important textile crops in Central and Southern Europe 

(Livingstone et al., 2022; Vandepitte et al., 2020). However, as demand for alternative, more 

economically profitable crops such as cotton or flax grew, the volume of hemp cultivation 

decreased significantly (Baldini et al., 2020). 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 favourable for the development of this crop. However, after the decline in production 

in the mid-20th century, there was a lack of systematic data on the productivity of newly registered 

varieties. Nevertheless, increasing interest among farmers is driving a revival of hemp cultivation. 

Historically, the largest areas were concentrated in France, but as illustrated 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 to cultivate hemp locally, share agronomic knowledge and 

good practices, thereby reducing farmersô uncertainty and encouraging their involvement in the 

cultivation of this crop (Ascrizzi et al. 2019; Jikai Zhao et al. 2020).  

 

 

Figure 1. Fibre hemp cultivation area in European countries 2014ï2023 (Crop production in EU 

standard humidity) 
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In Lithuania, farmers have been legally allowed to grow hemp for fibre since 2014, when 

their declared crop area exceeded 1,000 hectares for the first time (Jankauskiene et al., 2015). 

Within five years, the cultivation areas of these plants have increased to approximately 9,000 

hectares (Scheibe et al., 2023). However, in recent years, due to the lack of a suitable legal 

environment for the extraction of active substances from hemp fibre, the volume of its cultivation 

has almost doubled (Ģydelis et al., 2022). Despite the existing challenges, it is predicted that in 

the future hemp fibre can contribute to the strengthening of biodiversity in the countryôs 

agriculture and be more competitive in relation to other agricultural crops. Taking into account 

these assumptions, it becomes necessary to comprehensively assess the potential of hemp fibre 

cultivation and the possibilities of effective use of its post-harvest residues.  

 

1.2. Impact of plant residues on soil properties  

 

Worldwide, more than 50% of the residues of primary crop production are returned to the 

soil (Pradhan et al., 2024). The degradation of residues is mainly influenced by their chemical 

composition, climatic conditions, and soil fertility. The incorporation of crop residues and straw 

into the soil increased its pH, thus creating more favourable conditions for the activity of soil 

microorganisms, which contributes to the transformation of carbon into organic form (S. Chen 

et al., 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 soil, so the fibre 

hemp plant can be used to clean up contaminated soil (Adesina et al., 2020a). Crop 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 nutrition. During the mineralisation 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 mineralisation (Bao 

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 effectively accelerate the 

mineralisation of lignin-rich 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 balance (Kim et al., 2020). Plant residues and straws positively affect 

soil porosity, infiltration, and water retention, related to soil fauna and organic matter content 

(Blanco-Canqui & Ruis, 2020).  
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The main task of returning all plant residues or straw to the soil is to find a way to utilise it 

and, at the same time, to improve soil health and physical and biochemical properties (Sarker 

et al., 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 have (Garc²a-Tejero et al., 2019). Some of the most 

common plants that could be repurposed for returning plant residues to the soil are non-food crops 

or plants where only certain parts are used to make other products, such as fibre hemp (Cherney 

& Small, 2016). 

 

1.3. The influence of application of agricultural biomass (plant residues) on crop yield 

 

So far, there are no studies on the effect of fibre hemp residues on crop yields. However, 

Poonsawat talks 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). Studies have shown that returning straw to the soil is environmentally 

friendly and positively affects crop production and productivity (L. Chen et al., 2022). According 

to researcher Zhao, in his 8-year experiments, the incorporation of straw into the soil resulted in 

higher yields of wheat and corn than in controls without straw (H. Zhao et al., 2019). After all, 

not only straw or other plant residues affect the increase in yield but also the depth (0ï10 cm, 10ï

20 cm, and 20ï30 cm) of their insertion and tillage, when straw was ploughed to a depth of 20 cm, 

yields increased significantly (J. Zhao et al., 2021). Studies show that ploughing and applying 

nitrogen fertilisers can also increase crop productivity. Nitrogen, when added together with straw, 

stimulates deep roots and thus increases crop yield (X. Xu et al., 2018). After conducting research 

with the incorporation of corn residues into the soil, it was found that deep ploughing of the soil 

for two years can promote the root length density at the soil depth of 10ï40 cm and increase the 

grain yield (Chen et al., 2020). Plant 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 to analyse the residueôs chemical 

properties before returning them to the soil.  

 

1.4. The influence of agricultural biomass application on soil quality  

 

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 decomposition (Meng et al., 2024; Zhou et al., 2022). Supplemental nitrogen fertilisation 

can accelerate the decomposition of plant residues (X. Wang 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 fertilisation can increase soil organic carbon by 0.12ï0.16 Mg C yrī1 

(Liu et al., 2014; Berhane et al., 2020). Plant waste or straw that is returned to the aspect is its 

size, which affects residue decomposition and carbon generation (Bucka et al., 2021). If the aim 

is only to improve the quality of the soil but not to grow such crops, a residue size of up to 2ï

10 cm is recommended (S. Li et al., 2023a, 2023b; Meng et al., 2021, 2024). If it is planned to 

grow crops with incorporated residues, then they should be smaller, 0.5ï1.0 cm (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 biomass (C. Wang et al., 2018).  

 

1.5. Fibre hemp residues use for bioenergy  

 

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 waste (Viskoviĺ et al., 2023). Fibre hemp is a very sustainable and organic crop 

when appropriately managed (Viskoviĺ et al., 2023). Fibre hemp fuel has similar or even better 

properties than other solid biofuels such as wheat straw and wood (Prade et al., 2012). Chaowana 

and others in the research determinate different hemp cloneôs physical properties, calorific value, 

ash content and other properties for biofuels (Chaowana et al., 2024). The research shows that 

hemp stalks have great potential to be used as raw material for bioenergy production (Chaowana 

et al., 2024). Hemp residues can be used as thermal isolation as well (Addison et al., 2024). Hemp 

fibre is also used to produce biogas, biooil, and biochar, which are then used in bioenergy (Du 

et al., 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 of hemp cultivation grow more and more in Lithuania and in the 

world. Problems arise with using fibre hemp residues when fibre hemp is grown for flowers, seeds, 

or leaves. Although much processing is already done using fibre hemp residues, scientific research 

shows fibre hemp mulch is used in horticulture. However, it is still unknown what is the impact 

of fibre hemp residues is on soil quality, the decomposition rate of its residues, or whether fibre 

hemp residues can increase crop yields.  

 

  



16 

2. MATERIALS AND METHODS 

 

2.1. Field experiment  

 

The experimental study was carried out in the fields of the Lithuanian Research Centre for 

Agriculture and Forestry (55Á40ǋ North latitude, 23Á87ǋ East longitude) during three growing 

seasons (2021 and 2023) in the two different fields. The fibre hemp seeding took place 21st May 

2021 and 19th May 2022, and the growing season extended from May to August in both years 

(Table 1). The experimental soil type was classified as Endocalcary-Endohypogleyic Cambisol, 

according to WRB. Cambisols are typical and widespread in Lithuaniaôs central regions 

(Buivydienǟ et al., 2024).  

 

Table 1. Field experiment characteristics. 

 Type Seed rate, kgĿhaī1 NPK, kgĿhaī1 

Hemp óFelina 32ô (Paris, France) 35 180 

Spring wheat óColadaô, (Einbeck, Germany) 210 180 

 

The field experiment was conducted in 4 different treatments tested in 4 replicates. Each 

treatment area ï 30 mĮ (3 m Ĭ 10 m). Crops were fertilised once per season (Table 1). At the end 

of the season, fibre hemp plant biomass was estimated in an area of 3 mĮ (1 m Ĭ 3 m). After that, 

the fibre hemp flowers were cut, and the remaining biomass was measured in the same 3 mĮ area. 

All residues were crushed and left in the field for further processing.  

The experimental treatments were: 1 ï control (no residue, all residues removed from the 

field), 2 ï fibre hemp residues ploughed in soil (deep 25 cm), 3 ï fibre hemp residues ploughed 

in early spring (deep 25 cm), and 4 ï residues left on the soil as mulch (Figure 2).  
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Figure 2. Field experiment scheme 
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At the same time when hemp residues were applied in the soil, a bag experiment was 

established to evaluate the decomposition rate of fibre hemp residues. Bags experiment was for 

11 months. 8 Ĭ 8 cm nylon bags were filled with 15 g of crushed and dried fibre hemp stalks, 

ploughed into or left on the soil surface, depending on the treatment. Pouch weights were 

measured monthly over 324 days (Kurz-Besson et al., 2005).  

Spring wheat (Triticum aestivum L.) variety óColadaô was sowing in the same fields in the 

spring after incorporating fibre hemp residues (Table 1). The seeds were sown on April 22, 2022 

and May 5, 2023, and the growing season lasted from April to August in both years. Detailed 

methodology is presented in paper ñInfluence of hemp residues on soil chemical parameters and 

spring wheat productivityò (Stulpinaite et al., 2024b).  

 

2.2. Soil and hemp residues chemical analyses  

 

General scheme of methodology of chemical analyses of soil and hemp residues.  

 

Figure 3. Chemical analyses of the soil and hemp residues (Buneviciene et al., 2021) 

 

2.3. Measurements of photosynthetic performance 

 

Chlorophyll index is determined by a SPAD-502 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 pulse-modulated handheld chlorophyll fluorometer (model OS-30p; Opti-

Sciences, Inc., Hudson, NH, USA) (Cosentino et al., 2016). After 20 minutes of dark adaptation, 

Fv/Fm values were directly measured with a fluorometer, and the actinic light intensity was 1000 

Õmol mī2 sī1, with the modulation intensity set by two arbitrary units (Gu et al., 2022). 

 

2.4. Meteorological conditions  

 

In the first year of the experiment ï 2021, during the sowing of fibre hemp vegetation, the 

average temperature was 12ÁC, while the amount of precipitation reached 33 mm, when the 

vegetation began, the temperature rose to 20ÁC, and the amount of precipitation was 3ï5 mm, but 

already in the second ten-day period of the second ten-day period, the amount of precipitation 

rose to 23 mm, in July, the amount of precipitation decreased again and a high average temperature 

prevailed ï 22ÁC, but these changes did not affect growth. In 2022, spring wheat was grown in 

field experiments and at the beginning of fibre hemp sowing, the average air temperature in May 

was about 10ÁC, at the beginning of May, the amount of precipitation reached only 5 mm, in the 

third ten-day period of May, the amount of precipitation increased to 25 mm and remained until 

the first ten-day period of July (Figure 4).  

 

 

Figure 4. The average precipitation. I, II, III ï ten-day period of the month 

 

Meanwhile, the average temperature in June was 23ÁC, in July the average temperature was 

slightly lower, 20ÁC. 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 10ÁC, while the precipitation was only 2 mm. In June, the 

precipitation dropped to an average of 7 mm and again reached only 5 mm in July. Meanwhile, 

the average temperature in June was 20ÁC, and the average temperature in July was ī17ÁC 

(Figure 5) (Lithuanian Hydrometeorological Service-Dotnuva data under the Ministry of 

Environment data, http://www.meteo.lt/, accessed on 22 February 2024) (Mecione et al., 2025; 

Stulpinaite et al., 2023, 2024a, 2024b).  

 

 

Figure 5. The average tmperatures. I, II, III ï ten-day period of the month 

 

2.5. Biofuel pellet experiment 

 

Hemp (óFelina 32ô) residues were collected from the experimental fields of the Lithuanian 

Research Centre for Agriculture and Forestry. Oak sawdust was collected from MB ñBiomicaò 

(Prienai dist., Lithuania), and lignin from UAB ñLignenikoò (Kǟdainiai, Lithuania). These 

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 presented in Table 1 of 

Article I.  

 

2.6. Determination of the energy value of biofuel pellets 

 

The calorific value was measured using the IKA 2000 equipment (Kºnigswinter, Germany) 

according to the EN 14918 standard (Stulpinaite et al., 2023a).  
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2.7. Determination of the durability of biofuel pellets 

 

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. Before durability 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 weighed again, and the durability was calculated. 

Each variant was performed in triplicate. The durability of the pellets was calculated according to 

formula (1): 

Ὀ Ͻρππ,  (1) 

where mE ï pellet weight before the durability tester (g); mA ï pellet weight after durability tester 

(g). 

 

2.8. Statistical analysis 

 

Collected data were statistically analysed using R Studio 4.3.2 software. One way and two-

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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3. RESULTS AND DISCUSSION 

 

3.1. Hemp residue management has influence on soil chemical properties 

 across different application technologies  

 

3.1.1. Fibre hemp 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 though fibre hemp is not a soil-sensitive plant) agricultural management 

technologies and weather conditions (Adesina et al., 2020b) and climate conditions during the 

vegetation season.  

In our research the results show that the amount of fibre hemp biomass fluctuates from 14ï

19 tĿhaī1. These fluctuations were 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 4-5). Therefore, the amount of hemp residues that were applied to the soil 

was also different: in 2021 we applied 8 tĿhaī1, in 2022 ï 6 tĿhaī1, but the tendency of the influence 

of biomass on soil quality and productivity of spring wheat was similar, therefore, we were able 

to present new research insights (Article IV, Fig. 3) (Mecione et al., 2025). 

 

3.1.2. The influence of hemp biomass application on soil chemical composition (Article IV) 

 

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 soil pH (X. Wang et al., 2016; Xiao et al., 

2018). Results from the field experiment show that fibre hemp residues had an influence on soil 

pH when the soil pH before experiment is closer to the neutral. However, when the soil is more 

acid hemp residues have no significant 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 the soil (Ferdush & 

Paul, 2021; Yao et al., 2023). After evaluating the effect of different incorporations of fibre hemp 

residues on soil carbon content in the 2021ï2023 and 2022ï2024 experimental years, it was found 

that the carbon content significantly increased in the treatment when fibre hemp residues were 

ploughed early in the spring, compared to the carbon content before the experiment (Article IV, 
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Fig. 5) (Mecione et al., 2025). This was influenced by the timing of fertilisation, as the residues 

had already decomposed somewhat in the winter and their changed chemical properties increased 

the soil carbon content. Our results also 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, promoting long-term carbon 

retention. 

Meanwhile, nitrogen content decreased in the 2021ï2023 experiment when hemp residues 

were left on the soil surface and no-till farming was applied (Fig. 6).  

 

 

Figure 6. Nitrogen content in the soil before and after hemp residue application in the soil for the two 

experimental year 2021ï2023. Data are presented as means Ñ standard error; p < 0.05 between means, 

according to Tukeyôs HSD test (Mecione et al., 2025) 

 

In the other treatments, no significant differences in nitrogen content were found before and 

after the experiment. In the 2022ï2024 experimental years, the amount of nitrogen increased in 

all treatments compared to the soil before the experiment (Article IV, Fig. 6) (Mecione 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 microorganisms (Xie 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 weeds (Grzyb 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 content (Stewart et al., 2015). These 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. 

 

3.1.3. The effect of hemp residues incorporation into the soil or left on the soil with by 

using additional treatment with nitrogen and microbiological products  

(Article II) 

 

The chamber experiment results showed that at 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 N ï 0.20% was found after application of microbiological 

preparate when fibre hemp residues were incorporated into the soil. The lowest ï 0.14% ï was 

determinate in control treatment when fibre hemp residues were left on the soil (Article II, Fig. 4) 

(Stulpinaite et al., 2024a). Although there are few studies on destroying fibre hemp residues in 

soil, other researchers have also revealed significant changes in nitrogen content (Kaleeem Abbasi 

et al., 2015). Our study shows that applied nitrogen fertilisers promoted the destruction of fibre 

hemp residues and significantly increased the soilôs nitrogen content (Stulpinaite et al., 2024a). 

Nitrogen immobilisation may have occurred due to fibre hemp residues, partly due to their carbon 

ratio, so an additional nitrogen source was needed (B. Chen et al., 2014; Fontaine et al., 2020). 

This confirms that the decomposition of fibre hemp residues with additional nitrogen significantly 

increased the soilôs nitrogen amount. In addition, the availability of mineral nitrogen during 

decomposition affects the decomposition rate. Previous studies have shown that nitrogen-rich 

residues contain enough nitrogen to support the decomposition process even when soil nitrogen 

is low. In contrast, the decomposition of low-nitrogen residues depends on the soil nitrogen 

content, and its deficiency (e.g., when the residues remain on the surface) slows down the 

decomposition process (Chaves et al., 2021). It is also worth noting that potential direct N2O 

emissions from the supplements may be reduced by soil microbes that consume N2O. The added 

organic carbon from the fibre 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 content of fibre hemp residues at the 

beginning and the end of the experiment.  
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The carbon content of the soil increased only slightly after the experiment compared to the 

initial concentration of 1.89% before the experiment. Fibre hemp residue mixed into the soil and 

N fertiliser reduced carbon by 0.1%. A similar downward trend was determined in the control 

treatment and where fibre 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 source. However, additional nitrogen influenced acceleration. 

The destruction of fibre hemp residues had no significant effect on soil carbon (Article II, 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 

Zhang P. et al., fibre hemp stores much carbon in its leaves, stems, and roots, so its residues can 

contribute to increasing soil carbon stocks (Zhang et al., 2023). After harvest, fibre hemp residues 

left on the surface or mixed into the soil provide additional organic matter that improves soil 

structure and fertility (Stulpinaite et al., 2024a). Similar results were obtained in other studies, 

where it was found that the lignin present in fibre hemp residues cause these residues to 

decompose more slowly (Almagro et al., 2016). Nitrogen application had no statistically reliable 

results on the carbon content of fibre 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.  

 

3.1.4. The influence of hemp residues into the soil during the spring wheat vegetation 

(Article III)  

 

Changes in soil mobile phosphorus (P O ), mobile potassium (K O), and organic carbon 

(Corg) content before and after the experiment are presented in Tables 2 and 3 (Stulpinaite et al., 

2024). P O  was significantly reduced in the control and when the soil was treated with autumn-

ploughed fibre hemp residues. However, the amount of mobile P O  increased significantly when 

fibre hemp residues were incorporated in the spring (Stulpinaite et al., 2024). Mobile K O content 

decreased after the experiment in all treatments, but significant changes were observed only in the 

control (Stulpinaite et al., 2024b). Organic carbon content did not differ significantly before and 

after the experiment (Stulpinaite et al., 2024). 

In 2023, significant changes in the amount of P O  were determined only in the control 

group (p < 0.05), where its amount decreased almost twice (Stulpinaite et al., 2024). Mobile K O 

and organic carbon did not differ significantly between treatments before and after the experiment 

(Stulpinaite et al., 2024). 



25 

Nitrogen and carbon content are essential indicators of soil health and wheat yield during 

the growing season (Kan et al., 2022a). In this research, fibre hemp residues were expected to 

improve soil carbon and nitrogen availability. However, in 2022, results showed that nitrogen 

content decreased after treatment when the fibre hemp residue was ploughed in the spring, as well 

as when the residue was left in the field without tillage (Article III, Table 4) (Stulpinaite et al., 

2024). After the experiment, significant differences in the amount of nitrogen were observed 

between the treatments - autumn and spring-ploughed fibre hemp residues and non-ploughed 

residues (Stulpinaite et al., 2024). The lowest nitrogen content (0.21%) was found in the spring-

incorporated fibre hemp residue treatment, and this result was statistically significant compared 

to the other treatments (Stulpinaite et al., 2024). 

Similar results were obtained in the amount of carbon after the experiment (Stulpinaite 

et  al., 2024). An increase in carbon was observed when the fibre hemp residue was left in the 

field without tillage, increasing by 44% in the end experiment (Stulpinaite et al., 2024). Carbon 

content increased in the soil in both years, with the highest amount found in 2022, when fibre 

hemp residues were not incorporated in the soil (Stulpinaite et al., 2024). The spring-ploughed 

residue treatment presented the lowest carbon content (1.60%) (Article III, Table 4) (Stulpinaite 

et al., 2024). In addition, the hemp residue treatment's where hemp residues left on the soil carbon 

content significantly differed from the other treatments in the end experiment (Stulpinaite et al., 

2024). The incorporation of fibre hemp residues also increased soil carbon. Although the timing 

of residue insertion affected carbon content, an increase was observed in all cases (Stulpinaite 

et al., 2024). The increased carbon content of fibre 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 return (Mac§k et al., 2020; X. Wu et al., 2018). 

In 2023, nitrogen content was supreme after the experiment in which the fibre hemp residue 

was left in the field without tillage. It had statistically reliable differences (p < 0.05) from the other 

treatments (Article III, Table 5) (Stulpinaite et al., 2024). A similar trend was observed for carbon 

content in 2023, where uncultivated fibre hemp residues resulted in significantly supreme carbon 

content than other treatments (Stulpinaite et al., 2024). However, autumn-ploughed fibre hemp 

residues and the control group before and after the experiment had no significant differences 

(Stulpinaite et al., 2024). Returning fibre hemp residues on spring or left it on the soil can increase 

soil organic carbon, promote nitrogen immobilisation and destruction, and increase nitrogen 

availability. Similar results were obtained in other studies where the soil was enriched with straw 

residues (Kan et al., 2022b).  
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3.1.5. Summary 

 

As hemp residues gradually decompose, they release essential nutrients into the soil, thereby 

improving soil chemistry, reducing dependence on synthetic fertilisers, maintaining long-term soil 

productivity, increasing carbon sequestration, and promoting sustainable agricultural practices. 

Specifically, hemp (Cannabis sativa L.) residues positively affected soil chemistry related to 

carbon content and pH at different tillage times. The timing of residue incorporation significantly 

affected soil carbon content and 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 mineralisation and nitrogen 

immobilisation may be a disadvantage of using hemp residues due to their complex chemical 

composition and carbon-nitrogen ratio, co-application with nitrogen-rich crop residues or 

additional nitrogen inputs can enable efficient mineralisation and nutrient cycling in the soil. 

Therefore, optimising hemp residue management to fully utilise its benefits in improving soil 

chemical properties is beneficial for soil health and sustainable agriculture. 

 

3.2. To promote the decomposition of hemp, timely incorporation into the soil  

or additional treatment with microbiological preparations is needed  

 

3.2.1. The effect of hemp residues incorporation into the soil  

on the rate of hemp residues decomposition  

 

Mineralisation of biomass is mainly influenced by biomass quality and the contact with 

microbiome rich soil. On the other hand, no-till and other reduced tillage technologies have the 

potential and are highly promoted, therefor the question rises if hemp residues could be effectively 

managed in such agricultural systems. 

The results of field experiment show that in 2021ï2022, after a month when the fibre hemp 

residues were applied to the soil, the fastest decomposition was recorded in treatment where fibre 

hemp residues were ploughed into the soil in autumn. However, there were no statistically 

significant differences between other treatments. 4 months after the establishment of the fibre 

hemp residue experiment, the fastest mineralisation was recorded in the treatment when the fibre 

hemp residue was left on the soil surface. This treatment has statically reliable differences 

compared to the one when fibre hemp residues were buried in autumn. However, in the end of the 

experiment, the fastest mineralisation was recorded when fibre hemp residues were buried in 
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autumn. Despite the variation within the experiment, at the end no significant differences were 

found between treatments (Article IV, Fig. 7) (Mecione et al., 2025). That supports the idea that 

different technologies could be chosen depending on the crops which will be grown, and the time 

of minerals will be needed. 

 

 

Figure 7. The rate of hemp residue mineralization. (Article IV). Data are presented as means Ñ standard 

error; different letters correspond to significant differences (p < 0.05) between means according to 

Tukey HSD test. Signif. Codes: 0 ó***ô 0.001 ó**ô 0.01 ó*ô 0.05 ó.ô 0.1 óĀô 1, no significant ónsô  

(Mecione et al., 2025) 

 

In 2022ï2023, after the first month after the establishment of the experiment, the results 

were the same as at the beginning of the experiment in 2021ï2022. The treatment determined the 

fastest mineralisation when fibre hemp residues were ploughed in autumn. Meanwhile, 

mineralisation was the slowest when fibre hemp residues were left on the soil surface. Statistically 

reliable differences were found between these two treatments. Four months after the establishment 

of the experiment, the mineralisation of fibre hemp residues was almost equalised in all 

treatments, and there were no statistically reliable differences. Nevertheless, at the end of the 

experiment, the highest mineralisation was determined in the treatment when fibre hemp residues 

were ploughed in autumn. This treatment had statistically reliable differences compared to other 

treatments (Fig 7),(Article IV, Fig. 8) (Mecione et al., 2025). 
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3.2.2. The rate of hemp residues decomposition by using additional treatment  

with nitrogen and microbiological products 

 

The rate of residue mineralisation is mostly influenced by moisture content, climatic 

conditions, carbon to nitrogen ratio, residue size and chemical composition. The higher the air 

temperature, the more moisture evaporates from the soil and the lower the decomposition rate is 

(Paul, 2016). Chamber experiment shows that to faster the decomposition; additional nitrogen 

sources or microbiological products might help. In this study, when comparing additional 

additives that promote residue decomposition, the highest effect was obtained when hemp 

residues were ploughed in the soil, biological products or organic fertilisers were used to 

accelerate mineralisation. The used organic fertilisers are rich in plant available nitrogen as well 

as is good accelerator for microorganisms activity. In this treatment biomass was reduced to 54% 

of the initial mass. When hemp residues were left on the soil, thus simulating no-till agriculture, 

the fastest mineralisation was determined using organic fertilisers (Article II, Fig. 1) (Stulpinaite 

et al., 2024a). A very important aspect of the mineralisation of fibre hemp residues is their 

composition and the amount of cellulose, hemicellulose and lignin, which requires a longer 

mineralisation time (Xing et al., 2024). 

 

3.2.3. Nitrogen and carbon changes in the hemp residues before and after experiment 

 

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 is what influence the higher crop yield (Johnson et al., 2007). Fibre 

hemp plants are rich in carbon, as they are high yielding, have strong stems and they accumulate 

carbon in their leaves, stems and roots. At the beginning of the experiment, the carbon content in 

the fibre hemp residues was determined to be 33.53%. After the experiment, it was observed that 

the carbon content increased in all hemp residues, and the most pronounced change was where 

the fibre hemp residues were buried in the soil and liquid nitrogen fertilisers were additionally 

used ï 12.11%. No significant differences in carbon content were found in the other treatments 

(Article II, Fig. 2) (Stulpinaite et al., 2024a). Increased 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 critical for residues of straw destruction indicators. 

Before the experiment the average nitrogen content in biomass was determinate to be 0.06%. After 
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the experiment in all treatment nitrogen content was observed. This could be due to the additional 

nitrogen used, which promoted the destruction of residues. The highest nitrogen content was 

determined in the treatment where the soil was treated with organic fertilisers and nitrogen 

fertili ser when fibre hemp residues were mixed into the soil (1.10% and 0.98%, respectively). In 

addition, statistically reliable differences were not observed among all other treatments when 

hemp residues were incorporated into the soil. The amount of nitrogen in fibre hemp residues 

increased in both areas due to the added nitrogen source, which was used to accelerate residue 

destruction and when incorporated into the soil and when left on the surface (Article II, Fig. 3) 

(Stulpinaite et al., 2024a).  

It must be noted that the decomposition process is often slow, especially when biomass is 

rich in lignin therefor additional nitrogen sources are needed in addition to the chemical 

composition of fibre hemp residues to speed it up. Nitrogen 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 destroying fibre hemp residues depends on the carbon to nitrogen ratio, 

nitrogen supplementation can speed up or slow the destruction process. Some plant residues, such 

as hemp, are rich in lignin, slowing decomposition (Salentijn et al., 2015; Vahdat et al., 2011). 

Supplemental nitrogen supply accelerated the decomposition rate but did not significantly affect 

carbon release from fibre hemp residues (Y. Liu et al., 2023). Our research supports the 

observations of other researchers that the destruction of plant residues with high lignin content 

occurs if there is sufficient nitrogen in the soil (Kaleeem Abbasi et al., 2015b). Therefore, using 

additional materials as a source of nitrogen can accelerate the decomposition of residues rich in 

lignin compounds, such as fibre hemp (K¿hling et al., 2023; Vahdat et al., 2011).  

 

3.2.4. Summary 

 

Different nitrogen sources as additives used in hemp residue mineralisation can 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 fertilisers (pig digestate) and preparation made 

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 hemp residues but also increases the nitrogen 

content of the soil. However, high lignin content in plant residues can be a problem for residue 

mineralisation. Therefore, it is necessary to use additional nitrogen or other mineralisation-

promoting substances to accelerate the decomposition of hemp residues.  
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3.3. Incorporating hemp residue into the soil in spring or leaving them on the soil 

negatively affects spring wheat productivity 

 

3.3.1. Hemp residues influence on spring wheat behaviour 

 

Chlorophyl is the primary pigment responsible for plant growth and photosynthesis. 

Stressful conditions can negatively affect the amount of chlorophyll in plant leaves, drastically 

reducing it (Janusauskaite, Kadziene, 2022). The more chlorophylls the leaves have, the more 

efficient photosynthesis takes place. In 2022, 20 days after sowing, the highest chlorophyl 

concentration was observed where fibre hemp residues were incorporated into the soil in early 

spring. This could be influenced by fibre hemp residue needed nitrogen to start the decomposition 

process, and after the plants were fertilised with nitrogen, the residue had already begun to 

decompose, providing the plants with additional nitrogen. Similar results were obtained in a study 

with wheat mulch by Li et al. (H. Li et al., 2023; S. X. Li et al., 2015). But after 44 days of post-

showing, chlorophyl content was lower in the same plots compared to other treatments (Article III, 

Fig. 3) (Stulpinaite et al., 2024). It might be influenced by fluctuating availability and potential of 

nitrogen. 

In 2023, the results showed no significant differences between all treatments at 20, 60, and 

78 days after sowing. However, 44 days after sowing ï BBCH 29, significant differences were 

observed between treatment when hemp residues were ploughed into the soil in early spring and 

fibre hemp left on the soil (Article III, Fig. 3) (Stulpinaite et al., 2024c). These results were 

completely different from previous years, due to different weather conditions and plant stress. 

Another important indicator is the maximum quantum efficiency of PSII photochemistry 

(Fv/Fm), which is commonly used to evaluate the performance of the photosynthetic system (Kan 

et al., 2022b). It is an effective tool for detecting changes in the function of the photosynthetic 

apparatus that may be caused by environmental stress (Janusauskaite, Kadziene, 2022b), nutrient 

deficiency, or soil compaction (Hussain et al., 2021a). The results show a high level of stress in 

the plants, likely due to the harsh weather of 2022 (Stulpinaite et al., 2024) meteorological 

conditions characterized by high temperatures despite rainfall. In 2023 measurements of 

photosynthetic quantum efficiency showed statistically significant differences between all 

treatments. In 44 days after sowing, treatments where fibre hemp residues were ploughed in the 

soil in early spring had the lowest photosynthetic quantum efficiency, and this result was 

significantly different (p < 0.05) from the other treatments (Article III, Fig. 4) (Stulpinaite et al., 

2024). In addition, statistically significant differences were observed between measurements 

taken 44 days after sowing BBCH 29 and 78 days after sowing BBCH 89 (p < 0.05) (Stulpinaite 
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et al., 2024). As expected, these results were strongly affected by the weather conditions 

(Stulpinaite et al., 2024). There is still limited data on the effect of different tillage methods on 

plants' quantum efficiency in photosynthesis. Some studies show that tillage can promote 

photosynthesis by increasing the Fv/Fm ratio in maize (K. Liu & Wiatrak, 2012) and winter wheat 

(Del Pozo et al., 2016) compared to a no-till system. However, Hussain et al. found that the 

quantum efficiency of photosynthesis did not differ significantly between different tillage systems 

(Hussain et al., 2021b). (This study also showed that tillage and fibre hemp residue did not 

significantly affect the Fv/Fm ratio (Stulpinaite et al., 2024).  

 

3.3.2. Hemp residues influence on spring wheat productivity 

 

Grain yield, the most critical indicator of cereal productivity, is a complex outcome 

determined by soil quality, climatic conditions, and nutrient uptake (G. Li et al., 2019; Otteson 

et al., 2007; Srivastava et al., 2018; G. Wu et al., 2022). In 2022, the highest spring wheat yield 

(6 tĿhaī1) was obtained in the control treatment when the fibre hemp residues were ploughed in 

autumn (Stulpinaite et al., 2024b). Wang et al. found that returning straw to the soil along with 

0.1ï0.2 tĿhaī1 of nitrogen fertiliser could yield 6.4ï6.6 tĿhaī1 of grain 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 temperatures therefore, spring wheat yields were significantly lower 

when fibre hemp residues were incorporated early spring and, in the treatment, when fibre hemp 

residues were left on the soil surface. This was influenced by the choice of embedding fibre hemp 

residues or leaving them on the soil because they did not have enough time to start the 

decomposition process. As a result, fibre hemp residues began to compete with plants for nutrients 

and nitrogen.  

Similar results were obtained in 2023, but the yield was more than double lower compared 

to 2022. In 2023 maximum yield was 2.4 tĿhaī1. The grain yield in treatment where hemp residues 

were ploughed in autumn was similar to the control treatment. Nevertheless, other results show 

that the fibre hemp residue treatment with no tillage resulted in a yield estimate of 0 tĿhaī1 as only 

a few plants germinated (Fig. 8),(Article III, Fig. 2) (Stulpinaite et al., 2024).  
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Figure 8. Spring wheat grain yield (Stulpinaite et al., 2024c). Data are presented as means Ñ standard 

error; different letters correspond to significant differences (p < 0.05) between means according to 

Tukeyôs HSD test 

 

This was because of low precipitation in 2023 during the vegetation season. Poonsawatôs 

research shows that hemp suppresses the growth of other plants, so itôs likely that hemp residue 

left on the soil surface had an allelopathic effect on spring wheat yield (Poonsawat et al., 2024). 

The same could have happened with the treatment where hemp residue were applied in early in 

the spring as the grain yield was very low.  
 

3.3.3. Summary 

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 mineralisation 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.  

 

3.4. Mixing hemp residues with oak sawdust and lignin  

can be an alternative for biofuel pellet production  

 

3.4.1. Pellets chemical properties 

 

Thermal convention biomass degradation still is one of the most popular in most countries, 

especially those which are rich in biomass (Mai-Moulin et al., 2019). However, not all biomass is 

suitable for heat production due to its negative effect on the environment. One of the most 
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dangerous elements in biomass affecting environmental pollution is nitrogen. This element is 

responsible for nitrous gases emissions (Civitarese et al., 2019a).  

The result of the experiment shows that the highest nitrogen content was determined in fibre 

hemp biomass ï 0.59% that means that we had to find the promising mixtures to potentially use 

it for thermal convention.  Therefor fibre hemp residues were mixed with other biomass: oak 

sawdust or mixture made of lignin and oak sawdust, reducing nitrogen content. For example, in a 

mixture containing only fibre hemp residues and oak sawdust, the lowest nitrogen content ï 0.26% 

was found with 80% oak sawdust and 20% hemp residues. However, there were no significant 

differences between the amounts of fibre hemp residues and oak sawdust determines (Article I, 

Fig. 2) (Stulpinaite et al., 2023). In mixtures consisting of fibre hemp residues, oak sawdust, and 

lignin, the lowest nitrogen content ï 0.35% was when mixture was made with: fibre hemp residues 

were 20%, lignin ï 20%, and oak sawdust ï 60%. The results present that statistically significant 

differences in nitrogen content are present in all mixtures except for those where the pellets consist 

of two components ï hemp residues and oak sawdust concentration ï 50%. In comparison, the 

nitrogen content of wood pellets ranges from 0.04% to 0.26% (Civitarese et al., 2019b). 

Another crucial factor in pellet quality is sulphur content. Sulphur causes corrosion of 

boilers where pellets are burned and oxidised during combustion, releasing harmful substances 

into the environment. Substances released in sulphur hexafluoride and oxidized to SO2 or SO3 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 devices (Shetty et al., 2023). According to ISO requirements, the sulphur content in the 

granules must not exceed 0.04 % (Stulpinaite et al., 2023). The highest sulphur content was 

established in lignin ï 0.21%, and the lowest ï in oak sawdust ï 0.02 % (Article I, Fig. 5). This 

variability in sulphur content depending on the type of wood underscores the need for careful 

selection of wood for biofuel production. Comparing the sulphur content of lignin with the results 

of other studies, it was found to be very similar at 0.20% (Qu et al., 2018a). The sulphur content 

of wood sawdust pellets differs from the results of other studies. The sulphur content was 0.1% 

in previous studies (Carvalho et al., 2013a) and 0.02% in our study. The sulphur content of fibre 

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

 

3.4.2. Ash content in different raw materials and mixes 

 

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

materials. They consist of non-flammable and non-volatile mineral substances. According to the 
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ISO 17225-2:2021 standard (Stulpinaite et al., 2023),the ash content in biofuel cannot exceed 2 

percent. If the concentration of ash is higher ash must be removed regularly, which increases 

energy and maintenance costs and poses a significant practical challenge in the use of biofuels. 

After determining the ash content, the highest ash concentration was found in lignin (9.49%) 

and the lowest in oak sawdust (0.70%) (Article I, Fig. 6) (Stulpinaite et al., 2023). Collating 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 lignin (Qu 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 countries (Stulpinaite et al., 2023). Also, 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., 2018b). These results are similar to our studyôs oak sawdust 

pellet ash content. The fibre hemp ash content was determined to be 3.60% in other studies 

(Hroncov§ & LadomerskĨ, 2014) differ ash content of the fibre hemp could be because of different 

speeches or differ preparation of fibre hemp residues. 

The high ash content of lignin affected the quality of the pellets in the mixtures. Pellets 

consisting of 80% oak sawdust and 20% fibre hemp residues had the lowest ash content. However, 

there were no significant differences compared to other mixtures of oak sawdust and fibre hemp 

residues (Article I, Fig. 7) (Stulpinaite et al., 2023). The highest ash content was found in the 

mixture containing 50% fibre hemp residues, 25% lignin, and 25% oak sawdust (Article I, Fig. 7) 

(Stulpinaite et al., 2023). While other studies have examined wood sawdust mixed with various 

grasses or straws where the ash content ranged from 3.29% to 7.49% (Carvalho et al., 2013b; 

Fanin et al., 2019). However, in our study, the ash content of the mixtures ranged from 1.24% to 

1.76%, almost half that of other studies (Stulpinaite et al., 2023a). 

 

3.4.3. Calorific value content in different raw materials and mixed pellets 

 

The calorific value directly reflects the energy and economic properties of the fuel. The 

highest and lower caloric values can be determined based on calorimetric measurements. The 

highest calorific 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 often differ due to the water 

content (Demirbas, 2004). 

The highest calorific value was established in lignin ï 21.35 MJĿkg ĭ, and the lowest ï in 

fibre hemp residues (16.80 MJĿkg ĭ) (Stulpinaite et al., 2023b). Among the mixtures, the highest 
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calorific value (19.94 MJĿkg ĭ) was found in the biomass mixture consisting of 50% fibre hemp 

residues, 25% lignin, and 25% oak sawdust (Article I, Fig. 8) (Stulpinaite et al., 2023). However, 

this mixture did not show significant differences compared to pellets containing 50% fibre hemp 

residue, 50% oak sawdust, 80% fibre hemp residue, and 20% oak sawdust (Article I, Fig. 8) 

(Stulpinaite et al., 2023). Compared with the results of other scientists observed that the caloric 

content of the same fibre hemp variety was 17.37 MJĿkg ĭ in our research, while it was 16.80 

MJĿkg ĭ in the results of other researchers (Jasinskas et al., 2020). The calorific value of wood 

sawdust was 14 MJĿkg ĭ in other studies and 18.67 MJĿkg ĭ in our study, a difference that may be 

related to different wood and moisture content. Comparing the calorific value of biomass pellets 

with the results of other studies, it was observed that their calorific value was 10ï15 MJĿkg ĭ 

(Jasinskas et al., 2020), while in our study, it ranged from 18 to 20 MJĿkg ĭ. These differences can 

be explained by including lignin in the mixture with a caloric value of 21.35 MJĿkg ĭ (Article I, 

Fig. 8) (Stulpinaite et al., 2023). 

3.4.4. Durability 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 damage (Rajput et al., 2020). According to 

biofuel standards, pellet durability should reach 97.5ï98%, 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% fibre hemp residue, 20% lignin, and 60% oak sawdust (Stulpinaite et al., 2023). 

The most unstable pellets are determined containing 10% fibre hemp residues, 10% lignin, and 

80% oak sawdust durability only reached 78% (Article I, Fig. 9) (Stulpinaite et al., 2023). Similar 

results were obtained with biomass pellets with less than 93% durability (Soleimani et al., 2017). 

 

3.4.5. Summary 

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 has a positive impact on the 

environment.  



36 

 

Figure 9. The heat map of pellet in seven main pellet quality parameters (Stulpinaite 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 shows all 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 

was determined in blends where hemp residue was mixed only with oak sawdust.  
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CONCLUSIONS 

 

1. Hemp residues applied in the fall reduced soil pH from 6.3ï6.5 to 6ï6.08 due to the 

decomposition process and the release of acids. Residues applied in early spring increased the 

carbon content in the soil by 66%. Residues left on the soil surface reduced the nitrogen content 

in the soil. Although there is no single option that improves all soil chemical parameters, residues 

applied in early spring have the greatest positive effect on the soil. 

2. In a field experiment without additional means of decomposition of fibrous hemp 

residues, the fastest mineralisation occurs when fibrous hemp residues are incorporated in the fall, 

this is because the residues are more accessible to microorganisms, and the decomposition time is 

longer compared to other options. The results of the laboratory experiment show that fibrous hemp 

residues mineralise most quickly when they are buried and a preparation of microorganisms or 

organic fertiliser (pig manure digestate) is used. Meanwhile, nitrogen granules decompose the 

residues the slowest. 

3. Incorporation of fibrous hemp residues from autumn on spring wheat yield was as 

effective as in traditional spring wheat cultivation technology. Fibre hemp residues incorporated 

in early spring or left on the soil surface negatively reduced spring wheat productivity by ī17% 

in 2022 and by 50% in 2023.  

4. The mixture of hemp residues, oak sawdust and lignin reduced the nitrogen content in 

the pellets by 59%, which has a positive effect on the environment. Nevertheless, all mixtures 

with lignin had a higher sulphur content > 0.04%, which can increase equipment corrosion. Ash 

levels that meet the EU requirements of Ò 2% were determined in mixtures where fibrous hemp 

residues were mixed only with oak sawdust. The highest calorific value was also determined in 

the mixture where fibrous hemp residues were mixed with oak sawdust and lignin. Meanwhile, 

the durability of the pellets was determined at 95% and did not reach the standard set for biofuel 

pellets of 97.5%.  
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