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PREFACE

In the name of the Committee of Agricultural and Biosystem Engineering of the Hungarian Academy of
Sciences we would like to welcome everyone who is interested in reading our journal. The Hungarian
Agricultural Engineering (HAE) journal was published 37 years ago for the very first time with an aim to
introduce the most valuable and internationally recognized Hungarian studies about mechanisation in
the field of agriculture and environmental protection.

In the year of 2014 the drafting committee decide to spread it also in electronic (on-line and DOI) edition
and make it entirely international. From this year exclusively the Hungarian University of Agriculture
and Life Science’s Institute of Technology (former Szent Istvan University’s Faculty of Mechanical
Engineering) took the responsibility to publish the paper twice a year in cooperation with the Hungarian
Academy of Sciences.

Our goal is to occasionally report the most recent researches regarding mechanisation in agricultural
sciences (agricultural and environmental technology and chemistry, livestock, crop production, feed and
food processing, agricultural and environmental economics, energy production, engineering and
management) with the help of several authors. The drafting committee has been established with the
involvement of outstanding Hungarian and international researches who are recognised on international
level as well. All papers are selected by our editorial board and a triple blind review process by prominent
experts which process could give the highest guarantee for the best scientific quality.

We hope that our journal provides accurate information for the international scientific community and
serves the aim of the Hungarian agricultural and environmental engineering research.

Godolls, 20.12.2025.

/ ///Ja»oa W ._,a_x' ( { 'I." / ({ ) (( -

Dr. Istvan SZABO Dr. Laszl6 TOTH
editor in chief editor in chief
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Abstract: Global climate change is one of the greatest challenges of our time for the European Union and its
member states. Several attempts are underway to control and reduce global greenhouse gas emissions.
Demand for electricity has increased in recent years, leading to an increased need for more diversified sources
of energy supply. In this context, the construction sector has a significant impact on energy consumption and
environmental concerns. In fact, buildings contribute significantly to greenhouse gas emissions because of
their energy consumption for heating, cooling, lighting and other operational needs. Biogas produced from
industrial, municipal, organic and agro-industrial waste is an alternative renewable energy source that can be
used for bioenergy generation. Efficient management of such waste promotes the use of biogas by reducing
the environmental problems associated with it. The problem can be examined both from an energy
perspective, considering the use of renewable fuels, and from an environmental perspective, such as a
decrease in emissions of a greenhouse gas. Biogas can be used for the cogeneration of electricity and heat in
combined heat and power stations, potentially reducing the fuel consumption, compared to the conventional
heat and power generation in separate plants. It is an innovative solution for obtaining electricity and heat
simultaneously through a highly efficient process. By using cogeneration plants, energy efficiency can be
maximised, as electricity and useful heat are produced simultaneously. Cogeneration systems play an
important role in reducing greenhouse gas emissions, reducing costs and reducing environmental pollution
while increasing system reliability and energy quality, reducing network overload and avoiding distribution
losses. Net-zero energy buildings are one of the promising decarbonization attempts due to their potential of
decreasing the use of energy and increasing the total share of renewable energy. This study provides valuable
tips and practical advice to encourage sustainability in buildings and facilitate the transition to a low-carbon
built environment.

Keywords: Energy transition, Renewable energy, Biogas, Heating buildings, Net-zero energy buildings

1. Introduction

Our lifestyles are based on energy, which is a source of economic progress, development, human well-being
and improvement of living standards. The mitigation of CO, emissions and related global warming requires
the exploration of alternative energies to reduce dependence on fossil fuels [1]. The current inclination is
towards the development of innovative approaches for the production of bioenergy, biomaterials and
chemicals that use biomass in order to replace fossil fuels and address future environmental, climate and
energy challenges in a sustainable manner. Attention to energy sustainability is definitely focusing on energy
conservation. Among the various energy-intensive sectors, construction is confirmed as one of the main
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users. Buildings account for 30 % - 40 % of total annual primary energy consumption in advanced countries
and about 15 % - 25 % in developing countries [2]. Recent years have seen an evolution in building
regulations and practices, which promote the use of sustainable materials, innovative construction technigques
and renewable energy technologies. The energy industry is therefore currently the largest contributor to
greenhouse gas emissions and, by extension, holds the key to reducing the most severe effects of climate
change [3]. By focusing on sustainable energy resources, the use of limited fuel reserves can be reduced and
greenhouse gas emissions curbed. This involves the use of renewable energy sources. Much research is
focused on the development of different sustainable energy technologies, the combinations of which aim to
optimise the energy efficiency of buildings and reduce carbon emissions. Among the available solutions for
bioenergy production, biogas is rapidly emerging as a viable energy alternative due to its low initial
investment and low operating costs, as well as its ability to utilize various types of organic biomass waste as
feedstock [4]. The valorisation of resources that would otherwise remain unused and contribute to greenhouse
gas emissions not only reduces the environmental impact of waste disposal, but also promotes the transition
to a circular and low-carbon economy. Biogas is a gaseous biofuel obtained from the fermentation of biomass,
in the absence of oxygen and at a controlled temperature, by microorganisms [5]. Biogas can be produced
from various biodegradable materials such as the organic fraction of municipal solid waste, animal manure,
energy crops, agro-food waste and agricultural products. Biomass is converted into energy during biogas
production, through Anaerobic Digestion (AD) [6]. The evolution of biogas through AD takes place in four
stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis. The complexity of anaerobic digestion
means that the entire process is particularly sensitive to several parameters, which must be constantly
monitored to avoid possible inhibition of microorganisms, leading to lower biogas yields. A biogas plant is
in fact capable of transforming different raw materials into biogas, through anaerobic transformations due to
the activity of micro-organisms present in nature, but replicated on an industrial scale. The activity of
microbial communities, together with factors such as pH, temperature and substrate type, are crucial for
biogas production. This process is an efficient technology for handling organic materials and is expected to
play a key role in renewable energy generation in the future. The energy generated by the process can be
used as fuel in households, to produce heat and heat buildings, in vehicle power systems, and as a source of
electricity. The main biogas utilization pathways are shown in Figure 1. The main applications of biogas
include electricity generation, thermal applications such as cooking, heating and lighting, and the production
of biofuels. In addition, its use helps reduce harmful emissions into the atmosphere [7]. Biogas also has the
advantage of generating different types of fertilizers with high quality by-products [8]. Biogas shows
considerable potential as a renewable energy source for both industrial and domestic applications, as well as
being an efficient solution to the global energy crisis.
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Figure 1. Potential utilization pathways for biogas.

Biogas is colourless and odourless and in addition to methane also contains carbon dioxide (CO,) and a
variety of other compounds depending on the source material used. Furthermore, the concentrations of the
components also vary greatly depending on the biogas source. The gas mixture generally consists of 60 %
methane and 40 % carbon dioxide, along with other secondary pollutants such as, nitrogen (N), oxygen (O),
water vapor (HO), hydrogen sulfide (H.S) and ammonia (NHs) [9]. The typical composition of biogas is
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reported in Table 1. The elimination of various impurities and carbon dioxide is essential to generate better
quality biogas with a higher calorific value [11]. The calorific value of biogas is determined by its CH,
content, while the presence of impurities (CO, CO2, N, H20, H,S, NHs), even in traces, determines its quality
and possible utilization.

Table 1. Biogas constituents [10].

Mixture Components Percentage %
Methane (CH4) 40-80
Carbon dioxide (COy) 30-50
Hydrogen sulfide (H.S) 1-4
Nitrogen (N,) 0-1
Oxigen (0O,) 0-1
Water vapor 0-1
Iron (Fe) Trace
Nichel (Ni) Trace
Cobalt (Co) Trace
Selenium (Se) Trace
Molybdenum (Mo) Trace
Tungsten (W) Trace

Only clean and improved biogas is suitable for use in sensitive applications such as injection into the gas
grid or use as vehicle fuel. Gas removal is used to increase the methane concentration in the biogas (reaching
levels of over 90 %), otherwise the residue would release heat as flue gas. Upgrading processes involve the
application of process techniques to remove impurities from biogas, mainly CO,. According to Dalpaz et. al,
as the concentration of methane in biogas increases, the resulting generated energy also increases, leading to
a better use of fuel [12]. Purified biomethane can be used for various purposes, such as heating and electricity
production, transport or injection into the natural gas grid after removal of contaminants, and it can also be
stored for later use. This offers the advantage that it can be used spatially and temporally independently of
its production. Feeding biomethane into the grid is already a common practice in countries such as Germany,
Sweden, the Netherlands, Switzerland and Austria [13]. In Europe, biogas is mainly used to generate
electricity and heat through cogeneration processes, as well as for the production of biomethane [14]. Taking
these characteristics into account, biogas and its upgrade are considered a significant source of energy supply.
Besides the obvious environmental aspect, these processes are fundamentally associated with biomass
utilization. Thanks to the variety in the choice of organic materials that can be used as biomass, biogas can
be used in plants of different sizes, both large-scale and domestic. This flexibility allows renewable energy
production to be adapted to different contexts, contributing significantly to the reduction of CO, emissions.
The growing interest in these renewable solutions is also evidenced by the increasing number of research
studies conducted in recent years. The European Green New Deal emphasised the urgency of supporting
climate-neutral solutions, promoting the adoption of renewable energies, improving energy efficiency and
fostering the decarbonisation of the industrial and transport sectors [15]. In this context, biogas will play a
crucial role in the decarbonisation process of the European energy system.

2. Biogas as an energy resource for sustainable and zero-emission buildings

In order to achieve sustainable development, the production and supply of clean energy has become a critical
global issue. In this context, the building sector plays a vital role due to its high portion in energy
consumption. The creation of innovative, environmentally friendly and efficient means of supplying the
energy required by the building sector is currently one of the most important challenges. Biogas is recognised
by the European Commission as one of the key solutions for both existing buildings and various industrial
applications [16].

Biogas produced from industrial, municipal, organic and agro-industrial waste is a renewable alternative
energy source increasingly appreciated for its versatility and sustainability. This is due to the significant
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availability of cheap raw materials and the variety of applications offered by biogas. Over 7000 MW of
electricity is generated annually from biogas [17].

Biogas can be used directly for domestic purposes, as well as to generate energy and produce Fischer-
Tropsch (FT) fuels. Biogas can also be used as fuel in combined heat and power (CHP) systems, powering
engines or turbines for the combined production of electricity and heat, further increasing the overall
efficiency of the system. The electricity generated can be fed into the grid to meet local demand and the heat
can be used for district heating or integrated into the hot water system [18]. The CHP unit can be located
close to the biogas source, or the biogas can be transported or piped to the CHP plant.

The use of biogas in cogeneration systems has great potential for both energy and heating. This approach
meets energy demand through the use of local renewable resources. In almost every country in the world, the
energy structure is in transition to integrate the use of renewable energies as far as possible into existing
networks and offer systems that meet the needs of different sectors. Precisely for this reason, the sustainable
future prospects of the building energy sector will have promising roles [19]. The connection of biogas plants
to local energy networks has synergy effects with energy generation from other renewable sources and
distributed cogeneration.
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Figure 2. Energy flows of RES—CCHP system (source [20])

Building energy consumption for heating, domestic hot water, cooling and electricity needs constitutes
more than 40 % of the total primary energy used globally [20]. Reducing energy use in homes would
substantially reduce energy consumption and greenhouse gas (GHG) emissions. There have been many
district heating and cooling systems installed worldwide, particularly in the countries like United States,
Europe, China and Japan [21]. In order to realise a future perspective of energy sustainability of buildings,
the NZEB (Nearly Zero Energy Building) concept offers a promising contribution. This concept is based on
the general principle that a building meets most of its energy needs through on-site or nearby renewable
energy sources [22]. The generation and use of renewable energy (e.g. wind, solar, geothermal and bioenergy)
play a central role in the realisation of NZEBs [23]. Advancements in residential net-zero energy buildings
could significantly reduce energy consumption and greenhouse gas emissions. There are many approaches
to realising residential NZEBs, either by reducing the building's energy demand (through better building
design and/or occupant behaviour) or by increasing renewable energy production [24]. However, the concrete
implementation of NZEBs is still at a preliminary stage, especially those supported by distributed renewable
energy sources. NZEB projects should consider available infrastructure connections, available energy
sources, climatic conditions and economic factors.
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The integration of biogas-powered cogeneration systems in net zero energy buildings can further improve
the sustainability of these buildings. The use of biogas for the production of electricity and heat reduces
external energy consumption and lowers energy costs, facilitating the transition to a decentralised and more
resilient energy network. By simultaneously generating electrical and thermal energy, it utilizes the low-
grade waste heat from the power generation cycle for subsequent heating applications, using a unified energy
source [25]. The heat obtained from the cogeneration installation of the biogas plant is used to maintain the
process temperature of the fermenter, but its excess can be used for other processes, such as heating buildings.
Another method is to transmit or store heat and produce cold [26]. When the recovered low-grade heat is
used not only for heating but also for cooling, the system is considered a trigeneration system, also known as
a combined cooling, heating and power (CCHP) system, as illustrated in Figure 2. Research has shown that
the use of biomass in the CCHP system offers advantages in terms of flexibility, conversion efficiency and
commercial possibilities [27]. In light of this, the on-site use of biogas energy for heating/cooling can be an
economically and environmentally attractive solution to meet both the growing demand for energy and the
environmental challenges of waste management. Cogeneration systems mainly consist of an internal
combustion engine connected to a generator and a heat recovery system, which uses heat exchangers to
collect thermal energy from the waste system. The combination of electricity and heat generation optimises
the potential of biogas. It is now known that, at higher levels of methane concentration, higher efficiency in
combined heat and power generation is achieved [11]. The use of biogas in combination with combined heat
and power systems and zero net energy building technologies optimises the use of local resources, reducing
dependence on external energy sources and helping to reduce CO. emissions.

The applicability of biogas in building heating may depend on several factors, including the availability of
organic material for biogas production, the presence of anaerobic digestion plants nearby and the presence
of biogas distribution networks. It is also important to emphasise that biogas could be an excellent alternative
as an energy source for GEHP (Gas Engine Heat Pump) systems. The feasibility of implementing GEHP
systems makes biogas a globally replicable solution to be used for heating and cooling. The use of GEHP
with biogas contributes to the achievement of European energy strategies and promotes the widespread use
of biogas [28]. The prospects for the use of biogas in building heating thus look promising, thanks in part to
the increasing global production of biogas and ongoing efforts to develop more efficient and economical
technologies for its production. The practical aspects of large-scale renewable heating systems offer tangible
evidence of the economic and environmental benefits of using biogas, making it an increasingly
advantageous solution for the design of near-zero energy buildings. Therefore, improving the energy
performance of residential buildings will reduce energy consumption (approaching net zero energy) and
minimise electricity consumption. These concepts will be fundamental in defining energy saving and climate
change targets in the building sector.

3. Conclusion

It is now well known that energy sustainability has become increasingly important for the conservation of
energy resources. The need to increase energy production from renewable sources leads to the development
of innovative ‘green’ technologies. The construction industry is one of the main energy-consuming sectors.
Today, building industries are moving towards near-zero energy buildings to ensure energy sustainability.
Extensive studies have been carried out on the development of NZEBs with different types of renewable
energy. However, practical implementation is still at an early stage, especially for those based on distributed
renewable energy sources. The potential of biogas in the transition to net-zero emissions is a topic of growing
interest and importance, especially in the context of sustainability and reduction of greenhouse gas emissions.
With its application in power generation and fuel production, biogas serves as a substitute for fossil fuels in
electricity generation and thermal applications. Biogas is also an excellent resource in terms of energy storage
and integration. Its ease of storage and production independent of environmental conditions makes it a perfect
complement to other renewable sources, enabling effective integration between different microgeneration
systems.

The prospects for the use of biogas in building heating systems are considered promising applications, due
to the ever-increasing production of biogas and ongoing efforts to develop more efficient and economical
technologies for its production. These characteristics make biogas a strategic choice for communities and
industries aiming to transition to more sustainable, low-emission energy models. Biogas finds wide
application in CHP and CCHP systems, which are designed to convert the chemical energy contained in
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biogas into electrical and thermal energy simultaneously and highly efficiently. The integration of CHP
systems, zero net energy buildings and biogas is an effective solution for reducing greenhouse gas emissions,
improving energy efficiency and promoting sustainability. By combining these approaches, a synergy can be
achieved that not only leads to improved energy efficiency, but also supports the goal of transition to a
decarbonised and sustainable energy system. Cogeneration systems play an important role in reducing
greenhouse gas emissions, reducing costs and reducing environmental pollution while increasing system
reliability and energy quality, reducing network overload and avoiding distribution losses. NZEBs decrease
energy consumption by reducing the energy needs of buildings through energy efficiency solutions and by
using renewable energy technologies to cover the remaining needs. Reducing greenhouse gas emissions,
together with the use of local renewable resources such as biogas and optimising building efficiency, is an
important step towards a low-carbon future. The combination of these solutions is key to promoting and
building a green, resilient and more equitable energy future for future generations. As technology continues
to evolve, the successful integration of renewable energy systems will play a key role in the future of building
design that is not only highly energy efficient, but also meets environmental sustainability goals, reducing
ecological impact and optimising the use of natural resources. Future research should focus on how to
improve the integration of renewable energy generation technologies in the design and analysis of NZEBs.
At the same time, it is essential to promote incentive policies, foster collaboration between the public and
private sectors, remove economic barriers and enhance sustainability education. These aspects are crucial for
achieving the EU's energy goals and accelerating the transition to a low-carbon environment.
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Abstract: The digitization of the agricultural sector has accelerated the demand for secure and efficient
identity management. This study presents an enhanced remote identification and authentication (KYC/SCA)
system developed by ID&Trust Ltd., and explores its integration into agricultural workforce management.
Through biometric verification, OCR, NFC-based data extraction, and real-time video identification, the
system enables instant identity validation and compliance with EU data protection laws. New pilot results
show a 70% reduction in administrative workload and enhanced traceability across seasonal labor processes.
The paper contributes to the discussion on digital transformation in agriculture by demonstrating practical
use cases, technical frameworks, and sustainability implications. In the broader context of European
agricultural modernisation, such identity solutions support harmonised regulatory compliance across borders.
The technology also enhances organisational resilience by reducing dependency on manual administrative
procedures, thereby minimising human error and improving overall labour coordination. Moreover, as
agriculture continues to digitize, remote identity verification becomes a central pillar for ensuring secure data
exchange among stakeholders. The scalability of such systems allows broader adoption across EU member
states, supporting unified digital standards and fostering long-term sustainability. Additionally, the findings
underscore the scalability of such solutions across varying farm sizes. The technology also supports smoother
integration with public administrative systems, further reducing bottlenecks.

Keywords: remote identification (KYC), digital identity verification, biometric verification, workforce
management, smart agriculture

1. Introduction

Moreover, the growing complexity of seasonal labour flows necessitates tools that can provide consistent
verification regardless of geographical location. The adoption of remote identification helps ensure that
workers are onboarded in a fair and transparent manner, reinforcing trust between employers and employees
across the supply chain.

In addition, workforce fluctuations caused by climate variability and global labour market shifts require
more adaptive management tools. Digital identity solutions help mitigate risks related to undocumented
labour and improve transparency for both policymakers and agricultural enterprises.
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Furthermore, increasing regulatory pressure in the EU highlights the importance of robust identity
solutions. Digital processes not only streamline workflows but also ensure that workers’ rights are more
effectively protected.

Agriculture remains one of Europe’s most labour-intensive sectors, heavily reliant on seasonal and migrant
workers. Managing these workers presents legal and logistical challenges, particularly in verifying identities,
handling contracts, and ensuring compliance with labour and data protection regulations [1]. Digital Know
Your Customer (KYC) and Strong Customer Authentication (SCA) systems are transforming these
workflows by offering secure, remote verification. The ID&Trust platform introduces a modular solution
that can be integrated into agricultural enterprises, reducing paperwork and fraud while improving efficiency
[2].

Beyond the core components, the architecture allows flexible API-based integration with third-party
systems. Extensive field tests confirmed that the solution maintains performance even in low-connectivity
rural environments.

Furthermore, the system’s cloud-based backend enables elastic resource allocation during peak usage
periods. Field evaluations also demonstrated the effectiveness of the liveness detection module, even under
suboptimal lighting and environmental conditions common on farms.

The platform further incorporates advanced encryption standards to safeguard personal data throughout the
verification lifecycle. Stress-testing scenarios indicated that the system remains stable even when processing
high-volume identity checks, demonstrating its suitability for large agricultural organisations during peak
labour periods.

2. Materials and Methods

The ID&Trust KYC/SCA system is built on modular architecture including a mobile client and central
Identity Validation Server (IVS). The mobile component performs document scanning, NFC chip reading,
biometric data capture, and live video-based liveness detection. Machine learning algorithms provide OCR
and facial matching functions for real-time validation [3]. Data is processed in compliance with GDPR
principles, ensuring anonymization and short-term retention. (see Figure 1.)

Provider’s web
application/web service Router

l OpeniD

<—] Authorization
Code flow

Crypto Server

|
<

KYC Provider

Identity Validation Server

Crypto Server

Mobile App

Figure 1. System Architecture of the KYC/SCA Platform (visual workflow diagram).
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Abstract: This study investigates the quasi-static fracture behavior of individual corn kernels under uniaxial
compression. Experiments were conducted using an Instron 5965 universal testing machine at a loading rate
of 1 mm min™! on four geometrically different kernel types: elongated, flat, square, and round. The recorded
force—displacement curves revealed a four-stage fracture process involving elastic deformation, micro-
damage initiation, progressive crack propagation, and final crushing. The results show that kernel geometry
has a significant effect on compressive strength and fracture energy, with elongated kernels exhibiting the
highest mean load (= 580 N) and round kernels showing the most stable response. The absorbed fracture
energy ranged between 0.17 and 0.22 mJ per kernel. These findings provide a gquantitative foundation for
calibrating discrete element method (DEM) simulations of kernel breakage under storage and handling
conditions, contributing to more accurate prediction of mechanical damage in bulk grain systems.

Keywords: agricultural materials, corn kernel, quasi-static compression, fracture, mechanical damage

1. Introduction

The mechanical behavior of corn kernels is a key factor that influences both product quality and process
efficiency throughout harvesting, handling, drying, and storage. During these stages, mechanical damage
may lead to a reduction in germination rate, increasing susceptibility to fungal infection, and degradation of
overall grain quality. While a large portion of mechanical damage originates from impact or high-rate loading
events during harvesting and transportation, a substantial amount of kernel breakage also occurs under quasi-
static conditions. For example, due to compaction and self-weight during long-term storage or mechanical
pressure in silos [1], [2].

It is valuable to understand the quasi-static fracture behavior of corn kernels in order to predict storage
losses and develop handling and drying systems that are safer and more energy efficient. The failure of
impact-induced is dominated by inertial effects and localized stress concentrations, while quasi-static
compression involves slow deformation where viscoelastic and structural anisotropies govern the mechanical
response. The damage patterns are typically indeterminate: internal cracking, pericarp delamination, or
gradual crushing of the endosperm may develop without complete kernel fragmentation [3].

Previous studies on corn kernel mechanics have mainly focused on dynamic or impact loading, seeking
correlations between impact energy, moisture content, and the probability of visible damage. Far fewer
investigations have examined the quasi-static compression behavior of kernels with different shapes and
geometries, even though kernel shape strongly affects local stress distribution, contact area, and the onset of
fracture.

The present study aims to characterize the quasi-static compression and breakage behavior of corn kernels
belonging to four distinct shape categories. The tests were performed under controlled compression rates
using an Instron universal testing machine, which records complete force—displacement curves until failure.
The objective is to quantify how kernel geometry and loading rate influence the mechanical response and
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endosperm. The reappearance of multiple partial loads is due to the continuous compression, which also
represents crack propagation and delamination. At the same time, new contact surfaces form to redistribute
the compressive stress. Finally, the force reaches the maximum value, followed by a soft plateau and partial
relaxation, which corresponds to ultimate crushing, where the kernel loses structural integrity and collapses.
The multi-peak pattern confirms that failure develops progressively through local damage events rather than
by a single catastrophic fracture, which is typical for quasi-static loading of agricultural materials [3], [6],
[71, [8], [9].

Figure 2. shows a typical failure morphology observed after quasi-static loading. The kernel exhibits partial
crushing and delamination of the pericarp, with visible internal cracking in the endosperm. Such failure
patterns confirm the progressive nature of quasi-static fracture, where multiple local damage events occur
before complete structural collapse.

Figure 2. Corn kernel after quasi-static compression test

3. Mechanical interpretation of quasi-static fracture

The mechanical process of kernel fracture under quasi-static compression can be interpreted through classical

energy and stress-based formulations. The overall response involves an initial elastic stage, a non-linear

damage initiation phase, and the final crushing, in which energy dissipation and internal cracking dominate.
In the initial stage, the force—displacement relation can be approximated as linear elastic:

F=k¢

where F is the applied load, ¢ is the platen displacement, and k is the effective stiffness of the kernel—platen
contact system. The stored strain energy up to the onset of micro-damage (6.) is:

1

When the local stress at internal flaws exceeds the cohesive strength, micro-cracks begin to develop, and
part of this stored energy is released as fracture energy.
The condition for crack propagation follows Griffith’s energy criterion [7]:

oIl

G=——>
0A —

Ge

where G is the energy release rate, A is the crack surface area, and G, is the critical fracture energy (or
toughness). Once G exceeds G, cracks propagate and merge, leading to structural degradation of the kernel.
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The total mechanical work performed during the compression test is the area under the load—load-
displacement curve:

8¢
W = fo F(8)ds.

where & is the displacement at failure.
The fracture energy, or specific breakage energy per unit mass, is then:

E, =—,
P m

where m is the mass of the tested kernel. Experimental studies have shown that E},, depends on the kernel
shape, loading direction, and moisture content [3], [9]. Higher moisture generally increases ductility and
energy absorption capacity, while irregular or elongated shapes tend to concentrate stress and fail at lower
energy.

During loading, the local contact area A, evolves, influencing the effective compressive stress:

_ F
11 = 30y

Since A, increases with deformation in quasi-static loading, stress concentration is partially mitigated,
allowing multiple local damage events before catastrophic failure. This behavior explains the multi-peak
load—extension pattern observed in Figure 1.

Biological materials such as corn kernels exhibit viscoelastic and rate-dependent responses. The Kelvin—
Voigt model can describe the time-dependent strain £(t) under applied stress o (t) [8]:

de(t)
o(t) = Ee(t) +1 FTE

where E is the elastic modulus and 7 is the viscosity coefficient.

At low strain rates (quasi-static compression), viscous effects contribute to energy dissipation, producing
gradual crack propagation and a smooth post-peak decay instead of abrupt fracture typical of high-rate
impacts.

The experimental and analytical description of kernel fracture provides essential parameters and physical
insight for building a realistic DEM model. The fracture-mechanical interpretation—through quantities such
as fracture energy Ej,, peak stress, and energy release rate G. defines the material’s resistance to crack
initiation and propagation. These quantities can be directly related to the microscale parameters used in DEM,
such as bond normal and shear strength, inter-particle stiffness, and cohesive energy density[8], [10], [11].

In practice, DEM models represent each kernel as an assembly of bonded elements whose collective
behavior reproduces the macroscopic fracture response. The calibration process ensures that the energy
dissipated by bond breakage per unit mass equals the measured fracture energy:

1
~ break
Ep = — § Upi
mL
L

where U},’;eak is the elastic energy stored in bond i at failure. This equivalence connects the continuum-
scale fracture energy E,from experiments to the discrete bond energy parameters in DEM. Furthermore, the
experimentally observed typical load-displacement curve (Figure 1.) and the identified deformation stages
(elastic, micro-damage, crack propagation, and ultimate crushing) serve as benchmarks for model validation.
A properly calibrated DEM model should reproduce not only the peak force and stiffness but also the
progressive multi-peak pattern that characterizes quasi-static fracture of corn kernels [11], [12]. Thus, the
fracture-mechanics framework provides the theoretical foundation for interpreting DEM parameters in
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physical terms, ensuring that the microscale model reflects the experimentally observed macroscopic
behavior.

The Discrete Element Method (DEM) is a computational framework used to simulate granular materials by
representing each grain as an individual entity whose motion and contact forces obey Newton’s laws. Contact
interactions are governed by force—displacement relationships that capture elastic, frictional, and damping
effects. For modeling grain fracture, however, additional formulations are required to represent intra-particle
stress, crack initiation, and fragmentation phenomena. Two general strategies exist: the Bonded Particle
Model (BPM) and the Particle Replacement Method (PRM). In BPM, each particle is represented by a cluster
of smaller bonded sub-particles; when a bond fails, the cluster disintegrates [13], [14]. In PRM, an intact
particle is replaced by fragments once a stress- or energy-based failure criterion is reached [14], [15]. Both
methods have been implemented in Rocky DEM and are widely used for modeling biological material
breakage.

Rocky DEM provides polyhedral and multi-sphere particle representations, both of which can describe the
irregular geometry of corn kernels. In this study, kernels are represented as bonded clusters to allow crack
formation within the particle. The simulation workflow includes: (1) importing or constructing realistic
kernel geometries, (2) assigning mechanical and contact parameters (stiffness, friction, damping, cohesion),
(3) defining the breakage criterion based on tensile or shear bond strength, and (4) monitoring the evolution
of contact networks and fragment formation.

Zhang et al. (2024) [12] developed a polyhedral DEM model of corn kernels in Rocky DEM and
demonstrated accurate reproduction of contact stress and packing behavior. Similarly, Zeng et al. [5]
presented a generalized approach for DEM breakage modeling using a bonding particle model, which has
since been applied to granular and agricultural materials.

Accurate breakage modeling requires calibration against experimental data. Typical calibration parameters
include contact stiffness, bond normal and shear strength, friction coefficients, damping ratios, and restitution
coefficients. These parameters are tuned so that simulated peak load, energy absorption, and failure
displacement match measured compression tests.

Xu et al. (2025) [11] proposed a meta-modelling approach for calibrating breakable corn kernel DEM
models, achieving 0.6-10 % deviation in rupture force compared to experiments. Validation should include
not only mechanical response (force—displacement curves) but also qualitative aspects such as crack pattern
and fragment size distribution. Chen et al. (2024) [16] emphasized that model verification against multiple
test types (single kernel, bulk compression) is essential for predictive reliability.

Several practical challenges exist in simulating the quasi-static fracture of biological particles:

e Shape realism. The complex geometry of kernels significantly affects contact stress. Simplified
spherical models underestimate local stress concentrations, while polyhedral or bonded-cluster
representations capture realistic fracture modes [17].

¢ Quasi-static conditions. DEM is inherently dynamic; to emulate quasi-static compression, very small
time steps, adequate damping, and low platen velocities must be used to suppress inertial effects.

e Computational cost. Bonded clusters can consist of hundreds of sub-particles per kernel, leading to
heavy computational loads. Hybrid or coarse-grained approaches may be applied to maintain
feasibility.

o Failure criterion selection. Stress-, strain-, or energy-based criteria yield different breakage patterns.
The choice must be guided by experiments and sensitivity analysis [18].

e Biological variability. Natural scatter in kernel geometry, density, and internal structure must be
represented statistically to reproduce the experimental dispersion of rupture forces.

Once calibrated, the Rocky DEM model can simulate bulk assemblies of corn kernels under slow
compression, storage pressure, or handling processes. Such simulations can reveal the spatial distribution of
contact forces, predict the fraction of broken kernels, and support the design of safer storage and conveying
systems. Related DEM investigations have also addressed impact-induced kernel breakage, demonstrating
the influence of impact velocity on internal cracking and overall damage evolution [19].

4. Experimental investigations
Quasi-static compression tests were performed using an Instron 5965 universal testing machine, equipped
with a 5 kN load cell suitable for agricultural and biological materials. The load cell has a measurement

accuracy of £5 N, which ensures accurate force recording even during low-force preloading stages. The tests
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were conducted by controlling displacement, and the applied force and platen displacement were recorded
continuously at a sampling rate of 100 Hz.

Corn kernels were classified into four shape groups based on visual morphology and aspect ratios:
elongated, flat, round, and square (Figure 3.). Each group represented a distinct geometric type typically
found within commercial hybrid maize. The classification followed visual sorting under consistent lighting,
and representative samples were photographed and measured before testing.

elongated flat square round

Figure 3. Corn kernel morphological classification

For each shape category, the compression tests were carried out at the quasi-static loading rate of 1 mm
min', corresponding to quasi-static deformation conditions. The kernels were placed individually between
two parallel, polished steel platens, with their longest axis aligned vertically (loading direction). Tests were
continued until a clear load drop occurred on the force—displacement curve, indicating fracture or crushing
of the kernel.

Each measurement provided a complete force—displacement curve, from which the maximum compression
force, stiffness (initial slope), and energy absorption until fracture were derived. These quantities were later
used for correlation with kernel shape and for calibration of the DEM model. The corn kernels were
previously dried to storage moisture content to ensure long-term grain storage. All samples were stored at
room temperature (22 + 1 °C) and ambient relative humidity (40-45 %) for at least 24 hours before testing
to minimize moisture gradients. The average moisture content of the kernels was approximately 12-13 %
measured by a grain moisture meter before the tests.

5. Results

The results of the quasi-static compression experiments are presented and analyzed in this section. Each
kernel was subjected to uniaxial loading under controlled conditions, and the corresponding force—
displacement responses were recorded. The obtained data allows the identification of characteristic stages of
deformation and fracture, as well as the evaluation of mechanical parameters such as maximum load,
stiffness, and energy absorption.

The analysis focuses on representative samples selected from each morphological group, highlighting
typical features of the load—extension curves and their variability. The discussion first examines the detailed
behavior of a representative elongated kernel, followed by a statistical summary of the test series.

In Figure 4., the force—displacement response spans roughly 1.7-2.8 mm of extension and reaches a peak
load = 700 N. An initial steep, near-linear rise (=2.1-2.35 mm) indicates elastic compression and growth of
the contact area. A first modest load drop follows (micro-damage initiation), after which the curve re-hardens
and continues to climb. Between about 2.1 and 2.6 mm the signal shows several pronounced secondary peaks
and partial recoveries, consistent with crack propagation and local delamination within the kernel. The local
maximum occurs near mid-span of this region (=2.5 mm), followed by a staircase-like post-peak decay with
small recoveries up to =2.65-2.75 mm, marking ultimate crushing and progressive loss of stiffness. This
multi-peak, stepwise pattern is characteristic of quasi-static, progressive fracture in dried kernels: failure
proceeds through successive local events rather than a single catastrophic break.
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Figure 4. Typical force—displacement curve of an elongated kernel at 1 mm min' loading rate

A total of ten elongated kernels were tested under the quasi-static loading rate of 1 mm min™. The recorded
force—displacement curves showed similar qualitative behavior, with an initial linear elastic phase followed
by multiple partial load drops prior to final crushing. Despite the inherent biological variability, the force—
displacement responses were reproducible in terms of their general shape and characteristic failure sequence.

The maximum compression force values ranged from approximately 200 N to 1000 N, with an average of
580 N and a standard deviation of 220 N. The coefficient of variation (COV) of about 38 % reflects the
natural heterogeneity of kernel geometry and internal structure. Specimens with thinner or flatter morphology
tended to fracture at lower loads, whereas thicker, more compact kernels sustained significantly higher forces
before failure.

The mean deformation at peak load was around 2.4 mm, corresponding to an average strain of
approximately 6-8 %, depending on kernel dimensions. The fracture energy—approximated by the area
under the force—displacement curve—was estimated between 0.10 mJ and 0.35 mJ per kernel, with a mean
value of 0.22 mJ.

Statistical analysis revealed that the scatter in the results mainly originates from microstructural differences
such as pericarp thickness, internal voids, and endosperm hardness. These variations are typical for dried
kernels and confirm that fracture occurs through multiple local cracking events rather than by a single, well-
defined stress threshold.

Figure 5. displays the representative compression curve of a flat-type corn kernel. The loading response
extends over approximately 1.3-2.8 mm of displacement and reaches a peak load of about 700 N. The initial
segment (from 2.05 to = 2.25 mm) shows a steep, nearly linear increase in load, corresponding to elastic
compression of the kernel between the parallel platens. This is followed by a short plateau and a first force
drop, which indicates micro-damage initiation, most likely the onset of pericarp cracking.

Between roughly 2.2 mm and 2.5 mm, multiple minor peaks appear as the internal structure fails
progressively; this stage represents crack propagation and local delamination of the pericarp—endosperm
interface. The staircase-like post-peak softening reveals a progressive, quasi-brittle failure rather than an
abrupt break typical of dynamic loading.

The absorbed energy (area under the curve) was approximately 0.20 mJ. The pattern confirms that, even in
flat kernels with larger contact area and smaller thickness, fracture proceeds through successive micro-
failures and localized crushing rather than a single rupture event.

Ten flat kernels were analyzed at the same quasi-static loading rate. The maximum compression forces
ranged between 250 N and 750 N, with an average of 460 N and a standard deviation of 160 N (COV = 35
%). The average displacement at peak load was 2.1 mm, and the mean absorbed energy reached 0.17 mJ.

Compared with the elongated group, flat kernels showed lower peak loads and slightly smaller deformation
capacity, which can be attributed to their larger initial contact area and thinner geometry. The mechanical
response was less steep in the elastic region, implying lower stiffness, and the onset of cracking occurred
earlier in the loading cycle.
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Figure 5. Typical force—displacement curve of a flat kernel at 1 mm min™' loading rate

The moderate variability within the flat group reflects differences in pericarp thickness and internal micro-
voids, both of which influence local stress distribution. Nevertheless, the general trend and average
parameters are consistent with previously reported quasi-static compression tests on dried maize kernels.

Figure 6. shows the representative force—displacement curve of a square-type kernel compressed at 1 mm
min™'. The response extends from 1.7 mm to 2.4 mm displacement and reaches a peak load of about 600 N.
The initial linear region up to = 1.9 mm represents elastic compression and contact-area growth. A first load
drop near 1.95 mm indicates micro-damage initiation, followed by two distinct re-hardening phases and
secondary maxima around 2.1 and 2.3 mm. These oscillations reflect crack propagation and localized
crushing within the kernel’s endosperm. After the global maximum, the force decreases gradually with minor
fluctuations, signaling progressive crushing and residual load transfer between intact zones. The deformation
before final collapse was roughly 0.7 mm, and the absorbed energy (area under the curve) was about 0.18
mJ. The shape of the curve—steep initial rise, two or three successive peaks, and a soft post-peak region—
confirms a quasi-brittle, stepwise fracture process, consistent with the dried, dense structure of the square
kernels.
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Figure 6. Typical force—displacement curve of a square kernel at 1 mm min™' loading rate

Ten square kernels were tested under the same quasi-static loading rate. The maximum loads ranged from
280 N to 1000 N, with a mean value of 520 N and a standard deviation of 210 N (COV =40 %). The average
displacement at peak load was 2.3 mm, and the mean absorbed energy was 0.19 mJ. Compared with the
elongated and flat groups, the square kernels exhibited intermediate strength and relatively balanced stiffness,
which can be attributed to their more symmetrical geometry and uniform stress distribution under
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compression. The multipeak responses were slightly less pronounced than in elongated kernels, implying
that square kernels fracture through fewer, larger damage events rather than many small micro-cracks.

This behavior supports the idea that geometric compactness reduces internal stress concentration, delaying
complete failure.

Figure 7. presents the characteristic compression curve for a round-type corn kernel.
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Figure 7. Typical force—displacement curve of a round kernel at 1 mm min™' loading rate

The total displacement spans 1.8-2.6 mm, and the peak load reaches about 600 N. A nearly linear increase
in force is observed up to ~ 2.0 mm, representing elastic compression and uniform stress build-up due to the
symmetrical geometry. A small drop near 2.05 mm marks the initiation of micro-damage, likely at the contact
zones where the curved surface first flattens. Between 2.1 mm and 2.4 mm the curve exhibits two secondary
maxima separated by partial relaxations—signatures of crack propagation and localized crushing of the
endosperm. After the global maximum, the load decreases gradually, showing a soft post-peak tail typical of
progressive crushing rather than abrupt brittle failure. Because of their nearly spherical shape, round kernels
distribute stresses more evenly; the onset of fracture occurs at higher deformations relative to their size, but
the final collapse is more stable and less jagged than for elongated or flat kernels. The deformation before
final failure was =~ 0.8 mm, and the estimated fracture energy (area under the curve) was about 0.21 mJ.

Ten round kernels were tested under quasi-static loading. The maximum loads varied between 150 N and
650 N, yielding a mean F,.. = 370 N with a standard deviation ~ 150 N (COV = 41 %). The mean
displacement at peak load was 2.3 mm, and the average absorbed energy reached 0.19 mJ. Compared with
the other shape categories, round kernels exhibited lower stiffness and moderate strength, but the most stable
and reproducible fracture curves, due to their isotropic geometry and uniform stress field. The smaller scatter
in the mid-range loads suggests that geometric uniformity dominates over local material heterogeneity.

Nevertheless, slight asymmetries or flattened zones still cause multiple minor cracking events, confirming
that failure develops through distributed micro-damage rather than a single global break. This agrees with
the observation that kernel strength is closely related to pericarp thickness and seed-coat morphology [20].

The quasi-static compression tests revealed that all kernel types-elongated, flat, square, and round-exhibited
a similar four-phase fracture behavior: an initial elastic stage, the onset of micro-damage, progressive crack
propagation, and final crushing. However, the quantitative responses differed considerably depending on
geometry. Elongated kernels generally showed the highest peak forces and most pronounced multipeak
patterns, reflecting anisotropic stress distribution and multiple internal failure zones. Flat kernels failed at
lower loads and smaller deformations due to their larger contact area and reduced thickness, while square
kernels displayed intermediate strength and balanced stiffness, consistent with their more symmetrical shape.
Round kernels, although mechanically weaker on average, exhibited the most stable and reproducible force—
displacement curves, with smoother post-peak decay and fewer sharp drops.

Overall, the results confirm that kernel geometry strongly influences the mechanical response under quasi-
static loading, both in terms of load capacity and energy dissipation. The progressive, multi-event fracture
observed across all groups emphasizes the need for DEM models that incorporate distributed bond failure
and variable cohesive strength, rather than a single uniform breakage criterion. These findings provide a

25



HUNGARIAN AGRICULTURAL ENGINEERING QUASI-STATIC BREAKAGE OF CORN PARTICLES
N° 44/2025

consistent experimental foundation for calibrating and validating particle-scale simulations of corn kernel
breakage under storage-related mechanical stresses. These findings are consistent with the cyclic breakage
behavior reported for corn kernels subjected to repeated loadings under quasi-static compression [21].

6. Conclusions

The quasi-static compression experiments performed on corn kernels of different shapes demonstrated that
the fracture behavior of dried kernels is strongly geometry-dependent yet governed by the same fundamental
sequence of elastic deformation, micro-damage initiation, crack propagation, and ultimate crushing (Table
1).

Table 1. Summary of quasi-static compression results

Kernel Mean E,,,, | Std. dev | Mean deformation | Mean Energy .
Typical feature
type [N] [N] [mm] [mJ] ypiea e
Elongated 580 220 2.4 0.22 Strong multipeak,
progressive cracking
Flat 460 160 2.1 0.17 Early cracking, low
stiffness
Square 520 210 23 0.19 Balanlced stiffness, few
arge cracks
Round 370 150 23 0.19 Smooth curve, isotropic
crushing

Summarizing the conclusions:

¢ Elongated kernels exhibited the highest compressive strength, with average peak forces around 580
N and pronounced multi-peak load-displacement responses indicating successive internal failures.

e Flat kernels showed lower mean strength (= 460 N) and smaller deformation capacity, failing earlier
due to broader contact area and reduced wall thickness.

e Square kernels displayed intermediate mechanical resistance (= 520 N) and balanced stiffness, their
symmetry leading to more uniform stress distribution and fewer micro-crack events.

e Round kernels had the lowest mean peak force (= 370 N) but yielded the most consistent, smooth
fracture curves, suggesting isotropic stress distribution and stable crushing behavior.

e The absorbed fracture energy ranged between 0.17 and 0.22 mJ per kernel, with the elongated and
round types showing the highest energy dissipation. The observed multi-stage, quasi-brittle fracture
confirms that mechanical failure in dried corn kernels proceeds progressively through distributed
cracking, rather than a single catastrophic rupture.

These experimental findings provide a robust reference for calibrating Discrete Element Method (DEM)
models of kernel breakage in Rocky DEM. The results highlight the need to incorporate variable bond
strength and distributed cohesion within the DEM framework to reproduce the experimentally observed
scatter and multi-peak behavior. This integration will allow more realistic simulation of grain handling,
compaction, and storage-induced breakage processes.

Future research should aim to extend the present findings in three main directions:

1. Moisture dependence. The present tests were performed on kernels dried to storage moisture.
Investigating the same loading regime at higher and lower moisture levels will quantify the role of
viscoelastic softening and crack bridging on quasi-static fracture energy.

2. Dynamic comparison. Complementary high-rate compression or impact tests would enable direct
comparison between quasi-static and dynamic failure regimes, providing a complete fracture
envelope for DEM model validation.

3. Numerical upscaling. Incorporating the calibrated breakage model into bulk-scale DEM simulations
of grain compaction and silo storage will allow prediction of cumulative breakage ratios under
realistic load conditions. Coupling DEM with finite element (FEM) or continuum models could
further enhance predictive capability.
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In addition, X-ray micro-CT or digital image correlation (DIC) techniques could be applied to visualize
internal cracking during compression and to refine the spatial distribution of cohesive parameters in the DEM
framework. Future studies could also incorporate fractal-based metrics to describe the irregularity and scaling
behavior of kernel fracture surfaces [22].

Such developments will bridge the gap between laboratory-scale experiments and full-scale simulation of
grain-handling systems, contributing to the optimization of post-harvest processes and the reduction of
mechanical damage in storage and transport.
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Abstract: This study presents the results of four comparative field tests evaluating the performance of
combine harvester operation under manual and automatic control modes. The tests -planed and performed in
real harvesting conditions during the 2024 season- assessed key performance parameters such as throughput,
field capacity, travel speed, and fuel consumption across multiple test configurations and crop types. The
automatic control system consistently outperformed manual operation, with improvements ranging from 5%
to 18% in core efficiency indicators. While total fuel consumption was slightly higher under automation,
specific fuel efficiency (litres per ton of grain harvested) showed parity or improvement. The findings
confirm the operational and energetic benefits of automated optimization in modern harvesting and highlight
its potential to mitigate operator variability, improve productivity, and support sustainable large-scale
agricultural practices.

Keywords: combine harvester automation; precision agriculture; adaptive control; telematics; field
performance evaluation

1. Introduction

The global agricultural sector is undergoing a profound transformation driven by the increasing integration
of automation, data analytics, and intelligent control systems. Among these technological developments,
precision agriculture stands out as a paradigm shift, enabling real-time optimization of farming operations to
enhance productivity, sustainability, and profitability. In this context, combine harvester automation has
emerged as a critical area of innovation, offering tangible improvements in the main technical parameters
like harvesting efficiency, fuel consumption, crop throughput. Szab6é et al. [1] worked out a metohodology
for measuring the operator’s behaviour inside off-road vehicle cabin. They found the operator’s workload
also plays an important role in the machine process efficiency. Intensive development is evident not only in
the area of automated (self) driving, but also in the field of cabin ergonomics. On the base of agricultural
field tests, they their results highlighted that better understanding of the operator’s gaze in addition to the
change according to the mental and physical workloads inside the tractor cabin will lead to optimal designs
for higher productivity operation. [2, 3]

Modern combine harvesters are no longer passive mechanical devices but dynamic, sensor-integrated
platforms capable of continuous self-adjustment. One of the most advanced examples of this evolution is the
CLAAS CEMOS AUTOMATIC system, which applies real-time sensor feedback to optimize key harvesting
parameters such as threshing intensity, separation efficiency, grain cleaning, and engine load. This closed-
loop automation allows the machine to adapt instantly to varying field conditions, thereby reducing
dependency on operator experience and mitigating the risk of human error.
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Although numerous studies have explored the potential benefits of precision agriculture technologies, a
need remains for comparative, field-based evaluations that directly quantify the performance advantages of
automated systems over traditional manual control. This study aims to fill that gap by presenting a
comparative performance analysis of CEMOS AUTOMATIC versus manual control during real harvesting
conditions. Using a consistent experimental design across crop types and environmental conditions, the study
investigates multiple performance parameters -including throughput capacity, travel speed, field capacity,
fuel consumption, and engine load -collected through the CLAAS TELEMATICS platform.

The findings contribute to the growing body of evidence supporting smart mechanization in agriculture and
provide practical insights into the operational and economic implications of integrating automation into
combine harvesting workflows.

2. Technological trends and field applications in combine harvester automation

Over the past two decades, precision agriculture has evolved into an integrated system of digital technologies,
data analytics, and machine automation. A key innovation in this domain is the combine harvester
automation, where adaptive control systems and sensor integration aim to improve operational efficiency and
reduce operator dependency.

Modern combine automation platforms rely on multi-sensor fusion and Al-assisted control logic to
continuously regulate travel speed, threshing intensity, fan and sieve settings, and engine load. Wang et al.
[4] simulated and validated an autonomous driving system for unmanned harvesters based on integrated
sensor inputs. Liu et al. [5] demonstrated that intelligent sensor fusion enables fine-grained optimization of
yield monitoring, while Yin et al. [6] validated the use of edge computing and IoT for real-time data
processing and control in subsoiling systems, offering a transferable approach for combine harvester
automation.

Field-based validation is essential to confirm the impact of these systems on performance. Qian and Quan
[7] developed a cooperative control model for distributed electric-drive combine harvesters. Their findings
showed that coordinated regulation of threshing, separation, and cleaning units significantly improved
throughput and grain quality under variable field loads. Zhang et al. [8] proposed a large-scale agricultural
decision support system integrating environmental sensing and Al-based automation level regulation, which
they tested on unmanned combine harvesters in cereal production.

Operator-induced performance variability is a recurring theme in combine harvester studies. Jotautiené and
Juostas [9] compared manual and auto-steering modes, revealing significant differences in field efficiency.
Juostas and Jotautiené [10] extended this work by analysing telemetry data to identify operator-based
performance fluctuations. Fuentes-Pefiailillo et al. [11] applied artificial intelligence methods to analyse
telematics and sensor data in real-time crop management, illustrating how predictive adjustments of
harvesting parameters can enhance overall operational efficiency. Savickas et al. [12] evaluated
environmental performance metrics of automated combines, emphasizing the benefits in sustainability.

Telematics platforms also serve benchmarking purposes. Wang et al. [13] employed GNSS and telemetry
data to analyse spatial differences in combine performance across field zones, demonstrating how automation
reduces variability and supports consistent output. Fan et al. [14] developed a concave clearance control
system responsive to feed rate, which reduced grain damage and improved energy use.

Human factors such as fatigue and decision-making delays further amplify the variability in manual
harvesting. Zhu et al. [15] evaluated operator fatigue using heart rate variability metrics and confirmed that
prolonged exposure to vibration and workload contributes significantly to performance decline. Similarly,
Grisso et al. [16] demonstrated that driver behaviour has a measurable effect on fuel efficiency, reinforcing
the role of automation in reducing human-induced variability.

The energetic impact of automation is mixed. Baillie et al. [17] argued that while fuel consumption may
increase slightly, specific fuel use per ton of output improves. Chaplygin and Starostin [18] demonstrated
that hybrid-electric combine harvesters with automated control systems reduce energy losses by ensuring
balanced power distribution. Complementing this, Pustovaya et al. [19] showed that real-time adjustment of
cleaning systems enhances efficiency and lowers unnecessary energy use, confirming that automation
contributes to both productivity and reduced emissions.

Navigation systems also play a key role. Wang et al. [13] introduced a GNSS-based framework for
analysing combine path efficiency. Udompant et al. [20] confirmed that RTK-GNSS navigation enhances
control on sloped fields where manual driving is less efficient. Chen et al. [21] further developed a feed rate
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monitoring system for combine harvesters using GNSS and force-based sensing, demonstrating its potential
to optimize harvesting performance through real-time telemetry.

New sensing technologies also support automation at the header level. Haydar et al. [22] utilized UAV-
based plant height maps to dynamically adjust the header position, thereby reducing grain loss and enabling
more uniform crop intake. These findings align with Thomasson et al.'s [23] earlier work, emphasizing that
yield mapping and real-time sensor input are critical to automation in variable field conditions.

On the base of a research resalts performed on real farming conditions, Bartfai et al. [24] established that
with the aim of modernization, in order to work more efficiently and economically, it is desirable to automate
agricultural machinery with lower technical levels as far as possible, with the aim of integrating it into
precision technologies, which represents an investment that will pay for itself in the short term.

Together, these studies provide strong evidence that automation enhances productivity, consistency, and
sustainability in combine harvesting, while reducing the influence of operator variability and supporting data-
driven optimization in precision agriculture.

3. Materials and Methods
3.1. Experimental setup

The field tests were performed during the 2024 summer harvest season at the fields of a large-scale Hungarian
agricultural enterprise. The experiments aimed to assess the operational performance of the CLAAS LEXION
combine harvester equipped with the CEMOS AUTOMATIC system under real conditions and to compare
it with traditional manual operation. The study design enabled both within-machine and between-machine
comparisons, ensuring a priority assessment of system performance.

Two different experimental approaches were applied:

1. Single-machine dual-mode testing: The same combine harvester was operated sequentially in both
modes — manual control and CEMOS AUTOMATIC — on identical field sections during barley and
wheat harvest. This ensured that all external factors, such as crop density, slope, and moisture, were
kept constant.

2. Parallel-machine testing: In wheat harvesting, two CLAAS LEXION combines were used
simultaneously, one in manual control and the other with the automation system activated. Both
machines operated under identical crop and field conditions, allowing for a direct comparison of
performance indicators.

The harvested crops included barley (harvest date: 15 June) and wheat (harvest dates: 25, 26, and 28 June).

3.2. Data acquisition

Operational data were collected using the CLAAS TELEMATICS system, which automatically recorded and
transmitted real-time performance parameters. For each harvesting run, the following variables were
monitored:

¢ Throughput (t/h): tons of grain processed per hour

o Field capacity (ha/h): harvested area per unit time

e Travel speed (km/h): average forward speed

e Fuel consumption (I/h and 1/t): both absolute hourly and specific per ton of harvested grain

¢ Engine load (%): average utilization of engine power

The TELEMATICS database provided synchronized, minute-level resolution data for both machines,

which were then aggregated into hourly and daily averages for evaluation.

3.3. Experimental procedure

In the barley tests, the same machine was first operated in manual mode and then in automatic mode on
adjacent field sections of similar conditions. In this setup, operator skill and crop variability did not influence
the comparison, as only the control mode differed.

In the wheat tests, the two combine harvesters worked simultaneously in the same field. One was operated
conventionally, while the second used CEMOS AUTOMATIC throughout. Operators remained with their
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assigned machines, and no swapping occurred during the tests, ensuring a consistent operational style within
each treatment.

The experiments were conducted under stable weather conditions, with crop maturity and moisture levels
suitable for harvesting. Fuel tanks were filled to equal levels, and both machines started harvesting at the
same time each day.

3.4. Data analysis

Data were exported from the TELEMATICS platform for post-harvest evaluation. Comparative performance
was assessed through descriptive statistics (mean values, percentage differences) for each harvesting session.
The results are presented separately for barley and wheat, reflecting both machine-level and system-level
performance indicators.

4. Results

The field tests were performed to evaluate the performance of CLAAS CEMOS AUTOMATIC in
comparison with conventional manual control under real harvesting conditions. The analysis is based on data
from four separate field tests in two crop types — barley and wheat — using within-machine (same machine
operated in both modes) and parallel-machine (two machines operated concurrently) testing frameworks.
Operating features were monitored by the CLAAS TELEMATICS platform and included throughput (t/h),
field capacity, travel speed (km/h), engine load (%), and fuel consumption (I/h).

4.1. Barley harvest — 15 June 2024 (Within-machine controlled test)

The first experiment was performed on 15 June 2024 during a winter barley harvest, under stable
meteorological and field conditions in the early afternoon (12:45-15:15). During this test a within-machine
methodology was applied, meaning that the same combine harvester —a CLAAS LEXION 7600 TT equipped
with a CLAAS VARIO 930 header — was operated in two sequential modes (automated and manual) by the
same experienced operator on the same field section. This configuration eliminated inter-operator variability
and ensured that all external conditions — crop maturity, soil composition, slope, and moisture — remained
consistent.

The combine operated with full telemetry, and all operational data were recorded using the CLAAS
TELEMATICS system with a 15-second resolution. The first phase (12:45-14:00) was carried out in
automated mode using CEMOS AUTOMATIC combined with CRUISE PILOT active speed control. In the
second phase (14:00-15:15), the operator manually controlled all harvesting parameters, with CRUISE
PILOT disabled.

4.1.1. Throughput

Throughput (measured in tons per hour) represents the machine's capacity to process grain over time and is
directly influenced by both travel speed and material intake efficiency. The CEMOS-controlled interval
began with some initial oscillations typical of warm-up or transition zones but stabilized quickly. By 12:50,
throughput values consistently exceeded 22.6 t/h, showing a steady upward trend. The system reached a peak
of 28.7 t/h at 13:31, which was sustained for approximately 12 minutes. The mean throughput during the
CEMOS interval was 25.54 t/h.

In contrast, the manual control interval began with a throughput of 22.77 t/h, which progressively declined.
A local minimum of 18.28 t/h was recorded at 14:48, followed by a partial recovery toward 24.8 t/h at the
end of the session. The mean throughput during this interval was 21.61 t/h—18.19% lower than that achieved
using CEMOS AUTOMATIC.

4.1.2.Field capacity

Field capacity, measured in hectares per hour, follows a similar trend to throughput but is also affected by
turning time, machine path efficiency, and travel speed. In the automated interval, values ranged from 4.47
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ha/h to 5.86 ha/h, with a mean of 5.28 ha/h. The manual interval showed a lower and more fluctuating range
(4.59-5.44 ha/h), with a mean of 4.91 ha/h, resulting in a 7.53% increase in favour of CEMOS.

4.1.3. Travel speed

Travel speed showed clear systematic differences between the two modes. The average travel speed under
CEMOS AUTOMATIC was 6.75 km/h, peaking at 7.19 km/h, while the manual operation achieved an
average of 6.29 km/h, with a maximum of 7.16 km/h. Although the peak values are close, CEMOS provided
more stable and sustained acceleration, evidenced by narrower fluctuation bands and longer periods near
peak speed. The 7.31% increase in average speed contributed directly to both higher throughput and field

capacity.
4.1.4. Engine load and fuel consumption

Engine load, which reflects the relative utilization of engine capacity, increased from 41.32% in manual
mode to 49.37% in automated mode — a relative rise of +8.05%. While higher engine loads may initially
appear disadvantageous, in this context, the increase signals better utilization of engine power closer to its
optimal torque-efficiency curve. This is further supported by the smoothness of the engine load curve under
automation, indicating fewer abrupt shifts and lower risk of under- or overloading.

The average fuel consumption under automated control was 50.81 I/h, compared to 47.88 1/h during manual
operation, indicating a 6.12% increase. However, when normalized against output (e.g., fuel per ton of grain),
this increase is neutralized by the higher throughput. Thus, specific fuel efficiency (I/t) remained
approximately constant between the two modes, while time efficiency improved significantly in favour of
automation.

Mean values of throughput, field capacity, and travel speed under manual vs. CEMOS AUTOMATIC
control can be seen in Figure 1.
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Figure 1. Average values for throughput, field capacity, and travel speed with manual and CEMOS
AUTOMATIC control on June 15 Barley Test.

Mean values for key indicators under manual and CEMOS AUTOMATIC control, along with relative
improvement percentages, are presented in Table 1.

This experiment offers a controlled and detailed demonstration of the automation system’s operational
benefits. It shows that even under ideal conditions and with skilled manual operators, the CEMOS
AUTOMATIC system outperforms manual operation across all key performance indicators. Moreover, it
does so with greater consistency, a faster response to changing field conditions, and a lower cognitive burden
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on the operator. These findings form a robust baseline for evaluating CEMOS in more complex harvesting
scenarios.

Table 1. Summary of performance parameters for the June 15 barley test (within-machine test)

Parameter Manual control | CEMOS AUTOMATIC | Change
Throughput (t/h) 21.61 25.54 +18.19%
Field capacity 491 5.28 +7.53%
Travel speed (km/h) 6.29 6.75 +7.31%
Engine load (%) 41.32 49.37 +8.05%
Fuel consumption (I/h) 47.88 50.81 +6.12%

4.2 Wheat harvest — 25 June 2024 (Extended within-machine test)

The second experimental session was performed on 25 June 2024, focusing again on winter wheat. Unlike
the previous test, this session extended over a full harvesting day from 10:00 to 18:00, allowing for the
evaluation of performance over prolonged operating periods. The combine harvester — a CLAAS LEXION
7600 TT with a CLAAS VARIO 930 header — was operated for 4 hours under manual control and
subsequently for 4 hours using CEMOS AUTOMATIC. The same experienced operator was involved in both
phases, and the machine was recalibrated prior to switching modes to ensure identical starting conditions.

Environmental factors such as temperature, crop moisture, and field consistency remained favourable and
stable throughout the day. The extended duration of this test allowed for a robust observation of dynamic
performance under both operating modes, including the impact of operator fatigue and time-dependent
variations in machine behaviour.

4.2.1. Throughput

The average throughput under manual control was 31.90 t/h, while during CEMOS-controlled operation, this
rose to 36.53 t/h, marking a substantial +14.51% increase. The automated system not only achieved higher
peak values (up to 40.95 t/h at 16:25), but also demonstrated more consistent performance, especially
between 14:00 and 16:30, when throughput remained steadily above 35 t/h. The manual section showed more
pronounced fluctuations, with a peak of 36.03 t/h early in the session and a gradual decline approaching
25.39 t/h near the end of the manual interval — likely attributable to fatigue and suboptimal parameter
adjustments.

The longer time window revealed a distinct advantage of the automated system in sustained performance:
while manual control started strong, it could not maintain peak efficiency, whereas CEMOS AUTOMATIC
dynamically adjusted to minor variations in crop density and machine load.

4.2.2. Fielc capacity

Field capacity followed a similar trend. The manual mode resulted in an average of 6.08 ha/h, while the
automated mode achieved 6.47 ha/h, representing a +6.41% increase. The peak field capacity (6.79 ha/h) was
recorded at 15:01 during the CEMOS phase and remained at or near this level for over an hour.

Notably, the manual operation section exhibited greater variability and a less efficient trajectory,
particularly after noon, when the field capacity curve displayed greater dispersion — a pattern consistent with
cognitive and physical fatigue, as well as less adaptive real-time control.

4.2.3. Travel speed

The average travel speed under manual control was 6.61 km/h, while CEMOS AUTOMATIC increased this
to 7.58 km/h, representing a +14.67% improvement. This is one of the most pronounced gains observed
across all tests. The higher travel speed under automation directly correlates with better throughput and area
coverage and was achieved without compromising threshing quality or causing grain loss.
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The ability of the CEMOS system to continuously evaluate field conditions and modulate speed accordingly
— especially in collaboration with CRUISE PILOT — enabled the combine to maintain higher and more
consistent speeds throughout the CEMOS phase.

4.2.4. Engine load and fuel consumption

Engine load was also significantly impacted. Manual operation averaged 53.23%, whereas CEMOS control
resulted in an average of 66.76%, a +13.53% increase. This aligns with earlier observations that CEMOS
tends to push the engine closer to its optimal performance envelope.

Fuel consumption increased accordingly: from 52.38 1/h in manual mode to 60.63 1/h under automation
(+15.75%). However, the higher resource input was proportional to the output gain. When assessed in terms
of fuel per ton of grain, the increase was largely neutralized, with no significant deterioration in specific fuel
efficiency.

Mean values of throughput, field capacity, and travel speed under manual vs. CEMOS AUTOMATIC
control can be seen in Figure 2.
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Figure 2. Average values for throughput, field capacity, and travel speed with manual and CEMOS
AUTOMATIC control on June 25, Wheat Test.

Mean values for key indicators under manual and CEMOS AUTOMATIC control, with relative
improvement percentages can be seen in Table 2.

Table 2. Summary of performance parameters for the June 25 wheat test (within-machine test)

Parameter Manual Control | CEMOS AUTOMATIC | Improvement
Throughput (t/h) 31.90 36.53 +14.51%
Field capacity 6.08 6.47 +6.41%
Travel speed (km/h) 6.61 7.58 +14.67%
Engine load (%) 53.23 66.76 +13.53%

Fuel consumption (I/h) 52.38 60.63 +15.75%

The extended test on 25 June revealed that CEMOS AUTOMATIC offers not only a performance advantage
but also temporal stability and reduced susceptibility to operator fatigue. While manual control can reach
competitive performance in isolated time intervals, automation enables consistent high-level output over
longer harvesting windows. These findings reinforce the value of automation in commercial-scale operations,
where hourly performance accumulates into tangible gains in harvest duration, fuel economy, and labour
efficiency.
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4.3 Wheat harvest — 26 June 2024 (Parallel-machine comparative test)

The third field test, performed on 26 June 2024, involved the first parallel-machine experiment. Two
identically configured CLAAS LEXION 7600 TT combines — both equipped with CLAAS VARIO 930
headers — harvested adjacent wheat sections under identical environmental and crop conditions. This setup
enabled direct comparison of simultaneous machine behaviour, thus eliminating temporal drift and allowing
for a true head-to-head performance evaluation.

One of the operators controlled the machine operating in CEMOS AUTOMATIC mode, while the other
operator controlled the other machine in manual mode, with all automation features disabled (including
CRUISE PILOT).

The test duration was approximately two hours, during which both combinations operated continuously
without interruption, beginning at 11:00. Conditions were optimal: dry soil, homogeneous crop height,
consistent yield density, and mild weather (=approximately 24°C, light wind).

4.3.1. Throughput

The CEMOS-controlled combine achieved an average throughput of 34.20 t/h, while the manually controlled
machine recorded 31.37 t/h, resulting in a +9.02% improvement. Both combines began with throughput
values around 30 t/h, but the automated system reached its steady-state output within the first 15 minutes,
while the manual combine only approached peak performance (34.08 t/h) during the final 20 minutes of
operation.

Notably, the manual machine slightly outperformed the automated system in the final phase of the test. This
exception is attributed to the operator manually adjusting machine settings more aggressively in response to
higher-yield sections. However, during the central bulk of the harvesting window (11:15-12:30), CEMOS
held throughput values above 33 t/h with remarkable consistency.

4.3.2. Field capacity

Manual control yielded an average field capacity of 4.66 ha/h, while CEMOS AUTOMATIC reached 4.91
ha/h, reflecting a +5.36% increase. Although the gain was less dramatic than in other tests, the benefit
becomes clearer when examining the shape of the productivity curve: automation produced a smoother, less
erratic trajectory, especially during the second hour, when field conditions varied more significantly.

The smaller relative gain suggests that field capacity was limited by field geometry or headland turning
frequency, making travel speed and header width utilization more deterministic than machine control mode
alone.

4.3.3. Travel speed

Travel speed, a key contributor to throughput and field coverage, followed a similar trend. The automated
combine maintained an average speed of 5.84 km/h, compared to 5.39 km/h under manual control —a +8.35%
increase. Though modest in absolute terms, this increase was maintained without introducing instability in
threshing or engine load parameters.

The CRUISE PILOT integration was especially effective in lower-yield zones, allowing the CEMOS
system to increase speed slightly without compromising crop separation quality.

4.3.4. Engine load and fuel consumption

The engine load of the automated machine averaged 74.93%, compared to 61.32% for the manually operated
combine. This significant increase (+13.61%) reflects deeper utilization of the engine's power reserve. Such
behaviour suggests that CEMOS can consistently push the powertrain closer to its torque-efficiency plateau,
especially under stable load conditions.

Fuel consumption also increased — from 57.66 I/h (manual) to 65.30 I/h (automated), a +13.25% rise. While
this aligns with expectations due to the higher engine load, the automation system delivered superior output
per unit fuel, i.e., lower specific fuel consumption (1/t), when normalized by throughput.
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Mean values of throughput, field capacity, and travel speed for manual and CEMOS-controlled combines
are shown in Figure 3.
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Figure 3. Average values for throughput, field capacity and travel speed of manual and CEMOS-controlled
combines on June 26 Wheat Test (Parallel-Machine).

Mean values for key harvesting parameters recorded under manual and CEMOS AUTOMATIC control in
a parallel-combine setup, highlighting performance differences under identical field conditions, are presented

in Table 3.

Table 3. Summary of performance parameters for the June 26 wheat test (parallel-machine test)

Parameter Manual Control | CEMOS AUTOMATIC | Improvement
Throughput (t/h) 31.37 34.20 +9.02%
Field capacity 4.66 4.91 +5.36%
Travel speed (km/h) 5.39 5.84 +8.35%
Engine load (%) 61.32 74.93 +13.61%
Fuel consumption (1/h) 57.66 65.30 +13.25%

This experiment provided the most controlled conditions for comparing automation and manual operation.
By operating two machines concurrently under identical spatial and temporal conditions, external variables
such as yield zones, weather, and soil moisture were effectively neutralized.

The data demonstrate that CEMOS AUTOMATIC consistently maintained higher performance levels, even
if manual control briefly matched it in optimal zones. The smoother performance profile and lower variation
in output, combined with higher engine utilization, strongly suggest that automation offers not only superior
peak performance but also greater operational reliability over extended timeframes.

4.4 Wheat harvest — 28 June 2024 (Parallel-machine comparative test)

The final field experiment was performed on June 28, 2024, and repeated the parallel-machine setup used in
the previous wheat test. Two identical CLAAS LEXION 7600 TT combines, both with CLAAS VARIO 930
headers, worked side-by-side on adjacent wheat rows, ensuring consistent crop conditions across both
harvesting lanes.

As in the earlier test, CEMOS AUTOMATIC was active on one combine, while the other was operated
entirely manually. Data were captured using the CLAAS TELEMATICS platform, with all variables logged
at 15-second intervals. The machines operated from 10:30 to 13:00, and field conditions remained dry and
stable throughout the period.
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4.4.1. Throughput

The CEMOS-controlled combine achieved an average throughput of 33.11 t/h, while the manually controlled
machine recorded 29.61 t/h, equating to an increase of +11.82%. The throughput curves for both combines
followed a relatively consistent pattern, but the automated machine displayed tighter clustering around its
peak values, especially between 11:15 and 12:30.

Although the manual operator demonstrated strong early performance (reaching a peak of 31.77 t/h), the
inability to respond rapidly to changing yield patches resulted in more frequent dips in output. CEMOS, by
contrast, dynamically adjusted its cleaning and threshing systems to maintain a high output baseline.

4.4.2. Field capacity

Manual operation produced an average field capacity of 4.59 ha/h, whereas automation reached
4.87 ha/h, resulting in a +6.10% increase. While both combined covered nearly identical field geometry, the
CEMOS-equipped machine managed a slightly faster and more efficient path coverage, especially on turns
and headland re-entry.

This modest but consistent advantage demonstrates that even in flat, uniform wheat fields, automation
contributes to more efficient route execution, particularly through better speed modulation at transitions.

4.4.3. Travel speed

Travel speed under manual control averaged 5.40 km/h, while CEMOS AUTOMATIC increased this to 5.77
km/h — a +6.85% improvement. Although the absolute difference appears small, it was sustained throughout
the entire harvesting period without compromising the quality of threshing or increasing grain loss.

The travel speed stability was notably better in the CEMOS phase, where the system actively optimized
speed based on real-time feedback from yield sensors and engine load, ensuring the combine ran closer to its
mechanical optimum for longer durations.

4.4.4. Engine load and fuel consumption

The average engine load during manual operation was 62.45%, compared to 68.98% under CEMOS control
— an increase of +10.45%. As with prior tests, this reflects better alignment between power output and
mechanical demand. CEMOS consistently kept the engine within its most efficient load band, avoiding both
under-utilization and strain peaks.
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Figure 4. Average values of throughput, field capacity, and travel speed under manual and automated
control on June 28 Wheat Test (Parallel-Machine)
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Fuel consumption rose from 56.70 1/h (manual) to 61.85 1/h (CEMOS), representing a +9.09% increase.
However, this was again offset by higher throughput, resulting in neutral or improved specific fuel efficiency
(I/t). This confirms that automation enables better fuel-to-output conversion, particularly over multi-hour
sessions.

Mean values of throughput, field capacity, and travel speed under both manual and automated control are
shown in Figure 4.

Mean values for key indicators under manual and CEMOS AUTOMATIC control, with relative
improvement percentages, are presented in Table 4.

Table 4. Summary of performance parameters for the June 28 wheat test (parallel-machine test)

Parameter Manual Control | CEMOS AUTOMATIC | Improvement
Throughput (t/h) 29.61 33.11 +11.82%
Field capacity 4.59 4.87 +6.10%
Travel speed (km/h) 5.40 5.77 +6.85%
Engine load (%) 62.45 68.98 +10.45%
Fuel consumption (I/h) 56.70 61.85 +9.09%

The final comparative test reconfirmed the consistent advantage of CEMOS AUTOMATIC, even in
relatively homogeneous wheat conditions. Though the performance margins were narrower than in other
tests, the steadiness, reduced variance, and improved load utilization in the automated machine demonstrated
higher operational robustness.

These results underscore the scalability and repeatability of CEMOS benefits, making it a viable choice not
only in demanding or variable conditions but also in standard harvesting environments.

4.5 Summary of Test Results

The four experimental sessions conducted between June 15 and 28, 2024, collectively demonstrate a
consistent performance advantage of CEMOS AUTOMATIC over manual control across multiple grain
crops, combine operators, and test formats. While individual tests varied in scope — ranging from short
within-machine comparisons to extended and parallel-machine tests — the relative gains observed in key
metrics remained systematically positive.

4.5.1. Throughput

Across all four experiments, throughput improvements ranged from +9.02% to +18.19%, with the most
substantial gain occurring during the June 15 barley test, where automation had the most direct control over
harvesting behaviour under homogenous conditions. Even under parallel-machine configurations (June 26
and 28), CEMOS outperformed manual operation by significant margins, reinforcing its value in real
circumstances where both machine variability and operator fatigue are factors.

4.5.2. Field capacity

Field capacity gains were more modest but remained positive in all tests, ranging from +5.36% to +7.53%.
These gains are attributable to both more consistent travel speed and reduced time lost to suboptimal
parameterization or operator hesitation. The greatest improvement occurred in the June 15 test, where a
within-machine comparison eliminated external variances.

4.5.3. Travel speed

Speed improvements ranged from +6.85% to +14.67%, with the highest gain recorded in the extended June
25 barley test, where CEMOS maintained high travel speed throughout a long harvesting window. In all tests,
the automation system demonstrated the ability to modulate travel motion responsively to match field load
and yield variability.

A comparative chart showing the percentage improvement in throughput, field capacity, and speed across
all four field tests is presented in Figure 5.
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Figure 5. Comparative chart showing the percentage values of throughput, field capacity, and speed in the
four field tests of CEMOS AUTOMATIC vs Manual Control

4.5.4. Interpretation

The consistency of these results across all tested parameters — throughput, field capacity, and travel speed —
clearly indicates that CEMOS AUTOMATIC delivers measurable, repeatable, and scalable performance
benefits in combine harvester operations. The magnitude of improvement varied depending on crop type,
field geometry, and operator behaviour, but the direction and presence of benefit never reversed.

Even in settings where highly skilled operators managed manual control, automation provided a more stable
and optimized harvesting trajectory, especially over longer durations or in variable-yield environments. The
system's ability to continuously adapt in real time offers a robust foundation for integrating precision
agriculture and data-driven decision-making into high-throughput harvesting workflows.

5. Discussion

The field tests presented in this study provide compelling evidence that the use of CEMOS AUTOMATIC
significantly improves combine harvester performance under real conditions. Across four independent
experiments, conducted on both barley and wheat with varying durations, operators, and test configurations,
automated control consistently outperformed manual operation in terms of throughput, field capacity, and
travel speed. These improvements, ranging from 5% to 18% depending on the parameter and test type,
underscore not only the system's efficacy but also its robustness across varying field conditions.

At the core of these improvements lies the fundamental limitation of human control. Even experienced
operators face cognitive and physical fatigue over time,- and cannot continuously optimize multiple
interdependent machine parameters. Manual operation relies on subjective judgment and a delayed response,
which can be affected by yield variations, terrain undulation, or engine load dynamics. In contrast, the
CEMOS system, operating on a rule-based optimization logic with real-time sensor feedback, is capable of
performing high-frequency parameter tuning that aligns engine performance, minimizes threshing loss, and
achieves a consistent operational optimum in terms of ground speed. As the experiments showed, CEMOS
achieved not only higher peak performance but also greater stability over time — especially in extended tests
and under variable yield conditions.

A key aspect of the analysis is the energy consumption. Although absolute fuel usage was higher in
CEMOS-controlled modes, driven by increased engine load and higher throughput, the system demonstrated
at least equivalent, and in some cases better, specific fuel efficiency (litres per ton of harvested grain). This
finding has practical relevance, particularly in the context of rising fuel costs and increasing demands for
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sustainability. Rather than merely consuming more, the automation system enables smarter energy use,
aligning resource input more closely with productive output.

It must also be acknowledged that, despite efforts to standardize conditions, certain limitations remain.
Differences in field geometry, operator familiarity with terrain, or minor variances in machine behaviour —
even under identical configurations — could introduce performance variability. Additionally, this study
focused exclusively on operational metrics and did not assess post-harvest grain quality or crop loss, which
would be essential for a more holistic evaluation of harvesting efficiency.

Nevertheless, the findings clearly point to the practical value of automated harvesting optimization. In
commercial-scale agriculture, even modest hourly gains translate into significant seasonal efficiencies — both
in fuel and time. Moreover, the consistency of performance delivered by CEMOS holds particular promise
in addressing workforce shortages, reducing operator fatigue, and enhancing fleet management. As precision
agriculture increasingly integrates artificial intelligence and real-time data processing, systems like CEMOS
are likely to become not only beneficial but essential components of modern harvesting strategies.

6. Conclusions

This study systematically evaluated the performance of CEMOS AUTOMATIC, an automated optimization
system for combine harvesters, under controlled field conditions. The four independent tests — spanning two
crop types, multiple test configurations, and various operational durations — demonstrated that automated
control consistently outperformed manual operation across all key performance metrics. Gains in throughput
(up to +18.19%), field capacity, and travel speed were observed without compromising fuel efficiency per
unit of output.

The findings confirm that automated optimization systems such as CEMOS not only enhance immediate
harvesting efficiency but also improve operational stability, reduce dependence on operator expertise, and
support more predictable resource planning. These advantages are particularly valuable in large-scale
agricultural contexts, where even minor per-hour improvements scale significantly over time.

Further research should investigate the long-term effects on grain quality, post-harvest losses, and machine
wear. Nonetheless, the current results clearly support the integration of intelligent automation as a standard
practice in modern harvesting operations.
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Abstract: This study presents the design and implementation of an integrated digital identification system
combining facial recognition, optical character recognition (OCR), liveness detection, and cryptographic
security mechanisms. Originally developed for the financial industry, this system by ID&Trust Ltd.
demonstrates strong potential for agricultural applications, including secure operator authentication,
traceable workforce management, and data integrity in smart farming ecosystems. Pilot experiments and
architectural analysis reveal high accuracy and interoperability under real-world agricultural conditions. The
findings contribute to a broader understanding of how biometric and cryptographic convergence supports
digital transformation in agriculture.

Keywords: facial recognition, OCR, cryptographic technologies, digital identification, smart agriculture

1. Introduction

Digital identity verification technologies—biometrics, OCR, and cryptography—are transforming how
individuals and systems authenticate in both private and public sectors [1]. In agriculture, this transition
underpins the emerging digital ecosystems that require secure access control, data traceability, and
accountability. The ID&Trust platform integrates Al-driven facial recognition, OCR, and asymmetric
encryption to deliver end-to-end identity management adaptable to agricultural contexts [2]. This paper
presents the system’s architecture, component-level technologies, and case-specific applications in modern
agricultural operations (Figure 1.).

2. Applied Technologies

The system’s multi-layer architecture combines biometric acquisition, data extraction, liveness verification,
and encrypted communication. Each layer ensures integrity, confidentiality, and resistance to spoofing
attacks [3].

2.1. Facial Recognition

Facial recognition uses convolutional neural networks optimized for real-time detection on mobile devices.
Algorithms from OpenCV and TensorFlow Lite identify facial landmarks, comparing live captures to
document photos [4]. Accuracy rates above 98% were achieved in outdoor light conditions typical of
agricultural settings.
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Figure 1. Integrated architecture of the ID&Trust biometric and cryptographic identification system.

2.2. Optical Character Recognition (OCR)

The OCR subsystem employs the Tesseract 5.0 engine to extract identity data from official documents. A
hybrid pre-processing approach using adaptive thresholding and Canny edge detection ensures precise
segmentation under variable lighting [5]. The OCR module performance shown in Table 1.
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Table 1. OCR module performance by document type under field conditions.

Document Type Recognition Accuracy (%) Processing Time (s)
National ID Card 98.7 0.8
Passport (NFC-enabled) 99.3 1.1
Driver’s License 96.9 1.5

2.3. Cryptographic Framework

Data security is maintained through AES-256 encryption and RSA-based key exchange, ensuring end-to-end
confidentiality and authenticity. Digital signatures and HMAC validation prevent tampering, while elliptic
curve algorithms (ES256) ensure scalability for IoT-integrated agricultural devices [6]. Cryptographic
workflow for secure identity validation is shown in Figure 2.
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Validator

Auth Proxy
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Figure 2. Cryptographic workflow for secure identity validation and key management.
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3. Results and Discussion

Pilot implementations demonstrated fast verification (< 2 s per identity) and high resilience against spoofing
attacks [7]. Integration with agricultural management systems reduced administrative costs by 60% and
improved operator accountability [8]. Comparative analysis showed superior reliability to legacy RFID-
based access methods (Table 2.).

Table 2. Comparative performance between verification methods in agricultural contexts.

Verification Method Accuracy (%) Avg. Latency (s)
Manual ID Check 82.1 60
RFID Badge 89.5 15
Biometric + Cryptography 99.1 1.8

4. Application in Agriculture

The platform’s modularity enables diverse use cases in agriculture, from workforce authentication to
machinery operator access control [9]. Integration with loT networks allows dynamic identity validation for
connected equipment, ensuring that only authorized users operate machinery. Blockchain-compatible
logging further strengthens traceability and data integrity throughout the agricultural supply chain [10].
Figure 3. illustrates biometric access control for agricultural machinery as a use case.
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Figure 3. Example use case: Biometric access control for agricultural machinery.

5. Future Development Directions
Further research will explore federated identity ecosystems and decentralized trust models based on
blockchain [11]. Edge Al deployment can improve latency and privacy by performing recognition directly

on smart devices, while quantum-safe cryptography will address future security challenges [12].
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6. Conclusions

By merging biometrics, OCR, and cryptography, the ID&Trust system achieves a secure, adaptable digital
identity framework suitable for agriculture. The technology not only improves safety and compliance but
also strengthens the foundation for transparent, data-driven agricultural ecosystems across Europe [13].

Acknowledgement

The article is based on the results of the project titled “Integrated platform enabling biometric facial
recognition and identification based on personal identification documents for the commercial banking sector”
(,,Biometrikus arcfelismerd és a személyazonosité okmanyon alapul6 azonositast és adatatadast lehetdvé tevo
integralt platform a kereskedelmi bankszektor szdmara”), project number 2018-1.1.2-KFI-2018-00043.

References

[1] Chen, J. et al. (2021). Biometric Systems for Digital Identity Verification. IEEE Access, 9, 98120—
98135.

[2] Malik, A., & Sun, Y. (2022). Identity Management in Smart Agriculture. Computers and Electronics
in Agriculture, 199, 107157.

[3] Park, K., et al. (2020). Secure Al Architectures for Remote Authentication. Journal of Information
Security and Applications, 54, 102577.

[4] Li, X., & Tan, Z. (2023). Deep Learning Approaches to Real-Time Facial Recognition. Pattern
Recognition Letters, 168, 45-59.

[5] Singh, D., & Arora, R. (2022). OCR Optimization Techniques for Mobile ID Verification.
Multimedia Tools and Applications, 81, 31905-31927.

[6] Zhou, T., et al. (2021). Lightweight Cryptography for IoT Security. IEEE Internet of Things Journal,
8(14), 11574-11585.

[7] ID&Trust Ltd. (2024). Integrated Biometric and Cryptographic Verification: Technical Evaluation
Report. Budapest.

(8] Hauser, M., & Farkas, P. (2023). Measuring Efficiency in Digital Onboarding Systems. Journal of
Digital Transformation, 11(2), 89—-104.

[9] Okafor, S., & Campos, R. (2022). Biometric Access Systems in Industrial [oT. Sensors, 22(19), 7523.

[10] Wang, Q., et al. (2021). Blockchain-Enabled Traceability in Food Supply Chains. Computers &
Industrial Engineering, 154, 107164.

[11] Tayler, L., et al. (2025). Federated Identity Models in Decentralized Systems. IEEE Transactions on
Network and Service Management, 19(4), 4112-4126.

[12] Romero, J., & Gupta, P. (2024). Post-Quantum Cryptography for Biometric Systems. Future
Generation Computer Systems, 147, 203-215.

[13] European Commission (2024). Digital Europe Programme: Agricultural Technology Implementation.
Brussels.

[14] Zhu, C., & Li, H. (2025). Secure Multi-Party Computation for IoT. ACM Transactions on Cyber-
Physical Systems, 9(2), 150—-168.

[15] Ahmed, N., & Lopez, J. (2020). Privacy in Edge Computing: Trends and Challenges. Journal of
Systems Architecture, 110, 101790.

47



HUNGARIAN AGRICULTURAL PERIODICAL
ENGINEERING OF THE COMMITTEE OF
AGRICULTURAL AND BIOSYSTEM ENGINEERING OF
. _ No44/2025 48-56 THE HUNGARIAN ACADEMY OF SCIENCES
Published online: http://hae-journals.org/

HU ISSN 0864-7410 (Print) and I 1
- rin
HU ISSN 2415.9751(0nimne) HUNGARIAN UNIVERSITY OF M //\ | E
DOI: 10.17676/HAE.2025.44 .48 AGRICULTURE AND HUNGARIAN UNIVERSITY OF
LIFE SCIENCES AGRICULTURE AND LIFE SCIENCES

Received: 18.08.2025; Received in revised form: 15.10.2025;

Accepted: 25.10.2025; Available online: 28.10.2025. INSTITUTE OF TECHNOLOGY Institute of Technology

ASSESSMENT OF THE LEVEL OF COOPERATION BETWEEN
EUROPEAN AGRICULTURAL MACHINERY MANUFACTURERS AND
DEALERS BASED ON THE CURRENT VALUE OF THE DEALER
SATISFACTION INDEX

Author(s):
L. Magoé '’
Affiliation:

"Institute of Technology - Hungarian University of Agriculture and Life Sciences (MATE), 2100 G6doll6, Pater Karoly u.
1., Hungary;

Email address:
mago.laszlo@uni-mate.hu;

Abstract: The results of the CLIMMAR 2024 DSI survey reflect the improvement of manufacturer-dealer
relations and the strengthening of cooperation, as the tractor dealer satisfaction index (DSI) reached its
highest value ever. The recent moderate market demand for power machinery in Europe, stagnating sales and
increasing competition in the market have forced tractor manufacturers to increase their support to their sales
channels in the commercial, marketing and technical fields, and to improve their service levels, which is
welcomed and positively assessed by dealers. The average value of the dealer satisfaction index for the
leading tractor brands, which has remained stable in recent years, started to rise in 2024. The last time we
saw such an intense positive shift was in 2019, under more balanced machine market conditions. The ranking
of the tractor brands by index value showed some slight and some major movements. There was a change in
the top ranking and a significant shift in the middle ranking.

Keywords: Dealer Satisfaction Index, agricultural machinery distributors, agricultural machinery
manufacturers, cooperation, CLIMMAR

1. Introduction

CLIMMAR, the European Agricultural Machinery Dealers Association, has been conducting a survey of
machinery dealers in several European countries since 2011. The aim of the Manufacturer-Distributor
Relationship Satisfaction Index is to provide dealers with a tool to express their level of satisfaction with the
manufacturer's activities and services [1], [2]. The National Association of Agricultural Equipment and
Machinery Distributors (MEGFOSZ) in Hungary is an active contributor to the CLIMMAR Statistical
Committee. As a result, from 2018 onwards, Hungarian machinery dealers provide data to help put the Dealer
Satisfaction Index (DSI) on a more reliable basis and to provide more comprehensive data [3], [4].

2. Method

In 2024, the determination of the DSI now covers eleven countries (England, Belgium, Denmark, France,
Germany, Hungary, Italy, Luxembourg, the Netherlands, Poland, Sweden, and the UK).

The questionnaire itself consists of 15 chapters and 73 questions. Two new groups of questions have been
added to this year's survey. The questionnaire also included an evaluation of other self-propelled machines
in terms of brand image and marketing. In contrast, the chapter on anti-theft protection has been removed
from the survey, as there is no significant difference between manufacturers' actions in this area.

The survey, which was carried out between 2 April and 31 May 2024, resulted in more than 800 completed
questionnaires for the top ten tractor brands being received by CLIMMAR's member organisation that
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processes the data. The composition of the top rated brands has not changed this year. The published results
of the survey present the top ten tractor brands with the highest scores, namely Case IH, Claas, Deutz, Fendt,
John Deere, Kubota, Massey-Ferguson, New Holland, Same, Valtra [5].

For tractors, the evaluation covered several areas: brand image or awareness; brand-related marketing;
marketing of spare parts, i.e. brand protection against aftermarket parts; quality of IT services; warranty and
warranty-related services; and brand awareness. the manufacturer's attitude towards warranty and after-sales
service; advertising and product support, i.e. the extent of the manufacturer's contribution to distributors'
advertising costs; payment terms and administration; the quality of the training programmes organised by the
manufacturer and their price/value ratio; management, i.e. the reality of the manufacturer's strategy and its
communication; the quality of the manufacturer-dealer relationship; the contribution to profitability, the
suppliers' willingness to help correct weaknesses; assistance in financial financing [6], [7], [8].

3. Results
3.1. Dealer satisfaction index values for 2024

After evaluating the responses, CLIMMAR ranks the brands according to the overall satisfaction index of
the dealers.

In the overall dealer satisfaction index for 2024 Deutz came out on top, ahead of Fendt, which has held the
throne for the past five years. Claas retained its position, while Valtra made a significant "leap” onto the
podium. John Deere slipped to fifth place. It is followed by Same, which is holding on to its position strongly,
in sixth place. New Holland is seventh and Kubota eighth. Both have improved two or three positions on last
year. Case IH and Massey Ferguson are next, down four and three places respectively from last year [9]. See
Figure 1., 2.
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Figure 1. Dealers' satisfaction index for each brand (own editing, Source: [9])
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Figure 2. Change in ranking of tractor brands between 2023 and 2024 (Source: [9])

Based on the scores achieved, we can divide each tractor brand into four groups. The leader Deutz has
moved away significantly by about 0.7 points from the following podium finisher Fendt and by a whole point
from Claas and Valtra. The midfield is represented by John Deere, Same, New Holland, Kubota and Case IH
with an index point range of 12.6 to 13.1. This is followed by Massey Ferguson in 10th place with 12.2
points, 0.4 points behind. The average of Indexes in 2024 is 13,2 points.

Looking at the change in the overall scores of each tractor brand over the past year, the most significant,
almost outstanding improvements were achieved by Deutz, Valtra and Kubota, putting Deutz at the top,
Valtra on the podium and Same in the middle. Fendt, New Holland and Claas made smaller improvements.
John Deere's rating deteriorated slightly. Massey Ferguson and Case IH have weakened significantly over
the past year. (Figure 3.)
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Figure 3. Change in the aggregate rating score of tractor brands between 2023 and 2024 (Source: [9])
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In terms of the scores obtained, out of a maximum of 20 points, Deutz has 14,3 points, representing a rating
of around 71,5 %, and Massey Ferguson 12,2 points, representing a rating of 61 %. The difference between
the leading and the last brand is 2.1 points, an increase of 0.4 points compared to last year.

If we look at the change in the indicators for each brand from the start of the survey in 2011, it is clear that
Same has made the most significant improvement, increasing its initial score by around 3.1 points. Deutz
(2.8 points), New Holland and Kubota also showed an improvement, although the latter's increase was more
modest, 0.7 and 0.1 points respectively. Case IH's score is the same as at the beginning. Claas, John Deere
and Valtra have seen their scores fall slightly over the years (by 0.1 and 0.2 points respectively), while Fendt
and Massey Ferguson have suffered a marked change in their scores, which have fallen by 1.1 points [9],
[10], [11]. (Figure 4.)
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Figure 4. Change in the aggregate rating score of tractor brands between 2011 and 2024 (own editing,
Source: [9], [10])

Table 1 shows the values and trends of the 2023 and 2024 DSIs by question group, disaggregated by
assessment criteria. It can be clearly seen that in most areas the quality of manufacturer service has been on
an upward trend in the last year. The exceptions to this are brand image, manufacturer training, contribution
to profitability and improvements [9].



HUNGARIAN AGRICULTURAL ENGINEERING ASSESSMENT OF THE LEVEL OF COOPERATION BETWEEN
N® 44/2025 EUROPEAN AGRICULTURAL MACHINERY MANUFACTURERS
AND DEALERS BASED ON THE CURRENT VALUE OF THE

DEALER SATISFACTION INDEX

Table 1. Average value for each group of questions in 2023 and 2024 and the trend of year-on-year
change (own editing, Source: [9])

Question groups Aver(zlt)%eiri?sf 023 Aver(?)i?rigf 024 trend
brand image 14,9 14,6 ~
marketing 11,1 12,3 /
marketing of spare parts 13,5 13,8 /
warranty, after-sales service 13,6 13,9 /
advertising and product support 11,5 12,4 1
payment terms and administration 13,5 13,9 /
manufacturer training 13,7 13,3 \
management 13,4 13,7 /
manufacturer-dealer relations 13,7 13,7 =)
contribution to profitability 13 12,7 \
improvements 12,4 12,3 \
financing offers 10,8 10,8 =

3.1.1. Assistance in financing offers

The tractor brand rankings within each of the evaluation criteria can be seen to be substantially different from
those found for the overall satisfaction index.

If we consider the dealer satisfaction index scores for each brand in relation to the assistance provided by
the manufacturers in the financial financing, we can conclude that Deutz performed best, followed by Valtra.
Fendt is third in the ranking, and the other tractor brands follow each other in a steadily decreasing order.
(Figure 5.)
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Figure 5. Satisfaction index of dealers for each manufacturer based on assistance in financing offers (own
editing, Source: [9])
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In terms of financing, the ratings of Valtra and Fendt has improved significantly, while Kubota's rating has
improved slightly over the past year. This is a significant shift compared to the previous year, when all the
tractor brands surveyed were downgraded in 2023. This year, John Deere's rating deteriorated the most,
followed by Same and Claas, and to a lesser extent Massey Ferguson and Case IH. (Figure 6.)
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Figure 6. Change in dealers' satisfaction index from 2023 to 2024 for each manufacturer, based on the
assistance provided in the financing offers (own editing, Source: [9])

3.1.2. Manufacturer-dealer relationship

The other priority area is the quality of the manufacturer-dealer relationship. (Figure 7.) Compared to the
previous year, the quality of Kubota and Deutz has improved the most. They are followed by Fendt, then
Valtra, and New Holland. Massey Ferguson's rating remained unchanged in this respect. Claas and Case IH
have seen the biggest declines, but Same and John Deere have also lost ratings. (Figure 8.)
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Figure 7. Machinery dealers' satisfaction index for each manufacturer, based on the quality of the
manufacturer-dealer relationship (own editing, Source: [9])
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Figure 8. Change in the satisfaction index of machinery dealers between 2023 and 2024 for each
manufacturer, based on the quality of the manufacturer-dealer relationship (own editing, Source: [9])

3.2. Results of the DSI survey in Germany

The survey described above is based on the European-wide database coordinated by CLIMMAR, with 11
countries represented. In addition, individual countries, e.g. Germany, i.e. CLIMMAR's German member
LandBauTechnik e.V., also evaluate questionnaires in their "own competence", reflecting the satisfaction of
German tractor dealers [12].
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Figure 9. Satisfaction index of machinery dealers for individual brands in Germany in 2024 and 2023 (own
editing, Source: [12])

These DSI results are country-specific and may differ slightly from the overall European trends. This is
well illustrated by the German example, where it can be seen that, although based on a narrower population,
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the ranking is typical for the most popular tractor brands in Germany but is close to the European ranking.
One notable exception is that the list is not headed by Deutz-Fahr, but by Fendt, which has been the most
popular in Germany for some time, followed by Claas in second place [13]. (Figure 9.)

The German DSI ranking is stable, as the position of most of the brands in the ranking has not changed
between 2023 and 2024. (Figure 10.) The exceptions to this are New Holland and Massey Ferguson, which
swapped places with each other, due to New Holland being rated 0.9 points higher in 2024 than in 2023,
while Massey Ferguson was the only one of the seven top tractor brands to have suffered a significant 0.7
point drop from its rating in 2023 in Germany. (Figure 11.) Notably, Claas' German rating increased
significantly by 0.8 points, but this was not enough to catch up or overtake leader Fendt.
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Figure 10. Change in the ranking of tractor brands in Germany between 2023 and 2024 (Source: [12])
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Figure 11. Change in cumulative rating score of tractor brands between 2023 and 2024 in Germany
(Source: [12])
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4. Conclusions and recommendations

The survey is not intended to compare individual tractor brands. It is intended to provide a basis for
constructive dialogue between manufacturers and dealers to address critical areas. The results of the
questionnaire will serve as a tool for manufacturers to work with their sales network to identify and address
areas for improvement, to the benefit of both parties. CLIMMAR strongly emphasises that the survey is not
a rating of the products sold by the manufacturer [7].
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Abstract: Biochar-based carriers have emerged as a potential tool to support microbial inoculants in
sustainable agriculture, but their effectiveness depends on the viability and persistence of the inoculated
microorganisms. In this study, the viability and persistence of three beneficial microorganisms (Bacillus
amyloliquefaciens, Streptomyces griseus, and Trichoderma harzianum) were evaluated on five biochar
feedstocks: sunflower husk, wood chips, green waste, pelletized green waste, and a wood—zeolite composite
(75:25 ratio). Each biochar was characterized for Brunauer—Emmett-Teller (BET) surface area and pore
volume to assess physicochemical properties relevant to microbial habitation. Under sterile conditions, each
biochar was inoculated with a single microbial strain and incubated under controlled conditions for ten weeks.
Microbial viability was quantified weekly using Most Probable Number (MPN) counts to monitor population
dynamics, and a follow-up assay was conducted two months after the initial incubation to evaluate longer-
term persistence. The results showed that Bacillus amyloliquefaciens remained viable throughout the ten
weeks, and at the follow-up, Trichoderma harzianum similarly persisted across the experimental timeframe,
especially on specific biochar types. In contrast, Streptomyces griseus declined rapidly and became
undetectable by week seven under the tested conditions. The wood-zeolite composite biochar consistently
supported higher survival of the tested microorganisms. In contrast, pelletized green waste exhibited the
lowest microbial survival across all strains, despite not having the lowest BET surface area and pore volume.
These observations indicate that measuring the biochar surface area alone is insufficient to determine the
suitability of carriers for microbial inoculants. Instead, selecting biochar based on a combination of
physicochemical properties can improve the design of biochar-based microbial carriers. Overall, these
findings support targeted biochar selection to enhance the viability and persistence of beneficial microbes in
sustainable agricultural applications.

Keywords: biochar; surface; microbes; viability; MPN

1. Introduction

Biochar is a carbon-rich solid produced by biomass pyrolysis. It is increasingly studied as a soil improver
due to its high porosity, adsorption capacity, and surface area [1], [2]. Tt is highly permeable and moisture-
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retaining, often enriched in organic C, N, P and K, and bears numerous surface functional groups (hydroxyl,
carboxyl, amino, etc.) that promote the microbiome adhesion and proliferation [3]. In effect, biochar can
provide a protective microhabitat due to its high specific surface area and pore network, which buffer
environmental stresses (e.g., pH change, drought, potentially toxic elements) and supply adsorbed nutrients
to microbes [2], [3]. Indeed, biochar-immobilised inoculants have repeatedly shown enhanced persistence,
survival, and plant-root colonisation compared to non-char carriers [4]. These advantages make biochar a
promising, renewable alternative to peat or other traditional soil improver matrices in sustainable agriculture
[4], [5]. Higher pyrolysis temperatures generally increase biochar porosity and surface area while
decomposing labile organics. He et al. (2025) found that raising the pyrolysis temperature converted a wood-
derived biochar from a primarily macroporous material into a highly microporous one, significantly
expanding its surface area [6]. These textural features are hypothesised to influence the performance of
biochar carriers. The abundant micropores can retain water and adsorb organic nutrients, thereby sustaining
microbial metabolism, whereas larger pores and surface functional groups improve cell attachment [7], [8].
Because pyrolysis also alters pH and nutrient content, the combined physicochemical profile (BET area, pore
volume, surface chemistry, etc.) of each biochar is expected to determine how well different microbial species
survive when immobilised on the surface [9].

Understanding the mechanistic relations between specific biochar properties and inoculant change is
therefore essential for moving beyond descriptive comparisons toward predictive carrier design. Prior
research has frequently reported pairwise correlations among single material attributes, e.g., BET surface
area or pH [10], [11]. Still, it has rarely integrated comprehensive, multivariate biochar characterisations with
inoculant lifetime traits and biological functional interactions. Such integration is required to discriminate
whether observed survival gains arise primarily from moisture buffering, nutrient adsorption and slow
release, electrostatic or hydrophobic cell-surface interactions, physical protection from predators or
antagonists, or synergistic combinations of these effects [12]. Mechanistic insight also enables identification
of which properties are most amenable to engineering (e.g., targeted pore-size distributions, surface
functionalisation, or co-amendment with mineral carriers) to enhance persistence under field-relevant
stressors.

Despite the recognised importance of these properties, the long-term viability of inoculants on different
biochar carriers remains incompletely understood. Few studies have systematically compared multiple
biochar types under controlled conditions, and there is a lack of clear criteria for selecting the best carrier for
each inoculant. To address this gap, our study compares the survival of three beneficial strains, a spore-
forming bacterium, Bacillus amyloliquefaciens; Streptomyces griseus, which branches profusely to form a
myecelial network; and the fungus Trichoderma harzianum on five representative biochars (sunflower husk,
wood chips, green waste, pelletized green waste, and a 75:25 wood-—zeolite mix).

2. Materials and Methods
2.1. Biochar surface and pore characteristics

Five different biochars were produced for this study, varying in their feedstock composition and pyrolysis
conditions. The biochars were prepared from sunflower husk, wood chips, green waste, pelletized green
waste, and a wood-zeolite mixture (75:25 ratio), each pyrolysed at 600 °C under limited oxygen conditions.
To determine the specific surface area and pore characteristics, the biochar samples were prepared and
analysed using nitrogen adsorption. Before analysis, the sample was subjected to a controlled thermal
pretreatment to ensure a clean, degassed surface suitable for adsorption measurements.

2.1.1. Sample Preparation

An accurately weighed portion of each biochar (0.1046 g) was placed in the analysis tube and degassed under
vacuum. The temperature was first increased from room temperature to 120 °C at 5 °C min™', then held for
60 min to remove physically adsorbed moisture and volatile contaminants. Subsequently, the temperature
was further increased to 250 °C at the same heating rate (5 °C min') and maintained for 120 min to complete
the outgassing process and activate the surface before measurement. After degassing, the sample was cooled
to room temperature under vacuum and immediately transferred to the analysis port to prevent atmospheric
contamination.
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2.1.2. Nitrogen Adsorption Measurement and Calculations

The specific surface area was determined using the Brunauer—-Emmett—Teller (BET) two-parameter linear
method, assuming a molecular cross-sectional area of 16.2 A2 for adsorbed nitrogen (N2) [13]. Total pore
volume was estimated by the Gurvich rule [14] at a relative pressure of, assuming complete pore filling with
condensed nitrogen at this pressure.

2.2. Microbial inoculation

Each biochar type was inoculated under sterile conditions with one of three microbial strains, in three
replicates. For each treatment, 40 g of biochar were placed into 250 ml Erlenmeyer flasks, resulting in a total
of 45 flasks (5 biochar types x 3 microbial strains x 3 replicates). All biochars were autoclaved before
inoculation (Figure 1.).

Figure 1. Sterile Erlenmeyer flasks containing 40 g of each biochar sample were used before microbial
inoculation

The three microbial strains, Bacillus amyloliquefaciens, Streptomyces griseus, and Trichoderma harzianum
were first cultured separately in 250 ml flasks on a shaking incubator for 48 hours to obtain active microbial
suspensions. The cultures were then transferred into 15 mL Falcon (centrifuge) tubes and centrifuged at 5000
rpm for 15 minutes. After discarding the supernatant, the microbial pellets were resuspended in physiological
saline solution and subsequently applied to the sterilised biochars as an inoculum. Following inoculation,
viable cell counting was carried out over a 10-week period to monitor microbial persistence. Each week, 1 ¢
of inoculated biochar from every treatment was transferred into 9 ml of physiological saline solution (0.9 %
NaCl) in sterile test tubes (45 in total), and viable cell counts (CFU g!) were determined using serial dilution
and plating techniques.

2.2.1. Viable cell counts

The viable cell counts of the inoculated biochars were quantified using the Most Probable Number (MPN)
method [15]. The MPN is a statistical estimator. A pooled sample was prepared for each treatment and
assayed in three replicates. The biochar suspensions were prepared, and tenfold serial dilutions were
inoculated into 96-well microplates containing Nutrient Broth (Merck, Darmstadt, Germany) (Figure 2.).
Wells showing visible microbial growth after incubation were recorded as positive. Three parallel
inoculations were performed across three consecutive dilution levels. After 48 hours, the pattern of positive
wells yielded a three-digit “key number,” which was used to obtain the MPN multiplier from the Hoskins
table. The multiplier was then adjusted by the dilution factor of the first dilution to calculate the CFU per
unit soil [1].
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Figure 2. 96-well microplate showing tenfold serial dilutions of biochar suspensions during the viable cell
count assay

2.3. Data analysis

Linear regression analysis was used to examine the relationship between biochar BET surface area (S_BET)
and microbial survival (%). The linear regression is a statistical method that models the straight-line
relationship between two variables, describing how variation in the independent variable (x) influences the
dependent variable (y). In this study, regression models were fitted separately for Bacillus amyloliquefaciens,
Streptomyces griseus, and Trichoderma harzianum, and all plots illustrating the fitted relationships were
generated using RStudio.

4, Results
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Figure 3. BET surface area and total pore volume of the studied biochars (mean + SD). (A) BET surface
area (m? g™'). (B) Total pore volume (cm* g™)

Figure 3. presents the BET surface area and total pore volume of the studied biochar samples, revealing
considerable variability influenced by feedstock type and processing. The wood-zeolite composite clearly
stands out with the highest BET surface area (146 m? g') and pore volume (0.115 cm?® g'), markedly
surpassing all other samples. Wood-chip biochar exhibited intermediate properties (66.5 m? g'*, 0.057 cm?
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g ), followed by green waste and pelletized green waste with similar but slightly reduced values (surface
area: 35 and 33 m? g'; pore volume: 0.022 and 0.018 cm?® g!, respectively), where pelletization slightly
decreased porosity. The sunflower-husk-derived biochar showed the lowest values (2.3 m? g!, 0.012 cm?
g"), indicating minimal pore development. Overall, a more than ~60-fold difference in surface area was
observed, and the close relationship between surface area and pore volume highlights the key role of
feedstock composition and mineral additives, such as zeolite, in promoting pore formation during pyrolysis.

Figure 4. shows the correlation between BET surface area and total pore volume among the examined
biochars. A strong positive linear relationship was observed (R? = 0.90), indicating that higher specific
surface areas are closely associated with increased pore volumes. The wood-zeolite composite clearly stands
out, exhibiting both the highest surface area (146 m? g™') and pore volume (0.115 cm® g'), while the
sunflower-derived biochar displayed the lowest values for both parameters. This correlation highlights the
structural co-development of surface area and porosity, which are strongly influenced by feedstock type and
the presence of mineral additives such as zeolite.

BET vs Pore Volume (Category-level)
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Figure 4. Relationship between BET surface area and total pore volume of the biochars (category-level)

The survival trends of the three inoculants over the 10-week incubation differed markedly. Bacillus
amyloliguefaciens exhibited the most stable and highest persistence, showing only a slight decline over time
and with most CFU measurements remaining above 80% (107 CFU g™) at week 10. The highest apparent
survival of this species was observed on the wood-zeolite biochar, with cell counts remaining 98% (107 CFU
g™!) at the final sampling, whereas sunflower- and pelletized biochars supported the lowest survival after 10
weeks (Figure 5.). Streptomyces griseus showed the steepest and least stable decline of the three taxa. The
CFU counts fell sharply for most biochars and approached zero between weeks 6 and 7, with wood-zeolite
composite biochar showing a slightly delayed decline, but all treatments reached effectively zero survival.
Pelletized green-waste biochar supported survival least effectively, reaching zero earliest. Trichoderma
harzianum displayed intermediate stability, with 10-week survival levels ranging approximately between
70% and 85% (107 CFU g™), as with the other strains, the wood—zeolite material yielded the highest survival
at week 10, whereas sunflower and pelletized biochars were the least effective at maintaining T. harzianum
viability.
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Microbial Survival on Different Biochar Types
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Figure 5. Survival of Bacillus amyloliquefaciens, Streptomyces griseus, Trichoderma harzianum on
different biochar types

The results of the linear regression analysis of the relationship between biochar BET surface area and
microbial survival (%) are shown in Figure 6.
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Figure 6. Microbial survival as a function of BET surface area, based on CFU values measured at Week 6

In this analysis, microbial survival values were calculated based on CFU counts measured at Week 6, which
was the last time point at which all three inoculated species, including S. griseus, still exhibited detectable
and comparable viable cell numbers. Using the Week 6 dataset ensured that survival values reflected actual

62



BIOCHAR-BASED CARRIERS FOR MICROBIAL INOCULANTS HUNGARIAN AGRICULTURAL ENGINEERING
SUSTAINABLE AGRICULTURE: A STUDY ON SURFACE N° 44/2025
PROPERTIES, MICROBIAL VIABILITY, AND PERSISTENCE

physiological differences among biochars rather than species-specific decline patterns observed at later
sampling times. S. griseus exhibited the highest coefficient of determination (R? = 0.96), indicating a slightly
stronger fit than observed for B. amyloliquefaciens and T. harzianum (both R? = 0.96). The most salient
difference between taxa is the gradient of the regression line. S. griseus has a slope of 0.118 (percentage-
point survival per m? g! BET), which is precisely twice the slope estimated for B. amyloliquefaciens and T.
harzianum (0.058 percentage-point per m? g'). In practical terms, a unit increase in BET surface area is
associated with a twofold larger increase in survival for S. griseus than for the other two species. Overall, all
three organisms show a strong, positive association with BET surface area (R? > 0.95), but S. griseus is
markedly more responsive to changes in BET, indicating species-specific sensitivity of survival to biochar
surface area.

5. Discussion

The results indicate a clear interaction between biochar type and microbial species in determining survival
trends. While B. amyloliquefaciens showed high persistence across all carriers, S. griseus declined rapidly
and was essentially undetectable by week 7, and T. harzianum displayed intermediate stability. These
species-specific responses are consistent with previous reports that biochar effects on inoculant persistence
depend on both microbial life history (e.g., sporulation capacity in Bacillus) and the physicochemical
properties of the carrier (porosity, surface area, surface chemistry). In particular, the relative resilience of B.
amyloliquefaciens likely reflects the protective advantage conferred by spore formation when cells are
immobilised on porous char matrices, a pattern reported for Bacillus spp. in biochar carriers. These findings
are consistent with Vlajkov et al., who demonstrated that Bacillus spp. Immobilised on biochar exhibits
enhanced long-term survival, a phenomenon primarily attributable to the protective effect of sporulation and
to the advantages conferred by biochar's porous structure (e.g., improved moisture retention and provision of
physical micro-refugia) [16].

Feedstock and processing clearly modulated carrier performance in our experiment. Wood-zeolite- and
wood-chip—derived chars generally supported higher survival, whereas the sunflower based produced the
fastest declines. Such feedstock- and treatment-dependent outcomes are widely reported, biochar surface
area, total pore volume, pore architecture and surface chemistry vary markedly with feedstock and pyrolysis
conditions and are key determinants of microbial habitat quality on char. These observations are consistent
with He et al. (2024) [6] and Ribeiro et al. (2024) [17], who demonstrated that feedstock type and pyrolysis
parameters (e.g., peak temperature, residence time and heating rate) strongly govern biochar physicochemical
properties (including BET surface area, total pore volume, pore-size distribution and surface chemistry)
thereby determine the materials suitability as a microbial carrier. For example, these studies report that
increasing pyrolysis temperature generally enhances both surface area and pore volume, improving the
potential for microbial colonisation. At the same time, feedstock composition influences ash content and
surface functional groups, which in turn modulate habitat quality for immobilised microbes.

The marked dependence of survival on BET surface area and pore volume observed here accords with
mechanistic and review studies, including the IUPAC physisorption report (2015) [18] and the
comprehensive synthesis by Bolan et al. (2023) [19], which identify surface area and pore structure among
the principal factors by which biochar buffers desiccation, adsorbs nutrients, and physically shelters
microorganisms. Consequently, BET surface area and total pore volume jointly represent key design
parameters when developing biochar-based inoculant formulations. At the same time, the literature cautions
that surface area and pore characteristics alone do not capture all relevant material-microbe interactions —
such as surface chemistry, labile carbon and inorganic fractions, and particle size — so optimisation should
be multivariate rather than univariate.

Finally, our gradient-based finding that S.griseus responds more strongly to changes in BET surface area
and pore structure than the other taxa support the notion that Streptomyces viability is particularly sensitive
to carrier formulation and microstructure. This aligns with previous observations by Dominguez-Gonzélez
et al. (2022) [20], who reported that Streptomyces survival varied markedly among different carrier matrices,
mainly due to differences in surface roughness and moisture retention capacity. Similarly, studies on ball-
milled or mechanically modified biochars have demonstrated that excessive reduction of particle size or
alteration of pore morphology can impair Streptomyces viability by increasing desiccation stress and
disrupting hyphal integrity. These findings reinforce that successful formulation for filamentous bacteria
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requires careful control of surface accessibility, pore volume, and microhabitat stability, as their vegetative
and sporulating forms are highly responsive to micro-scale physical environments.

6. Conclusions

The type of biochar significantly affects microbial survival, with both the feedstock and the physicochemical
properties resulting from pyrolysis exerting a marked influence on outcomes. The utilisation of wood-zeolite
and wood chips derived biochars has been observed to support higher survival of Bacillus amyloliguefaciens
and Trichoderma harzianum, whereas the sunflower composite often led to faster declines. Furthermore,
Streptomyces griseus demonstrated a heightened sensitivity to variations in carrier surface characteristics,
exhibiting the most pronounced positive response to increases in BET surface area and total pore volume.
This finding underscores the significance of species-specific optimisation in the context of material selection.
The results demonstrate that judicious selection and engineering of biochar carriers, accounting for BET
surface area, pore volume, pore architecture, and other multivariate physicochemical traits, can significantly
enhance the long-term viability of microbial inoculants. This study provides actionable insights for the
targeted, trait-informed design of biochar-based formulations, thereby supporting the development of more
effective and resilient bioinoculant products in sustainable agriculture.
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Abstract: After decades of delay, Hungary has announced a subsidy scheme aimed at utilizing the available
biomass potential for advanced biomethane production. Due to environmental sustainability guidelines such
as carbon neutrality, transport, like many other industries, faces serious challenges, some of which are
energy-related. Biogas plants and the emitters that supply them with raw materials, such as agricultural and
food industry by-products and municipal waste, can make a significant contribution to the transition to
carbon-free transport. In this article, we aim to highlight that instead of traditional energy solutions, the use
of biomass for transportation purposes is not only a viable option, but may even be the most profitable
technology for investors.

Keywords: carbon-neutral technologies, biomethane-based gas plant, alternative bio LNG+CCS
liquefaction, Island-operated renewable energy system

1. Introduction

The aim of the subsidy call is to promote the green transition in the field of molecules. The primary goal is
to increase the production of biogas and biomethane, thereby replacing natural gas, and to increase the use
of electricity, heat energy, and fuel (bioLNG, bioCNG) produced from it. An important consideration in the
implementation of these developments is compliance with the principle of environmental sustainability, with
particular regard to the biological raw materials used. In the spirit of circular economy, the aim is to use the
biological end product, biogas manure, as a soil replenishment material in agriculture [1], [2].

It the subsidy achieves its goal, investments in biomethane plants may also boom in Hungary, following
European trends. According to the European Biogas Association (EBA) estimates that the number of
European biomethane plants will rise to 1,678 by the first quarter of 2025, which represents an average annual
increase of 182.8 plants over the five-year period from 2020 to 2024 (Figure 1). Hungary has 3 biomethane
plants. which is less than 2 per thousand [3].

The importance of the sector should be emphasized; the European sector and the political target expect
annual biomethane production in Europe to reach 35 billion cubic meters by 2030. This figure is close to
10% of total primary gas consumption. Fact: By 2023, 4.9 billion cubic meters of biogas out of 22 billion
cubic meters will be used in the form of biomethane. As Dekker (2025) highlighted the European Biogas
Association (EBA) plays a crucial role in facilitating the achievement of the biomethane target and the further
ramp up towards 2050, through several activities:

e Advocacy and Policy Work: EBA actively engages with EU policymakers to promote supportive
legislation and frameworks that encourage biomethane production and use. The Biomethane Industrial
Partnership plays an important role in this work.
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o Knowledge Sharing and Best Practices: The association provides a platform for members to share
experiences, technologies, and best practices, helping to improve efficiency and effectiveness in the
sector.

o Capacity Building: EBA offers training and resources to stakeholders to enhance skills and knowledge
related to biogas and biomethane production.

o Market Development: By promoting the benefits of biomethane, EBA helps to create demand and
stimulate investment in the biogas sector across Europe [4], [5].
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Figure 1. Growth in the number of biomethane plants in Europe between 2011 and 2024 [3]

Szunyog (2009) focused on the EBA records: 86% of European biomethane plants are connected to the
European natural gas pipeline network, meaning that pipelines are used to distribute the majority of methane
produced from biogas [6].

According to Kroon (2014) in addition to pipeline transport, there are a small number of local compression
(CNG) or liquefaction (LNG) plants, which use transport technologies other than pipelines [7].

2. Overview of the biomethane production technologies

It is widely known among professionals that in recent years, or rather decades, biogas plants have not been
among the most popular investment targets in Hungary. Reason for this are the high investment costs,
environmental impacts (e.g., odor), and operational problems arising from the interaction of biological and
technical systems and the complexity of the technology Téth at al. (2014) revaled the most important
determining factors of the technological issues deriving from the input materials and the process elements.
[8]. in their research. Bartfai at al. (2015) conducted operational experiments to investigate the causes of
foaming in the fermenter. According to the research results, the preparation of input materials (e.g., the
quality of fiber raw material shredding), the feeding ratio of material types, and the mixing characteristics of
the material in the fermenter have a significant impact on the technological process [9]. Based on real
operational tests Toth et al (2015) concluded foaming is particularly disadvantageous in terms of gas
formation [10].
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Another reason why the biogas plants are not viewed favorably is the produced biogas was converted into
electricity by generators, which — especially in the case of continuous power generation — provided only a
small income [11], [12].

As Steppat (2025) stated, a recently emerging form of biomethane utilization is peak-time electricity
generation instead of continuous electricity generation, which could ensure a significantly higher purchase
price per unit of energy carrier. However, storing the biogas produced in an environment close to atmospheric
pressure results in low, mostly insufficient capacity. An even more cumbersome and, in terms of overall
efficiency, unfavorable technical solution is the storage of the generated electricity in batteries prior to
feeding it into the grid [13].

Compared to traditional (widespread) biogas technology, a step forward is to ensure the storability of the
energy carrier with relatively high capacity by liquefying the separated methane molecules from the produced
gas. As a result of liquefaction, methane gas in its cryogenic state requires approximately 600 times less
volume than in its normal state, making it practical to store and transport. In this case, only adequate thermal
insulation needs to be provided, which can usually be achieved safely in double-walled vacuum-insulated
containers.

Liguefied methane offers a wide range of uses: the generator plant can only produce electricity during the
hours when the grid feed-in price is at its highest, and not only locally at the biogas plant where the generator
park was built, but also in isolated operation at any location.

The transformation of global energy supply systems is increasingly moving towards sustainability,
decarbonization, and energy independence. Balogh et al. (2025) draws attention to the particular interest in
renewable energy sources based on solar and wind energy, which can be used flexibly (scalable), even
mobile, and installed anywhere (e.g., in container designs), known as stand-alone energy production and
supply systems. One of the main reasons for this is that, compared to grid-based energy supply systems, they
are autonomous, to a certain extent independent, and capable of local energy supply. In the case of mobile
installation, they can provide electricity supply within a short period of time, e.g., to a facility located in an
area without infrastructure or to a disaster- or war-stricken area. In order to make the energy supply more
stable, these kinds of renewable power plants can be can be supplemented with additional energy sources,
such as biomethane. Figure 2. shows a concept of this system.

However, it should be noted that the operation of such systems poses new technological and system
integration challenges, particularly in the areas of stable biogas plant operation and energy storage [14].
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Figure 2. Concept of an island energy system based on renewable energy sources [11]

Gaster (2024) confirms that this application is appropriate, increasingly important and can provide a good
solution for balanced, evenly loaded network operation, as the capacity of gas generators can flexibly balance
the deficit in electricity generated by solar cells, or even wind generators can be flexibly balanced by the
capacity of gas generators [15].

Munnings (2023) in his report deals with the today’s energy problems and solutions. Efficient, flexible, and
environmentally friendly energy storage solutions are essential for balancing weather-dependent production
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The increasing capacity of solar and wind renewables requires the establishment of parallel generator
capacity (this means technology that ensures flexibility, which is increasingly necessary for the stability of
grid frequency), in which case the use of methane from biogas is an obvious element of decarbonization
processes [16].

Figure 3. shows a realized island-operated liquefied methane regasification station.

Figure 3. Island-operated liquefied methane regasification station with a 1 MW Capstone turbine system
for generator drive and other auxiliary consumers [17]

3. Transportation purpose

In addition to the use of methane molecules for thermal energy and power generation, the importance of its
use in transportation is often overlooked. Transport accounted for around a quarter of the biomethane
produced in Europe, which means powering LNG and CNG vehicles. Transport is the most difficult and
costly sector to decarbonize. Regardless of political will, electrification alone does not mean carbon-free
transport, as this would require electricity generation to be completely free of fossil fuels, which will not be
possible for decades, and not all sectors can switch to electric operation. In particular, it is more practical to
use the significantly more cost-effective, tried and tested alternative of gas propulsion for heavy-duty
vehicles, ships, railways, and even agricultural machinery such as tractors. A practical study performed by
Bickstrom and Jivén (2022), comparing the operation of BioLNG-powered vehicles and their diesel
counterparts showed a significant improvement in "climate efficiency" with the same energy consumption,
resulting in an advantage of up to -330% for biomethane-powered vehicles [18].

Toillustrate that the transition to gas propulsion is progressing at an accelerated pace in many markets, here
are some statistics from two markets:

o The amount of LNG used at LNG filling stations in Italy in 2024 will be 220,000 tons, and in Germany
240,000 tons. In both countries, significant CNG consumption (especially in Italy) is above this level.

¢ In Finland, the market share of newly registered gas-powered heavy-duty vehicles will be 48% in 2024,
with the entire LNG fleet running on BioLNG. In Norway, this share is 15%.

¢ In China, which is also mentioned as a leader in electrification, 30% of the new heavy-duty vehicle
market was LNG-powered in 2024, and this figure rose to over 50% in the second quarter of 2025. The
amount of LNG served at roadside LNG filling stations reached 30 million tons annually.

According to the relevant surveys (Lam 2021, IMO 2021) the transition of road transport, and heavy-duty
vehicles in particular, to gas propulsion creates a significant demand for LNG. The rise in this volume will
certainly be visible in the coming years. In the field of maritime shipping, no other alternative seems to be
emerging, as LNG propulsion appears to be the only economical alternative that can offer shipping companies
lower operating costs and a faster return on investment compared to petroleum-based propulsion [19], [20].

In the transition to carbon-free transport — which should rightly be referred to as fossil-free — gas-powered
vehicles, and within that, biomethane, for which the most appropriate term is carbon neutrality, should play
a prominent role. The transport sector's increased capacity for renewable methane is clearly evident from the
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statistics. By 2023, transport already accounted for 23% of European biomethane consumption, followed by
heating in buildings (17%), electricity generation (15%), and industrial use (13%)

The options for delivering biomethane to vehicle filling stations are not very diverse. In the case of LNG
vehicles, the gas must be delivered to the site in liquefied form, therefore

o either the biomethane is liquefied at the biomethane plant and distributed to filling stations, or

e in the absence of this, the gas must be transported from the LNG import terminal to the filling points

and the renewable molecules injected into the pipeline network are sold to the filling stations as
Guarantees of Origin for Renewable Gases (known in technical jargon as Certificates). The legal
framework for the growing Certificate trade in Europe has already been established in Hungary.

Thanks to the Certificate trade, vehicle operators refuel with biomethane at the vast majority of CNG filling
stations in Europe, thus achieving carbon-neutral transport. It should never be overlooked that the
ideological-based categorical ban on internal combustion engines can be described, at the very least, as a
serious mistake.

In the case of CNG, certificate trading is obvious, since compressed natural gas, unlike LNG, is typically
produced by compressors connected to the pipeline network, meaning that molecules taken from the gas
pipeline are filled into vehicles.

In the case of LNG, shipments can be equipped with renewable certificates through import terminals. Given
that import terminals regasify LNG transferred from tankers and transport it to consumers via pipelines, most
of them also have smaller liquefaction capacities for handling boil-off gas (i.e., gas that evaporates in the
tank). If the re-liquefied molecules are supplemented with certification, it becomes possible to sell the desired
amount of renewable LNG.

This is, of course, an effective solution if the distance over which the LNG is transported does not make
the energy carrier disproportionately expensive. In the middle of the continent, however, the transport
distance can exceed 1,500 kilometers, which significantly affects the cost of the fuel that can be sold and
worsens its market position. It is precisely this transport cost that gives biomethane liquefaction plants a
competitive advantage, as liquefaction plants located in the interior of the continent are exempt from
significant transport distances.

3.1. Establishment of a biomethane plant and transportation of the molecule via pipeline

According to the stated support objectives, the biomethanation technology of biogas plants with a yield of
over 500 m%h can be developed. Referring back to publication on biogas liquefaction (Bartfai et al. 2019),
the main element in separating the various molecules present in biogas is the highly efficient separation of
carbon dioxide and methane [21].

The industry has developed different processes for this purpose. Bartfai et al. (2020) summarized the well
spread technologies (Figure 4.). The costs of each technology and the level of methane purity achievable also
vary.

The phase following the production of biomethane involves the transportation of the gas, its injection into
natural gas pipelines, or its transportation in CNG or LNG form by other means.

In order to develop a biogas and biomethane strategy, the preparatory material compiled by FGSZ described
the technological requirements and cost spectrum for connecting to different categories of natural gas
pipelines as follows [22].

Biomethane producers can connect:

e only to the distribution network (DSO, ~6 bar),
o -possibly with reverse flow implementation, or
o to the natural gas transmission network (TSO, 40-63 bar),
o -independently with a transmission system connection, or
o -with a "hybrid" (distribution and transmission system) connection
o -or with a hybrid connection in the case of multiple plant pooling.

The following requirements must be met on the biomethane plant side:

e monitoring of biomethane quality and, if necessary, installation of an automatic flaring system,
e installation of odorization in accordance with regulations,
o installation of pressure boosting technology.
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Figure 4. Summary of the range of biogas cleaning technology solution [23]

In the case of energy-related investments, another important decision-making factor is the assessment of
operating costs after construction and the direct and indirect economic effects related to production. In
addition to the above, the plant must also bear the costs of constructing the connecting pipeline and operating
all of the above [24, 25].

In order to ensure natural gas quality, in addition to separation technology, the biomethane plant can expect
to incur investment costs of approximately HUF 200-300 million at current values. An additional HUF 80-
150 million must be added for the pressure increase, while the cost of the connecting pipeline is around HUF
50 million per kilometer in the case of the DSO system, but between HUF 80 and 150 million in the case of
the TSO, according to FGSZ data.

Connection to the medium-pressure natural gas system is only possible if the biomethane flow is lower than
the current natural gas flow in the distribution pipeline, in which case the technical implementation costs on
the FGSZ side can reach up to HUF 130 million.

If reverse flow from the medium-pressure system (DSO) to the transmission system (TSO) is required
because the amount of biomethane produced may exceed the consumption of the given medium-pressure
system, the gas pressure must be increased to 40-63 bar in the transmission pipeline. The cost of this
development on the part of FGSZ is HUF 1-1.2 billion.

If the biomethane plant connects to the natural gas transmission system independently, the cost of the
necessary development is HUF 540-700 million, depending on whether an existing or new FGSZ gas transfer
station is to be built. In addition, the cost of building the necessary compressor has been estimated at between
HUF 800 million and HUF 2.6 billion, which will be borne either by FGSZ or the biomethane plant.

Hybrid connection means connection to the DSO and TSO pipelines. On the biomethane plant side, the
lower pipeline construction costs and lower compressor costs (to the DSO) while on the FGSZ side, the costs
of connecting to the preferred existing gas transfer station were estimated at HUF 712 million, to which the
cost of compressor construction was added, scaled to the connection of an independent natural gas
transmission system.

In the case of joint network connection (pooling) of biomethane plants, the costs of the hybrid connection
are shared to some extent among the biomethane plants connected. The cost of compressor installation is
shared among the participants in the pooling.

The determination of multiple cost items significantly delays the preparation of an investment in a
biomethane separation plant and represents a relative uncertainty in terms of costs. Furthermore, it can
significantly delay the implementation of the project, even by years, which also poses a risk from a financing
perspective.

It can be stated that for a 500-1000 m®h biogas plant, whose gas separation technology starts at a cost of
between HUF 1 and 1.5 billion, the costs associated with connecting to a DSO network 10 km away are
estimated at HUF 1.2 billion in the most favourable case. For larger plants, the latter connection can reach
HUF 5 billion. Annual maintenance and operating costs can start at HUF 200 million.
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3.2. Establishment of a biomethane plant and transport of the molecule on an axis

Methane separated from other components of biogas can be transported economically by road as a result of
liquefaction, over a wider distribution area, up to a radius of 4-500 km. This is a striking difference compared
to compression technology (CNG) at 200 or even 250 bar, where economic considerations do not allow for
transport distances greater than 30-40 km. The reason for this is that a vehicle combination with a total weight
of 40 tons can transport 18-20 tons of LNG, while in the case of CNG, this is no more than 4-4.5 tons. In the
case of LNG, the efficiency of transport is demonstrated by the fact that a single vehicle can transport 40-50
tons of gas per day in a production and distribution area the size of Hungary, which means that it is capable
of transporting the output of several biogas plants — with a total hourly yield of up to 5,000 cubic meters — to
consumption points. This can result in up to 750 MWh of energy per vehicle per day.

Figure 5. shows a special vehicle suitable for the road transport of gas produced using cryogenic technology
(converted to a liquid state at extremely low temperatures).

i eSS

Figure 5. Cryogenic gas transport vehicle for LNG transport [26]

The requirements for biogas separation prior to liquefaction are similar to those for feeding into the natural
gas system, with the difference that in biomethane, water vapor and hydrogen sulfide may only remain at a
level of a few tens of ppm, and the CO- content may not exceed 200 ppm. However, achieving higher purity
gas does not result in significantly higher costs, although in the case of CO; it reduces the range of possible
technologies. Depending on the complexity of the raw material, a biogas treatment plant in the 500-1000
m3/h production category requires an investment of HUF 300-500 million for preparation, plus an additional
HUF 700 million to HUF 1.5 billion for CO; separation.

It should be noted that the CNG route has significantly lower requirements in terms of carbon dioxide
separation, and can therefore be implemented at a lower investment cost.

The technologies available for the liquefaction of separated biomethane become significantly more
expensive for smaller gas yields. The products available on the market range from €4 to €15 million, with
daily production values of 2-15 tons, and at least another €1 million must be added for installation. For
conversion, approximately 10 tons of LNG can be produced from a 1000 m3/h biogas plant.

Summing up the figures, it can be concluded that the establishment of the plant — again, without the biogas
plant — can be planned with an investment cost of HUF 3.5-5.5 billion, within the previously calculated biogas
yield range.

4. Alternative BioLNG+CCS liquefaction technology

The latest technological proposals from Cryonex Industries ZRt offer investors in biogas plants carbon
dioxide separation integrated into the cooling process. This provides three significant advantages:
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e The investment cost of carbon dioxide separation is reduced by 10-30 percent

o The cost of liquefaction technology also becomes more favorable in relative terms

o Carbon dioxide in its liquefied state appears as a marketable product, Bio-CO,, with a food-grade purity

of >99.95%, contributing significantly to the operating result.

In other words, Carbon Capture & Storage (CCS) is also achieved, which cannot be provided by any of the
processes considered so far or any other use of biogas. This is a significant added value, the impact of which
should be given special attention when preparing the CO2 balance and should be positively distinguished.

The essence of the liquefaction technology offered lies in the closed cooling unit (cold box). Inside the
cooling unit, a multi-stage heat exchanger system operates with a circulating gas mixture cooling medium.
The circulating return gas mixture is compressed and then passed through a Joule-Thomson valve, where it
reaches a temperature of ~-156 °C, which gradually reduces the temperature of the treated gas through the
Cold-box heat exchangers. During the process, more than 99.95% of the CO, molecules freeze out of the
biogas stream, while the remaining CHa, O, and N> molecules pass through. During the process, more than
99.95% of the CO2 molecules freeze out of the biogas stream, while the remaining CH4, Oz, and N2 molecules
are cooled to -156 °C. In a condenser vessel, the methane separates from the remaining gas stream and
becomes liquid. The non-liquefied O,- and Ny-rich residual gas, with a CH4 content of approximately 20%,
is also utilized and provides about a quarter of the fuel for the 400 kW generator that supplies the plant's
power needs. The plant provides the additional fuel required from the boil-off gas of the LNG tank.

In the cold box, the CO; snow crystals melt and are transported in liquid form to the cryogenic LCO; tank
by the pump. The LNG and LCO; cryogenic tanks are connected to a cryogenic tank vehicle service terminal.
The plant selected as an example produces one full shipment of carbon dioxide per day and one shipment of
biomethane every two days.

For the sake of comparability with the figures presented in the previous chapters, here are some selected
data from the technical proposals prepared by Cryonex Industries ZRt. for the technological development of
a low-pollution biogas yield plant:

e The planned yield of the biogas plant is 900 m®h, which means a gas flow of approximately 1100 kg/h.

e The investment cost of the BioLNG & CCS plant is in the range of HUF 2.5-3 billion, which includes
the generator that supplies the plant's electricity consumption, which also ensures the destruction of the
liquefaction residue gas, as well as the costs of storing the products and loading them into tanker vehicles

o Based on 8,400 operating hours per year, the products supplied amount to 2,560 tons of LNG and 5,590
tons of LCO2 (liquefied carbon dioxide), which is supplemented by a 39.5 GWh certificate (the
guarantee letter is issued for this amount of energy).

¢ Following operating expenses in the range of HUF 200-250 million (not including the raw material and
operating costs of the biogas plant), the annual net revenue available at current prices is approximately
HUF 1.4 billion from the sale of BioCO2 and the sale of Certificates, BioCO; sales, and certificate sales.

5. Advantages of establishing a biomethane liquefaction plant

In the case of a biomethane plant, the way to avoid connecting to the natural gas system is to compress the
biomethane (into a compressed or liquefied state) and deliver it directly to the consumption points.

In the case of liquefaction, the freedom of distribution and use can increase significantly, as described
above. Distribution can be carried out economically and with considerable flexibility even over longer
distances. In addition to supplying fuel for heavy-duty vehicles, it can also be used to power generators
operating in island mode or to operate generator parks that balance the electricity grid.

In addition, economic calculations may also result in the implementation of a hybrid system in which a new
regasification station similar to the one shown in Figure 6 is added to an existing TSO receiving and
compressor station at a favorable cost. (existing) TSO receiving and compressor station with a regasification
station similar to the one shown in Figure 6. to receive the produced liquefied biomethane and feed it into
the natural gas system. This regasification station can be fed with liquefied gas produced in several
biomethane plants, resulting in lower overall (pooled) system investment costs.

An additional advantage may be that the receiving markets (transport, gas network, electricity network) can
jointly ensure a higher purchase price for the biomethane plant in the long term and increase sales stability.
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With the integrated BioLNG+LCO; freezing process, i.e. Carbon Capture & Storage technology, efficient
carbon dioxide capture and an additional food-grade carbon dioxide gas can be produced, generating nearly
a quarter of the revenue.

LNG, especially when located far from import terminals, can be sold at a significant premium compared to
biomethane molecules, primarily to serve the growing fuel needs of transportation and heavy-duty vehicles.

Based on plants with a biogas production range of 500-1000 m3/h, the investment required for a biomethane
plant and connection to the network could range from HUF 2.5 to 6.5 billion. In contrast, with BioLNG &
CCS technology, the investment could be realized in the range of HUF 2.5-3 billion.

The recommended investment with BioLNG & CCS technology would yield a net profit of HUF 1.4 billion
at today's prices, after deducting operating costs. A plant of the same size connected to a natural gas pipeline,
after deducting the operating costs of the compressor, can be expected to generate net revenues of HUF 900
million from the sale of molecules and certificates, which may be further reduced by network usage fees.

The total cost of the network connection can only be determined after a precise site survey and study of the
surrounding natural gas network, as well as the determination of the pipeline route to be built. This process
can significantly prolong the budgeting and preparation phases, and it must also be taken into account that
the implementation process will take years. With a single supplier offer for the liquefaction plant, the
implementation time can be determined with a high degree of accuracy and can be planned and accounted
for.

6. Conclusions

The available funding for biomethane technology developments can hopefully provide a significant boost to
the development of domestic biomethane capacities, which are lagging behind in European comparisons. The
options for implementing investments include connecting to the natural gas network or, alternatively,
liquefying biomethane, even with BioLNG & CCS technology. In the latter case, the avoided carbon dioxide
emissions can also result in an additional food-grade product, while the investment costs are at most no higher
than the costs of the network connection, while the expected net income can be significantly higher, so the
payback period of the investment can be shortened by years.
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