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Abstract: Significant shortfalls in meeting the climate mitigation targets and volatile energy
markets make evident the need for an urgent transition from fossil fuels to sustainable
alternatives. However, the integration of zero-carbon fuels like green hydrogen and ammo-
nia is an immense project and will take time and the construction of new infrastructure. It
is during this transitional period that lower-carbon natural gas alternatives are essential.
In this study, the industrial sectors of Lithuania are analysed based on their energy con-
sumption. The industrial sectors that are the most energy-intensive are food, chemical, and
wood-product manufacturing. Synthetic natural gas (SNG) has become a viable substitute,
and biomethane has also become viable given a feedstock price of 21 EUR/MWh in the
twelfth year of operation and 24 EUR/MWh in the eighth year, assuming an electricity
price of 140 EUR/MWh and a natural gas price of 50 EUR/MWh. Nevertheless, the scale
of investment in hydrogen production is comparable to the scale of investment in the
production of other chemical elements; however, hydrogen production is constrained by its
high electricity demand—about 3.8 to 4.4 kWh/Nm3—which makes it economically viable
only at negative electricity prices. This analysis shows the techno-economic viability of
biomethane and the SNG as transition pathways towards a low-carbon energy future.

Keywords: substitute gas; natural gas; syngas; synthetic methane; biogas; biomethane;
carbon-neutral

1. Introduction

The Copernicus Climate Change Service (C3S) has confirmed that 2024 is the warmest
year on record globally, marking the first calendar year in which the average global tem-
perature exceeded 1.5 °C above pre-industrial levels [1]. This development highlights a
significant shortfall in meeting the targets set by the Paris Agreement in 2015, which aims
to prevent such temperature increases. The key driver of climate change today remains
dependence on fossil fuels, necessitating a phased transition to achieve the Europe’s goal of
eliminating carbon emissions by 2050. To support this goal, some countries have adopted
carbon tariffs to reduce both global and regional carbon emissions [2]. At the same time,
recent geopolitical events have demonstrated that diversifying energy sources is essential
for mitigating climate change and ensuring energy security. This became particularly
evident over the past few years when global gas prices experienced severe fluctuations
due to the combined effects of the global pandemic and geopolitical tensions. For example,
Europe’s gas-price markers indicate that natural gas prices skyrocketed from 67 to a record-
breaking 340 EUR/MWh over the period February—August 2022 [3], triggering a power
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crisis in energy-intensive industries, especially in energy-import-dependent countries like
Lithuania. The energy surge led to unplanned industry halts, significant increases in pro-
duction costs, and reduced market competition. These dual challenges can be addressed
by diversifying fuel types and transitioning to alternative gases, such as zero-carbon fuels
like green hydrogen and green ammonia obtained from renewable energy sources such as
hydropower, solar power, wind power, or carbon-based renewable energy sources, such
as synthetic natural gas (SNG) [3,4] and biomethane produced from renewable sources
Table 1.

Table 1. Comparative overview of the production and consumption (PJ) of natural gas, synthetic
natural gas, biomethane, and green hydrogen (2018-2023) [5-12]. N/ A—data not available.

Gaseous Finland Germany Italy Lithuania Poland
Year/Trend
Fuel Production Consumption Production Consumption Production Consumption Production Consumption Production Consumption
RS 2018 90.9 213 3079 196 2492 0 74.3 201 675
2 i% 2023 59.2 145 2661 108 2112 0 52.2 132 660
:2 ~ Trend —35% —32% —14% —45% —15% 0% —30% —34% —2%
e g @ o igég There are insufficient data available. SNG production via gasification is technically ready for large-scale deployment, but its progress is
AE m% hindered by competition with prices for natural gas.
g <=  Trend
geom 2018 0.43 36.1 36.1 3.1 3.1 0 0 0 0
S8 EE/'E 2023 3.3 360 360 119 119 0.17 0.17 22.7 22.7
= j Trend +667% +897% +897% +3739% +3739% N/A N/A N/A N/A
)
§ < g ;N‘ ggg There are insufficient data available. Industrial-scale green hydrogen production is still under development and in the early stages of
=Ny le-u
om Trend scale-up-

Despite the rapid development of zero-carbon fuels like green hydrogen and ammonia,
H; and NHj still face significant barriers to meeting current and projected energy needs and
reducing dependence on fossil fuels. For comparison, global green hydrogen production
in 2023 was approximately 31 million tons [13], meeting only 2.3% of the total industrial
energy demand of 166 EJ [5]. The scale of hydrogen and ammonia production and the
inadequacy of the infrastructure mean that its use as a primary energy source is limited
for the time being, both in the industrial and transport sectors. Moreover, lower-carbon
products are characterized by up to 34% higher average investment costs than carbon-based
counterparts and are still not economically viable [14]. There is a significant gap between
the vision of sustainable energy and its realisation; thus, effective transitional solutions are
needed. Considerable challenges exist in achieving fuel diversification by decarbonising
technological processes to ensure sustainable production while reducing costs.

Synthetic natural gas (SNG) and biomethane are emerging intermediate energy sources
that can help alleviate supply gaps in fossil fuels, hydrogen, and ammonia. SNG and
biomethane, regarded as lower-carbon fuels, are produced from biomass. SNG is produced
through a thermochemical process called gasification, in which biogenic residues and
wastes are converted into synthetic gas (syngas). Syngas primarily consists of Hy, CO,
and CO,. An additional process called catalytic water—gas shift conversion is applied to
upgrade syngas into synthetic biogas.

In contrast, biomethane is produced via anaerobic digestion. During the biodegra-
dation of renewable raw materials and organic waste in oxygen-free conditions, a gas
mixture consisting of 55-70% methane, 35-40% carbon dioxide, and trace amounts of Ny,
H,, Oy, H,S, and water vapour known as biogas is produced [15]. Biogas is then upgraded
into biomethane through further processing, including cooling, drying, and purification.
Both alternatives generally have a high calorific value, a consistent composition, and other
desirable characteristics, such as low concentrations of impurities, water vapour, hydro-
gen sulphide, ammonia, etc. SNG and biomethane can be easily integrated into existing
pipeline systems and used in industry, power generation, and transport, ensuring a smooth
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transition to fully renewable energy sources. The SNG and biomethane stream can be
utilised in applications currently powered by natural gas without issue, as its volumetric
composition and thermal characteristics (such as LHV and wobble index) are equivalent to
those of natural gas [4].

Natural gas is a hydrocarbon gas primarily composed of methane, with smaller
amounts of other hydrocarbons, such as ethane, propane, and butane. It may also contain
traces of non-hydrocarbon gases like carbon dioxide, nitrogen, and helium. In Lithuania,
natural gas is one of the most-used fuels, ranking third (17.3%) in fuels used for primary en-
ergy consumption in 2023 [16]. Because of its high calorific value, natural gas is considered
a cleaner-burning fossil fuel, with CO, emissions of 515 kg/MWh of electricity produced,
compared with 1020 kg/MWh for coal [17]. Its versatility and wide availability make it
suitable for various industrial processes in production, power generation, and heating. It
covers 27.2% of the total energy demand in Lithuanian industry as a primary fuel [16].

In recent years, there has been a notable increase in the number of research articles
focusing on techno-economic and life-cycle analysis (LCA) of synthetic natural gas and
biomethane, as well as their integration with carbon capture, utilisation, and storage
(CCUS) technologies. In a study conducted by Cormos et al., the authors explored various
aspects of SNG production from woody biomass, including process modelling and simula-
tion, model validation, mass and energy-balance assessments, and LCA calculations for
a 500 MWy, plant with a 60% CO,-capture rate [4]. The study concluded that integrating
CO; removal into biomass gasification could yield negative carbon emissions of approxi-
mately 457 kg/MWh. However, the process costs remain higher than current EU natural
gas prices, being estimated at around 53 EUR/MWh compared to Lithuania’s prevailing
44-45 EUR/MWh range [18]. A techno-economic assessment of biomethane production
was also conducted by Padi et al. [3]. That study investigates the feasibility of biomethane
production from cattle slurry and grass silage through an anaerobic process. The produc-
tion cost was close to 72 EUR/MWh, with potential for distribution into the natural gas
grid. The authors suggests that the recent surge in energy prices due to geopolitical factors
could enhance the viability of distributed cattle-slurry—grass-silage biomethane systems
(DCSGSB systems), as the natural gas market price directly influences the demand for
such installations. Authors also emphasises that governmental subsidies that support the
widespread adoption of these technologies remain crucial.

The future price range is challenging to predict, given the geopolitical factors. The
economic feasibility and limited resources make future use of fossil fuels unfavourable.
Alternative fuels, however, have various advantages and disadvantages across different
dimensions. Natural gas derived from biomass is the most promising renewable energy
source today. The reasons are its comparably high heating value and its compatibility with
existing distribution networks and infrastructure like distribution pipelines and auxiliary
equipment. Artificially produced natural gas is cleaner, more diverse, and strategically
independent, making it a significantly superior fuel option.

Determining whether methane produced through anaerobic and thermochemical
processes can be cost-competitive with natural gas remains essential. To address this
question, a comprehensive analysis of the current industrial energy landscape, biomass
potential, and techno-economic factors is required. The insights gained could inform future
strategies for integrating renewable energy into energy-intensive sectors. While previous
studies have primarily focused on the techno-economic and environmental performance
of large-scale renewable gas production, this study uniquely evaluates the sector-specific
potential and economic viability of synthetic natural gas (SNG) and biomethane as transi-
tional fuels within Lithuania’s most energy-intensive industries. By dynamically assessing
break-even conditions under real market scenarios and directly comparing these pathways
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with scenarios in which hydrogen is used, our analysis provides actionable insights for the
practical deployment of lower-carbon gases during the critical transition to a low-carbon
energy system.

2. Methodology
2.1. Classification of Industries

The various activities of industrial companies result in differing levels of energy con-
sumption in their production processes. Structuring companies according to their activities
allows for a more optimal adaptation of the regulatory framework, specialisation of re-
sponsibility for environmental compliance, tailoring of the tax environment, and improved
assessment of energy consumption to promote its optimisation. The European Union
regulates industries according to the classification used in the European Community’s list
of products [19]. The PRODCOM statistics cover industrial production (except military
products and some energy products) by enterprises classified within Sections B, C, and E of
NACE Rev. 2 [20].

The Director General of the Lithuanian State Data Agency, by Order No. D]-266 of
3 December 2024, approved the revision of the Classification of Economic Activities in
the Economic Activity Classification (EVRK Rev. 2.1) [21] by the Commission Delegated
Regulation (EU) No. 2023/137 of 10 October 2022. Using the classification, the statistical
department publishes industry energy-consumption data. Using the classification, we
selected the industries with the highest energy consumption and extracted the quantities of
energy and fuels consumed in them.

To identify target industries and opportunities for the development of renewable
energy sources, statistical data on energy consumption in the industries were gathered,
highlighting the most fossil-fuel-intensive industries; summarised information on logging
residues and biomass fuel prices was also assembled (Figure 1). The aggregated information
on investment and the operating costs of the technologies under consideration enabled an
assessment of the competitiveness of the production of SNG, biomethane, and hydrogen
fuels with the currently used natural gas.

Classification of Economic Data collected from other sources

Activities EVKR 2.1

v A/\

Statistical information Expert data on agro-waste CAPEX and OPEX
quantities collected. data collected for the

The most fuel-intensive industries
are selected. Statistical data on Biofuels market price
biomass quantities collected. overview.

technologies under
consideration.

A techno-economic analysis has been
carried out for SNG, biomethane and
hydrogen to assess the cost of production.

Discussion of results and conclusions

Figure 1. Research flowchart.

2.2. Techno-Economic Assessment

The technical and economic assessment enables calculation of the simulated cost
of producing 1 MW utput of biofuels in the process of transitioning from natural gas to
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biomethane, SNG or hydrogen. Research and development projects in Europe are ongoing,
with focuses such as synthetic natural gas, bio-methane, and hydrogen production. Cur-
rently, synthetic natural gas is not widely used commercially due to the availability of cheap
fossil fuels on the world market. This explains the lack of data on SNG production and
consumption statistics (Table 1). For the development of synthetic natural gas production,
a preliminary assessment of the required investment and technical and economic data has
been conducted based on previously published work [4,22,23]. The investments needed for
the individual process plants and the techno-economic data were recalculated based on the
analysed yield of 1 MW of gaseous biofuel, including the installation of the plants and their
operation. To compare the planned investments, economic indicators are here provided,
along with a detailed assessment of equipment investments. For each process plant, the
investment was estimated based on the provided data, with a scaling factor applied to
evaluate the investment required for the specified capacity. Subsidies and other forms of
support for investment or production were not used in the calculation of the output costs
for the various fuel types. Different countries may use different levels or even methods of
support, leading to varying production costs. The levelised cost of syngas (LCO) is defined
as the ratio of the annual cost to the yearly renewable gas production:

Ci

LCO=mmaxp

1)
where P is the production capacity, MW; HLH is hours worked per year; and C; is annual
cost of production in EUR, calculated as follows:

Ci =FCF x G + Cinput + CO&M (2)

where C; is the investment cost, EUR; Cippyt is the cost of fuel; Cogy is operating and
maintenance cost, EUR; and FCF is the fixed charge factor, as defined.

P SF1
Ci = CInV,ref,i Pif (3)
re

where Pt and Cpy ref; are the capacity of and investment needed for a known device.
Modelling the production of 1 MWytput, the investment is adjusted by the scaling factor
(SF;) presented separately for each unit of the process chain. The scaling factor is selected
according to the element of the process chain. For the components of the production
value chain for synthetic natural gas (SNG), our investment estimates are based on the
techno-economic assessment conducted by H. Thunman et al. [22], applying the scaling
factors specified for each element of the value chain. For hydrogen and biomethane
technology investments, we used a calculation from studies analysing the cost of producing
1 MWoutput of energy [23,24], as follows:

rx (141)"

FCF = —————
c (1+1r)" -1

(4)
where n is the economic lifetime (n = 25 years) and r is the discount rate, 5%.

The results allow us to compare the competitiveness of renewable gaseous fuels with
natural gas. They show at what price levels of energy resources it makes sense to invest in
fuel diversification in industries using natural gas.
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2.3. Inputs Data and Technological Scheme for Calculation
2.3.1. Synthetic Natural Gas

The cost of synthetic natural gas depends on various factors, such as the prices of
energy resources and raw materials and the selected gasification technology. The selection
of the devices in the principle circuit diagram of the SNG process chain is based on the SNG
scheme analysed by Cormos et al. for Slovenia [4] and the plant characteristics analysed by
Thunman et al. for “GoBiGas” [22]. For this reason, the calculations will be based on the
most rational and typical technological solutions and parameters, as illustrated in Figure 2.
Calculations are based on the volume and output of thermal energy.

Air Biomass
o Steam
Air Separation Unit 4 Gasification <
Syngas Cooling and Ash Ash o~
Removal v

°: }

Water Gas Shift

CO, to Utilization

or Storage
v ' 4
Claus Plant and Tail Gas CO, drying and

<+ Acid Gas Removal —p

Treatment

| v

Sulphur SNG Catalytic Reactor

Compression

SNG

\4

Figure 2. Typical gasification system [4].

The investments were recalculated for the individual plants in the process chain, and
the techno-economic data were evaluated to analyse a 1 MW synthetic fuel yield [4,22].
The CAPEX cost of a given plant subsystem (e.g., gasification unit, syngas processing
line, acid gas removal unit, CO; processing unit, SNG production unit, etc.) for a given
production capacity was calculated by applying the Formula (3) presented in Section 2.2
of the investment correlation methodology. The reference data used for various plant
subsystems are reported in Table 2.

Table 2. Data for CAPEX calculation.

Investment of Plant Subsystem CAPEX, EUR
Air separation unit 870,780
Fuel-handling systems 680,249
Gasification and combustion 294,991
Primary gas-production cleaning 237,874
Flue gas system 140,340
Tar adsorption 106,233

Acid gas removal 1,099,682

SNG production unit 137,478
Carbon-process unit 20,515
Sulphur removal unit 74,687

Power unit 71,777
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Operation expenditures (OPEX) consider both the fixed (e.g., direct labour, plant
maintenance, administration, etc.) and variable (e.g., biomass, chemicals, solvents, boiler
feed water, process and cooling water, ash disposal, etc.) components using the key
economic assumptions shown in Table 3.

Table 3. SNG key economic assumptions.

Cost of Plant Subsystem OPEX
Discount rate 5%
Lifetime of the investment 25 years
Annual production time 7884 h/year
Boiler-fed chemical water treatment cost 190 EUR/month (1 MWthoutput)
Gasifier block maintenance cost 0.059 kWh/kWhy, 04
Cost of catalysts (WGS and SNG reactors) 3000 EUR/y (1 MWthoutput)
Cost of biomass 24 EUR/MWhyps
Ash disposal cost 109 EUR/t
Staff requirements for the operation of a 1 5
MW installation
Average salary of an employee 1150 EUR/moth
Administrative costs, defined as direct
30%
labour percentage
Maintenance costs, defined as CAPEX 3.259%
percentage '
Assumption of rising electricity prices 1%
Assumption of rising natural gas prices 2%

2.3.2. Biomethane

Biomethane is emerging as a rapidly expanding alternative to natural gas in Europe,
contributing to the reduction of reliance on natural gas imports due to insufficient and
decreasing domestic production (Table 1). To assess investment in biomethane 1 MW out-
puts, the calculations assume that the production plant corresponds to Figure 3. According
to the biogas-production process, first, organic waste from a livestock farm—animal and
cattle manure, along with straws—is collected and stored in a storage container/tank.
From there, the material is transferred to a mixing container, shredded, and blended into
a homogeneous mixture in appropriate proportions to optimize anaerobic digestion. The
prepared mixture is then fed into a hermetically sealed fermenter, i.e., an AD biogas-
production unit. The produced gases are accumulated in a sealed container or temporary
holding tank before they undergo the biogas-upgrading process to improve gas quality.
After anaerobic digestion, the digested waste material is removed and transferred to a
digestate-storage facility.

The gas produced from raw biogas contains significant amounts of hydrogen sulphide,
water vapour, and CO; and must be upgraded. The process of upgrading starts by cooling
the gas from the AD biogas-production unit to its dew-point temperature to condense and
separate the water vapour. The cooled and dried gas is then passed through activated car-
bon filters that remove volatile organic compounds (VOCs), and, in some filters, hydrogen
sulphide. The purified gas, consisting mainly of a mixture of CHy and CO,, is compressed
to a pressure of 12 to 16 bar, as required for membrane filtration.

The investment and operating cost data for a 1 MW-output biomethane plant are
based on studies carried out in Lithuania [24] and in Ireland [3]. Investments in and
the development of biogas power plants were assessed in terms of the primary-process-
chain facilities, such as the biogas plant, the cogeneration plant, and the biomethane-
processing and -compression facilities. The operating costs of a biogas plant were evaluated
in terms of the main process-chain facilities, such as the biogas plant, the CHP plant, and
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the biomethane processing and compression facilities. The capital and operating costs
and the main economic specifications related to the hypothetical production and market
introduction are presented in Tables 4 and 5, below.

Electricity Heat Heat Electricity
Storage AD Biogas Bio- Temporary —> Biomethane Production Bio- Temporary
Available g Production gas Holding Tank (Biogas Upgrading) methane | Holding Tank
cattle
slurry N
waste quuml efflulelnt!
Available biofertilizer
Grass
Livestock silage Grasslands (Grass . .
NG Grid 4— | Compression system
farms silage farms) P ¥

Electricity T
Figure 3. Schematic diagram of the biomethane-production system [3].
Table 4. Data for economic calculations.
Plant Subsystem CAPEX, EUR
Biogas power plant 1,126,086
Biomethane-production facilities 716,957
Cogeneration unit for own use, 600 kW 414,400
Measurements (volume, quality, humidity) 286,266
Biomethane-compression equipment 225,000
Two pressure vessels (16 bar and 200 Nm?) 212,000
Plant subsystem OPEX, EUR

OPEX biogas plants 11,261
OPEX cogeneration power plants 57,913
OPEX for biomethane production 2434

OPEX for biomethane compression 16,000

2.3.3. Green Hydrogen

This analysis of green hydrogen also involved a comparison to previously noted forms
of carbon-neutral fuels like the biomethane and synthetic natural gas (SNG for short).
Green hydrogen is an energy source that has water vapor as the main byproduct of its
combustion; hence, it is considered a clean and sustainable energy source.

Green hydrogen is produced exclusively from renewable energy sources using the
electrolysis process. The most typical technology used for hydrogen production is the poly-
mer electrolyte membrane electrolyser (PEME). PEMEs can be up to 60% more expensive
than alkaline electrolysers, which hinders market penetration [25]. The water incoming to
the electrolysis plant is first deionised and desalinated and then treated with a scrubber.
The treated water is mixed with a potassium hydroxide (KOH) solution in the stack of
the electrolyser [26]. The stack produces gaseous streams of hydrogen and oxygen. The
gaseous hydrogen and oxygen pass through two gas—alkali separators, where the separated
oxygen is emitted to the atmosphere and the hydrogen is passed on to the other stages. The
hydrogen stream is further purified by blowing through a gas scrubber, a gas accumulator,
and a gas/water separator. The impurities present in the hydrogen stream are removed
through deoxygenators and a dryer. The purified hydrogen reaches a purity of 99.99% and
is compressed and stored. The principal scheme is shown in Figure 4.
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Table 5. Biomethane key economic specification.

Assumptions for Economic Analysis

Discount Rate

Lifetime of the investment

Annual production time
Cost of biomass
Biogas performance

Cogeneration power plant

5%

25 years

7884 h/year
24 EUR/MWh
235 Nm?3/h
600 kW

Biomethane Production Equipment

Biomethane production
Methane concentration
Biomethane pressure

104 Nm3/h
>97%
16 bars

Biomethane Production and Compression Equipment

Biomethane production
Methane concentration
Biomethane pressure

Staff requirements for the operation of a 1 MW installation

Average salary of an employee

Maintenance costs, defined as CAPEX percentage

Assumption of rising electricity prices
Assumption of rising natural gas prices

100 Nm3/h
>97%

250 bars

3

36,000 EUR/year
4.15%

1%

2%

The investment in hydrogen production for a notional output of 1 MW was estimated

based on an assessment by researcher David Jure Jovan in Slovenia [23]. The electrolysis

plant accounts for the largest share of the investment, 73% of the total investment. High-

pressure storage is the second-most-significant component of the investment, accounting

for 9% of the investment. Documentation, BoP components, connection to the electricity

grid, and construction and installation work account for only 5% of the investment. Balance-
of-plant (BoP) components include the electrolyser system, which is composed of a water-
control system, a power supply, a DM unit, an electrolyte tank, a gas/water separator,
pumps, a dryer, etc. The investment amounts per MW are given in Table 6.

Desalination
System

Renewable Energy
System

v

v

Separation H,/KOH

v

Purification H,

v

Compression and Storage H,

Green Hydrogen

Figure 4. Schematic diagram of a green-hydrogen-production system [26].
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Table 6. CAPEX data for economic calculations.

Hydrogen-Production Systems CAPEX, EUR
Project documentation 100,000
Electrolyser 1,600,000
High-pressure storage 200,000
BoP components 120,000
Connection to electricity networks 100,000
Construction and assembly work 80,000

The operating costs are calculated based on a percentage of the investment, the cost
of water (feedstock), and primarily the cost of hydrogen production, which is determined
by the cost of electricity at 48.95 kWh/kg of hydrogen production. This aspect, which
determines even the necessary replacement of the stacks of the electrolysis apparatus, is
not such a significant cost factor. After ten years, the stacks of the electrolysis plant are
considered to represent operating costs. The OPEX data and key economic specifications
are shown in Tables 7 and 8.

Table 7. CAPEX data for economic calculations [23].

Plant Subsystem OPEX, EUR
H,O price in Lithuania 0.0020 EUR/kg
O&M costs for the electrolyser (% of 50,
CAPEX)

O&M costs of Hj storage (% of CAPEX) 1.50%
Installation & design costs (% of CAPEX) 30%

Table 8. Key economic specifications [23].

Discount Rate 5%

Lifetime of the investment 25 years

Annual production time 7884 h/year

Net production rate, up to 300 Nm3 H, /h
Produc.tlon capacity, 15-100% of flow range
dynamic range

Power consumption at 3.8-4.4 KWh/Nm? of H,
stack

Delivery pressure 30 to 200 bars

Price of stack of 1 MW 444,000 EUR/10 year
Lower heating value (LHV) 37.00 kWh/kg
Power cpnsumptlon for Hp 48.95 KWh/kg
production

Water needed (kg

water/kg Hy) 17,90 kg HyO/kg Hy
Density of water 997 kg/m?

Lower heating value (LHV) 37.00 kWh/kg
Power cpnsumptlon for Hp 48.95 KWh/kg
production

3. Energy Consumption in Industry

Transitioning from conventional fuels to renewable energy sources is crucial to achiev-
ing the European Union’s climate-neutrality targets. Replacing natural gas with alternative
gaseous fuels that do not contain carbon, such as hydrogen, will require significant financial
resources and time to consolidate these resources and build the necessary infrastructure.
In contrast, biomethane and synthetic natural gas are two methane-based renewable fuels
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Final energy consumption in

® Final heat consumption

Final fuel consumption in

that can meet industry demand and can be supplied through the existing natural-gas
infrastructure to reduce greenhouse gas (GHG) emissions during the transition period.

The Lithuanian industry’s final energy demand peaked in 2021, with a total final
energy consumption of 1436 GWh in technological processes. Final fuel consumption
in the industry, on average, accounts for around 50% of total energy consumption and
reached the 60% mark in 2022 and 2023. Changes in the energy market have led to a
slight decrease in heat consumption by businesses, with this figure reaching 2679 GW in
2018 and only 925 GWh in 2023 [27]. This change in the final energy balance reflects the
renewal of companies’ energy installations, which involved replacing on-site electricity
and heat-generation units (Figure 5).

16 000 g 100% . . m .
14000 B i B
= 0
= 12000 l [ [ - )
Z 10000 ZZ 60%
» 8000 S 2
2 6000 835 40%
E
£ 4000 5 20%
2000 S
0 - 0%
2018 2019 2020 2021 2022 2023 2018 2019 2020 2021 2022 2023
Final fuel consumption Final power consumption Final fuel consumption Final power consumption

® Final heat consumption

Figure 5. Final energy consumption in industry [27].

Natural gas, firewood, wood residues for fuel, and other bituminous coal dominate
final fuel consumption in the industry [27]. The industry’s most intensively used fuels have
declined slightly by a few percentage points each year, falling by 13% in 2023 compared
to 2018. The use of wood residues for fuels increased by 3.4% in 2023 compared to 2018;
natural gas decreased by 6.6% in the same time period; and other bituminous coal showed
the most significant decrease: 49.9% (Figure 6a).

3500 6 000 K= 250 700
=
. 3000 '—_'\'/\’\ 5000 S . 200 600
z 2500 4000 £z 500
© 2000 3000 50 150 400
£ 1500 SE 300
2 2000 g 100
b= 1 000 E = 200
o . =5 b M. . . A O,
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Figure 6. Final fuel consumption in industry [27]: (a) more intensively used fuels and (b) other
fuels consumed.

The expenses associated with other fuels have increased steadily by a few percentage

points each year and were 6.3% higher in 2023 than in 2018. Liquefied petroleum gas

showed a significant (58%) increase between 2022 and 2023. Industrial companies looking
for an alternative that is equivalent in quality to natural gas have turned to liquefied
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petroleum gas (Figure 6b). There has been an increase in the cost of road-transport diesel in
recent years, with this fuel costing 14.2% more in 2023 compared to the previous year.

The branches of the economy of the Republic of Lithuania are classified according
to the Economic Activity Classification (hereinafter referred to as “EAC”) [21]. The CESE
is subdivided into up to 99 items [28]. The primary energy-intensive industries stand
out for their final energy consumption [19]: food, beverages, and tobacco production
accounted for 27%; other non-metallic mineral production accounted for 26%; chemicals and
chemical production accounted for 22%; cement, lime, and plaster production accounted
for 19%; paper and paper production accounted for 6% of total fuel consumption in the
industry in 2022. According to the data provided by Statistics Lithuanian in 2022 on the
final consumption of fuel, electricity, and heat in technological processes, three industries
stand out:

e production of food products, beverages, and tobacco products consumed 1460 GWh
of final energy, of which 63% was used for fuel, 33% was used for electricity, and 4%
was used for heat;

e  production of chemicals and chemical products consumed 1194 GWh of final energy, of
which 49% was used for fuel, 24% was used for electricity, and 28% was used for heat;

e  manufacture of wood and wood and cork products consumed 734 GWh of final energy,
of which 62% was used for fuel, 31% was used for electricity, and 7% was used for heat.

Energy types such as electricity are reflected in the statistics only in purchases from
energy suppliers. Still, the electricity generated by the company’s PV power plants for tech-
nological needs has not yet been separately identified. The heat consumed in the industry
is predominantly generated through fuel conversion, with only a minor portion being exter-
nally sourced, except in the chemical industry. Fuel diversification from standard natural
gas to SNG and biomethane will reduce the need for fossil fuels and enable more efficient
utilization of primary energy through by-unit CHP systems. In the chemical and food
industries, natural gas accounts for 80% of the fuel balance; in the beverages and tobacco
industries, natural gas accounts 76% of the fuel balance. Wood waste accounted for 87%
of the fuel balance in the wood and wood-products industry in 2022. Fuel diversification
would reduce fuel demand by enabling more efficient use of primary energy sources.

The chemical industry uses all three types of energy: fuel, heat, and electricity. Fi-
nal energy consumption in the chemical industry decreased significantly between 2018
and 2023. Final energy consumption peaked in 2019, at 4833 GWh, while the final fuel
consumption was only 1714 GWh (Figure 7a).

Manufacture of chemicals and chemical products
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Figure 7. Energy consumption in the chemical and chemical products industry [27]: (a) energy,
(b) fuel.
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Final energy consumption in industry in 2023 was down by 49% compared to the
peak, and final fuel consumption in the industry was down 30%. In final fuel consumption,
wood fuel consumption remained constant between 2018 and 2023, while natural gas
consumption decreased by as much as 38% compared to the peak in 2019. The significant
increase in LPG consumption contrasts with the change in natural-gas consumption, with a
noticeable increase in 2023 as companies diversified their fuel mix and switched to LPG
to stabilize production costs per unit of output. There was a 3.5-fold increase in 2023
compared to 2022, to 71.1 GWh from 20.3 GWh. Natural gas consumption in the chemical
industry is declining by a few percentage points each year but will still reach 80% in 2022
(Figure 7b). Energy consumption in the chemical and chemical products industry in 2022
averaged 19.9% in the EU and 25.2% in Lithuania of the total energy consumption in the
industrial sector. The chemical industry uses mainly fossil fuels, so as much as a fifth of the
energy consumption in this industry represents an opportunity for decarbonisation in this
sector [29].

The food industry’s final energy consumption has evolved slightly, peaking at
2318 GWh in 2023. Final energy consumption and final fuel consumption in the food
sector have evolved from year to year. Sill, compared to 2018, both final energy consump-
tion and fuel consumption increased by 3% and 7%, respectively (Figure 8a).

Manufacture of food products, beverages and tobacco Manufacture of food products, beverages and tobacco
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Figure 8. Energy consumption and fuel consumption in the food, beverages and tobacco industry [27]:
(a) energy, (b) fuel.

Natural gas accounts for the largest share of fuel consumption in the food, beverages,
and tobacco industry, averaging 76% of the total fuel consumption. Other fuels account
for only one-quarter of the food, beverages, and tobacco industry’s final fuel consumption
(Figure 8b). The energy consumption of the Lithuanian food and tobacco industry in
2022 was 19.1% of the industry’s total energy consumption, exceeding the EU average of
12.6% [29]. Natural gas is the most-used fuel in this industry, and the industry thus offers
opportunities for fuel diversification.

Production by the wood and wood-based-products industry has been increasing
yearly, as is well illustrated by the upward trend in final energy consumption and fuel
consumption. It should be noted that the COVID-19 pandemic saw reduced demand for
wood and wood products, a change attributed to the slowdown in exports. In recent years,
this trend in demand for wood and wood products, including furniture, paper, and its
products, has continued. Exports of wood and wood products have declined by 16%.
The decline in trade volumes reduced the positive trade balance from EUR 2.8 billion
in 2022 to EUR 2.6 billion in 2023. The volume of exports of timber and timber-derived
products dropped from EUR 5.1 billion in 2022 to EUR 4.3 billion in 2023. The share of this
sector in total annual exports fell from 11.5% to 10.8% [30]. The peak of energy and fuel
consumption was 1292 GWh in 2022 and 784 GWh in 2023. The downward trend in the
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industry’s performance was driven by declining exports, with energy and fuel consumption
decreasing by 8% and 6%, respectively, in 2022 compared to 2021 (Figure 9).
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Figure 9. Energy and fuel consumption in the wood and wood-products industry [27]: (a) energy,
(b) fuel.

mm Firewood and wood waste for fuel —4—Final fuel consumption

In the wood and wood-products industry wood waste is the predominant fuel, ac-
counting for an average of 600 GWh, or 82% of total fuel consumption; it otherwise becomes
manufacturing-process waste. Natural gas made up only an average of about 14% or about
110 GWh in the last year. Other fuels, such as road-transport diesel and liquefied petroleum
gas, make up only 5% of the total fuel consumption in the industry (Figure 9b). Wood fuels
account for the largest share of energy consumption in the Lithuanian wood industry, but
energy costs account for as much as 10.8% of the industry’s total energy costs. In contrast,
the EU average in this industry is only 4.8% of total energy costs [29]. The fact that the
energy consumption of the wood industry in Lithuania is almost twice as high as that
of the wood industry in the EU shows the potential for efficiency improvements in the
production process.

Peak final energy consumption in the paper industry was 565 GWh, reached a 2019;
and the peak final fuel consumption, 416 GWh, was reached in 2018. The technology chain
for the paper-production process uses three types of energy in total: fuel, electricity, and
heat. A slight decrease in fuel consumption and an increase in electricity consumption
can be observed in the final energy balance, for a reduction of 18% and a rise of 27%,
respectively. Heat maintains a constant trend in use (Figure 10a).
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Figure 10. Energy and fuel consumption in the paper and paper products industry [27]: (a) energy,
(b) fuel.
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The share of renewable energy in final fuel consumption in the paper industry has
significantly increased. The paper industry’s fuel and energy balance consisted of 68%
wood waste fuel and 31% natural gas in 2022. Natural gas consumption decreased from
44% to 31%, while the share of wood and wood waste rose from 52% to 68% between 2018
and 2023 (Figure 10b). The Lithuanian paper industry’s energy consumption accounted for
5.27% of its total energy consumption, compared to an EU average of 13.8% [29]. The fact
that the Lithuanian industry’s energy consumption is almost half that of the EU industry
average is attributed to the narrow range of products produced.

The large share of natural gas and wood-waste fuel among all energy sources in
these chosen industries opens the possibility of fuel diversification from fossil fuels to
renewable fuels.

4. Biomass Potential

Lithuania and the other Baltic countries are striving to maximize the use of renewable
energy to reduce energy dependence, enhance regional energy security, and complement
European decarbonization plans. The market penetration of renewables reflects a positive
trend in the number of producing consumers. District heating operators first tested the
real-time market penetration of renewables in district heating systems operated in rela-
tively small towns [31]. Best practices in real-time energy-flow-management strategies
are being transferred to electricity-grid operators to address the same challenges Ricardo
et al. described for renewable energy sources and infrastructure development in Chile [32].
Although it is difficult to link all challenges and their impacts in a changing downstream
generation market, as in the quantile connectedness approach described by Liu et al. [33],
there are plans to expand the capacity for renewable-energy generation under stable market
conditions. According to revised data from EPSO-G, the state-owned electricity transmis-
sion and exchange group, the permitted capacity for solar power plants reached 225 MW
in 2021 and 1978 MW in 2024. The permitted capacity issued for wind power plants
tripled from 623 MW in 2021 to 1741 MW in 2024 [34]. However, biomass resources, which
are renewed every year, are still underexploited. Lithuania’s most widely used biomass
resources are wood, industrial wood waste, and logging residues. A major part of the
biomass in Lithuania is used by district heating systems, which are widespread in Northern
and Eastern Europe [35]. Biomass stocks increased due to the increased total volume of
accumulated stems. Processed data from the State Forest Enterprise show that the volume
of stems accumulated in private and state forests steadily grew by 1.7% to 549.9 million m?
between 2011 and 2020 [36]. The total wood-fuel potential was around 367.6 million m3 in
2020 (Table 9). White alders and biscuits are challenging to consider as logging residues,
as biscuits are left behind for ecological reasons and white alders are treated as forests.
Due to economic inexpediency, stumps and roots are not yet used as fuel. Households use
firewood, while fine-quality wood is allocated to the paper and furniture industry. The
remaining logging residues ranged from 78.3 million m® in 2011 to 91.2 million m? in 2020.

The potential for logging residues is estimated from the total annual flow of wood-fuel
feedstock from annual logging operations. The volume of logging residues increased by
22% between 2011 and 2020. Around 1.1 million m? of logging residues are generated
annually, with an energy value of 2.28 TWh [36].

The most significant form of waste in agriculture is straw from crop production. The
yield of straw is related to the yield of cereals. Research carried out by the research team of
Tilvikiené et al. from the Lithuanian Centre for Agrarian and Forestry Sciences (LAMMC)
shows that the total amount of straw in cereal fields in Lithuania in 2019 was about
5.88 million tonnes. Wheat straw accounted for 52%; rye, triticale, and oat straw accounted
for 18%; and pea, bean, rapeseed, and maize waste accounted for 29% (Figure 11a).



Energies 2025, 18, 2670

16 of 29

29%

18%

m Wheat straw

Table 9. Total accumulated wood-fuel potential based on accumulated stem volume in million
m? [36].

White .. Loggin . Fine Creature  Stumps and
Alders Biscuits Resgi%lufs Firewood Wood Rol:)ts
2011 184 18.9 78.3 479 60.9 91.4
2012 18.7 20.1 80.2 49.0 62.4 93.6
2013 18.3 21.1 82.1 50.2 63.9 95.8
2014 19.1 21.6 83.4 51.0 64.9 97.4
2015 19.3 21.3 84.9 51.9 66.0 99.1
2016  20.0 21.5 86.1 52.6 66.9 100.4
2017 209 21.4 87.1 53.3 67.8 101.7
2018 20.7 20.8 88.2 53.9 68.6 102.9
2019 222 20.9 89.9 54.9 69.8 104.7
2020 219 21.6 91.2 55.7 70.9 106.3
+1.4 +0.8 +4.2 +2.5 +3.2 +4.8
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Figure 11. Agriculture waste potential [36]: (a) Yields of agricultural cereal waste in Lithuania, 2019;
(b) annual straw production and its potential.

Fields generate up to 5 million tonnes of total crop-waste straw each year, with a
theoretical potential of up to 24.8 TWh (Figure 11b).

Lignin is a waste from discontinued industrial yeast-production process. Expert
estimates put the trade volume of lignin blended with wood biomass at up to 30,000 tonnes
per year, and the estimated potential is 0.5 million tonnes or 2.6 TWh of energy. Lignin
has been traded on the biofuel exchange only since 2019. These biomass resources are
examined in greater detail below, and a techno-economic assessment is included here.

4.1. Wood and Wood-Residues Potential in Lithuania

In 2022, firewood, forest logging, and agricultural residues accounted for 70.7% of
Lithuania’s renewable energy structure. In power plants and boiler houses, biofuels were
converted into 67.2% heat energy and 17.1% electricity [27]. The National Forest Inventory
data cover the period since 2003, when a complete inventory of the whole country was
carried out using the sampling method. The plot-based forest inventory results in stand
volumes that are 10-15% lower, which has led to a shift towards using the National Forest
Inventory data. As a result, a sharp increase in timber volumes was observed between 1998
and 2003 [27]. Mature-stands volume has increased from 113 million m? to 162 million m>
since 2003, and the area has increased from 375 thousand ha to 465 thousand ha since 2003.
According to the National Forest Inventory, the total volume of wood has increased from
453.4 million m® to 566.7 million m? since 2003. The most significant volume of timber
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accumulated in pine forests—232 million m3. Since 2003, the volume of wood in these
stands has increased by 52 million m®. During this time, the volume of spruce forests
increased from 75.8 million m? to 102.2 million m3 [27].

Statistics Lithuania is surveying forestry companies and farms to assess the volume of
logging residues and wood waste generated in the sector. The data show that more logging
residues than wood waste are generated. The amount of logging fell by as much as 60%,
and the amount of wood waste fell by up to 72.5% between 2014 and 2022 [27]. Logging
residues are burned, used for consumption, disposed of on-farm, and sold to consumers.
There has been a significant decrease in incineration; use for own needs has practically
disappeared; and the amount of residues sold to consumers has halved (Figure 12a).
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Figure 12. Trends in the use of logging residues and changes in importation of wood fuel from
Belarus ((a) generation of logging residues and management forestry in Lithuania; (b) importation of
wood fuel from Belarus).

The downward trend in the use of logging residues reflects the associated import
of cheaper timber from Belarus to the Lithuanian market. Imports of wood fuel from
Belarus to Lithuania increased in 2016, reaching 401.2 thousand tons, and peaked in 2019 at
1053.3 thousand tons [36]. The value of wood-fuel imports increased from EUR 10.5 million
to EUR 46.4 million in 2019. As logging residues could not compete with cheap timber from
a neighbouring country, the volume of logging-residue preparation decreased (Figure 12b).
The high volumes of wood-fuel imports are confirmed by statistics showing trade volumes
between 2014 and 2022 ranging in value from USD 16 million to USD 51.9 million [37].

The international biomass exchange “Baltpool” was established in 2012 to standardize
biomass auctions in the Baltic Sea Region. Subsequently, it expanded its activities to
organize heat auctions and administer public-interest service funds for the electricity
sector [38]. In Lithuania, representatives of “Baltpool” have proposed an amendment to the
Law on Heat [39]. The selected SM3D woodchip production specifies a moisture content of
between 35% and 55%, an ash content of less than 5%, a fractional size of 3.16—-63 mm, a
small-particles fraction of less than 20%, a chlorine content of less than 0.02%. It is made
from short-rotation plantations and logging residues. Wood-chip production is divided
into six categories that differ in terms of moisture content, ash content, and fineness. The
specifications for woodchip production are given in Table 10.

SM3D is a biofuel made from timber trunks, residues from the timber industry, unhar-
vested trees, dried energy crops, and dried residues from harvesting residues from forestry.
Woodchip-production trade volumes have averaged 2000 thousand tones yearly for the
last five years (Figure 13a).
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Table 10. Technical specifications for woodchip production [38].
Cods SM1 SM1IW SM2 SM3D SM3 SM4
Moisture (min-max), 20-45% 35-55% 35-55% 35-55% 35-60% 35-60%

% of the usable mass

Ash yield, % of

No more than 2%

No more than 2% No more than 3%

No more than 5% No more than 5%

No more than 7%

dry matter
(?eifle ?}f_f\f\?eciti%?— 315<P <63 315<P <63 315<P <63 315<P <63 315<P <63 315<P <63
thicﬁness)’ f\m' (min. 80%) (min. 80%) (min. 70%) (min. 60%) (min. 60%) (min. 60%)
£ I’ar_t of‘the _ﬁne No more than 2% No more than 5% No more than 10% No more than 20% No more than 25% No more than 30%
raction in biofuel
Chlorine content (% <0.02% <0.02% <0.02% <0.02% <0.03% <0.03%
of dray matter)
Predominant Stem wood and Short-rotation . .
primary Stemwood wood industry Whole frees coppice and stored Fresh.loggmg Fresh.loggmg
. . (without roots) N . residues residues
raw material residues. logging residues
Allowable Dry leaves. Dray leaves, Leaveséthorgs (dray Leaveséthorgs (dray
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Figure 13. Trends in the Biomass Exchange Market ((a) woodchip trading; (b) lignin trading).

The amount of energy sold is approximately 5.7 TWh annually. The most-traded
product is SM2-specification woodchips, with annual sales volumes averaging up to
1300 thousand tonnes annually. The second product of interest on the market is SM3.
The average sales of SM3 were half those of SM2 in 2022, but sales volumes in recent years
have been as high as 700 thousand tonnes per year [38].

The logging residues consumed were declared and are reported in the statistics. Some
of this biomass is left in the forest due to ecological requirements; some is laid in clearings;
and some is left in the forest due to the excessive cost of the product. The technical potential
of logging residues from mature-forest harvesting will be assessed. The average volume of
mature tree branches is around 15% of the volume of the tree, according to the State Forest
Service [10]. It is assumed that only 7% of the branches can be technically extracted from
the forest for subsequent use. Mature forests are harvested annually at an average rate
of about 6.5 million m? of green trees, according to annual reports submitted to the State
Forest Service under the supervision of the Ministry of Environment [40-42].

The lignin accumulated in Lithuania is a by-product of the previous yeast production.
Yeast production has ceased, and up to 0.5 million tonnes of lignin is stored. The lignin
biofuel blend has a high moisture content of ~43%, a calorific value of ~19 GJ/t, an ash
yield of ~8%, and a sulphur content of ~0.2% [43]. The lignin biofuel blend is sold mainly in
Lithuania, both directly to customers and via the biofuel exchange. Lignin has been traded
on the biofuel exchange only since 2019 (Figure 13b). Market participants have shown
interest in lignin, and in 2023, trading volumes increased by as much as 60% compared to
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the previous year, reaching a trading volume of 16,000 tonnes/year, corresponding to as
much as 38.6 GWh of energy [38]. The increase in trade volume can be attributed to the
increased demand due to the SURE scheme certificate awarded following the certification
audit carried out at the company in February 2023 [44].

The total amount of logging waste suitable for producing woodchip products is around
300 thousand tonnes annually. Forestry companies and other managers consume between
258 and 102 thousand tonnes of logging residues annually. The free technical potential left
on the logging sites is between 16 and 165 thousand tonnes per year, depending on the year.
This amount ranges from 83 MWh to 399 MWh per year, depending on the year (Figure 14).
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Figure 14. The technical potential of logging residues, including branches and lignin, in Lithuania.

The potential of logging residues is also underexploited in Sweden. Swedish re-
searchers estimated the ecological potential of the industries and arrived at a slightly higher
potential of 21,120 GWh in 2020 [45]. At the same time, the potential of the branches used
in 2020 was only 7384 GWh. As in Lithuania, the potential of logging residues in Sweden
is not fully exploited for energy needs. The free-economic-zone policy formulated by
Minzhe Du’s team in the study is an effective liberalisation policy that promotes energy effi-
ciency and exploits existing potential. However, free-trade zones must consider sustainable
development that does not harm the environment [2].

4.2. Agricultural Residues in Lithuania

In Lithuania, the area of land used for agriculture has declined slightly over the
last five years, while the area of arable land has been increasing, accounting for 35% of
Lithuania’s total land area (Table 11).

Table 11. Land area used by agricultural producers [27].

Utilised Agricultural Area, Hectares 2018 2019 2020 2021 2022
Agricultural land in use, total 2,947,234 2,974,994 2,942,777 2,937,470 2,911,297
Arable land 2,115,485 2,211,931 2,249,350 2,279,052 2,292,471
Pastures and meadows 795,932 728,014 657,978 622,598 582,973
Gardens and berry gardens 30,364 29,475 29,522 29,553 29,672

The greatest amount of agricultural residues is generated by crop production. The
amount of straw is related to the yield of cereals. Its yield depends on the type of cereal
crop, the variety, climatic conditions, etc. BuZinskiené et al. has described in a paper a
methodology for assessing primary agricultural residues [46]. The researcher classified
straw as direct agricultural waste and presented a method for evaluating the straw pro-
duced. The methodology considers the amount of straw generated based on the yield and
type of cereals and rapeseed crops. Statistics Lithuania provides annual data on winter and
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summer cereal and rapeseed crop yields via interactive access. The production of grains in
Lithuania has increased significantly in recent years [27].

Statistics Lithuania generates data on the straw volumes generated every second year
through a survey on straw volumes collected in agriculture; these data are available via
interactive access. Agricultural companies, large farmers, and family farms declare the
quantities of straw collected [27]. The amounts reported of straw collected include straw
from winter cereals (wheat, triticale, rye, barley), spring cereals (wheat, barley, triticale,
rye), and winter and spring rapeseed crops. A coefficient can be used to represent the ratio
of product to residue yield, allowing the estimation of the amount of straw generated by
the harvested crop. These coefficients are presented by BuZinskiené et al. and Scarlat et al.
in their papers [46,47].

The average quantity of straw left on the fields is 2263 thousand tonnes per year. Wheat
straw was the most abundant, at 1533 thousand tonnes in 2015 and 1569 thousand tonnes in
2022, while rye straw was the least, at 37 thousand tonnes in 2022. Wheat-straw production
was down by as much as 64% in 2022 compared to 2015, at only 86 thousand tonnes. The
energy potential of straw left in the field is more than 10 thousand GWh annually, with a
low of 7156 GWh in 2018 and a high of 12,785 GWh in 2022 (Table 12).

Table 12. Quantity and energy potential of straw left in fields.

Unused Straw 2015 2016 2017 2018 2019 2020 2021 2022
Straw of wheat Thousand tons 1533 1346 1371 994 1345 1687 1487 1569
Straw of triticale Thousand tons 197 139 104 64 146 184 87 86
Straw of rye Thousand tons 56 41 33 23 57 58 33 37
Straw of barley Thousand tons 284 191 182 217 206 247 175 183
Straw of rapeseed crops Thousand tons 359 280 380 303 482 677 633 627

Total Thousand tons 2429 1996 2070 1601 2236 2852 2415 2502

Untapped straw potential ~ GWh 10,897 8972 9297 7156 10,027 12,785 10,826 11,220

4.3. Fluctuation of Feedstocks Price

Trends in the market prices of energy resources and raw materials influence the
penetration of alternative fuels in the energy market and their competitiveness. The
competitiveness of synthetic natural gas and biomethane with natural gas is determined
by the price of biomass feedstock, which fluctuates in line with prices of natural gas and
other fuels. The annual analysis of biofuel prices shows a consistent increase in the price
of wood pellets, woodchips, and lignin and biomass blends. In 2023, the prices of these
products exhibited an upward trend. Specifically, wood-pellet production costs rose by
up to 63% compared to the same period in the previous year, while woodchip-production
costs increased by up to 55%. Conversely, biofuel prices showed a declining trend in 2023.
However, over the broader period from 2018 to 2023, biofuel prices experienced an average
increase of 47% (Figure 15).

The price of the lignin and biomass blend showed little change between 2019 and
the end of 2021 due to stable demand, and the price was kept between 9 EUR/MWh and
11 EUR/MWh. As market participants have shown interest in this type of biofuel, the price
has shown an upward trend, from 13 EUR/MWh at the beginning of 2023 to a peak of
32 EUR/MWh in December 2022 [38]. This price increase is linked to the general trend
of rising energy prices in Lithuania and abroad. The prices of woodchip products and
lignin blends fluctuate yearly for the same summer or winter season. The price of all wood
products increased annually during the summer season, rising by an average of 27% in 2021
compared to the same period in the previous year. In 2022, due to the geopolitical upheaval
resulting from the reduction in the supply of natural gas on the spot market, the prices
of other energy resources also increased by as much as an average of 65% compared to
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the previous year. In the corresponding period in 2023, however, there was a 37% average
decrease in the price of biomass products. Looking at the price dynamics of woodchip
products from 2020 to 2023, one can see an average price increase of 60% (Figure 16).

80
-
SZE 70
EZ 60
5.2 50
28 4
'g-c
g% 30
“52 20
3% 10
A = 0
2018 2019 2020 2021 2022 2023

-~MGI1 ~MG2 ~MG3 - SM1 ~SM1W -SM2 -SM3D -LBM

Figure 15. Price dynamics of wood-pellet production, woodchip products and lignin mix in
Baltpool [38].
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Figure 16. Price dynamics for wood pellets, woodchip products, and lignin blends in the commodities
market (a) summer and (b) winter.

The average price dynamics for woodchip products up to 2021 have followed the
market trend of lower prices in summer and higher prices in winter (Figure 16a). The
average price of these products was 9 EUR/MWh in the summer season, 14 EUR/MWh in
the winter season in 2020, and 14 EUR/MWh and 26 EUR/MWh in 2021. The changing
geopolitical situation and decreased volumes of natural gas futures led to adjustments
in biomass prices, resulting in a levelling or even an increase in the average summer
vs. winter prices in 2022 and 2023. Accordingly, the average prices of wood products
were 47 EUR/MWh in summer and 36 EUR/MWHh in winter in 2022; these prices were
29 EUR/MWh and 28 EUR/MWH, respectively, in 2023 (Figure 16b).

Cereal straw is the largest source of agricultural waste in Lithuania. Trends in straw
fuel prices have evolved over the last five years. The price of straw fuel has been decreasing
on average by 50% in May and June, except in 2023, and increasing by around 40% from
July onwards, maintaining a similar price trend as in 2019-2021. A decrease in straw prices
is observed from October to November 2021. Significant price increases can be observed
from August onwards, with prices increasing by as much as 50% from July 2023 [48].
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5. Techno-Economic Calculations
5.1. Synthetic Natural Gas Price

The capacity of the modelled SNG plant is 1 MW ytput or 7884 MWh/year for an oper-
ating time of 7884 h/year. The investment in the SNG plant amounts to EUR 3.734 million,
assuming a discount rate of 5%. The modelling results show that with an electricity price of
around 140 EUR/MWh (excluding VAT) and a feedstock price of 24 EUR/MWh (excluding
VAT), the cost of produced SNG is 57 EUR/MWh. The estimated cost of synthetic natural
gas production differs from the results of other researchers’ studies. A study by Cormos
et al. showed that the cost of production of SNG using SNG production and CO;-capture
technology was 53 EUR/MWh [4]. This difference in production cost could be due to
the higher price of the energy resource adopted as the price of electricity. The calculation
assumes energy prices increase continuously, with electricity at 1% per year and natural
gas at 2% per year. The moderate long-term increase in electricity and natural gas prices
is based on several assumptions. The Seimas of the Republic of Lithuania has approved
the National Energy Independence Strategy, according to which the final consumption of
electricity will increase almost threefold and will reach 34.7 TWh in 2050 from 11.2 TWh
in 2022, while natural gas will decrease from 6.2 TWh in 2022 to 0.2 TWh in 2050 [49].
Increasing electricity demand should increase the price, but research by the Paul Kozlov
group shows that in the long term, the price of electricity should decrease due to the
growing RES capacity [50]. A study by Poyry Management Consulting on the development
of the wholesale gas market forecasts an increase in the price of gaseous fuels in the Baltic
region in the long term [51]. Due to the different arguments available, we have assumed a
consistent rise in electricity and natural gas prices.

The price of natural gas at the border determines the profitability /competitiveness of
SNG power-plant production. With the price of natural gas at the border at 25 EUR/MWh
excluding VAT, SNG production becomes noncompetitive and cash flow is always negative
(Figure 17a).
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Figure 17. Synthetic natural gas-production costs and cumulative profit at an electricity price of
140 EUR/MWh and different natural-gas prices at the border: (a) 25 EUR/MWHh, (b) 50 EUR/MWh,
(c) 100 EUR/MWh.
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At the higher border gas price of 50 EUR/MWh excluding VAT, the cash flow becomes
positive in the eighth year of operation (Figure 17b). The rapid payback on investments is
influenced not so much by the price of the energy resources used in the technological chain
as by the competitive market price of natural gas. The cash flow would become positive in
the first year of operation if the electricity price remains at 140 EUR/MWh excl. VAT and
the natural gas price at the border remains at 100 EUR/MWh excl. VAT (Figure 17c).

5.2. Biomethane Price

The production of biomethane and SNG has great advantages in terms of scalability.
These technologies are compatible with the existing natural-gas infrastructure, making
them easier to distribute and integrate. Biomethane production costs can be around
69 EUR/MWh in Europe, and excluding feedstock, the bulk of the costs are investment
costs [52]. The energy-conversion efficiencies are typically on the order of 50% to 65%. In
addition, the use of biomass or organic waste as feedstock allows for a flexible supply of
feedstock, although regional variability and competition with food production may pose
challenges. The cost of SNG production is strongly influenced by electricity prices and the
level of utilisation of the facilities, but the maturity of these technologies gives an economic
and infrastructural advantage [53].

The capacity of the modelled biomethane plant is 1 MW output or 7884 MWh/year
for an operating time of 7884 h/year. The investment in the biomethane plant amounts
to EUR 2.98 million, assuming a discount rate of 5% and the average price of feedstock
of 24 EUR/MWh excl. VAT; energy prices increase continuously, with electricity at 1%
per year and natural gas at 2% per year. At current natural gas prices, the border of
25 EUR/MWh excl. VAT and electricity of 140 EUR/MWh excl. VAT makes biomethane
production unattractive (Figure 18a).

5 360 200 200
x50 H >
= I HH
& -100 150 2 g 100
<= = = 50
S -150 @ Q I | 100 W
£ 100 £ ) ol
O -200 S i.l.lqi+\l;*zl:*é~(\nmvm~01\oooo—mmvm
250 -50 NI s
50 I [
-300 -100
-350 0 -150 0
mBiomethane profit/loss —Electricity price +Natural gas price mBiomethane profit/loss +Natural gas price +Electricity price
(@) (b)
900 200
« 800 - |
=~ 700 " 150
é 600 £
500
b
g 400 1003
O 300
200 50
100
0 0
—ANNTNOSORNO—ANNTNOSONO— AN TV
—————————— (S [a Il latlal]

mBiomethane profit/loss +Natural gas price +Electricity price
()

Figure 18. Biomethane production costs and cumulative profit at electricity price 140 EUR/MWh and
different natural gas prices at the border: (a) 25 EUR/MWh, (b) 50 EUR/MWh, (c¢) 100 EUR/MWh.
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At natural gas prices, the border of 50 EUR/MWh excl. VAT and electricity of
140 EUR/MWh excl. VAT, the cash flow becomes positive in the twelfth year of opera-
tion (Figure 18b). With a high natural gas price at the border of 100 EUR/MWh excl. VAT
and an electricity price of 140 EUR/MWh excl. VAT, the cash flow becomes positive in the
first year of operation (Figure 18c).

5.3. Green Hydrogen Price

Proton-exchange membrane (PEM) electrolysis is a promising technology for the
production of green hydrogen, with high initial efficiency (70-90%) and fast response to
changing demands, making it well suited for integration with RES. However, one of the
major drawbacks of this technology is the high investment and operating costs. PEMs are
characterised by a degradation in performance over time. Stack degradation is a major
issue, with a stack having a lifetime of up to 60,000 h [54]. The degradation rate can be up to
3.2 mV/h, so that efficiency decreases over time and drops from 65.3% to around 59.5% by
the end of life [54]. This degradation can increase the Levelized Cost of Hydrogen (LCOH)
by up to 1.5 times. Although future cost reductions are expected due to technological
improvements and scaling, these limitations remain significant barriers to widespread
technological deployment. Summarizing all these facts provided above, electrolysis is a
cleaner and more flexible method of hydrogen production that is particularly suitable for
renewable energy systems; however, current technical constraints limit its applicability in
the short-term period, and it can be considered as a technology for application in the more
distant future, beyond the 2030s.

It is incorrect to assess the competitiveness of hydrogen based on the price of natural
gas on the border of Lithuania, as has been done in the case of SNG and biomethane,
because the cost of electricity is a decisive factor in the cost of hydrogen. The National
Energy Independence Strategy envisages several energy-market scenarios. The roadmap
scenario sees an increase in electricity-generation capacity. Electricity generation by onshore
wind-power plants will increase from 0.7 GW in 2022 to 10 GW in 2025; that of offshore
wind-power plants will increase from 0 GW in 2022 to 4.5 GW in 2050; that of solar power
plants will increase by up to 9 GW; and total electricity generation in 2025 will reach 74 TWh.
According to the strategy, the capacity of hydrogen electrolysers is expected to increase
from 0 to 8.5 GW in 2050 [49]. Energy suppliers from Finland to Germany are planning
a Nordic Baltic Hydrogen Corridor, which will allow for the export/import of hydrogen
depending on market trade and fluctuations in energy prices [55]. The envisaged strategic
visions could make hydrogen production competitive under power-surplus conditions.

In the case of hydrogen production, assumptions included a constant natural gas
price of around 50 EUR/MWHh, and the trend of accumulated cash flows and the cost of
hydrogen were calculated (a) at an electricity price of 50 EUR/MWh; (b) at an electricity
price of 0 EUR/MWHh, and (c) at an estimated electricity price of a negative 26 EUR/MWh
to make the cost of hydrogen equal to zero. The last case (c) shows the trend in how much
the surplus electricity would cost if hydrogen were to penetrate the market (Figure 19).

Only in the case of surplus electricity and a negative price of 26 EUR/MWh does the
cumulative profit of hydrogen production become positive in the eighth year. Otherwise, it
is not economically attractive.

The benefits of fuel diversification are more evident in the case of biomethane at a
high natural gas price of 100 EUR/MWh, as cash flows are already positive in the fourth
year, showing a return on investment and cost savings that will allow companies to save
working capital for the next investment and increase labour pay (Table 13). In the SNG
case, the benefit is not so immediate.
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Figure 19. Hydrogen-production costs and cumulative profit: (a) at electricity price of 50 EUR/MWh
(b) at electricity price of 0 EUR/MWh, (c) at electricity price of —26 EUR/MWHh.

Table 13. Potential cost savings and higher corporate tax deductions from fuel diversification for a
relative 1 MWoutput of production.

Diversification Savings Income Tax Revenue
Lower-Carbon Substitute
Natural Gas SNG CH,4 SNG CH,4
Units k EUR k EUR k EUR k EUR
2025 0 0 0 0
2026 0 0 0 0
2027 0 0 0 0
2028 0 169 0 25
2029 0 1825 0 274
2030 0 3862 0 579
2031 0 6297 0 945
2032 0 9149 0 1372
2033 0 12,435 0 1865
2034 0 16,174 0 2426
2035 1 20,385 0 3058
2036 1 25,087 0 3763
2037 2 30,299 0 4545
2038 3 36,041 0 5406
2039 3 42,335 0 6350
2040 4 49,200 1 7380
2041 4 56,658 1 8499
2042 5 64,731 1 9710
2043 6 73,440 1 11,016
2044 6 82,809 1 12,421
2045 7 92,859 1 13,929
2046 8 103,615 1 15,542
2047 9 115,101 1 17,265
2048 9 127,341 1 19,101
2049 10 140,359 2 21,054
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The additional revenue generated would allow the business sector to invest more in
innovation by increasing the digitalisation of the technological process, raising the pay
level for employees and increasing the corporate tax paid to the state, which currently
stands at 15% of revenues. The fuel-diversification process requires financial resources
and time to implement. Still, diversification can bring tangible benefits to fuel producers,
consumers of a lower-carbon substitute for natural gas, and the state through the tax base
for the transition to the hydrogen-energy era.

The cost of production output depends on the price of the raw material used. For
SNG and biomethane, it depends on the price of biomass and, for hydrogen, the price of
electricity (Figure 20a).
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Figure 20. Dependence of the cost of production output on (a) feedstock price and (b) discount rate.

Figure 20 shows how production costs respond to changes in the price of raw materials
and the discount rate. Biomethane is very sensitive to the feedstock price, while SNG
remains relatively stable due to its capital-intensive structure. Hydrogen-production costs
increase sharply with the price of electricity, confirming its high dependence on energy
costs. All three fuels show similar increases in cost with increasing discount rates, indicating
a similar sensitivity to the cost of capital. Overall, feedstock costs remain the dominant
factor in bio-methane and hydrogen production, and financial conditions play an important
role in all production routes. These differences highlight the importance of the regional
resource and investment context in the choice of technology

6. Conclusions

1.  Biomass potential in Lithuania is estimated to start the fuel-diversification process:
logging residues account for 1.1 million m? of logging residues each year, with an
energy value of 2.28 TWh; agricultural residues generate up to 5 million tonnes of
total crop waste litter annually, with a theoretical potential of up to 24.8 TWh; lignin
final potential is estimated at 0.5 million tonnes or 2.6 TWh of energy.

2. The feedstock-potential analysis and the technical-economic analysis for a 1 MWh
synthetic natural gas power plant showed that SNG production could compete with
natural gas on the market at electricity prices of 140 EUR/MWHh excl. VAT, at an
average price of logging residues of 24 EUR/MWh excl. VAT, and a natural gas price
at the border of 50 EUR/MWh excl. VAT.

3. Analyses of potential and the technical-economic analysis for a 1 MWh biomethane
power plant showed that biomethane production could compete with natural gas
on the market at electricity prices of 140 EUR/MWh excl. VAT, at an average cost
of feedstock of 21 EUR/MWh excl. VAT, and a natural gas price at the border of
50 EUR/MWHh excl. VAT.
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4. Although green hydrogen is not currently economically viable, its market potential
could increase in the event of an electricity surplus or a negative electricity price. This
would increase the availability of an additional fuel, which would be of practical
benefit to both market players and the state by broadening the tax base and increasing
energy resilience.

5. The end-use of the Lithuanian industrial sector offers significant opportunities for the
diversification of gaseous fuels, as natural gas currently accounts for around 50% of
the sector’s process energy needs. Industries such as chemicals and chemical products,
food, beverages, tobacco, and wood processing have high annual energy intensities of
up to 1500 GWh, making them particularly relevant for fuel diversification.
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