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Abstract: Power-to-biomethane (bio-P2M) is a novel technology that combines the long-term storage
of periodically available renewable energy sources (RES) and the upgrading of biogas. This article
introduces a complex economic analysis of a 1 megawatt electric (MWel) capacity bio-P2M system
based on economic characteristics considered to be typical in practice. The evaluation includes an
investment analysis to present the basic scenario, a sensitivity analysis and a unit cost calculation to
show the economic viability, the cost structure and the possible reserves of the synthetic natural gas
(SNG) as a final output. The risk analysis is executed using Monte Carlo simulation, and the final
results are the mean and standard deviation of the outputs, distribution functions and probabilities.
Our results show that a significant state subsidy would be needed to boost competitiveness either
in terms of investment costs (44% in our calculation) or in technology development to improve
technological effectiveness. Another important competitiveness issue is the full utilization of the
plant and the lowest possible price for the electricity used. If both cannot be optimized at the same
time, then the first one is more important. Natural gas prices and the full utilization of waste heat
might result in smaller changes.

Keywords: P2G; power-to-gas; biomethane; price; cost; investment

1. Introduction

The centralized electricity system dominated by fossil fuels has faced criticism for its
environmental impact and inefficiencies. However, the rise of renewable energy sources
and decentralized systems has disrupted this traditional market, creating opportunities
for innovation [1–3]. The rising energy demand and the need for quality power drive the
transformation from conventional power grids to smart and microgrid-based structures.
This shift enables the integration of renewable energy sources (RES) and addresses associ-
ated challenges [2]. The energy market has also evolved, with demand-side management
through the electricity market balancing energy requirements with availability [2,4–6].
Traditionally, thermal and hydropower plants have provided flexibility in renewable power
systems [4,6,7]. However, as variable energy resources (VER) become more prevalent,
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the nature of required flexibility is evolving. New technological advancements have
introduced a range of resources and services to enhance this flexibility. According to
Akrami et al. (2019) [4], these include flexible conventional units [8], demand-side flexibility,
grid extensions [9] and smart grid initiatives [10]. The relevance of these resources varies
by location but aims to ensure efficient and reliable operation with high VER penetration.

Climate change due to rising emissions and increasing energy demand are among
the major global challenges of our time [11]. Both indicators have risen steadily (except
during the economic crisis of 2008–2009 and the COVID period). In 2022, primary energy
consumption increased by 2.1% (to 604 EJ, or 167 777 TWh) [12], while CO2 emissions
related to the energy sector increased by 0.9% to 36.8 billion tons [13]. Global electric power
consumption grew even faster (by 6% to 87 EJ, or 24 167 TWh, in 2022), with renewables
accounting for an increasingly dominant share (28% in 2022), among which wind and solar
grew the fastest, accounting for 40% of renewables in 2022 [14]. According to statistics and
expert opinions [15–18], a strong increase is expected in the deployment of primarily these
technologies, with solar PV capacity expected to grow from 760 GW in 2020 to 14 TW in
2050 and wind power capacity to grow from 743 to 8 TW by the same year [19]. However,
in addition to the energy potential, environmental benefits and decreasing costs of these
technologies, we have to consider intermittent power generation, without the storage of
which future energy systems are unthinkable [20]. According to Hong et al. (2023) [21], big
data technologies will play a key role in the future optimization of energy systems and the
reduction of storage costs. Magyari et al. (2022) [22] emphasized that internal organizational
processes and resources (especially knowledge management systems) are also critical for the
successful implementation of power-to-gas (P2G) technology. The potential of biogas-based
energy storage technologies is illustrated by the fact that in 2018, the amount of biomethane
produced in the world was 407.1 TWh, while the amount of biomethane that can be
produced sustainably is estimated by the IEA (2020) [23] to be 8490 TWh, representing 20%
of global natural gas consumption. However, there are economic constraints to exploiting
this significant potential. The economics of power-to-biomethane (bio-P2M) technologies
are changing due to innovative technologies and electricity storage needs, and this article
aims to contribute to this development by introducing the market of competitive products
and analyzing a case study.

2. Literature Review
2.1. Energy Storage Technologies

The flexibility of the electric power grid must ensure that it can adapt to weather-
dependent power generation and to increases or decreases in market supply in a continuous,
cost-effective and timely manner, and it must have the capacity to do so. According to the
Hungarian official baseline data [24], the nominal energy storage capacity should reach
1–8% of the nominal capacity of variable renewable energy (VRE) capacities. Globally,
renewable energy plants are currently able to store around 1.5% of their annual production,
which is significantly less than what is needed. For natural gas, global storage needs are
estimated to be 2% of the gas produced and 10% of storage capacity [25].

Choosing the right way to store energy is inevitable, as different technologies can have
different advantages and disadvantages [26]. The storage capacity and storage time of the
main competitors are as follows [27]:

• Batteries: kWh–MWh range and same-day storage;
• Pumped storage: GWh–TWh range and storage within one month.

It is worth adding that hydrogen can also be used as an energy carrier as well as
storage for excess electricity from RES, which are produced by electrolyzers and used
as long-term electricity storage [27]. According to Shchegolkov et al. (2022) [28], the
shift toward hydrogen as an energy source is a fundamental challenge for the global
energy, aviation and automotive industries. This step would both reduce the negative
environmental impacts caused by human activity and provide previously inaccessible
energy options and increased resources for technical systems, anticipating the emergence
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of a whole new life cycle in important areas of technology. The most important issue in
this case is the development of new-generation technologies for waste management in
the hydrogen industry, which will certainly reduce the negative environmental impact of
the technology. Hydrogen production is projected to grow, and the application areas are
expected to increase significantly, with the electric power and transport industries being
the largest consumers of hydrogen [29].

P2G technologies have a storage capacity of TWh–PWh and a storage time of up to
one year, and they (unlike pumped storage) are not tied to natural conditions. Thus, in this
article, we focus on the economic aspects of this technology.

Statista (2023) [30] provided insights into the global power-to-gas market size from
2018 to 2020 segmented by technology, with a forecast extending to 2026. It shows promis-
ing (5–10%/year) and growing expansion. Looking ahead to 2026, the forecast suggests
substantial growth in both technologies (Figure 1, where electrolysis refers to hydrogen
and methanation refers to synthetic natural gas (SNG) production). Methanation has a
60–70% share in the technology, but the percentage of electrolysis (without methanation)
becomes higher and higher simultaneously with the spread of hydrogen technologies. As
the market matures, it is also essential to consider the key players shaping this landscape
and driving these technological advancements.

Energies 2023, 16, 8009 3 of 27 
 

 

long-term electricity storage [27]. According to Shchegolkov et al. (2022) [28], the shift to-

ward hydrogen as an energy source is a fundamental challenge for the global energy, avi-

ation and automotive industries. This step would both reduce the negative environmental 

impacts caused by human activity and provide previously inaccessible energy options 

and increased resources for technical systems, anticipating the emergence of a whole new 

life cycle in important areas of technology. The most important issue in this case is the 

development of new-generation technologies for waste management in the hydrogen in-

dustry, which will certainly reduce the negative environmental impact of the technology. 

Hydrogen production is projected to grow, and the application areas are expected to in-

crease significantly, with the electric power and transport industries being the largest con-

sumers of hydrogen [29]. 

P2G technologies have a storage capacity of TWh–PWh and a storage time of up to 

one year, and they (unlike pumped storage) are not tied to natural conditions. Thus, in 

this article, we focus on the economic aspects of this technology. 

Statista (2023) [30] provided insights into the global power-to-gas market size from 

2018 to 2020 segmented by technology, with a forecast extending to 2026. It shows prom-

ising (5–10%/year) and growing expansion. Looking ahead to 2026, the forecast suggests 

substantial growth in both technologies (Figure 1, where electrolysis refers to hydrogen 

and methanation refers to synthetic natural gas (SNG) production). Methanation has a 60–

70% share in the technology, but the percentage of electrolysis (without methanation) be-

comes higher and higher simultaneously with the spread of hydrogen technologies. As 

the market matures, it is also essential to consider the key players shaping this landscape 

and driving these technological advancements. 

 

Figure 1. Power-to-gas market size worldwide with a forecast for 2026, divided by technology (in 

millions of USD). Sourced from [30]. 

While pumped hydropower dominates global energy storage, power-to-gas systems 

that convert excess electricity into hydrogen are gaining traction [31]. These systems offer 

a more versatile energy storage solution, and their economic and sectoral impacts have 

been explored in various studies [32,33]. 

  

Figure 1. Power-to-gas market size worldwide with a forecast for 2026, divided by technology (in
millions of USD). Sourced from [30].

While pumped hydropower dominates global energy storage, power-to-gas systems
that convert excess electricity into hydrogen are gaining traction [31]. These systems offer a
more versatile energy storage solution, and their economic and sectoral impacts have been
explored in various studies [32,33].

2.2. Successful Applications of the Water-Splitting Process

Electrolysis is the first step in the P2G process by all means, and therefore increasing
its efficiency has a significant impact on the competitiveness of bio-P2M. In this chapter, we
present the latest solutions for the water-splitting process.

Efficiency and safety are paramount in the water-splitting process. Hashemi et al. (2015) [34]
made significant strides in this area, developing devices that achieved impressive current
densities exceeding 300 mA cm−2 and showcasing a power conversion efficiency surpass-
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ing 42%. This level of efficiency represents a notable advancement in the field. Moreover,
the hydrogen fuel stream produced in their study was non-flammable, addressing safety
concerns associated with hydrogen production. Hashemi et al. (2015) [34] provided a reli-
able foundation for the findings and their implications in the broader context of renewable
energy. The power-to-gas system, which integrates renewable energy sources like sunlight
and wind, offers economic and environmental benefits. Chen et al. (2021) [35] further
discussed the economic potential of this system, highlighting the advantages of converting
stored hydrogen back to power and methane. Chen et al. (2021) [35], in regard to compre-
hensive databases related to renewable energy production and consumption, underscored
the economic viability of water splitting. Regarding the environmental advantages of the
power-to-gas system, Mukherjee et al. (2017) [36] revealed the system’s ability to mitigate
greenhouse gas emissions and other pollutants for the ecological benefits of water splitting.
In a different vein, Sharshir et al. (2023) [31] explored the role of alkaline electrolyzers in
producing green hydrogen. Sharshir et al. (2023) [31] emphasized the synergy between
these electrolyzers and other renewable energy technologies like wind turbines and solar
panels. Sharshir et al. (2023) [31] introduced a novel energy conversion set-up that com-
bines an alkaline fuel cell, an alkaline electrolyzer and a wind turbine. In their research,
the wind turbine generates electricity, which powers the electrolyzer to produce the fuel
and oxidant needed for the fuel cell. This integrated system boasts a storage efficiency
of 70.8% and can store an average of 1.35 kW of electricity. Additionally, they discussed
a multi-functional energy system that generates electricity and produces hydrogen and
thermal energy. This system leverages the power generated by an organic Rankine cycle
process to run the electrolyzer, which supplies the fuel cell with hydrogen and oxygen to
produce electricity and heat.

Expanding on alkaline water electrolysis, Zeng et al. (2022) [37] delved into the technol-
ogy’s potential for large-scale hydrogen production, mainly when powered by fluctuating
renewable energy sources like sunlight and wind. The study is centered on creating a
robust hybrid electrocatalyst made of WS2 and mesoporous bimetallic nitride (Ni3FeN)
nanoarrays. This unique design features multiple edge sites chemically bonded to a conduc-
tive framework, making it highly effective for water dissociation and hydrogen adsorption.
The hybrid material performs well in hydrogen and oxygen evolution reactions (HER
and OER), requiring minimal voltage to achieve significant current densities. Remarkably,
when used as both the anode and cathode in an electrolyzer, the system operates at just
1.5 V to reach a current density of 10 mA cm−2, surpassing the performance of many
existing non-precious metal electrocatalysts. This research opens up new possibilities for
developing WS2-based electrocatalysts, further bolstering power-to-gas systems’ economic
and environmental advantages.

The article by Akrami et al. (2019) [4] focuses on power system flexibility, particularly
the increasing penetration of renewable energy resources like wind and sunlight. They
provided a comprehensive overview of how flexibility in power systems has evolved to
adapt to the challenges posed by the variable and uncertain nature of renewable energy
and discuss various dimensions of flexibility, including time, control functions, uncertainty
and cost. They also explored different resources and technologies contributing to sys-
tem flexibility, such as energy storage systems, smart grid initiatives and market design
improvements. Their findings offer a broad review of the subject, touching upon both
technical and economic aspects, and they suggest that flexibility is crucial for the reliable
and economic operation of modern power systems integrated with renewable resources.

Zhang et al. (2021) [38] discussed the complexities of electrocatalytic water splitting
(EWS), identifying it as a viable method for hydrogen generation, particularly zeroing
in on the oxygen evolution reaction (OER), a key component of EWS systems that often
faces challenges like high overpotential and slow reaction rates. Zhang et al. (2021) [38]
produced an efficient OER electrocatalyst to address these issues using a cobalt-based
enhancement technique, demonstrating exceptional durability and activity thanks to opti-
mized mass and charge transfer pathways, combined catalytic action from various metal
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phosphides, and a well-regulated electronic structure. Zhang et al. (2021) [38] also brought
up the important issue of creating an in situ metal phosphide-oxyhydroxide interface that
significantly speeds up charge transfer and thereby improves the overall efficiency of the
chemical reactions, which advances the understanding of water-splitting techniques and
offers valuable insights into optimizing power-to-gas systems for more efficient hydrogen
production and energy utilization.

In contrast, Jiang et al. (2022) [39] brought up the case for ammonia electrolysis as
a more energy-efficient alternative to water splitting for hydrogen production and that
this method not only requires less energy but also produces nitrogen as a byproduct with-
out emitting harmful COx gases. Jiang et al. (2022) [39] introduced a specially designed
nanostructured transition metal binary coated on nickel foam, which exhibited superior
performance in hydrogen evolution reactions (HER) within an alkaline ammonia environ-
ment. Jiang et al. (2022) [39] argued that, from a thermodynamic standpoint, converting
ammonia to hydrogen is more energy-efficient than traditional water-splitting methods. This
ammonia-based approach could potentially revolutionize hydrogen production in the future,
offering a more sustainable and efficient pathway in the emerging hydrogen economy.

Nevertheless, Yu et al. (2018) [40] analyzed the challenges and opportunities in water-
splitting technology for hydrogen production, which bring about the issue that while
hydrogen is an ideal medium for storing renewable energy from sources like wind and
sunlight, the technology is underutilized, accounting for less than 4% of global industrial
hydrogen production. This low utilization is due to economic constraints and low energy
conversion efficiency. Yet, they also provided potential solutions, such as the development
of cost-effective and abundant catalysts, and emphasized the importance of long-term
durability and electrochemical stability for the practical application of this technology.
They concluded that significant challenges must be overcome to make these systems
economically viable and environmentally sustainable. Similarly, Greene et al. (2020) [41]
also discussed the challenges in the broader hydrogen use ecosystem and the prospects of
hydrogen refueling infrastructure. They outlined the critical components of a hydrogen
production system, which includes an electrolyzer, hydrogen gas storage and a compressor
all integrated with renewable energy sources. They mentioned ongoing large-scale projects
(primarily in Europe) and noted that the first operational system in the U.S. came online
in 2016. Greene et al. (2020) [41] stressed the importance of global initiatives in countries
like China, Germany, Japan, South Korea and the U.S. to scale hydrogen as a clean fuel for
transportation. They also discussed the co-evolutionary challenges of developing hydrogen
refueling stations and hydrogen-powered vehicles, highlighting the need for public policy
interventions to ensure environmental sustainability and climate protection.

The potential solution also comes from a further study by Chang et al. (2022) [42]
that brought about a test with solar-to-hydrogen efficiencies nearing a 19.75% potential
of harnessing solar energy for hydrogen production. Their study highlighted the role of
specific catalysts in enhancing the water-splitting process, providing valuable insights for
future research and development. Rao and Lingampalli (2016) [43] further emphasized
the environmental benefits of hydrogen as a fuel. Their comprehensive analysis, based
on extensive hydrogen production and consumption databases, offers a holistic view of
hydrogen’s ecological impact.

2.3. Unit Cost Trends of Biogas

In the process we are investigating, biogas is the starting element of the bio-P2M
process. Nowadays, the unit cost of producing biogas varies widely (between USD 2
and 20/1000 British thermal units (hereinafter referred to as MBtu)) mainly based on the
feedstock used, but it also varies widely by region, with the average unit cost in Europe
being around USD 16/MBtu and that in Southeast Asia being around USD 9/MBtu [23].
Herbes (2020) [44] examined the impact of the byproducts (waste heat and biofertilizer)
and feedstock transport costs of biogas cogeneration plants and stressed that although
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their importance varies depending on the plant size and technology, they have a highly
significant impact on the unit cost of biogas and the green electricity they produce.

The IEA (2020) [23] calculates the typical unit cost of biogas production as follows:

• Landfill gas (2000 m3/h capacity): USD 3/MBtu (including 30% CAPEX);
• Wastewater digester (1000 m3/h capacity): USD 15/MBtu (including 70% CAPEX);
• Agricultural digesters:

a. Small size (100 m3/h capacity): USD 17/MBtu (including 50–60% CAPEX);
b. Medium size (250 m3/h capacity): USD 13/MBtu (including circa 60% CAPEX);
c. Large size (750 m3/h capacity): USD 9/MBtu (including 60–70% CAPEX).

Among the feedstock, municipal solid waste is clearly the cheapest category, followed
by crop byproducts, livestock manure, municipal wastewater and finally energy crops as
the most expensive category.

2.4. Economic Trends of Biomethane and Natural Gas

Competitors to the P2G process are biomethane, which is also produced on a renewable
basis but with biogas purification, and fossil natural gas. Their cost and prices, therefore,
have a major impact on the competitiveness of SNG as a P2G end product.

Recent years have seen dramatic changes in the natural gas market (Figure 2). In 2021,
European prices skyrocketed to USD 16.10, a significant increase from USD 3.20 in 2020.
The U.S. also saw an increase which was not as drastic, moving from USD 2 in 2020 to
USD 3.90 in 2021. In 2022, European prices surged to USD 40.30, while U.S. prices also
increased but remained much lower at USD 6.40. The forecast for 2023 and 2024 suggests a
decrease in prices for Europe to USD 19 and USD 17, respectively. The U.S. is expected to
see a decrease to USD 2.70 in 2023 but a slight increase to USD 3.70 in 2024.
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The extreme volatility in Europe could be due to various factors, including geopolitical
tensions, supply chain disruptions and increased demand. The U.S., with its more stable
natural gas production and supply, has been less susceptible to such extreme price fluctua-
tions. The sharp increase in 2021 and 2022 could be attributed to various factors such as
geopolitical tensions, supply chain disruptions and increased demand due to economic
recovery from the COVID-19 pandemic. The forecast for 2023 and 2024 suggests a signifi-
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cant reduction in prices to USD 19 and USD 17, respectively, but these are still considerably
higher than the prices seen in the early 2010s.

Biomethane can be produced at a unit cost of EUR 55/MWh (approximately USD
60/MWh) according to the EBA (2022) [46], which is much higher than the pre-2022 gas
prices (2021: EUR 18/MWh) but still about 30% below the EUR 80/t natural gas price in
February 2022. According to Birman et al. (2021) [47], typical biomethane unit costs will
range between EUR 40 and 120/MWh in the near future, depending mainly on feedstock
and transport costs and fermenter size. The typical cost for a typical fermenter size of
750 Nm3/h used in the EU-28 is estimated to be EUR 69/MWh, of which the CAPEX is
about 54–55% if the feedstock cost is excluded. The electricity cost of electrolysis accounts
for a major part of the OPEX (about 75% at market prices), and thus reducing it and
increasing the capacity utilization (reducing nominal depreciation costs) by increasing the
length of the operating time is a key issue. The average biomethane feed-in tariffs in 2018
averaged around EUR 19/MBtu (approximately EUR 0.0056/MWh) [23], which makes the
production of only a negligible part of the biomethane potential (20 MtOE or 232.6 TWh)
economically reasonable.

Pablo-Romero et al. (2017) [48] provided a comprehensive analysis of biogas and its
role in electricity generation within the European Union, focusing on various promotional
measures like feed-in tariffs (FITs), feed-in premiums (FIPs) and tenders implemented by
EU-28 countries. They emphasized the EU’s objectives to reduce greenhouse gas emissions,
increase the renewable energy share and improve energy efficiency by 2020 and 2030, to
which biogas contributes significantly. The most relevant country-specific points in the
document are as follows:

• Italy has a system where a monthly bonus is granted to the plant operator, which is
calculated by adding various premiums to the base tariffs for the energy sources. This
system aims to reduce the price per hour in the electricity market. The range of this
incentive varies between EUR 85 and 122 per MWh.

• The document mentions that most countries have long-term guarantees such as 20
year contracts to make investments in biogas more attractive.

• Some countries like Lithuania fix their FIT prices quarterly, taking the price of electric-
ity in the three months prior to the call for tenders as a reference.

• In Finland, if the reference market price is below EUR 30, then the feed-in premium
(FIP) will be equal to the difference between the fixed target price and EUR 30.

• Germany has measures directed toward better integration of biogas into the electricity
market. The FIT for electricity produced by cogeneration installations running on
biogas will be raised for both new and existing installations.

• France has an incentive of EUR 40/MWh for plants that reach an energy efficiency of
at least 70%.

Power-to-biomethane technology has the advantage of being able to use the available
natural gas infrastructure and reduce natural gas imports. According to the EBA (2022) [46],
in a supportive regulatory environment, biomethane produced in Europe could replace
10% of natural gas demand by 2030 and up to 30–40% by 2050 if energy crops are used in
significantly higher quantities in biogas production, which in turn will make biomethane
production more expensive.

As shown in Figure 3, the most important factor in the cost of biomethane produced
in the P2G process is the operating cost (excluding feedstock), followed by electricity and
then the investment cost per unit of methane produced. This reflects both the importance
of capacity utilization, as confirmed by Bassano et al. (2020) [49], and the importance of the
unit price of electricity used. As shown in the study by Gorre et al. (2019) [50] for a similar
type of technology but at a different system scale, the effect of an increase in the unit price
of electricity is a corresponding jump in both the unit cost and the share of electricity in the
unit cost.



Energies 2023, 16, 8009 8 of 27

Energies 2023, 16, 8009 8 of 27 
 

 

of capacity utilization, as confirmed by Bassano et al. (2020) [49], and the importance of 

the unit price of electricity used. As shown in the study by Gorre et al. (2019) [50] for a 

similar type of technology but at a different system scale, the effect of an increase in the 

unit price of electricity is a corresponding jump in both the unit cost and the share of 

electricity in the unit cost. 

 

Figure 3. Percentage of CAPEX, OPEX, water, CO2 price and electricity in the unit cost of bio-

methane. Sourced from [50]. 

As can be seen in Figure 4, the unit cost of the methane produced decreased dramat-

ically with increasing operating hours (capacity utilization) due to the distribution of fixed 

costs (investment costs and fixed costs during operation) over an increasing product quan-

tity, while the significance of the electricity cost increased [51]. 

 

Figure 4. Prime cost of biomethane production as a function of operating hours (capacity utiliza-

tion). Sourced from [51]. 

Figure 3. Percentage of CAPEX, OPEX, water, CO2 price and electricity in the unit cost of biomethane.
Sourced from [50].

As can be seen in Figure 4, the unit cost of the methane produced decreased dra-
matically with increasing operating hours (capacity utilization) due to the distribution of
fixed costs (investment costs and fixed costs during operation) over an increasing product
quantity, while the significance of the electricity cost increased [51].
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Alterations in carbon prices impact the unit cost of bio-P2M and any revenues from
the sale of quotas. In the European carbon market, prices have developed in recent years as
shown in Figure 5.
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2.5. Economic Trends of Electricity

The levelized cost of electricity (LCOE) from biogas, according to the IEA (2020) [23],
varies between USD 50 and 190/MWh, which is significantly higher than the full life
cycle cost of electricity for the electricity generated from wind and solar power, taking
into consideration the quantity of the external cost, compositions of the internal cost and
discounting of the electricity production [53]. As the off-take of electricity as an end product
of cogeneration biogas plants is also becoming increasingly challenging, feed-in tariffs for
this are decreasing, which will require storage of this electricity in the future. The price
of electricity can fall below zero during periods of very low electricity demand, when the
weather is sunny and solar power generation far exceeds the current consumption.

In flexible modes, electricity is bought on the short-term market, and gas is sold either
on the short-term market or under a long-term contract. The high proportion of fluctuating
generation capacity, and therefore the amount of energy available, makes electricity prices
increasingly volatile. In addition, extremely high and low spot prices can develop on the
electricity exchanges. Extreme prices are electricity prices of EUR 0/MWh (or even less) or
more than EUR 100/MWh. The expected occurrence of these extreme price ranges, which
are expected to rise sharply from 2026 onward, presents opportunities for new market
players and technologies, such as storage systems [54].

Figure 6 shows that electricity prices have generally increased over the years, with
some countries experiencing dramatic spikes. For example, Italy’s electricity price went
from EUR 47.46/MWh in January 2020 to EUR 543.48/MWh in August 2022. Prices were
highly volatile, especially in the latter half of 2021 and throughout 2022. This could be
due to various factors like supply constraints, increased demand or geopolitical issues.
However, there were periods where the electricity prices declined, such as from December
2022 to March 2023 in Italy, Greece and Hungary. However, these declines did not bring the
prices to zero or negative levels. The prices for May 2023 onward show a declining trend,
reaching as low as EUR 37.30/MWh in Sweden. This could potentially make power-to-gas
more profitable, but it is still far from zero or negative prices [55].
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Hungary started with a price of EUR 52.96/MWh in January 2020, which was mid-
range compared with other countries. The lowest price for Hungary was in March 2020 at
EUR 29.75/MWh, likely influenced by the global economic conditions due to the COVID-19
pandemic. A significant spike was observed in July 2022, when the price reached EUR
371.23/MWh, aligning with a general trend of price hikes across all countries. Hungary’s
prices appear to have stabilized in 2023, with the lowest one being EUR 88.12/MWh in
May 2023. We can interpret that the electricity wholesale prices in Hungary have shown
significant volatility over the observed period. The data suggest that most EU countries
experienced a dramatic increase in electricity prices, particularly in 2021 and 2022, due
to various factors, including increased demand, supply chain disruptions or geopolitical
issues affecting energy markets. Regarding the effect of electricity prices on the most
important economic characteristics of Central and Eastern European energy companies, a
more detailed statistical analysis can be found in the work of Rákos et al. (2022) [56].

According to research by Härtel and Korpås (2021) [57], the occurrence of zero or
negative electricity prices due to excess renewable production is expected to be limited, as
additional cross-sectoral consumers will increasingly utilize low-carbon electricity. This
aligns with the findings of Hagfors et al. (2016) [58], who identified wind power as a key
driver in the rare instances of negative price occurrences. On the topic of power-to-gas
technology, a study by Leeuwen and Mulder (2018) [59] posited that investments in this
area could become profitable when electricity prices are low. This is further supported
by Schneider (2011) [60], who noted that negative electricity prices can naturally occur
in spot trading due to the limitations and costs associated with plant flexibility. While
power-to-gas technology is not currently cost-effective, Liu et al. (2017) [61] suggested that
this is likely to change as the technology develops.

According to Ghafoori et al. (2022) [62], below a EUR 20/MWh electricity price, the
power-to-biomethane process is already competitive with conventional biogas upgrading
technologies. At the same time, among the newest biogas upgrading technologies, the
cryogenic biogas upgrading process (CBioUP), according to Yusuf-Almomani (2023) [63],
could be a serious competitor to bio-P2M technologies in the future not only because of its
favorable economic effects but also because of its flexibility (94.5–99.6% methane content).



Energies 2023, 16, 8009 11 of 27

2.6. Characteristics of P2G Technology

According to Götz et al. (2016) [64], the power-to-gas process is about converting
excess electricity into gas that can be injected into the gas grid.

The term P2G can be used to refer to both power-to-hydrogen (P2H2) technologies
(where electricity is used to produce hydrogen as an end product) and power-to-methane
technologies (where the system includes a methanation unit that converts hydrogen into
synthetic natural gas (SNG)) (Fambri et al., 2022) [65]. Although power-to-methane technol-
ogy requires an additional conversion step compared with power-to-hydrogen technology
and therefore involves additional investment and operating costs, resulting in a loss of
efficiency due to conversion losses, it also has a number of advantages:

(a) The energy density of SNG per unit volume (>1000 kWh/m3) is much higher than
that of hydrogen (270 kWh/m3) [25];

(b) SNG can be injected into existing gas infrastructure, while hydrogen can only be
injected at low concentrations due to the “brittleness” of hydrogen, which can cause
cracks in iron and steel pipes [66];

(c) Hydrogen has a higher ignition risk than SNG and is therefore more risky from a
safety point of view [66];

(d) The production of SNG is also beneficial in terms of promoting CO2 capture technolo-
gies and benefiting the utilization value chain. Accordingly, hydrogen can be mixed
with carbon dioxide from multiple sources (e.g., flue gases, biogas and air) and stored
in synthetic hydrocarbons [67].

According to current experiments [68], hydrogen production at plant sizes of 26 and
28 kgH2/h and 70% capacity utilization can be estimated to be at between EUR 1.9 and
3.3/kgH2, and by 2030, taking the full life cycle into account, it could conveniently be below
EUR 2/kgH2. The EBA (2022) [46] estimated the unit cost of producing green hydrogen
to be EUR 180/MWh. However, the infrastructure for hydrogen storage and utilization
is still underdeveloped in Central and Eastern Europe, which is why the P2G process is
considered the most promising process for long-term electricity storage in this region.

The biological methanation power-to-gas technologies used in our research can pro-
duce biomethane from biogas using hydrogen produced from intermittent renewable
energy (e.g., wind or sunlight), which can reduce operational energy demand and costs
and minimize CH4 losses [69].

One component of the technology is polymer electrolyte membrane (PEM) electrolysis,
which can flexibly adapt to volatile renewable electricity generation. Another component
of the technology is a biological methanation solution using a proprietary microorganism
(Methanothermobacter thermautotrophicus), which can also provide extreme flexibility, and
furthermore, prototype data show that the system is not only flexible but robust. The
conversion efficiency of biological methanation averaged 94% for a series of experiments in
2018. The process consists of three steps [54]:

• Hydrogen production: The (excess) electricity is used for electrolysis;
• Methane production: The biogas produced in the wastewater treatment plant is fed

into the bioreactor together with hydrogen, resulting in the production of methane
according to the reaction [70] CO2 + 4H2 → CH4 + 2H2O;

• Injection into the natural gas network: The gas as a final product after hydrogen
capture, water vapor removal and cooling, with a methane content of 97% and its other
parameters, meets the national requirements for injection into the natural gas network.

The overall energy efficiency of SNG production via the bio-P2M process is 60–70%,
depending on technological parameters such as the applied pressure conditions and byprod-
uct utilization. Biogas can be injected into the methanation reactor directly since methane
is considered an inert gas for the adapted biocatalyzer. Neither additional carbon dioxide
extraction nor a gas separation process is required for bio-P2M technology [70].

The importance of subsidies is also highlighted in the publication by
Baena-Moreno et al. (2020) [71], who argued that currently, without a significant increase in



Energies 2023, 16, 8009 12 of 27

energy prices and a large reduction in investment costs, financial support is essential for
similar systems.

The results of Csedő et al. (2020) [54] show that standardized 1 MWel bio-P2M technol-
ogy would be suitable for most wastewater treatment plants. This is in line with the current
level of technological readiness of bio-P2M, but rising electricity prices and limited financial
resources for wastewater treatment plants would reduce the commercial attractiveness of
introducing bio-P2M technology.

On this basis, we make our calculations for 1 MWel bio-P2M technology, noting
the impact of economies of scale. Given that significant differences in the investment
costs of the various system components can be found in the international literature, our
economic evaluation not only looks at the price changes of the main input and output
factors but also the impact of capacity utilization on the economics of the system and its
return on investment.

3. Materials and Methods

A simplified block diagram of the 1 MWel bio-P2M system (electrolyzer capacity) is
shown in Figure 7, containing all the relevant inputs and outputs of the two system elements.
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The 1 MWel capacity refers to the capacity of the polymer electrolyte membrane
electrolyzer system. The reason for choosing the 1 MWel plant size was that it corresponded
to the size of a system that could be installed in a typical wastewater treatment plant, as
confirmed by the fact that several P2G investments in Europe (e.g., P2G-Biocat (Denmark),
P2G plant Erdgas Schwaben (Germany) and RH2 WKA (Germany)) have already been
implemented or planned with this plant size [54,73].

The economic analysis included an investment analysis to show the expectable indi-
cators of the case study in the basic scenario and a sensitivity analysis based on the most
probable future scenarios in practice. Then, the competitiveness, the cost structure and the
possible reserves of the SNG as the final output would be introduced and explained using
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unit cost calculations. The following simulation methods will analyze the effects of the
inputs and outputs.

In risk analysis, Monte Carlo simulations can be applied to a computer model of a
system when the state of the system process is randomly changed [74]. The simulation
model works by randomly selecting values based on the probability distributions assigned
to each uncertain factor. The random probabilities are then used in each successive trial of
the simulation analysis [75]. For this purpose, a special simulation should be used which
assigns values to the uncertain factors according to some distribution [76,77]. During the
process, the values obtained from this distribution are incorporated into the various results,
allowing risk to be understood. Many different types of distributions can be selected to
simulate the parameters, of which we chose discrete uniform distributions and triangular
distributions. Among the symmetrical probability distributions, the discrete uniform
distribution can be characterized as a distribution where a finite number of values are
observed with equal probability, and each “n” value has probability “1/n”. This type of
continuous distribution has three notable positions: a lower bound “a”, upper bound “b”
and mode “m”, where a < b and a ≤m ≤ b [78]. This distribution is used when all three
values are known (minimum, maximum and most probable).

The ranges we used are presented in Table 1, and the most likely values were taken to
be the mean values of the indicators.

Table 1. Intervals and distribution types of indicators and market factors used in the simulation.

Indicators Intervals Used in the Simulation Type of Distribution

Investment analysis
Share of own capital in investment cost (%) 10–30–50–100 Discrete uniform distribution

Electricity price (EUR/MWh) 0–80–160 Triangle distribution
Water price (EUR/m3) 0–3 Discrete uniform distribution

Carbon dioxide price (EUR/t CO2) 0–50 Discrete uniform distribution
Biomethane price (EUR/MWh) 50–100–150 Triangle distribution
Waste heat price (EUR/MWh) 0–55 Discrete uniform distribution

Oxygen (EUR/Nm3) 0–0.15 Discrete uniform distribution
Operating hours (hours per year) 2000–4000–6000–8000 Discrete uniform distribution

Used or sold waste heat (%) 0–50–100 Triangle distribution
Oxygen used or sold (%) 0–50–100 Triangle distribution

Unit cost of biomethane
Operating hours (hours per year) 2000–4000–6000–8000 Discrete uniform distribution

Carbon dioxide price (EUR/t CO2) 0–50 Discrete uniform distribution
Electricity price (EUR/MWh) 0–80–160 Triangle distribution

Water price (EUR/m3) 0–3 Discrete uniform distribution

First, when defining the input variables, the range of values and the type of possible
distribution must be specified. This is followed by the definition of the output variables.
The different values of the inputs are generated by a random number generator during each
run. The number of runs (simulations and experiments) can range from 1000 to 100,000.
The final result will be the mean and standard deviation of the outputs, as well as the
distribution functions and probabilities.

The simulation software we used to evaluate our results was @RISK 7.6, distributed
by Palisade Corporation.

The outputs of the analysis were the net present value (NPV), profitability index (PI),
internal rate of return (IRR) and the unit cost of biomethane.

Following the parameters shown in the table, we worked with 5000 iterations. Sensi-
tivity tests were also performed based on the results of the output variables. This involved
calculating the Spearman’s rank correlation coefficient and the standardized regression
coefficient. The latter coefficient characterizes the effect of the magnitude of the input
variables on the different outputs independent of the measure (in standardized form). This



Energies 2023, 16, 8009 14 of 27

can be used to rank the inputs according to their importance. With a positive sign, an
increasing input gives an increasing output [79].

The basic data used in our calculation model and the ranges considered in the analyses
are summarized in Table 2 (CAPEX) and Table 3 (OPEX).

Table 2. The base case for CAPEX calculation of the examined system.

Category Item Thousand
EUR Measure Source

Components, physical
infrastructure

Electrolyzer system 1.1 /kWe

[50,51,54,65,68,80]

Methanation system (biological) 0.6 /kWe
Infrastructure, installation, storage for gas

puffer (H2 and CO2) and injection 1.1 /kWe

Other

Project development, planning, expert
services and quality management 28% on costs of total

components
Tender-specific R&D, software and

maintenance tasks 50%

Total investment cost (CAPEX) of the 1 MWel system (thousand EUR): 4984.0
Share of own capital in investment cost 10%–30%–50%–100%

Legend: underlined data = values used in the base case.

Table 3. The base case for operative expenses and revenues of the examined system.

Category Item Value Measure Source

Operation and
maintenance costs

Electrolysis system 4.0%
% of CAPEX

[50,51,54,81]
Methanation system 5.0%

Infrastructure, installation, storage
for gas puffer (H2 and CO2)

and injection
3.5%

Input materials and
unit prices

Electricity price 0–40–80–120–160 EUR/MWh [82,83]
Water 0–3 EUR/m3 [84]
CO2 0–50 EUR/t [83]

Outputs, revenues
Biomethane 50–100–150 EUR/MWh [54,85,86]
Waste heat 0–55 EUR/MWh

[54,83,87]Oxygen 0–0.15 /Nm3

Operation data

Operating hours 2000–4000–6000–8000 h

Changeable cells
Sold or injected biomethane 100% /total produced

Used or sold waste heat 0%–50%–100% /total produced
Used or sold oxygen 0%–50%–100% /total produced

Legend: underlined data = values used in the base case.

Table 2 shows the unit costs of the main system components, such as the electrolyzer,
the methanation unit and the other necessary system components. By adding the other cost
factors related to the investment, the total investment cost for the 1 MWel bio-P2M system
is EUR 4,984,000.

Table 3 shows all the operational data used in calculating the investment economics
and the unit cost, their range and the source of the basic data. The data used in the basic
scenario are highlighted by being underlined.

The participation of similar systems in CO2 emissions trading is limited, and thus this
analysis did not take this into account as potential revenue.

There are several ways to determine the interest rate chosen to carry out economic
analyses and calculate dynamic indicators. After considering all options, we chose the
weighted average cost of capital (WACC) [88]. The discount rate was determined using the
formula for the weighted average cost of capital (WACC):

r = WACC = Re × E + Rd × (1 − t) × D (1)

Here, the following definitions apply:
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• Re: cost of equity (i.e., the expected return on investment);
• Rd: cost of loan (liabilities) (i.e., the interest burden on the loans taken out);
• E: equity (i.e., shareholders’ investment) as a proportion of the investment cost;
• D: share of debt in the investment cost (liabilities);
• t: the company’s marginal tax rate.

As the calculations did not include debt and borrowing, the discount rate to be applied
was derived from the cost of equity:

Re = Rf + β × ERP (2)

Here, the following definitions apply:

• Rf: estimated risk-free nominal return in the target country;
• β: industry beta;
• ERP: market risk premium.

The risk-free rate of return was set at 3% based on the Statista database.
To estimate the industry beta, we used the publication of Damodaran (2023a) [89]. The

database contains industry-specific beta values for different sectors, which are calculated
from the arithmetic average of the individual beta values. Accordingly, the beta for the
“Green & Renewable Energy” sector is 0.88.

The equity risk premium (ERP) was also based on the work of Damodaran (2023b) [90],
taking into account changes over time. Thus, the expected ERP was set at 5.5%.

Therefore, the expected nominal return on equity is

Re = 3 + 0.88 × 5.5 = 7.84% (3)

The annual increase in the prices of inputs and services as well as outputs and revenues
was 3%, considering the long time series price changes of the key system inputs and outputs.

4. Results and Discussion
4.1. Investment Analysis

The bio-P2M plant financed by one’s own capital as a base scenario could not be consid-
ered a good investment with the parameters considered. Although the cash flow is expected
to show a modest surplus in the years of operation, and its nominal value is increasing (EUR
294–370 thousand/year), its present value discounted by the opportunity cost decreased
year by year (EUR 270–119 thousand/year), which supports two observations:

1. The expected rate of increase in input and output prices was less than the opportu-
nity cost of our money invested in the operation. This means that it could be used
elsewhere with greater returns under the current circumstances.

2. Compared with the investment cost, the annual cash flow surpluses were negligible,
and thus the payback was not expected until well beyond the operational lifetime.

The details of the investment analysis for the base scenario are shown in Table 4. From
the 15 year life cycle, we included only the year of investment and years 1, 5, 10 and 15 due
to space constraints.

As a result, the NPV was negative (EUR −2198 thousand), the money invested in
investments and operations was not recovered (PI = 0.56), and the profitability of the
operation was about 0 (IRR = −0.09%). This also indicates that if one’s own equity were
used, a 44% grant would allow for break-even operation (by investing one’s own money
in other ways). This underlines the fact that, with the current technological advancement
and economic conditionalities, public involvement is essential for the proliferation of the
technology and completing the associated long-term energy storage tasks.
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Table 4. Details of the investment analysis.

PLANNING OF EXPENDITURES AND REVENUES
(Unit of Measurement: Thousand EUR):

Years

0 (Year of
Implementation) 1 5 10 15

1. INVESTMENT COST (CAPEX) −4984
2. ANNUAL EXPENDITURES (OPEX)

Operation and
maintenance costs

Electrolysis system - 112 112 112 112
Methanation system - 140 140 140 140

Infrastructure, installation, storage for gas
puffer (H2 and CO2) and injection - 98 98 98 98

Input materials and
unit prices

Electricity price - 640 640 640 640
Water - - - - -
CO2 - - - - -

ANNUAL EXPENDITURES (OPEX) IN TOTAL: 990 990 990 990
Annual increase in prices of inputs and services, multiplier 1.000 1.030 1.159 1.344 1.558

OVERALL (CAPEX + OPEX) with price increases: −4984 2010 2138 2320 2532
3. ANNUAL REVENUES

Outputs, revenues
Biomethane - 1000 1000 1000 1000
Waste heat - 75 75 75 75

Oxygen - 60 60 60 60
ANNUAL REVENUES IN TOTAL: 1135 1135 1135 1135

Annual increase in prices of outputs and revenues, multiplier 1.000 1.030 1.159 1.344 1.558
OVERALL REVENUES with price increases: 2304 2450 2660 2903

CASH FLOW −4984 294 313 339 370
Discount factor 1.000 1.078 1.458 2.127 3.102

NET PRESENT VALUE (NPV): −4984 −4711 −3771 −2871 −2198

Source: authors’ own construction.

The importance of each revenue and expenditure item and capacity utilization in
operations is supported by the sensitivity analyses. When examining 5000 randomly run
simulation models, the following can be concluded.

The spider diagram (Figure 8) shows that the increase in the price of electricity as an
input had a negative impact on the investment indicators, while the increase in the price of
biomethane and the number of hours of operation per year had a positive impact on the
same. The effect of the generated oxygen and waste heat was negligible. In the simulation
studies, the input and output results were calculated as a result of stochastic processes in the
results of each run. This means that, unlike deterministic simulation studies, the input data
were involved in the formation of the output according to their respective distributions,
and therefore, these results did not always reveal linear changes. A so-called nonlinear
stochastic trend depending on the distribution was observed in this case.
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The tornado diagram (Figure 9) shows that the electricity price had the largest impact
on the NPV (correlation coefficient: −0.66), followed by the biomethane price (0.49) and
operating time (0.43), with the latter two causing changes in the same direction.
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As can be seen in another tornado diagram (Figure 10), changes in the input or output
price per unit caused similar changes in NPV (0.64, +0.50 and +0.44) to the previous figures.
For the IRR, the trends and values were quite similar, while for the PI, the role of financing
was the determining factor (correlation coefficient: 0.66), followed by electricity (−0.42)
and operating time (0.35), while the biomethane price came in last (0.31).
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Statistically, there was only a 9% chance that the conditions under consideration would
change in a direction and to the degree that would result in an NPV of at least zero, which
is a highly significant risk at the entrepreneurial level (Figure 11).
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To sum up, the role of financing (public or low-cost equity and state-subsidized credit
facilities) for the establishment of P2G plants is inescapable for the entrepreneurial sector. If
the risk premium or the industry beta decreases (making future changes more predictable),
this could also positively impact the economic perception of P2G investments. The co-
movement of electricity prices and natural gas prices negatively affects the rates of return
due to the higher impact of the former. Continuous utilization is a basic requirement. This
result is still well below the industry’s expectations by default (Damodaran, 2023) [91].

4.2. Unit Cost of Biomethane

The unit cost of biomethane produced from electricity is EUR 1.2/m3 in the base case,
which is much higher than the price of natural gas in February 2022 (EUR 0.74/m3 [46])
and the unit cost of biomethane from conventional biogas cleaning (EUR 0.51/m3 [46] and
0.6/m3 [23]).

Figure 12 shows the role of capacity utilization, which had a two-way effect in relation
to biomethane production. It had a significant impact on both the magnitude of the unit
cost (EUR 1.2/m3 at 100% utilization and 6.21/m3 at 10%) and the evolution of the cost
structure. Lower utilization (around 10%) typically occurred when it was used to utilize
freely available electricity (smaller amounts, mainly from RES). As the capacity utilization
increased, the amount and average cost (expected purchase price) of the consumed electric-
ity increased. These results are generally in line with the findings of Gorre et al. (2019) [50]
(Figure 3) and van Leeuwen and Zauner (2018) [51] (Figure 4).
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If electricity were available free of charge for the 8000 h annual operating period, then
the unit cost achievable in our case study would be reduced to EUR 0.56/m3, which could
be nearly equal to the competitive products. This shows that the P2G process could be
economical in our days, even without subsidy, if it uses waste electricity.

The values we obtained were close to the SNG unit cost (EUR 1.3/m3) obtained by
Bassano et al. (2020) [49] at full capacity utilization and much higher than the SNG unit
cost of EUR 0.32/m3 and 1.1/m3 reported by Gorre et al. (2019) [50], where electricity was
available at no cost in the first case and at EUR 50/MWh in the second one. The same was
case was found when compared to data from Birman et al. (2021) [47] (EUR 0.35–1.1/m3).

The electricity price (53%) and the amortization cost of the investment (CAPEX, 35%)
were the main drivers of the unit cost composition. The cost structure was quite similar to
the cost structure presented by Bassano et al. (2020) [49] at full utilization, but the share of
CAPEX was much lower than the 54–55% considered typical by the EBA (2022) [46], which
is a consequence of the different plant capacities.

If the annual utilization is reduced from 8000 to 2000 operating hours, then this changes
the unit cost to EUR 2.87/m3, while the CAPEX share of the cost structure increases to 58%
and the electricity cost is reduced to essentially the same share as the other operating costs
(22% and 19%, respectively). This very poor capacity utilization without a force majeure
situation may be mainly due to the fact that the plant only operates when it receives the
electricity it needs to operate for free (i.e., when the price of electricity on the spot market
falls to zero). The 2000 h annual operating time combined with the free electricity results in
a unit cost of EUR 2.23/m3 (of which 75% is CAPEX), which is significantly higher than
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the unit cost of the base case (i.e., full capacity utilization is more important than the free
electricity cost).

In our cost structure, for all electricity prices, CAPEX plays a much larger role and the
cost of electricity a smaller role than in the studies of Gorre et al. (2019) [50]. This is likely
due to the lower nominal investment cost used in his model and lower electricity prices,
which are the result of significant increases in prices in general as well as electricity prices
following the extraordinary events that have occurred since then.

However, 8000 h of operation with free electricity would bring the unit cost of SNG
to the same level as biomethane from cleaning (EUR 0.56/m3). This suggests that, in
principle, it is conceivable to produce biomethane competitively without subsidies only
in the most favorable scenarios, in accordance with the statement of Götz et al. (2016) [64].
The sensitivity analysis also supports the previous findings.

The spider diagram in Figure 13 shows that the unit cost was influenced mainly by
two items—the operating time and the electricity price—while the impact of the water and
carbon prices was practically zero.
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Figure 13. Mean change in outputs across range of input values regarding unit cost (EUR/Nm3).
Source: own calculations (2023).

The role of the operating time was dominant (correlation coefficient: −0.85) and was
largely reflected in the unit cost (regression: −0.86). The price of electricity was the second
most important item in accordance with both two indicators (+0.48 and +0.38, respectively)
(Figures 14 and 15).
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The probability of the unit cost of biomethane obtained by biogas cleaning was practi-
cally zero (Figure 16).
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On this basis, it can be concluded that, considering the arm’s length principle, SNG
produced with P2G is not competitive with either natural gas or biomethane produced
from biogas under current conditions. However, P2G is not primarily a process for energy
production but first and foremost for energy storage, and therefore the higher unit cost is
essentially the cost of electricity storage.

Of course, the use of cheaper electricity has a positive impact on the competitiveness of
the process, but its variation should not affect the ongoing performance of the investment,
as the CAPEX role is more dominant.

5. Conclusions

A modern review of biogas upgrading technologies related to electricity storage was
carried out, and their advantages and disadvantages were identified in this article.

The P2G process allows the recovery of CO2 in biogas (which is worthless for cogener-
ation and is not always available in a recoverable form in the case of purification) and the
storage of electricity, which could relieve the load on the national grid and allows more
widespread use of weather-dependent renewable energy sources (sunlight and wind).

While the first step of the process (electrolysis) is undergoing significant development,
the resulting hydrogen is less storable (given the current user infrastructure) and usable
than the methane that is the end product of the second step.

When evaluating the competitiveness of SNG as a final product from bio-P2M, it
is useful to compare it with biomethane from biogas upgrading and with natural gas.
Although the composition of both competitors is similar to SNG, biomethane has the
advantage in carbon dioxide (from biogas)-to-methane conversion, and regarding natural
gas, it has the environmental advantage of a renewable origin. However, in both cases, the
long-term storage of electricity is a major advantage of P2G technology, which may justify
and make the implementation worth supporting at a higher unit cost.
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The case study we examined is uncompetitive without state aid both in terms of return
on investment and the cost of gas produced. State involvement would be needed to boost
competitiveness in two ways: (1) a 44% non-refundable state subsidy alone would make
the plant competitive, in which case green electricity storage (with the market price) would
be economically viable, and (2) technology development alone could improve input-output
ratios and thus lead to a faster payback.

Although the SNG produced in the process is more expensive than its competitors,
full utilization of the plant and the lowest possible price for the electricity used result in
significant cost reductions. If both cannot be optimized at the same time, then the former is
more important. There is also a small reserve in the increase in natural gas prices and the
full utilization of waste heat (e.g., continuous sale for industrial purposes).

The expectable increase in CO2 prices could greatly support the uptake of the process,
especially if the P2G process takes into account not only the carbon dioxide available in
biogas but also that in industrial gases (fume).

We believe that comparing case studies of plants with different scales of technology,
developing technologies in the longer term and public involvement in the short term could
lead to a breakthrough in the future uptake of bio-P2M.
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