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Gábor Pörzse, Zoltán Csedő and Máté Zavarkó
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Seasonal Energy Storage with Power-to-Methane Technology
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To have a sustainable society, the need to use renewable sources to produce electricity
is inevitable. Due to the weather dependence of some of these sources (wind, solar), utility-
scale energy storage has to be used. These fluctuations range from minutes (passing cloud)
to whole seasons (Winter/Summer solar availability). Short-time storage can be solved
(at least theoretically) with batteries. However, seasonal storage—due to the amount of
storable energy and the self-discharging of some storage methods—is still a challenge to be
solved in the near future.

Recently, novel methods are available among the classical long-term storage technolo-
gies (such as pumped hydro storage). Batteries are becoming better and better with less
self-discharge and bigger energy density; therefore, they can be used for seasonal storage,
although they cannot cover the total need. Therefore, Power-to-Gas methods (mainly
Power-to-Hydrogen, P2H, and Power-to-Methane, P2M) play a bigger and bigger role
in the storage mix. In these methods, surplus electricity is used to electrolyze water and
produce hydrogen; this can then be stored and used later to recover electricity. Due to
technical difficulties related to long-term hydrogen storage, alternative methods (such as
Power-to-Methane or Power-to-Ammonia) can also be attractive solutions.

In Power-to-Methane technology, the hydrogen—with added carbon dioxide—can be
turned to methane through chemical or biochemical methods. The methane can be stored
and used later to recover electricity. Comparing the P2H and P2M methods, the energy
recovery ratio is better for P2H; nonetheless, loss-free storage and recovery needs special
equipment. By contrast, for P2M—being the produced methane SNG, i.e., synthetic natural
gas—existing gas-storage facilities can be used for storage, and recovery can be achieved
through the existing mature methods (such as gas engines). Although electricity recovery
is associated with carbon dioxide emission, the amount of emitted CO2 is equal to the one
used for the synthesis; therefore, this technology can also be considered carbon-free.

There are two well-established ways for hydrogen-to-methane conversion: chemical
and biochemical. The chemical way (the so-called Sabatier reaction) is fast and efficient,
but it is a high-pressure and high-temperature reaction, which can be performed in special
equipment; additionally, it might require hardly accessible metals for catalysis. Although
sometimes it can be slower, the biochemical method is a low-temperature and low-pressure
method utilizing microorganisms; some can be found even in biogas facilities. An additional
advantage for the biochemical method is that it can be used on CH4/CO2 mixtures, i.e., it
can enrich biogas to SNG.

This Special Issue is dedicated to biochemical Power-to-Methane technology. P2M tech-
nology is now on the verge of full-scale industrial use; therefore, a Special Issue dedicated
to this method is very timely. The topics covered here range from basic biochemical research
through comparison of various storage methods to complete energy storage solutions.

The increasing percentage of weather-dependent renewables in the energy mix forced
researchers to find novel solutions for energy storage to fulfil the need for temporal balanc-
ing. In their paper, Sterner and Spechts [1] portrayed the 30-year-long history that led to
Power-to-Everything (including Power-to-Methane and other Power-to-Fuel) technologies.
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Szuhaj et al. [2] described the development of stable mixed microbiota for high yield
Power-to-Methane conversion. This is a significant result because, with this method, it is
unnecessary to use special strains for biomethanation; still, it was possible to enrich the
initial biogas up to 95% of CH4.

Kummer and Imre [3] compared other methods available for seasonal energy storage.
They developed a simple function to help the ranking of various energy storage methods
using their combined losses during unloaded and loaded time intervals.

P2M is not only a methane-producing technology; it has unique attributes because of
renewable gas production, high-capacity grid balancing, and combined long-term energy
storage with decarbonization, representing substantial innovation. Due to these points,
the expected impact of P2M technology will be remarkable; the potentials hidden in this
technology were outlined in the paper of Pörzse et al. [4].

For historical reasons, Visegrad countries (Czech Republic, Slovakia, Poland, and Hun-
gary) have high-capacity gas storage and distribution networks, primarily built in the 1960s
to the 1980s. Due to these capacities, P2M technology is a very attractive seasonal storage
method in these countries because the produced methane can be stored and transported in
their existing gas network. A case study to use P2M technology on the V4 countries in the
regulation of Photovoltaic Power Plants were given by Pintér [5].

Concerning applicability, the biochemical P2M method can be appealing for countries
with existing biogas production facilities. The paper of Csedő et al. [6] analyzes the financial
side of the application of P2M technology in wastewater treatment plants as a seasonal
energy storage facility, using Hungarian data.

Finally, Zavarkó et al. [7] reviewed the status of the technology by giving a critical
review of closed, running, and planned biomethanation facilities in Europe. According
to their results, future projects should have an integrative view of (chemical) hydrogen
storage and utilization with carbon capture and utilization (HSU&CCU). In this way, the
enhanced decarbonization potential would increase sectoral competitiveness.

We believe that biological Power-to-Methane technology—especially combined with
biogas refinement—will be a significant player in the energy storage market within less than
a decade. The ease of storage and use of methane as well as the effective carbon-freeness
can make it a competitor for batteries or hydrogen-based storage, especially for storage
times exceeding several months.
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Abstract: Power-to-methane technology (P2M) deployment at wastewater treatment plants (WWTPs)
for seasonal energy storage might land on the agenda of decision-makers across EU countries, since
large WWTPs produce a notable volume of biogas that could be injected into the natural gas grid
with remarkable storage capacities. Because of the recent rapid increase of local photovoltaics (PV),
it is essential to explore the role of WWTPs in energy storage and the conditions under which this
potential can be realized. This study integrates a techno-economic assessment of P2M technology with
commercial/investment attractiveness of seasonal energy storage at large WWTPs. Findings show
that a standardized 1 MWel P2M technology would fit with most potential sites. This is in line with
the current technology readiness level of P2M, but increasing electricity prices and limited financial
resources of WWTPs would decrease the commercial attractiveness of P2M technology deployment.
Based on a Hungarian case study, public funding, biomethane feed-in tariff and minimized or
compensated surplus electricity sourcing costs are essential to realize the energy storage potential
at WWTPs.

Keywords: seasonal energy storage; power-to-methane; wastewater treatment plants; techno-
economic assessment

1. Introduction

There is broad consensus within the power-to-gas (P2G) literature, especially in the power-to-
methane (P2M) literature, as well as among industry actors that wastewater treatment plants (WWTPs)
could play a significant role in scaling up P2G technology by ensuring key input factors, mainly
efficiently useable carbon-dioxide sources in the produced biogas [1]. Meanwhile, a notable volume
of previous research has shown several technical, and techno-economic challenges of the P2M
technology [2], and recent research has also pointed out that a supportive regulatory environment
is essential to further develop and scale up the P2M technology [3]. As the EU must significantly
increase the PV installation rate to reach a carbon-neutral electricity supply by 2050 [4], and considering
the integration challenges of the renewable energy to the grid [5], it is becoming a key priority for
decision-makers to also focus on concrete opportunities and limitations of seasonal energy storage that
could be realized with P2M technology deployment at WWTPs.

While the promising role of the P2G technology in the energy sector has been argued
comprehensively in recent years (e.g., from the aspect of long-term energy storage [2], system
analysis [6] or technological and economic factors [7]), researchers have also started to focus on the role
of WWTPs with respect to different aspects of renewable energy transition and power-to-X technologies.
Schäfer et al. [8] pointed out that WWTPs have notable synergy potential in sector coupling, for example,
hydrogen and methane can be produced at WWTPs (with P2G technologies), and the oxygen (as the
byproduct of the electrolysis) can be used to enhance purification processes. Gretzschel et al. [9]
focused on power-to-hydrogen (P2H) technology and the elimination of organic micropollutants at

Energies 2020, 13, 4973; doi:10.3390/en13184973 www.mdpi.com/journal/energies
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WWTPs, considering the possibility of offering system service, as well: automatic frequency restoration
reserve (aFRR), which can provide short-term flexibility for network operators. Ceballos-Escalera
et al. [10] examined the energy storage attributes of a prototype with a bioelectrochemical system
for electromethanogenesis (EMG-BES) at a WWTP, which is an emerging technology in the P2M
segment besides chemical and biological methanation. They also showed the future potential of the
interconnectedness of renewable energy overproduction, biomethane production, and wastewater
treatment. WWTP functions regarding sustainability are, however, researched in terms of other aspects,
as well, considering that they also play a significant role in nutrient recovery, where new practices
have been suggested [11], and have also been designed [12] for environmentally and economically
more viable clarification and treatment technologies.

In this paper, the authors make a step forward on the route outlined by these previous researchers,
using Hungary as a case study and focusing on biological methanation technology. Its technology
readiness level makes it possible to plan grid-scale implementations, even in the short term [13]. These
opportunities are paved by the theoretical synergies between biological methanation and WWTPs
mentioned above, as well as empirical data of:

(1) the innovative lab-scale P2G prototype with biological methanation developed by Power-to-Gas
Hungary Kft. in cooperation with Electrochaea GmbH (the developer of the 1 MWel P2G facility with
biomethanation, located in Avedøre, Denmark).

(2) large Hungarian WWTPs, from which the authors collected technical data to evaluate the
implementation opportunities and limitations. The senior executives of these WWTPs provided
valuable insights regarding the economic and technology incentives of commitment for grid-scale
technology implementation projects.

Techno-economic assessments have already been conducted regarding P2G technologies with
different methods and scopes in recent years. In terms of the return of the investment, for example,
Ameli et al. [14] analyzed the role of different capacities of battery storage and P2G systems in Great
Britain with the Combined Gas and Electricity Networks (CGEN) model. Addressing electricity
balancing challenges, they concluded that the capital costs must reach £0.5 m/MW for P2G to justify
the investment. As a comparative approach, Collet et al. [15] analyzed five different scenarios of
biogas upgrading and P2G, pointing out that P2G technologies “are competitive with upgrading ones
for an average electricity price equal to 38 EUR MW h−1 for direct methanation and separation by
membranes” [p. 293]. In the case of production costs, Peters et al. [16] can be mentioned among others,
who evaluated eight scenarios based on different combinations of H2 and CO2 sources and found
methane costs in the range of 3.51–3.88 EUR/kg for P2G. Collet et al. and Peters et al. complemented
their techno-economic analyses with ecological and environmental aspects, focusing on greenhouse gas
(GHG) emissions, as well. P2M is important, but is not the only means of decarbonization in the case
of waste management; for example, the latest techno-economic analyses show increasing economic
and ecological viability regarding biochar farming [17], agricultural waste management [18] and solid
biofuels [19], as well.

As detailed above, there are several approaches to perform a techno-economic assessment of the
P2G and waste management technology [20]. Inspired by these studies, the authors also emphasize
the economic aspects besides the technical parameters, based on which the seasonal energy storage
potential can be calculated at large Hungarian WWTPs. The novelty of this paper is that it aims to
open up new perspectives in the techno-economic assessment of P2M technology by:

(1) narrowing its focus to individual WWTPs in the first step and carrying out in-depth analysis
regarding not only techno-economic, but also commercial/investment questions as complementary
viewpoints (in addition to the important and frequently assessed environmental impacts). Economic
and commercial aspects are differentiated, as the former considers general interrelations of technical
data, costs, revenues, return on investment; while the latter incorporates WWTP-specific infrastructure,
strategic management and investment related viewpoints of WWTPs as organizations, as well.

4
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(2) extending the focus to a national-level assessment, based on specific empirical data, as well as
evaluating the seasonal energy storage and practical implementation opportunities and limitations of
the P2M technology with integrated commercial/investment expectations of stakeholders.

Consequently, the research questions are the following:
(1) What is total seasonal energy storage potential with P2M at large WWTPs in Hungary?
(2) What are the economic conditions under which WWTPs are financially incited to participate in

a grid-scale implementation of the biological methanation?
The research questions indicate that the authors aim to connect theory and practice, to explore the

seasonal energy storage potential and also the practical key success factors under which this potential
can be realized. The focus of this paper makes meaningful contributions to P2M research and industry
that are beyond the specific geographical area:

(1) First, while numerous studies have drawn important conclusions about the “hard” factors of
P2G technology development and implementation (such as levelized cost of energy, process design, cost
optimization, life-cycle assessment) based on quantitative data [2], the authors combine quantitative
and qualitative data collection to contribute to an overall understanding of P2M technology deployment
opportunities and limitations at concrete future operators of P2M.

(2) Second, the techno-economic assessment with the complementary commercial/investment
viewpoint (based on interviews and financial modeling) shows how WWTPs senior executives could
be incited by changes of the regulatory environment to take the innovation-related and upscaling risks,
as well. Figure 1 summarizes the research framework.

 
Figure 1. Research framework. The scope of the research incorporates the assessment of opportunities
and limitations of P2M technology deployment at WWTPs in Hungary in terms of technical, economic,
and commercial/investment aspects. The current WWTP infrastructure and P2M technology parameters
determine the seasonal energy storage potential. Commercial and investment challenges of WWTPs
and P2M business models determine motivations and incentives for such projects. Based on these
findings, recommendations can be outlined for changes of the regulatory environment. The expected
contribution of these recommendations is that new incentives could increase the attractiveness of P2M
investments for WWTPs and allow them to realize the energy storage potential.

5
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As the research framework suggests, based on a previous Hungarian P2G study [3], the specific
research hypothesis is the following:

Economic, commercial, and investment aspects of P2M seasonal energy storage do not motivate
WWTPs to act as future P2M operators, consequently, there is a need for change in the regulatory
environment to incite them to realize their seasonal energy storage potential with P2M deployment.

There is a rapidly growing need for seasonal energy storage in the EU, especially in Hungary
(where the national energy strategy also forecasts rapid growth of national PV capacities [21]), for
which P2M would be a promising technology, but its grid-scale implementation has not happened
yet. The objective of the research is to examine the P2M deployment opportunities and limitations
at large WWTPs in Hungary and explore possible ways of realizing the seasonal energy storage
potential of P2M technology. The main contribution of this techno-economic assessment is that it
incorporates complementary commercial and investment attractiveness of seasonal energy storage by
collecting and analyzing both quantitative and qualitative data as well. It shows the challenges of P2M
technology deployment also from the aspect of future operators highlighting their motivation and
strategic interests.

2. Materials and Methods

2.1. Technology Description

P2G is often called a “disruptive” technology, since it brings a new techno-socio-economic
approach into the energy sector and redefines the scope of duties of each stakeholder (Ferrero, 2016).
This disruptive process started in Hungary with the foundation of Power-to-Gas Hungary Kft., in
2016. The startup developed a lab-scale P2M prototype and has been operating it since April 2018.
The prototype is a scaled-down operational unit with mass and energy flows in proportion to the
commercial process of P2G, and also contains the complete basic unit operations to carry out research
and development (R&D) in the field of P2G.

The planned P2M plants can produce a gas mixture that meets the requirements of natural gas
standards. The applied process consists of three main steps.

(1) In the power-to-hydrogen (electrolysis) step, the plant would use surplus electricity from
the electric grid [22] and produce hydrogen (with oxygen as a byproduct), in line with the chemical
reaction below:

4 H2O (l) + e− → 4H2 (g) + 2O2 (g), ΔH0
r = 285.5 kJ/mol (1)

In this research, polymer electrolyte membranes (PEMEC) electrolysis is applied, which is preferred
for seasonal energy storage (as it is applied also by Power-to-Gas Hungary Kft), mainly because of its
high flexibility, fit to volatile renewable energy generation, and high technology-readiness level [23].
While hydrogen is going to be used in the next P2G step (methanation), oxygen generation can also be
exploited at WWTPs; the efficiency of the aeration system can be increased by injection of oxygen into
it [8].

(2) In the methanation step, the CO2 content of the biogas (typically 30–50%) is converted to
methane, carried out by basic reactions and mediated by the biocatalyst employing a unique set of
enzymes [24]:

CO2 + 4H2→CH4 + 2H2O (2)

In this research, a flexible biomethanation process is applied that is provided by an optimized
strain of Archaea (Methanothermobacter thermautotrophicus), a proprietary biocatalyst, a robust,
highly selective and efficient strain [25]. Unlike biogas upgrading [26], methane and carbon dioxide gas
components are not separated in this process, and the biogas is injected to the continuous stirred-tank
reactor along with hydrogen. Mass-flow rates are set to maintain the stoichiometric ratio of hydrogen
and carbon dioxide (increased, 4.1:1 in practice because of the 23 times lower dissolution of hydrogen
than carbon dioxide in water).

6
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(3) In the injection step, the product gas in which the guaranteed purity of methane is more
than 97% is injected into the natural gas grid after a polishing process (segregation of hydrogen gas
compound, removal of water vapor, cooling).

The evaluated total efficiency of the P2M plant (ηP2G) is calculated as follows:

ηP2G = ηel· ηmeth =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
.

VH2·HHVH2

3.6 · Pel
·

..
Vwpg·HHVwpg

.
VH2·HHVH2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ · 100 = 27.7·
..

Vwpg·HHVwpg

Pel
[%] (3)

where:
.

VH2 −Hydrogen gas volumetric flow
(

Nm3

h

)
HHVH2 −Hydrogen gas higher heating value

(
MJ

Nm3

)
Pel − power output of electrolyzer units [kWel].
Vwpg −wet product (effluent) gas volumetric flow

(
Nm3

h

)
HHVwpg −wet product (effluent) gas higher heating value

(
MJ

Nm3

)
After substituting the correspondent values into the equation, the total P2M plant efficiency is in

the range of 55–60%.

2.2. WWTPs in Hungary

WWTPs in Hungary are units of regional or municipal waterworks, typically owned by municipals
responsible for water supply, wastewater drainage, and treatment. There were 826 WWTPs in Hungary
in 2016, ca. 96% of which were under 100,000 PE (Population Equivalent). Considering the goal of
grid-scale P2M technology implementation and its complex infrastructural and input conditions [3],
the 28 WWTPs above 100,000 PE could be relevant for this research. Not every WWTP with large PE
produces biogas, however (for example, the authors found that only 13 WWTPs have biogas plants
from the 19 WWTPs of Hungary’s county seats), but there are other WWTPs at non-county seats which
also have biogas. In sum, there are around 20 WWTPs with favorable infrastructure that produce
biogas in Hungary. In 2016, the calorific value of biogas was 897,066,000 MJ/year on the national
level [27].

2.3. Data Collection

The authors analyzed the implementation potential of the innovative and efficient biomethanation
technology of Power-to-Gas Hungary Kft. At different sites, technical data was collected from large
Hungarian WWTPs, and several interviews were carried out at the level of experts and senior executives,
as well. The authors were able to collect data from seven WWTPs from four different regions of
Hungary, which is in line with the decentralization trends of the energy sector [28]. As all of the
analyzed WWTPs were above 100,000 PE, this research represents the biggest cities of Hungary.

The data collection process contained at least four steps in every case:
(1) Pre-evaluation of the P2M technology relevancy with the Chief Technology Officer or the

Technical Director (semi-structured interviews);
(2) In-depth presentation of the technology and exploration of the commercial opportunities

with the Chief Executive Officer or the executive team (semi-structured interviews or focus group
interviews);

(3) Collection of existing techno-economic data and documentation;
(4) On-site techno-economic data collection and consultation.
Table 1 shows the structure of the data collection. Because of confidentiality, specific financial

data were provided only in terms of trends, or highlighting opportunities and challenges.
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Table 1. Structure of data collection.

Data Technical, Technological, Infrastructural
Economic, Commercial, Investment

Related

General
(Senior executive and

director level)

• Power supply from grid, current or
planned PV capacity

• Water supply
• CO2 input: % in the biogas, produced

volume per h
• The geographical area for the P2M plant

and its local infrastructural connections
(for example to the biogas plant or
the WWTP)

• Connection to the natural gas grid
• Byproduct use potential (waste

heat, oxygen)

• Openness for technological
innovations and collaborations

• Financial situation
• Current biogas use
• Current or planned infrastructural

developments, potential synergies
with P2M

Specific
(Director and
expert!level)

• Fermentation (e.g., temperature)
• Raw biogas composition (e.g., sulfur)
• Gas characteristics (e.g., gas

flow, pressure)
• Gas engines (e.g., type, electric and

thermal power)
• Power grid connection (e.g., voltage)
• Natural gas grid connection (e.g.,

distance from the plant)
• Water and wastewater (e.g.,

treatment technology)
• Technological and infrastructural

connections (e.g., current or possible use
of waste heat)

• Expansion potential (e.g., transport
connections, geographical area).

• Mobilizable capital for
the investment

• Current contracts defining
energy costs

• Current revenues produced or
costs saved on biogas use

Moreover, the authors conducted interviews with technology suppliers, researchers, strategic and
financial investors, and other stakeholders in the P2G inter-organizational innovation networks [3]
as well, which helped to contextualize the former techno-economic analyses and the new data from
WWTPs in Hungary.

2.4. Data Analyses

2.4.1. Applied Model for the Calculation of Seasonal Energy Storage Potential

The seasonal energy storage potential can be calculated on the basis of HHV of the total generated
injected gas. The parameters of the injected gas mixture must meet the gas requirements set in
Hungarian Standards [29] and Annex 13 of Implementing Regulation of Natural Gas Supply [30].
The most significant specifications to meet are

- Wobbe index: 45.66–54.76 MJ/m3

- HHV: 31.00–45.28 MJ/m3 (8.61–12.58 kWh/m3)
- Hydrogen sulfide content: max. 20 mg/m3

- Water vapor content: 0.17 g/m3

Since the polished wet gas carbon dioxide concentration exceeds 97%, the higher heating value of
the injected gas (HHVP2G) is calculated as follows:

HHVP2G = 0.97 · HHVCH4 = 0.97 · 36.3
MJ

Nm3 = 35.21
MJ

Nm3 = 9.78
kWh

Nm3 (4)

8



Energies 2020, 13, 4973

2.4.2. Applied Model for the Economic Analysis

The economic analysis is based on a single “average” WWTP case in the first step and extends
the scope to the national level in the second. The authors built their financial calculations largely on
the data and the analyses of the EU-funded STORE&GO project. This project was focused on three
variations of P2G implementation since 2016, one of them with biological methanation [31].

The background driver of this economic analysis was the National Energy Strategy 2030 of
Hungary, which aims towards the rapid growth of electricity generating units from photovoltaic
sources (the planned installed capacity will exceed 6000 MW by 2030) [21]. This is indeed a favorable
trend for the renewable transition. The literature has also pointed out, though, the challenges of surplus
energy generation and the need for energy storage [32]. In this respect, the Hungarian natural gas grid
would be appropriate for seasonal energy storage, with its 6,330,000,000 m3 storage capacity [21].

The fundamental assumption of this economic analysis is that during the rapid growth of PV
capacities in Hungary, the Hungarian feed-in tariff (FiT) system and its green premium [33], which
provides higher electricity prices for renewable energy producers to incite more PV investments,
negatively affects the P2M business model and its attractiveness for investors. As P2M technologies are
key in energy storage [34], further regulatory changes and incentives are needed to avoid energy loss
and network imbalance. There is a clear need for a system in which seasonal energy storage can be
incited and realized but without impeding the further growth of PV capacity in the country. Figure 2
illustrates the background and the focus of the economic analysis of the study.

 
Figure 2. Model of economic analysis.
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As previous studies have shown that electricity sourcing is the most determining factor of
operating expenditures (OPEX) and the most economic benefit can be realized when the P2X plant
is directly connected with PVs or wind turbines [35], one possible way to incite P2M investments
could be to provide a framework in which P2G plants can use this surplus energy at well below
market price, or if this sourcing were compensated as an acknowledged system service for flexibility or
energy storage. This optimization of the price difference between the input (electricity) and the output
(biomethane) on the cost side is relevant practically in ca. 1200 h per year [36] with respect to seasonal
energy storage. Seasonal energy storage can be supported further on the revenue side, as biomethane
FiT has been implemented in a few countries in Europe [37].

On the capital expenditures (CAPEX) side, EU-funded and state-funded projects can foster P2M
investment, mostly with dominant research, development and innovation (R&D&I) focus, like in
the case of the STORE&GO project [31]. These concepts are not far away from the approach of the
National Energy Strategy 2030 of Hungary, because it plans to build a pilot, then a grid-scale P2G plant,
a regulatory sandbox model, and a mandatory national purchasing system for biomethane [21].

Based on the technical parameters, the economic and business analysis explores whether current
market conditions are attractive for WWTPs to invest in P2M technology or not. If not, the analysis
identifies scenarios combining the incentive opportunities of the cost, the revenue, and the investment
dimensions to meet the criteria of WWTP executives (identified during the interviews).

2.4.3. Qualitative Data Analysis

As mentioned before, the techno-economic assessment has a complementary commercial/
investment viewpoint. Consequently, 21 interviews were conducted with senior executives and
directors and analyzed using the coding technique of the grounded theory [38]. The approach of this
data analysis method fits the functionalist research, as it provides a structured process (open coding,
axial coding, selective coding) to build or fine-tune a theory (a general conclusion) [39] opposed to
other (mostly interpretative) qualitative methods (e.g., qualitative content analysis [40]).

(a) To improve the validity, the authors continued the research even after the fourth and fifth
cases, even though they did not obtain significantly new information compared to the previous ones
(reached theoretical saturation [38]).

(b) To improve the reliability, validation of the pre-conclusions was asked about during the
on-site consultations.

(c) To improve the generalizability, the interview questions were modified according to the
conclusions of the previous case, testing whether these conclusions were valid in other contexts or not.

3. Results

3.1. Seasonal Energy Storage Potential

In this section, the authors present the theoretical seasonal energy storage potential at large
Hungarian WWTPs; then they point out the difference between this theoretical potential and the
practical potential, which is calculated based on their empirical data collection.

3.1.1. Storage Potential of an “Average” WWTP Case

As previously described, storage potential is evaluated by taking WWTPs exceeding 100,000 PE
into consideration. Based on previous research, the biogas yield of an average sewage anaerobic
digestion (AD) facility in Hungary reaches 0.04 m3/day/PE [41]. The 20 WWTPs which are relevant
in this study and exceeding 100,000 PE, have a combined PE value of 5,901,866. Based on the
data above, the average size of Hungarian WWTPs that are relevant for P2G technology (CP2G):
CP2G = 5,901,866 PE

20 = 295, 093 PE
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The average biogas yield of an average WWTP:

PP2G = 0.04
Nm3

day · PE
· CP2G = 0.04

Nm3

day · PE
· 295, 093 PE = 11, 804

Nm3

day
(5)

Presuming the methane ratio of the biogas yield is 0.55, the hourly volumetric carbon dioxide
flow of an average WWTP is calculated by the equation below:

.
VCO2 = (1− 0.55) · PP2G

24
= 0.45 · 11, 804

24
= 221.2

Nm3

h
(6)

The electrolyzer capacity of a P2G facility using biogas of an average WWTP is calculated with
the presumption of the 4.7 kWh electrical energy demand for the yield of 1 Nm3 of biomethane is
4.7 kWh/Nm3:

PP2G =
.

VH2 · 4.7 kWh
Nm3 =

.
VCO2 · 4.1 · 4.7 kWh

Nm3 = 221.2 Nm3

h · 4.1 · 4.7 kWh
Nm3

= 4263 kW = 4.26 MWel
(7)

The other way of calculating P2G capacity for an average WWTP is by using the biogas volumetric
flow rates burned in combined heat and power (CHP) units at WWTP sites. Kisari [42] defined regional
WWTPs’ onsite CHP capacity by analyzing 10 relevant biogas plants using biogas generated from
anaerobic degradation of sewage slurry. In accordance with his research, the average built-in CHP
capacity was 730 kWel (PCHP). Sinoros [43] calculated the theoretical P2G potential with the focus
on available regional bioethanol and biogas yield in Hungary. That research carried out conclusions
on total biogas annual yield and considered no difference in the sources, particularly on WWTP
biogas streams.

The calculation of P2G plant capacity on the basis of built-in CHP capacity of WWTPs:

P′P2G = (
.

V′CO2) · 4.1 · 4.7 kWh
Nm3 =

(
PCHP · (1−0.55)

ηCHP
100 ·

(
100−rs

100

)
· HHVCH4

)
· 4.1 · 4.7 kWh

Nm3

= , where
(8)

rs-AD plant electric self-consumption percentage—15%
ηCHP-CHP electric efficiency—35%
HHVCH4–Higher heating value of methane—10.3 kWh/Nm3

After executing the substitution, the calculated capacity is:

P′P2G =

⎛⎜⎜⎜⎜⎜⎜⎝
730 kW·(1− 0.55)

35
100 ·
(

100−15
100

)
·10.3

⎞⎟⎟⎟⎟⎟⎟⎠· 4.1·4.7
kWh
Nm3 = 107.2

Nm3

h
·4.1·4.7

kWh
Nm3 = 2065 kWel = 2065 MWel (9)

Although PP2G is more than two times higher than P′P2G, due to the constraints of site conditions
the authors justified P2G potential at a lower value than P′P2G. In accordance with the information
collected onsite and all the datasets provided by WWTP site managers, a P2G plant with 1 MWel

electrolyzer capacity could be fit to the WWTPs with the load exceeding 100,000 PE in general, because
(1) the methane content is usually higher (around 60–65%) than expected based on the literature,

which is beneficial for biogas production but not for P2M, because there is less CO2 (around 35–40%)
to convert to biomethane;

(2) the raw biogas flow is around 130 Nm3/h on average at the empirically examined WWTPs,
which slightly exceed 100,000 PE, but there are 9 WWTPs that are above even 250,000 PE (obviously
they are still within the necessary scope for P2M deployment);
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(3) there is some seasonality in the case of several WWTPs (e.g., at Lake Balaton) that affects
biogas production, but the higher values are typically in the summer, which fits the seasonal energy
storage concept.

3.1.2. Energy Storage Potential

According to Section 2.4.1, total seasonal energy storage potential can be calculated on the basis of
the higher heating value of the injected gas. Based on the stoichiometry, the values of E and E’ are
calculated as follows:

E =
.

VCO2 · 9.78 kWh
Nm3 ·tOP = 221.2 Nm3

h · 9.78 kWh
Nm3 ·1200 h

year
= 2, 596, 004 kWh ≈ 2596 MWh

(10)

E′ =
.

V′CO2 · 9.78 kWh
Nm3 ·tOP = 107.2 Nm3

h · 9.78 kWh
Nm3 ·1200 h

year
= 1, 258, 099 kWh ≈ 1258 MWh

(11)

Total theoretical seasonal energy storage potential of 20 WWTPs exceeding 100,000 PE is

Etotal = E· 20 = 2596 MWh· 20 = 51, 920 MWh ≈ 51.9 GWh (12)

E′total = E′· 20 = 1258 MWh· 20 = 25 , 160 MWh ≈ 25.2 GWh (13)

Considering all the information collected in site visits, the practical seasonal energy storage
potential of an average WWTP is

Ep =
.

VpCO2 · 9.78 kWh
Nm3 ·tOP = 50 Nm3

h · 9.78 kWh
Nm3 ·1200 h

year
= 586, 800 kWh ≈ 587 MWh

(14)

Total practical seasonal energy storage potential of 20 WWTPs exceeding 100,000 PE is

Eptotal = 20·Ep = 20·587 MWh = 11, 740 MWh ≈ 11.7 GWh (15)

3.2. Commercial and Investment Perspectives

3.2.1. Investment Volume, Operating Expenses, and Revenues

An important statement of the financial analyses of the STORE&GO project is that a high range of
possible investment costs of electrolyzers and methanation systems can be seen in the literature [44].
The economies of scale are a determining factor of CAPEX [44]. The investment costs in this study are
based on the calculations of van Leeuwen and Zauner [45] with minor modifications according to the
technical infrastructure of the analyzed WWTPs and additional costs of a public-funded technology
development projects. Interviewees also pointed out that one must take into account the costs of public
grant/public financing-specific R&D and maintenance tasks, and furthermore, the needed software
background supporting the P2M technology operations (not only the hardware and the physical
infrastructure). Appendix A shows the basis of the CAPEX calculations.

(1) The specific investment cost of the PEM electrolyzer system is 1640 EUR/kW, which is the base
case according to van Leeuwen and Zauner.

(2) In the case of the methanation system, a slightly higher CAPEX than the base case, 0.5 EUR/kWel

is taken into account because of some high specific investment costs for biomethanation presented by
Böhm et al. [44].

(3) There is an integrated “infrastructure” cost item, as well, because different kinds of infrastructure
development are needed at the analyzed WWTPs (e.g., there is gas storage at a few WWTPs, or the
new infrastructure for the use of the oxygen as a byproduct can be also relevant in this cost item).
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(4) An additional 28% investment is needed for project development, planning, expert services,
quality management, according to van Leeuwen and Zauner, and an additional 50% for public
grant/public financing-specific R&D, software development, and maintenance tasks.

Based on the above, the CAPEX of a 1 MWel P2M plant at an “average” WWTP is 5,696,000 EUR
if the investment would be realized this year.

The deployment of even one P2M plant, however, could require even more than a year-long project
planning, and 20 P2M plants cannot be deployed in one year. Consequently, the time horizon must be
extended for the investment. Previous P2G research has shown that there is a significant cost reduction
potential regarding investment costs because of experience curves and learning rates. Böhm et al. [44]
calculated that PEMEC CAPEX will decrease from 1200 EUR/kWel (2017) to 530 EUR/kWel (2030), and
biological methanation CAPEX will decrease from 600 EUR/kWSNG (2017) to 360 EUR/kWSNG. This
means that CAPEX of these components will decrease by 55% and 45% in 13 years. As the authors in
this research assume that P2M plants in question will be deployed between 2020 and 2030, in parallel
with the planned growth of PV capacities in Hungary, some CAPEX reduction is needed based on the
quoted estimation. Assuming even distribution of P2M deployment for the next 10 years, the year
2025 can be taken as the basis of the calculation, so the 1 MWel P2M CAPEX for 2025 with PEMEC
CAPEX can be decreased by 25% and the CAPEX of biomethanation system can be decreased by 20%.
Consequently, the model calculates on the basis of the reduced, 4,806,000 EUR CAPEX.

In the economic analysis, this CAPEX was considered as a fixed component, while operating
expenses and revenues were influenced by the costs of electricity sourcing (power grid fees) or its
compensation, and biomethane price was considered as a variable contingent on potential regulatory
changes. Appendix B shows the assumptions of the OPEX and revenue calculations. It is worth mention
that besides biomethane, waste-heat could generate an important revenue stream at 55 EUR/MWh [46];
however, this low-temperature heat source from electrolysis and methanation (ca. 60–75 ◦C), which
is usually challenging to use with high efficiency [47], could be used to an extent of only 50% in the
summer (when P2M operates focusing on energy storage) based on the infrastructure and the expert
interviews regarding WWTPs.

3.2.2. Commercial Challenges

Based on the financial analysis results, it can be seen that a 1 MWel P2M plant could operate
with minor profitability with an operation time of 1200 h/year at a WWTP, even if it did not pay for
the electricity (or it were compensated), and only for system usage. For example, this means only
ca. 73,000 EUR profit/year at a biomethane price of 150 EUR/MWh, which is the highest in Europe
according to Koonaphapdeelert et al. [37]. Consequently, as the interviews outlined, this business
model was not attractive enough for WWTP executives, if they would have to finance the investment
costs. According to them, a 7–15 year-long payback period would be favorable. However, even if
it were possible, the specific financing questions outlined that WWTPs do not have the financial
resources to realize such an investment. For example, the 4,806,000 EUR CAPEX is rather high for a
WWTP, if its annual revenue is around 20,000,000 EUR (illustrative data). Moreover, some large rural
WWTPs operated unprofitably in previous years, some operated with almost zero balance, and even
the profitable ones, which could generate over 500,000 EUR per year, argued that this profit must be
handled as retained earnings for unexpected maintenance tasks, not for R&D&I investments.

Even though increasing the number of operating hours could enhance profitability at first glance,
other problems would arise:

(1) If a P2M plant—as van Leeuwen and Zauner suggested [45]—were to source electricity from the
day-ahead market without any discounts or compensation, one could see that the growing electricity
prices in Hungary in recent years do not enhance profitability (the Hungarian Power Exchange
Day-Ahead Market Base Average Price was 40 EUR/MWh in 2015 and 5036 EUR/MWh in 2019) [48].

(2) There is some uncertainty as to whether the “bio” prefix, and therefore the premium price,
is applicable in the market (outside a national mandatory system) for the output methane gas if only one
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input factor comes from renewable sources. There is no consensus in the literature, or in the industry,
regarding this question. For example, biomethane is often described as a biogas, the CO2 content of
which is mostly eliminated or separated [49], while green gases are also characterized as a renewable
gas [50] that is virtually carbon-neutral [51], made from biomass or with P2G technology [52], but only
preferably (and not always) from renewable electricity sources [50]. In one STORE&GO study, “a green
gas is defined as a gaseous energy carrier offered to the market without a serious GHG footprint” ([53],
p. 12). Even though Jempa et al. [53] pointed out that not only renewable but the nuclear energy can
be considered to be carbon-neutral, the concrete business opportunities of such a product gas remain
uncertain, mainly because of the currently underdeveloped certificate markets [54] and the missing
harmonized and detailed rules on guarantees of origin at the EU level [55].

In sum, neither the characteristics of the seasonal energy storage-focused business model, nor their
financial opportunities allow WWTPs to commit to P2M deployment.

3.2.3. Scenarios to Incite WWTPs to Participate in Seasonal Energy Storage

Based on the above, the authors generated scenarios with specific variables including not only
electricity sourcing and biomethane price, but public funding for the investment. The goal was to
identify the conditions under which the P2M investment could be considered attractive (7–15-year-long
payback period) for seasonal energy storage at WWTPs. Specific variables are presented in Table 2.
The variables for electricity sourcing are based on the formerly introduced assumption that Transmission
System Operators (TSOs) will be forced to avoid energy loss and network imbalance with a framework
in which P2M plants can use surplus energy at a favorable or compensated price. The lowest biomethane
FiT was generated as a more or less competitive price compared to natural gas, while the highest was
based on the highest European FiT (Italy) [37]. The percentage of the public funding of CAPEX was
adjusted to the established institutional routines at similar development projects.

Table 2. Specific variables for financially attractive scenario generation for WWTPs.

Financial Factors Variable 1 Variable 2 Variable 3

Electricity sourcing
costs (ESC)

Partly disregarded or
compensated:

P2M plants do not have to pay for
the energy or it is compensated

with flexibility/energy storage fees
but has to pay the grid power fees

for system usage.

Fully disregarded or
compensated:

P2M plants do not have to pay
for the energy, nor for system

usage or these are compensated
with flexibility/energy

storage fees.
Biomethane FiT

(EUR/MWh)
50 100 150

CAPEX support
(% of public funding)

50 70 90

Configurations in which the payback period was 7 years and 15 years were explored based on
the variable biomethane price. Figure 3 shows that a 7-year-long payback period with 1200 operating
hours could be achievable with a reasonable biomethane price (based on international benchmarks [37])
if there were 90% public funding, and even electricity sourcing costs (ESC) were not only partly but
fully (including system usage fees) disregarded or compensated (e.g., there was a fee for providing
flexibility services or energy storage).
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Figure 3. Biomethane prices for 7- and 15-year-long payback periods of a 1 MWel P2M plant focusing
only on seasonal energy storage with 1200 operating h/year.

Figure 4 shows that almost 100% public funding is needed to meet the 7-year-long criterion if
there is a low biomethane price of 50 EUR/MWh. The lowest public funding percentage is 69% at
a biomethane price of 150 EUR/MWh, with fully disregarded or compensated ESC, resulting in a
15-year-long payback period.

Figure 4. Percentages for public funding of CAPEX for 7- and 15-year-long payback period of a 1 MWel

P2M plant focusing only on seasonal energy storage with 1200 operating h/year.

As the executive interviews outlined that Hungarian WWTPs do not have financial resources for a
P2M investment, and core activities of WWTPs require stability, prudent risk-management, and efficient
operation, they cannot take the innovation-related up-scaling risks and the uncertainties of the business
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model (currently as potential “first movers” in Hungary) under the current market and regulatory
environment. Consequently, public funding is needed to incite WWTPs towards P2M deployment.

For seasonal energy storage with biomethane production, which could be considered an
economically beneficial activity in a country that imports ca. 80% of its natural gas [21], dominant public
funding for P2M deployment could be justified. Based on the calculations above, the public funding of
the CAPEX for 20 × 1 MWel P2M plant would require 66,000,000–93,000,000 EUR, depending on the
biomethane FiT, and a framework is also needed within the costs of surplus electricity consumption
are minimized or compensated on the revenue side.

4. Discussion

This study focused on techno-economic assessment of the P2M technology deployment in Hungary
with a complementary business viewpoint to highlight the concrete opportunities and limitations of
seasonal energy storage at WWTPs with biological methanation. The research aimed to answer the
following two questions:

(1) What is the total seasonal energy storage potential with P2M at large WWTPs in Hungary?
(2) What are the economic conditions under which WWTPs are financially incited to start the

grid-scale implementation of the biological methanation?
Regarding the first research question, the empirical research pointed out that the practical potential

of a P2M plant (1 MWel) is half of the theoretical potential because of higher methane content and
smaller gas flow than expected based on official data and previous research. The 1 MWel P2M size,
however, meets the current state of the technology, demonstrated by Electrochaea in Avedøre, Denmark,
where the largest P2G plant with biological methanation has been built. As there are around 20 relevant
WWTPs exceeding 100,000 PE with biogas production, the total P2M potential at them is around
20 MWel, meaning 11.7 GWh seasonal energy storage potential on national level. It could be argued
that this volume could be considered part of the decentralized seasonal energy storage system of the
country, as the research was focusing on the WWTPs of larger rural cities of Hungary. Considering
this potential in a broader context, the national energy strategy plans to reduce the overall natural gas
consumption to 8,700,000,000 m3 (ca. 2550 GWh) to 2030 [21]. With 20 MWel P2M deployments for
seasonal energy storage at WWTPs, the 11.7 GWh stored energy could mean ca. 0.5% of the reduced
natural gas consumption and equal to the annual energy consumption of ca. 5400 households currently
(as the average consumption was 2168 kWh/year/household in 2019 [56]) Though it is not much,
at first sight, savings on natural gas import and additional positive externalities (higher integration
of renewables, carbon reuse, sector coupling, prevented electricity network imbalances, and related
maintenance costs) must be also taken into account. Further research could extend the scope of the
financial analyses for these externalities as well.

Regarding the second research question, this energy storage potential can be realized if WWTPs
are incited by public funding for P2M deployment and operation, because the current market and
regulatory conditions do not meet the criteria of WWTPs for the payback period, and the WWTPs do
not have financial resources either to realize a P2M deployment, or to take risks with the still uncertain
grid-scale operation and business environment of P2M. This operational uncertainty is derived mainly
from the skepticism of WWTP executives, as they have not seen such a plant operating anywhere
before, especially not in Hungary. As the National Energy Strategy 2030 plans to support a pilot P2G
plant within a few years [21], hopefully, this problem will be solved.

Based on the financial calculations of an “average” WWTP case, the planned mandatory national
purchasing system for biomethane by the national energy strategy and the public funding of CAPEX
seem not to be enough to incite WWTPs to participate in seasonal energy storage. In other words,
while P2M energy storage fits the technological infrastructure of WWTPs, it does not meet their
business opportunities and requirements. Currently high and growing electricity prices, through
which further PV capacity investment is incited, fundamentally limits the viability of the P2M business
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model if there are no discounts on the cost side for the consumption of surplus energy or new revenue
streams (e.g., aFRR supporting P2G) through which electricity sourcing costs can be compensated.

Nevertheless, one could argue that growing PV capacities (as supply) will suppress
electricity market prices, as negative electricity prices have been seen in other European countries
(e.g., in Germany) [57]. This could be true in a perfect (in practice: never existing) market and in the
long-term, but Hungary’s electricity generation from PVs is still low (for example, the annual volume
of electricity produced from solar photovoltaic was only 0.02% compared to Germany’s production in
2019 [58]). In the short term, with former state intervention to incite PV investment by a FiT system,
there is a need for intervention regarding energy storage as well.

Obviously, there is a trade-off between support mechanisms, for example, a larger percentage of
public funding of CAPEX can be combined with a lower FiT for biomethane. Based on the generated
scenarios and missing financial resources of the WWTPs, there is a clear need for public funding of
over 90%. Considering a reasonable FiT for biomethane, other European prices could be referred to in
order to contextualize this question: 1.03 EUR/Nm3 in The Netherlands, 129.7 EUR/MWh in France,
70 EUR/MWh in the UK, 150 EUR/MWh in Italy [37]. Based on these prices, around 75 million EUR
CAPEX support and 100 EUR/MWh FiT seem to be the preconditions for realizing the energy storage
potential at WWTPs if surplus electricity sourcing costs were also minimized or compensated within a
new framework.

The presented results show a significant contribution to the latest literature, as well. For example,
while Guerra et al. [59] filled the research gap of the overlooked potential grid benefits of seasonal
storage (the literature mainly focused on costs, previously) with their new model for pumped hydro,
compressed air, and hydrogen seasonal storage and showed that “for more than 2 days of discharge
duration, the only cost-effective technology is hydrogen” [p. 23], this paper emphasized the promising
role of methane-based seasonal energy storage if a connection to the natural gas grid is given. Moreover,
this research extended the scope of the analysis even more by integrating the motivation and strategic
interests of future seasonal energy storage operators and building the financial model on the empirical
data of individual sites. Other findings of this paper are in line with the conclusions of latest studies
related to global carbon mitigation initiatives [60]. To mitigate environmental damage, Doğan et al. [61]
suggest that “OECD governments should directly invest in technological innovation to enhance
sustainable economic growth” [p. 9] and Shahzad et al. [62] conclude that “the policymakers of the
United States should adopt policies to encourage investors to invest in cleaner energy infrastructure
and advanced technologies” [p. 12]. These statements are in line with the conclusion that public
funding for P2M seasonal energy storage is essential not only because of the missing capital of WWTPs,
but for decreasing GHG emissions, as well. According to Doğan et al., these technological innovations
include, however, much more than energy technologies: artificial intelligence and ICT developments
could also be mentioned here. These technologies could indicate further possible development projects
that would affect the overall WWTP efficiency, and thus, the P2M CAPEX or OPEX in the long term.
For example, industrial big data analytics and machine learning [63], which could forecast weather
conditions for renewable energy generation (and storage) [64], could become a key success factor
(or following Osterwalder and Pigneur’s terminology [65], a key resource) in the business model for
cost-efficient operation. Furthermore, combining this with the trend towards smart energy systems [32]
and technology-driven shared economy [66] could subsequently redefine the role of WWTPs within the
rising smart energy communities [67]. These future directions could generate further R&D&I projects
which could be also valid for public funding.

5. Conclusions

The hypothesis of this study was the following:

Economic, commercial and investment aspects of P2M seasonal energy storage do not motivate
WWTPs to act as future P2M operators, consequently, there is a need for change in the regulatory
environment to incite them to realize their seasonal energy storage potential with P2M deployment.
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The hypothesis can be accepted, as the results showed that the main criterion of WWTPs for P2M
technology investment was the 7–15-year-long payback period. This cannot be achieved in the current
market and regulatory environment; possible regulatory changes could affect, however, some of their
key motivating factors. To address WWTP stakeholders’ expectations, a total of ca. 75 million EUR
public funding of CAPEX and 100 EUR/MWh biomethane feed-in tariff is needed to realize their energy
storage potential in Hungary if surplus electricity sourcing costs are also minimized or compensated
under a new national regulatory framework. The research hypothesis indirectly also suggested that
technical aspects would not be hampering factors of P2M technology deployment at large Hungarian
WWTPs, which was also proven in this study. The findings show that a standardized 1 MWel P2M
technology would fit with most potential sites, and this is in line with the current technology readiness
level of P2M.

This study opened new perspectives on techno-economic assessments of P2M technology by
integrating not only techno-economic, but also complementary commercial/investment attractiveness
of seasonal energy storage at large WWTPs, as well. Due to this approach, the authors could reveal
three lessons using Hungary as a case study. First, regarding other economies at similar levels, it is
important to highlight that former state interventions inciting new renewable energy generation
investments induce a need for intervention on the energy storage side, as well, to avoid loss of surplus
energy generation and network imbalance. Second, the research highlighted the 7–15-year-long
payback period expectations of future P2M technology operators. Without fulfilling their commercial
and investment motivations, any seasonal energy storage initiative will fail. Third, it was shown for
the first time (by concrete numbers and proportions) that a three-element regulatory configuration
(public funding, FiT, ESC) could have an impact on the attractiveness of P2M seasonal energy storage
for WWTPs.

Even though WWTPs could be key for sector coupling and seasonal energy storage, this is only
one possible segment of P2M deployment. For example, agricultural biogas plants are also promising
because of their on-site CO2, where the impacts of recent advances in nutrient management to accelerate
biogas production [68] could be researched with the P2M process, as well. Further development of
carbon capture technologies will bring more flexibility for locating P2M plants. Furthermore, even the
lack of a nearby natural gas grid could be bypassed with liquid methane (LNG) and re-gasification [69].
Consequently, examining other or all of the possible P2M deployment segments could be the scope of
further research to support policymakers with a more comprehensive analysis.

There are possibilities for further research regarding the method of economic analysis, as well.
For example, with respect to a single WWTP or another future P2M technology operator, a complex
valuation of the business is needed, by analyzing the business opportunity of the public-funded R&D&I
project phase with a limited lifespan [70] and the phase after the mandatory maintenance period of the
project with operations on own financial risks. Besides the new tangible assets and perhaps a more
favorable market environment, evaluating the acquired intangible assets during an R&D&I project
(which could generate premium revenues [71]) could also be a determining factor on whether a WWTP
would integrate P2M and seasonal energy storage into their core activities. In line with Machová and
Vochozka [72], artificial neural networks could be used not only for the analysis of business companies,
but business opportunities to handle these technical, market, and asset valuation complexities of the
P2M business case, as well. If site-specific technological complexities would arise because of parallel
development projects (e.g., P2M deployment, a capacity increase of a biogas plant, new infrastructure
to use oxygen by-product), simulation software like ASPEN PLUS [73] could be applied.

As a concluding remark, the authors hope that their WWTP-focused, in-depth analysis was able
to illustrate that there are important commercial and investment viewpoints of future P2M technology
operators which should be taken into account to make a step forward with seasonal energy storage
towards a more carbon-neutral energy sector.
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Appendix A

Table A1. Base case for CAPEX calculation at a single WWTP.

Category Item Thousand EUR Unit Source

Components,
physical

infrastructure

Electrolyzer system (PEM) 1.6 /kWel

STORE&GO:
D8.3. p. 14, 25, 34, 35

D7.5. p. 48

Methanation system (biological) 0.5 /kWel

Infrastructure, installation, storage
for gas puffer (H2, CO2), injection 1.1 /kWel

Other

Project development, planning,
expert services,

quality management
+28% on costs of total

components
Tender-specific R&D, software

and maintenance tasks +50% Own estimation based
on interviews

Appendix B

Table A2. Base case for operative expenses and revenues at a single WWTP.

Category Item EUR Unit Source

Input materials-
unit prices

Electricity price None -
Disregard based on the

fundamental assumption of
the study

Water 0.6 /kWel Hungarian waterworks

Power grid fees/
System usage

Variables:
None or 1,1 /kWel

Based on Hungarian Energy
and Public Utility

Regulatory Authority [74]

Operation and
maintenance costs

Electrolysis system 4.0%

% of CAPEX at 8000
operating hours

Own estimation based on
STORE&GO D8.3. p. 35

Methanation system 5.0%

Infrastructure,
installation, storage for

gas puffer
(H2, CO2), injection

3.5%

Revenues

Biomethane Variables:
50–150 /MWh Based on Koonaphapdeelert,

et al. [37]

Waste heat 55 /MWh STORE&GO D7.7 p. 65

CO2 quota 25 /tons [75]

Oxygen 0.07 /Nm3 STORE&GO D7.7 p. 65

Operation data

Operating hours 1200 /year -

Directly connected
PV capacity 0% -

Based on WWTP interviewsSold/injected biomethane 100% /total produced

Used or sold waste-heat 50% /total produced

Used or sold oxygen 50% /total produced
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Abbreviations

AD Anaerobic digestion
AFFR Automatic frequency restoration reserve
CAPEX Capital expenditures
CGEN Combined Gas and Electricity Networks
CHP unit Combined heat and power unit
EMG-BES Bioelectrochemical system for electromethanogenesis
ESC Electricity sourcing costs
FiT Feed-in tariff
GHG Greenhouse gas
HHV Higher heating value
LNG Liquefied natural gas
OPEX Operating expenditures
P2G Power-to-gas
P2H Power-to-hydrogen
PM Power-to-methane
PE Population Equivalent
PEMEC Polymer electrolyte membranes electrolysis
PV Photovoltaics
R&D&I Research, development, and innovation
SNG Synthetic Natural Gas
TSO Transmission System Operator
WWTP Wastewater treatment plant
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Abstract: With the spread of the use of renewable sources of energy, weather-dependent solar
energy is also coming more and more to the fore. The quantity of generated electric power changes
proportionally to the intensity of solar radiation. Thus, a cloudy day, for example, greatly reduces
the amount of electricity produced from this energy source. In the countries of the European Union
solar power plants are obligated to prepare power generation forecasts broken down to 15- or 60-min
intervals. The interest of the regionally responsible transmission system operators is to be provided
with forecasts with the least possible deviation from the actual figures. This paper examines the
Visegrad countries’ intraday photovoltaic forecasts and their deviations from real power generation
based on the photovoltaic power capacity monitored by the transmission system operators in each
country. The novelty of this study lies in the fact that, in the context of monitored PV capacities
in the Visegrad countries, it examines the regulation capacities needed for keeping the forecasts.
After comparing the needs for positive and negative regulation, the author made deductions regarding
storage possibilities complementing electrochemical regulation, based on the balance. The paper
sought answers concerning the technologies required for the balancing of PV power plants in the
examined countries. It was established that, as a result of photovoltaic power capacity regulation,
among the four Visegrad countries, only the Hungarian transmission system operator has negative
required power regulation, which could be utilized in power-to-gas plants. This power could be used
to produce approximately 2.1 million Nm3 biomethane with a 98% methane content, which could
be used to improve approximately 4 million Nm3 biogas of poor quality by enriching it (minimum
60% methane content), so that it can be utilized. The above process could enhance the viability of
4–6 low-methane agricultural biogas plants in Hungary.

Keywords: power-to-gas; regulation; energy storage; biogas; biomethane

1. Introduction

1.1. The Use of Renewable Energy Worldwide

As the world’s hunger for energy does not cease to grow, the exploitation of renewable sources
of energy is becoming more and more important. For the sustainability of the electric power system
(EPS), the efficient integration of variable renewable energy (VRE) is an urgent matter. In the year 2018,
VRE-based technologies accounted for 33% of the global electric power generation capacity and more
than 26% of total electric power generation [1,2].

The European Union (EU), which is a leading figure in climate policy as well as in the use of
renewable energy and the efforts for a new energy economy, has set the target to significantly reduce
the emission of greenhouse gases in the next few decades. According to some forecasts, by 2040 about
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40–60% of the electric power generated in the EU will come from photovoltaic (PV) and wind power
systems. Such a great proportion of VRE requires the electric power system to be flexible enough to
cope with weather-dependent energy production. Consequently, it is necessary to possess enough
reserve capacity for the periods when the weather conditions do not allow stable VRE generation.
It is also predicted that the dynamic spread of these technologies will cause technical problems in
the macro-energy systems (e.g., loop flows in the local grid) more and more frequently. For example,
this may also mean the optimization of the electric parameters of an entire area served by a transformer
station [3–12].

These issues could be solved by the intensive development of energy storage technologies in the
European Union. This is especially important, since the establishment of flexible local energy storage
capacities has already become a key factor of energy security for the EU member countries due to the
spread of VRE [4,11,13–20].

At the beginning of the year 2017, the global capacity of permanent energy storage systems
amounted to 159 GW, 153 GW of which belonged to pumped hydro storage (PHS). The rest of the
energy storage technologies represented a total of 5.9 GW, of which the share of battery-based devices
was 2.3 GW [21–24]. The European PHS capacity reached 50.5 GW in 2017 (approx. 1.9 TWh energy
capacity according to [25–29], with more than 59% of this capacity belonging to 5 countries (Italy, France,
Germany, Austria, and Spain) [25–27,30,31].

Based on the current trends, it is expected that the European Union’s estimated nominal storage
power capacity will grow to 72–95 GW, while its energy storage capacity will reach 3.6–4.1 TWh
by 2040 [24,26,32,33]. Although, at present, the regulations of energy storage are not unified in the
nations of the European Union, the increase in VRE capacities will call for a new regulatory and
economic environment for the security of the electricity supply and the spread of energy storage
technologies [9,32,34].

As the utilization of variable renewable energy (VRE) had gained more significance in transforming
the energy systems of the world, solar energy and solar energy schemes started to play an increasingly
prominent role in supporting sustainable development and the protection of the environment. The most
apparent reason for turning to solar energy is that—besides the fact that the energy of the Sun is the basis
of most processes in nature—it is a readily available, clean, plentiful and sustainable resource [35–44].
To illustrate how abundant this energy source is, it suffices to mention that the potential of the
energy from the Sun reaching the Earth annually exceeds humankind’s current need for energy
several thousand times. Regarding the different ways of making use of this energy, photovoltaic
(PV) technology is a common solution, in which PV cells convert the radiation of the Sun into DC
energy [45–47]. Nevertheless, it must also be stated here that the diverse solar energy sources that
could be available to humanity have not been fully explored and utilized yet [48].

The PV technologies that are most used around the world at present are the amorphous silicon
(a-Si), the monocrystalline (m-Si) and the polycrystalline (p-Si) technologies. Probably because of
their outstanding reliability, crystalline solar modules are the most common ones, boasting a market
share of approximately 90%. The best efficiency that can be reached with p-Si modules is about 26.7%,
while m-Si PV ones are capable of approximately 22.3% [49–58]. Nevertheless, the efficiency of the m-Si
and p-Si modules that are mostly used today lags behind to a great degree, and remain between 10–18%
in the area of the EU [59]. Concerning the a-Si photovoltaic technology, which is a thin-film-based PV
technology, the highest value of efficiency to be reached currently is only 10.5%, which is still about
twice as high as the 4 to 6% of the a-Si modules mainly used today. As there is no data currently
available about the market share of a-Si technology, one can only make assumptions on the basis of the
fact that the total share of all thin-film solar modules constitutes about 10% [49,52,53,57–61].

In the past ten years, the PV sector has been witness to an unprecedented growth, which can be
explained, on the one hand, by great technological advancements and developments and a plethora of
different measures, for example novel financial support schemes, the Feed-in-Tariff and the decreasing
expenses related to the investments, on the other hand [39,49,62]. Moreover, hybrid renewable energy
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microgrids (HREM), one of the central elements of which are PV systems, represent an affordable,
reliable and sustainable alternative for providing households with a modern energy supply [63].

Thanks to the dynamic development, three years ago, in 2017, 26.5% of the total amount of electric
power produced in the world was generated from renewable sources. The proportion of electricity
from PV technologies was 1.9%, which was generated by a worldwide photovoltaic capacity of 402 GW.
The first four top PV power producers were China (131.1 GW) in the first place, followed by the
European Union (108 GW), the United States of America (51 GW) and Japan (49 GW). In connection
with China, it deserves to be noted that as a result of the changes in the roles of the various technologies,
PV technology became its most significant new power capacity [39,64].

The amount of energy that can be generated by PV technology depends on many factors, the
most important of which is solar radiation followed by the given technology used, the natural
conditions of the environment, the temperature, the composition of the particular module and the joint
effects of the configuration of the system itself and its efficiency. The map presenting the PV power
potentials of Europe clearly shows that the yearly quantity of PV energy that can be generated ranges
between 700–1900 kWh/kWp on average, depending on the actual location (Figure 1). Among the four
countries of the Visegrad Group, Hungary has the highest figures: 1050–1300 kWh/kWp, followed by
Slovakia with 1050–1250 kWh/kWp, while the lowest values belong to Poland and the Czech Republic:
950–1200 kWh/kWp (Figure 1) [58,65–68].

Poland 

 

Hungary 

 

Czech Republic 

 

Slovakia 

 

Figure 1. The photovoltaic power potentials of the V4 countries [67].

1.2. Utilizing Biogas and the Potentials of Power-to-Gas Technology

The utilization of biogas dates back to ancient times. It is produced in agriculture as a byproduct,
and the last two decades have seen a great rise in its production as well as use in numerous countries,
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increasing its significance as a renewable source of energy. In the European Union biogas production
grew by nearly 100 TWh between 2008 and 2016, when the production reached 187 TWh [69].

Kampman et al. [70] predicted a substantial increase till 2030. The realization of this potential,
however, will necessitate joint efforts by a great number of various actors, including those involved in
policymaking. They will be the ones who are responsible for creating incentives and initiatives, on the
one hand, and eliminating the obstacles in the way of increasing the production and more widespread
use of biogas, on the other hand. The institutional conditions for biogas solutions are very complex.
Regarding agricultural biogas plants, it has to be mentioned here that they mainly serve an ancillary
function rather than being the actual purpose of farming [71]. The wrong composition of raw materials
can have an adverse effect on the efficiency of the production of the biogas plant, i.e., the methane
content of the gas produced may be too low [72]. Power-to-gas technology may be able to provide a
solution to this problem.

In the power-to-gas process, the power-to-hydrogen phase is followed by the power-to-methane
stage, which utilizes the hydrogen produced in the first phase with the help of methanation.
The biomethane formed by the methanation process can be fed into the natural gas grid in unlimited
quantities since its characteristics are the same as those of natural gas.

The two key elements of the power-to-gas process are electrolysis and methanation:

1. Technology uses alkaline, PEME (proton exchange membrane electrolysis) and solid oxide
electrolysis methods. Of the three techniques, the alkaline one has been in use for the longest time.
The PEME method is more favorable to be used with weather-dependent sources of renewable
energy, such as solar energy, because it can support a more flexible system, for example by
starting up more quickly. In addition, it is capable of an approximately 5% higher operational
efficiency [11,73]. Solid oxide electrolysis requires even less electric power compared to PEME,
but its system stability is lower, while its heat requirement is higher [73].

2. Biological and catalytic methanation are typically used in power-to-gas technology. The catalytic
(also known as chemical or Sabatier) method has been used since as early as the 1970s. Nevertheless,
biological methanation is more preferable because it allows an approximately 20% higher carbon
dioxide conversion rate than in the case of the catalytic procedure [74]. The biological method
is more flexible (i.e., it can be started more quickly, for example), and its pressure and heat
requirements are also lower than those of the catalytic process. For use with VRE sources,
biological methanation is recommended due to its greater operational flexibility [75,76].

Both industrial and scientific actors agree that power-to-gas technology has a significant potential
for the future [73,74]. Currently, however, there are only a few industrial-size power-to-gas plants
around the world, so this technology is still in a phase of initial growth [77,78].

An earlier study of mine was based on five years’ data of the Belgian Elia Group, and it monitored
the balancing capacities necessary for the regulation of photovoltaic power plants at quarter hourly
intervals. The goal of the examination was to establish what the effects of the day-ahead and intraday
schedules were on the required regulation [78]. The present study takes a step further from the previous
results and only concentrates on the required regulation needed for keeping the intraday schedules in
the Visegrad countries, pointing out the possibilities of balancing solar power plants with the help of
power-to-gas technology.

2. Methods and Details of the Study

2.1. The Scope of the Investigation

This study deals with the Visegrad countries (Poland, the Czech Republic, the Slovak Republic
and Hungary), all of which are members of the European Network of Transmission System
Operators for Electricity (ENTSO-E). In order to be as up-to-date as possible, a very recent period,
1 September 2019–31 August 2020, was selected for the purposes of the investigation, which involved
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the comparison of the real electricity production data with the intraday forecasts of the PV power
generation in each Visegrad country. The database used was that of the ENTSO-E, which includes
35 European countries. It was the European Union’s Third Legislative Package for the Internal Energy
Market that created the ENTSO-E and gave it legal mandates in 2009 with a view to further liberalizing
the electricity and gas markets in the Union. As a result of the Third Energy Package, the transmission
system operators’ roles changed remarkably. Because of the unbundling and liberalization measures
in the energy market, TSOs became something like a location in the market for the different players
to meet and interact. It is the common goal of the members of the ENTSO-E to establish an internal
energy market and guarantee its best possible operation as well as to further the energy and climate
goals of the Union. A truly significant challenge the TSOs are faced with currently is the integration of
an increased proportion of renewable energy sources in the energy systems of the EU, which involves
the enhancement of flexibility as well as a lot more customer-focused approach than ever before.

The first goal in the investigation was to determine the balancing requirements for each country by
comparing the positive and negative regulation needs considering the time series. The corresponding
positive and negative regulation requirements were analyzed in each forecasting interval. The deviation
of real data was calculated relative to the forecasts related to a 100 MWp PV system for the Visegrad
countries. The characteristics of the energy consumption of the individual countries were not taken
into account; the PV power generation forecasts were compared to the actual PV generation figures.

For the implementation of any PV integration, it is necessary to make country-specific surveys of
the amounts of regulation resulting from the deviations from the power plants’ forecasts, using the
available data. In turn, these data can help with the selection of the suitable energy storage technology
and strategy for the electric energy system of a given country.

In the present study, only the intraday forecast data were examined, since it was assumed that these
provided more accurate predictions about the expected production compared to the day-ahead forecasts.
By mapping the discrepancies between the intraday forecasts and the actual production, the goal was
to spot the niches for various energy storage devices, especially power-to-gas ones, to complement the
PV capacities of the examined countries for a better compliance with the generation forecasts.

As among the studied countries, only Hungary was found to have negative required power
regulation, and since—similarly to Holland—this country also possesses a natural gas infrastructure,
which is considered highly developed for European standards [79], it is an obvious solution to utilize
the existing network. Conversely, the hydrogen market is still very underdeveloped with hardly
any infrastructure. Hungary’s National Energy Strategy 2030 [80] supports the same view, as it
primarily considers technologies based on the use of the existing natural gas infrastructure besides
electrochemical energy storage till 2030.

2.2. The Data Used in the Calculations

The calculations were primarily based on data from the databases of the ENTSO-E and the
Hungarian Independent Transmission Operator Company Ltd. (MAVIR ZRT., Budapest, Hungary).
The PV power data (most recent forecast and measured data) in the ENTSO-E database are given at
intervals of either 15 or 60 min, according to the provision of data in the particular countries [81–83].
Correspondingly, 15-min data were used where available (Hungary and Poland), while in the cases
where only hourly data were obtainable, those had to be applied (Slovakia and the Czech Republic)
(Table 1). The longer intervals (60-min) give the individual actors in the market more freedom in
creating and managing their forecasts than the 15-min ones, since the latter can only be planned on the
basis of much more precise meteorological forecasts. Throughout the calculations, the countries with
the 15-min and the 60-min intervals were treated separately.

The monitored capacities of the Visegrad countries are shown in Table 2. As it can be seen,
the highest figure belongs to the Czech Republic, while the lowest one to Slovakia. For Poland
no data were available on 1 September 2019 yet, only starting from May 2020. For the sake of
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comparability, the data were homogenized, so they were recalculated for 100 MWp PV systems for the
individual countries.

Table 1. Intraday photovoltaic (PV) forecast data in the Visegrad countries [83,84].

Country Availability of PV Forecast Data Resolution (min)

Czech Republic

Intraday PV forecast data are available

60
Hungary 15
Poland 15

Slovakia 60

Table 2. The monitored PV capacities of the Visegrad countries [83,84].

Country
Size of the Monitored PV Capacity (MWp)

1 September 2019 31 August 2020

Czech Republic 2054 2061
Hungary 1013 1129
Poland NDA 1928

Slovakia 409 450

It is worthy of note that according to Article 5 (Balance responsibility) of Regulation (EU) 2019/943
of the European Parliament and of the Council of 5 June 2019 on the internal market for electricity:
“All market participants shall be responsible for the imbalances they cause in the system (“balance
responsibility”)” [85], i.e., the creation of accurate forecasts and consequently the minimization of
deviation from it affects every PV power producer in the European Union. Thus, the complete balancing
in both a negative and a positive direction needs to be dealt with for every country specifically because
of the obligation to comply with PV generation forecasts.

2.3. The Calculations

Obviously, adherence to the PV forecasts is of paramount importance at all times. However,
if the actual power generated by a particular PV system during a 15-min or 60-min time period is less
than the corresponding value in the intraday forecast, the TSO is obligated to regulate the situation
in a positive direction [86]. Thus, from the point of view of the operator of the given PV system,
positive TSO regulation means a negative deviation from the forecast. Based on this, the totals of the
negative and positive divergences compared to the actual power generation were calculated from the
60-min or 15-min data for one year for each country. The need for positive regulation by the TSO
was marked with a negative sign, since it means a power deficit in the given system, while negative
regulation by the TSO was marked with a positive sign, because it refers to an energy surplus in the
system. The method of calculation as well as the deviation between the forecast and the actual power
generation were illustrated with a Hungarian example (Figure 2). Here the actual production and
intraday forecast of a 1196 MWp PV system can be seen.

In the course of the research, the particular 15-min and 60-min data series (intraday forecast, actual
production, positive regulation requirement and negative regulation requirement) were analyzed,
and within each forecast interval (for Hungary and Poland 15-min, for Slovakia and the Czech Republic
60-min) the difference between the intraday forecast and the actual power generation determined the
regulation requirement and the direction of the deviation signaled the direction of regulation. If the
difference of the actual electricity production and forecast was a positive one, a negative regulatory
requirement emerged, while in the case of a negative difference, a need for positive regulation occurred.
Positive and negative regulatory requirements of equaling quantities within a given interval could
be balanced by the use of battery-based energy storage systems [87]. Thus, the investigation was
searching for solutions for meeting the remaining required power regulation. Its value was obtained
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after comparing the positive and negative regulatory needs, and summarizing these produced the
aggregate regulation requirement.

Figure 2. A Hungarian example to illustrate the deviation of real PV power generation and intraday
forecast data in the case of a monitored 1196 MWp PV system, 8 September 2020 [81].

The summarized remaining amounts of the needs for negative and positive regulation by the TSO
relative to the intraday forecasts were established for all four examined countries. The results show
whether the monitored PV systems cause negative or positive required power regulation for the given
country. As this paper investigated the application potentials of the power-to-gas technology, the focus
was on the countries where the examined PV systems caused negative required power regulation for
the TSO.

Since in the case of Poland no data were available in the database of the ENTSO-E prior to
May 2020, daily averages were first calculated from the actual production and forecast data of the four
available months; then, the annual values were obtained by proportioning these.

3. Results

3.1. Necessary Regulation in the Monitored PV Capacities in the Visegrad Countries

First, those countries were examined where only 60-min data were available, i.e., the Czech Republic
and Slovakia. Figure 3 clearly shows that Slovakia has a considerably larger need for regulation per PV
unit than the Czech Republic. In the case of the Slovak Republic, this means +4.9 GWh and −6.6 GWh
for a PV capacity of 100 MWp, while these figures for the Czech Republic are +0.9 GWh and −1.7 GWh
(Figure 3). It needs to be mentioned here, based on Table 2 above, that the PV capacity monitored by
the TSO is significantly smaller in Slovakia than in the Czech Republic.

After the countries with the 60-min forecasts, those with the 15-min ones, i.e., Hungary and
Poland, were examined. In the case of Hungary, the TSO requires +11 GWh and −7.4 GWh for the
regulation of a PV capacity of 100 MWp, while in Poland the amounts needed are only +1.8 GWh and
−4.4 GWh (Figure 3). It can be concluded that Hungary needs a lot more regulation for a PV capacity
of 100 MWp. It is also to be noted that, according to the figures in Table 2, Poland has a much greater
PV capacity monitored by the TSO.
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Figure 3. The total regulation amounts in the Visegrad countries necessary for 100 MWp PV systems in
the period of 1 September 2019 to 31 August 2020.

Having considered the regulation balances of the countries with the 60-min forecasts, on the basis
of the capacity monitored in the examined period, it was concluded that, concerning PV power, both the
Czech Republic and Slovakia require positive regulation, i.e., their TSOs need extra energy to keep the
forecasts. The necessary extra power for such positive regulation is typically provided by natural gas
power plants. It is assumed that the rest of the positive and negative regulation needs that are equal in
their absolute values is satisfied by using electrochemical storage in the two countries (disregarding
any storage losses). The positive required energy regulation for a PV capacity of 100 MWp in the
Czech Republic is altogether 0.8 MWh, while in the case of the Slovak Republic it is 1.6 MWh (Figure 4).

 

Figure 4. The balance of the negative and positive required energy regulation in the Visegrad countries
in the period of 1 September 2019 to 31 August 2020.

While examining the countries that prepare 15-min forecasts, it was found that, concerning their
required energy regulation, Hungary requires negative and Poland positive regulation. For a PV
capacity of 100 MWp Hungary had 3.6 GWh negative required energy regulation, while Poland had
2.7 GWh positive required energy regulation (Figure 4). It follows from all this that, in the case of the
monitored Polish PV capacities, keeping the forecasts requires, apart from electrochemical storage
(which is capable of feeding the stored energy into the grid with minor losses, if needed), also natural
gas power plants. Conversely, what is needed in Hungary is temporary consumers capable of negative
regulation, such as power-to-gas plants.
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In the case when a country’s positive regulation need equals its negative regulation need, it could
manage its regulation by using electrochemical storage. If it wishes to use the stored energy within six
hours, the application of Li-ion batteries is recommended, but if the time frame is 6–12 h, NaS or flow
batteries (e.g., vanadium redox flow battery) can be the right solution.

As a conclusion, it was found that among the four researched countries, it was only Hungary
where negative required energy regulation occurred, i.e., regarding the monitored PV systems only
this country had surplus power compared to the forecasts. It is, of course, reasonable to utilize this
negative required energy regulation, and power-to-gas technology offers a great solution for this, as it
converts surplus electricity into gas. Hungary possesses a well-developed natural gas network, so the
transportation of the gas thusly produced could be easily done too.

3.2. A Power-to-Gas Case Study of Hungary

According to the findings above, in Hungary approximately 3.6 GWh negative required energy
regulation remains as a result of the regulation of a PV capacity of 100 MWp, if the negative and positive
regulation is done by electrochemical technologies where possible. The quantity of the biomethane
that could be produced with the help of 3.6 GWh negative required energy regulation in Hungary is
shown in Table 3, in the case of PEME and biological methanation, assuming the use of the technology
of the Power to Gas Hungary Ltd (Budapest, Hungary).

Table 3. Characteristics of the gas produced by the power-to-gas procedure.

Characteristics Dimension Value

Monitored PV in Hungary MWp 1129
Surplus energy (rest from the regulation) MWh/100 MWp 3600

Total surplus energy in Hungary for 1129 MWp monitored PV system MWh 40,644
Produced biomethane MJ 79,256
Produced biomethane Nm3 2,085,679

As it is seen in Table 3, 2,085,679 Nm3 of biomethane could be produced with the help of 40.6 GWh
negative required energy regulation in Hungary. (The calculations were based on the performance
data of Hungary’s only existing power-to-gas plant, which can produce 97.5 GJ biomethane using
0.1 MW of electrical power by biological methanation and PEME [88]). Based on the Hungarian PV
capacities monitored in the ENTSO-E, the above amount of electric energy would have been necessary
for the monitored PV systems to follow the forecasts efficiently already in 2020.

Under the Hungarian regulations, there is no such thing as biomethane that is transported by
pipeline. Thus, in the calculations the net 0.34 EUR/Nm3 retail price of natural gas was used, which is
paid by a metered customer with consumption below 20 m3/h at an exchange rate of 350 HUF/EUR.
As a result, it was found that natural gas used for keeping the forecasts in Hungary in a value of EUR
709,131 could be replaced regarding the monitored PV capacities.

However, Hungarian agriculture also produces a considerable amount of byproduct, which is
not utilized entirely. Some of this is used for making biogas but not with the necessary efficiency,
so the methane content of the gas is low, typically only around 40%. For combustion in a gas engine,
a methane content of approximately 60% is normally needed. Because of its high methane concentration
(approx. 98%), the biomethane produced using the power-to-gas technology is suitable for improving
(and thusly preparing for use) the biogas from agriculture, which is usually of poor quality, i.e., with a
low methane content.

The approximately 2.1 million Nm3 biomethane (Table 3) that could be produced potentially
in Hungary could be used to enrich about 4 million Nm3 biomethane that only has a 40% methane
content to a 60% methane content. Thus, the 4 million Nm3 agricultural or landfill gas, so far unused or
commonly flared, could be converted from waste into a byproduct, since the utilization of this amount
of biogas would be also possible in the future. This means the enrichment and improvement of the
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end product of approximately 4–6 average-size biogas plants producing low-quality gas to a useful or
marketable quality.

4. Conclusions

This paper examined the actual PV power generation and the corresponding intraday forecasts
in the four Visegrad countries recorded in the ENTSO-E database and monitored by the regionally
responsible TSOs. In the case of the Czech Republic and Slovakia, 60-min, while in the case of Hungary
and Poland, 15-min forecast data were available. For better comparability, the need for regulation was
calculated for a PV system of a capacity of 100 MWp. After examining the PV capacities monitored
by the individual countries’ TSOs, it was found that besides the positive and negative regulations of
equal absolute values (which are best balanced by the use of electrochemical energy storage), there is
negative required energy regulation for the PV systems only in the case of Hungary with an energy
amount of 3.6 GWh. In the case of the other three nations (Poland, Slovakia and the Czech Republic)
keeping the forecasts of the monitored PV capacities required positive power regulation, which can be
done by using natural gas power plants primarily. All this means that, in Hungary, the inclusion of
a flexible consumer in the required power regulation process is necessary for keeping the forecasts.
In the authors’ opinion, this consumer could be a power-to-gas plant in an optimal case, and it could
even produce up to 2.1 million Nm3 biomethane by using the negative required energy regulation.

Considering that Hungary is rich in low-efficiency (typically around 40%) biogas plants,
this 2.1 million Nm3 biomethane could improve and make fit for utilization the end product of
4–6 average-size biogas plants by enriching it to nearly 60%.

The investigation clearly pointed out that, among the countries of the Visegrad Four, it is
Hungary where it is worthwhile and necessary to link the existing PV capacities to power-to-gas plants.
The results, of course, do not mean that in the other three Visegrad countries (Slovakia, Poland and
the Czech Republic) it is impossible to establish power-to-gas plants; they simply indicate that for the
Hungarian PV capacities recorded in the ENTSO-E system and monitored by the local TSOs there is
more need for power-to-gas plants than in the other countries.
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Abbreviations

The following abbreviations are used in this manuscript:

a-Si Amorphous silicon
EU European Union
ENTSO-E European Network of Transmission System Operators for Electricity
EPS Electric Power System
HREM Hybrid Renewable Energy Microgrid
m-Si Monocrystalline silicon
NaS Natrium-Sulfur
PV Photovoltaic
PEME Polymer Electrolyte Membrane Electrolysis
p-Si Polycrystalline silicon
PVGIS JRC Photovoltaic Geographical Information System
TSO Transmission System Operator
VRE Variable renewable energy
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Abstract: Power-to-methane (P2M) technology is expected to have a great impact on the future of
the global energy sector. Despite the growing amount of related research, its potential disruptive
impact has not been assessed yet. This could significantly influence investment decisions regarding
the implementation of the P2M technology. Based on a two-year-long empirical research, the paper
focuses on exploring the P2M technology deployment potential in different commercial environments.
Results are interpreted within the theoretical framework of disruptiveness. It is concluded that P2M
has unique attributes because of renewable gas production, grid balancing, and combined long-term
energy storage with decarbonization, which represent substantial innovation. Nevertheless, empirical
data suggest that the largest P2M plants can be deployed at industrial facilities where CO2 can be
sourced from flue gas. Therefore, a significant decrease of carbon capture technology related costs
could enable the disruption potential of the P2M technology in the future, along with further growth
of renewable energy production, decarbonization incentives, and significant support of the regulatory
environment.

Keywords: power-to-methane; disruptive technology; seasonal energy storage; decarbonization;
innovation

1. Introduction

Novel solutions on renewable energy integration and energy storage challenges [1] are
driving the global transformation of the energy sector [1–6], due to a significant increase
of solar and wind cumulative capacity [7]. This process will even accelerate within the
EU because of the European Green Deal (December 2019) and the European Climate Pact
(December 2020 [8]). Power-to-methane (P2M) technologies should be considered among
these novel (but already commercially ready) solutions, as P2M is suitable for seasonal
energy storage by utilizing capacities of the natural gas grid, as well as grid-balancing and
carbon reuse [9–11].

The potential impact of P2M technology on the energy sector has already appeared in
the power-to-gas (P2G) literature, which continuously broadens with novel technical and
economic studies [12–14]. There is a consensus of the crucial role of the P2G technology for
the future energy sector [12,15]. Innovation management aspects of P2G technology have
also been already (partly) covered [16,17]. A key term and a key phenomenon, however,
in the intersection of these three key topics (1: future impact, 2: techno-economic aspects,
3: innovation), called “disruptive technology” and “disruption” are overlooked in the
literature despite its importance. The disruptiveness of a technology is highly important
from investment aspects because disruptive technologies usually seem inferior from a
certain performance aspect compared to other, better-known solutions, even though, later,
they can change the dynamics of a whole sector. In other words, investing in P2M on a
company level and/or state level could affect organizational/sectoral competitiveness, as
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it should enable building new competencies through innovation [18], adaptation to new
environmental changes [19], sustained and also sustainable growth [20].

The disruptive technology theory is usually applied in business and innovation man-
agement research and is less frequently applied in technical contexts or for examining
new energy technologies. In broader context, technology- and disruption-focused schol-
ars currently pay attention to digital solutions (e.g., [21–25]), and there are few similar
disruption-focused studies in energy research (e.g., [26–29]). For example, Ullah et al. [30]
examined the adoption of blockchain technology for energy management in developing
countries discussing the distributed ledger technology as disruptive. Zeng et al. [31]
pointed out that conventional energy technologies are dominant in the energy sector, and
found that low price, high consistency, and high improvement rate are key for the diffusion
of renewable energy technologies. In contrast to this broad view, a narrower approach was
followed by Müller and Kunderer [32] when they predicted the potential disruption hazard
of redox-flow batteries towards lithium-ion batteries with quantitative methodology. This
study focuses on the attributes of P2M and does not determine ex-ante its disruptiveness,
nor their competing technologies, but identifies them based on empirical data collection
and analysis.

Based on the literature, P2M technology in a macro-economic context means an
opportunity not only for seasonal energy storage but for decarbonization, as well, as it
converts CO2 into CH4 in the presence of H2 [33]. Moreover, P2M can provide e.g., sector
coupling [34], new business opportunities on a company-level [35], or also new challenges
for the regulators [16]. Thus, P2M seems to be disruptive at first sight. By definition,
however, some other questions arise regarding the disruptiveness of the P2M technology.
Even so, according to Christensen et al., who introduced the term disruptive technology in
1995 [36], numerous experts and researchers use wrongly the term “disruptive innovation”
because it is not only about shaking up an industry and struggling companies which
were formerly market-leading [37]. Consequently, to identify a disruptive technology, it
is worth going back to the fundamentals of the theory. The main research question of the
paper is whether P2M is a disruptive technology by definition or not. Based on the above,
the working hypothesis of the paper is that P2M could become a disruptive technology.
Main reasons for the conditional approach are (1) the future time horizon of the examined
phenomenon, and (2) the hybrid (quantitative and qualitative) methodology applied.

The main practical contribution of this study is that it provides insights for P2M
deployment planning within different technical environments, and it identifies those
factors which would incite companies and governments to invest resources into P2M
deployment in large-scale. The main theoretical contribution is that, to our best knowledge,
this study is the first that uses the fundamentals of the disruptive theory in power-to-
gas research. Furthermore, the study is contributing to the P2M research field with its
hybrid methodology as well: while solely qualitative studies often cannot utilize findings
from the field to make general conclusions, and quantitative studies sometimes overlook
underlying aspects and challenges of technology development which could be explored by
only qualitative methodology, this study involves both qualitative and quantitative data
collection and analyses in order to extend empirical findings to broader conclusions for
P2M technology development.

2. Materials and Methods

2.1. Research Framework

The counterpoint of the disruptive technology is the “sustaining technology.” The
sustaining technologies incorporate incremental developments and fit mainstream cus-
tomer needs. In contrast, disruptive technologies are wholly new solutions, and they create
value with an entirely different attribute package that initially does not meet mainstream
needs [37]. Instead, they are viable in a niche or low-end market (which is less profitable),
or even on a previously non-existing market which is created by a disruptive technology
itself, changing non-consumers to consumers [37]. Thus, an important question is, in case
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of possible disruptiveness of P2M, (RQ1) what are the key attributes of P2M for potential
technology adopters and how can they be evaluated compared to other (maybe sustaining)
technologies? Regarding this research question, the focus is on the technical opportunities
which outline value creation for technology adopters, as previous research showed that
economic conditions of day-to-day P2M operations are highly dependent on state support
and regulatory environment [17], which is not easy to predict.

While common examples for disruptive solutions are the Netflix streaming ser-
vices [37] and the copiers of Canon in the late 1970s [38], one can see that interpreting
disruptiveness in case of P2M is more complex than in sectors where there are numerous
potential customers like in the entertainment/media or printing industry. Consequently,
instead of focusing on possible number of consumers, in case of P2M, the assessment of
disruptiveness should focus on possible plant sizes on different sites and their compared
cost–benefit ratio. This is in line with recent P2M-specific research of Böhm et al. [39] who
found a growing need for multi-MWel plants, as global demand for electrolysis and also
for methanation can far exceed 1000 GWel. Hence, the second research question is (RQ2)
what is the largest P2M plant size possible at different types of sites and what sites are
preferred for large-scale P2M deployments as possible low-end and high-end segments?
This comparison is relevant also because of the possible public funding deriving from the
P2G initiatives of the Hungarian National Energy Strategy 2030 [17,40], which must be dis-
tributed to sites with best cost–benefit ratios. This means that capital costs of deployment
are also important decision factors besides technical opportunities.

The third research question is based on the theoretical phenomenon of disruptive-
ness. Over time, changes in the market environment and further developments of a
disruptive technology result in higher performance compared to sustaining technologies.
Therefore, mainstream customers will choose the disruptive solutions over sustaining tech-
nologies [38]. Based on these expected changes, regarding the P2M technology, a relevant
question is (RQ3) which environmental factors and technological advancements could lead
to superior performance compared to other (maybe sustaining) technologies and accelerate
the process of P2M implementation? These change aspects dominantly could cover core
technology development, complementary technologies, input or output conditions.

Figure 1 illustrates the research framework which was applied to examine P2M as
a potentially disruptive technology and did not fix ex-ante that P2M was a disruptive
technology. It means that the research framework has also left space to empirically identify
whether the underlying assumption was correct and, if it was, why.

2.2. Research Methodology

In line with the carbon-neutrality strategy of the EU, in Hungary, grid-scale imple-
mentation of P2M technology is possible and also promising because of a rapid increase
of photovoltaics [41], and a 6,330,000,000 m3 capacity of the natural gas grid suitable
for seasonal energy storage [17]. The authors conducted action research in Hungary, at
Power-to-Gas Hungary Kft., from 2018 to 2020. The company operates its P2M prototype
since 2018 and plans to implement its innovative biomethanation solution in grid-scale.
The action research method, which generally incorporates practical (“social”) actions, the-
oretical examinations, iterations between theory and practice (actions and research) to
generate change, and new knowledge [42–44], was in this context dominantly technology-
and investment-focused. It means that it contained research for potential P2M sites in
Hungary, technical data collection from the potential sites, analysis of the maximum plant
size, infrastructural conditions and synergies, on-site consultations, collaborative facility-
planning with site operators, and interpreting data according to previous studies and the
fundamentals of the disruptive theory presented in the Introduction section.
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Figure 1. Research framework based on Bower and Christensen’s original model [36]. Research
question 1 (RQ1) examines whether there are unique attributes of the P2M compared to other
technologies from the aspect of potential technology adopters. Research question 2 (RQ2) focuses
on the maximum potential of its (maybe unique) attributes and the environments, where these can
be realized with the best cost–benefit ratio. Research question 3 (RQ3) deals with the factors which
could accelerate the realization of this maximum P2M potential.

2.3. Focal Solution and Its Main Characteristics

The focal solution of this research is the P2M technology of Power-to-Gas Hungary Kft.
The prototype of the company includes polymer electrolyte membrane (PEM) electrolysis
and biological methanation, the main component of which is a patented, robust, and highly
efficient microorganism (Methanothermobacter thermautotrophicus) [45]. This archaea
strain is capable of converting over 99% of the CO2 to methane, resulting in a product gas
with methane content above 97% which can be injected into the natural gas grid. The main
reactions of the applied P2M process are the following:

� Electrolysis: 4H2O→4H2+2O2+Heat;
� Methanation: CO2+4H2→CH4+2H2O.

Based on the detailed technical description of the three steps of the applied P2M
process (electrolysis, methanation, injection) of the Power-to-Gas Hungary Kft. which has
been recently published [13], the possible performance aspects of the focal P2M technology
and their base data are presented in Table 1.

Table 1. P2M performance aspects and related technical data (based on [13]).

Performance Aspect Base Data, Description in Case of a 1 MWel Biomethanation Plant

CO2 input Ca. 53 CO2 Nm3/h.
CH4 production Ca. 52 Nm3/h (ca. 97–98% of the CO2 input)
Energy storage No limit, if a connection to the natural gas grid is available

H2 output (P2H) and input (P2M) Ca. 212 Nm3/h (with regard to the ca. 4:1 or 4.1:1 ratio of H2 and CO2)
Electricity consumption Ca. 4.7 kWh / Nm3 H2

Starting from the research framework, it is important to analyze what type of elec-
trolyzers could provide hydrogen for the methanation step on a large-scale. While solid-
oxide electrolysis (SOEL) is under development for commercialization [46], alkaline elec-
trolysis (AEL) and polymer electrolyte membrane electrolysis (PEMEL) have been imple-
mented in large P2M facilities [14,47,48]. For example, the Audi e-Gas plant has alkaline
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electrolyzers (6 MWel), while the STORE&GO demonstration site at Solothurn has PEM
electrolyzers (700 kWel) [49]. Regarding the required flexibility because of the volatile
renewable electricity production, PEMEL can be started within seconds, while starting AEL
may need 1–10 min [50]. Some manufacturers stated, however, that AEL is also capable of
rapid reaction and fast warm start [51]. AEL and PEMEL have been implemented in larger
sizes until now (e.g., the other two sites of the STORE&GO project in Italy and Germany
have 1 and 2 MW AELs [11]).

In the methanation step, two technologies have also been applied on a commercial-
scale: the catalytic (chemical) methanation (used e.g., in AUDI e-Gas) and the biological
methanation (e.g., Biocat project). While biological methanation applies microorganisms as
biocatalysts and needs low pressure and temperature (ca. 60–70 ◦C), catalytic methanation
uses chemical, often nickel- or ruthenium-based catalysts, and sometimes more than 100 ◦C
is needed to reach high CO2 conversion [52,53]. Based on Frontera et al. [54], the CO2
conversion rate can be variable (from 50–60% to 80–90% or higher) depending on the type
of the chemical catalyst and the temperature. Biological methanation, however, can provide
consistency in this sense; at low temperature and low pressure, it could lead to as Table 95%
CO2 conversion rate, with high flexibility for pausing, stopping, and restarting methane
production [55,56]. The nutrition of the biocatalysts, however, is key in this case [57], while
the efficiency of the whole process could be further improved if waste heat could be utilized,
which is generally difficult at this lower temperature [58]. Two other solutions are worth
mentioning, which are currently in the development phase. First, the bioelectrochemical
system for electromethanogenesis (EMG-BES) may need an even lower temperature for
the reaction (ca. 25–35 lied on a commercial-scale: the catalytic (chemical) methanation
(used e.g., in AUDI e-Gas) and the biological methanation (e.g., Biocat project). While
biological methanation applies microorganisms as biocatalysts and needs low pressure and
temperature (ca. 60–70 ◦C) [59]. Second, in the case of biogas plants, novel in-situ biological
biogas upgrading (BGU) with hydrogenotrophic methanogens in a mixed culture can be
used for methanation by supplementing H2 from renewable sources [60].

Disruptiveness of P2M technology would mean large, commercial-scale plants. The
focal solution consisting of PEMEL and biological methanation seem applicable for the
study. The capital expenditures (CAPEX), however, can be critical, even if state support
would be available for the investments. A recent calculation based on the data of the
STORE&GO project and additional field research, the CAPEX of a 1 MWel P2M plant using
PEMEL and biological methanation would be 4,806,000 EUR in 2025 at a large wastewater
treatment plant (WWTP) [13].

2.4. Data Collection and Analysis

The authors collected empirical data from potential sites for P2M implementation to
explore:

- sites that may have proper infrastructural, input, and output conditions for a biological
methanation plant with a world-leading size (over 1 MWel)

- aspects of consumer evaluation about P2M and competing solutions, if there are any
- site-specific factors that would enable the increase of the plant size or the feasibility of

a large P2M plant.

From 2018 to 2020, the authors contacted potential sites, among which there were

- agricultural biogas plants (ABPs)
- wastewater treatment plants with biogas plants (WWTPs)
- bioethanol plants (BEPs)
- industrial plants (INPs) with CO2 emission (e.g., power generation, petrochemicals,

cement plant).

While in case of ABPs, WWTPs, and BEPs, the CO2 input for methanation can be
provided with an easily and efficiently useable carbon source (the CO2 content of the
biogas and pure CO2 can be sourced from the exhaust stream of the fermentation during
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bioethanol production [61]), in the case of INPs CO2 must be captured from flue gas with
Carbon Capture (CC) technologies, for example, at a cement plant [62]. Figure 2 illustrates
the input connections of a P2M plant at different sites, showing how CO2 can be sourced
for the methanation phase.

Figure 2. Simplified overview of the P2M process at an INP with carbon capture (orange), at a biogas plant of an agricultural
company or a WWTP (green) or at a BEP (navy blue), based on Sinóros-Szabó [63], Laude et al. [61], and Chauvy et al. [62].

The authors collected data from 29 potential sites, which means that at least one
personal meeting, teleconference, or online videoconference happened with one or more
members of the top management team of the site operator. In these 29 first-round semi-
structured interviews at potential sites, the main characteristics of the focal technology were
presented to decision-makers, and the infrastructural fit was analyzed on a high-level. After
these 29 first-round interviews, second-round semi-structured interviews were focusing on
more technical data and included on-site consultations with expert-level operators. This
was possible at 14 potential sites based on infrastructural opportunities and availability of
the top management.

While the first-round data collection aimed to identify the needs of the potential
adopters, the main value-creating attributes of P2M according to these needs and the
existence of competing technologies (RQ1), the second-round data collection was aimed
to determine the maximum potential of the P2M plant at the focal site and its costs (RQ2),
and also to explore the factors of increasing technical and/or financial feasibility of the
implementation (RQ3).

Considering these goals, Table 2 summarizes the scope and the methods of data collec-
tion and analyzes the efforts undertaken to improve validity, reliability, and generalizability
both in qualitative and quantitative sense. The calculations are presented in the Results
section.
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Table 2. Data collection and data analysis of the research

Data Collection and
Analyses

First Round Second Round

Dominant Methodology Qualitative Quantitative

Data source(s) • Interviews with top management (in
person, teleconference, videoconference)

• Interviews with top management (in
person or videoconference because of the
COVID-19

• Filling technical data form by the site
• On-site consultations with expert-level

operators
Data collection • Technology and infrastructure development

plans and motivations (needs) behind them
• Value creating potential of P2M technology

regarding these plans
• Other technologies that emerged, as

alternatives, and their expected value
added

• P2M-specific technical, technological,
infrastructural characteristics, such as
power supply, water supply, CO2 input,
infrastructural connections, use of
byproducts (waste heat, oxygen)

• Site-specific technical, technological,
infrastructural characteristics, such as
fermentation at ABPs and WWTPS, flue gas
composition at INPs, CO2 from
fermentation at BEPs

Data analysis • Grounded theory coding technique (open
coding, axial coding, selective coding) [64]

• Technical calculations, scenario-analyses,
and cost–benefit assessments

Improving validity Conducting two-year-long research to explore
the research area deeply, reaching theoretical
saturation with 44 interviews (first and second
round together), similarly to high-quality studies
with similar topics and methods (see, e.g.,
[65]: 17, [66]: 31, [67]: 20 interviews)

Assessing outputs based on technical parameters,
but also cost–benefit ratio based on CAPEX

Improving reliability Always more than one interviewer, involving
author as a researcher from outside the
power-to-gas area. The second round reinforced
and fine-tuned the results of the first round.

Building on calculations of previously published
studies and empirical data of the prototype of
Power-to-Gas Hungary Kft. including more than
30,000 measurements since 2018 (e.g., CO2
conversion, the composition of the product gas,
the volume of the product gas).

Improving generalizability Iteration between empirical data and the theory
of disruptive technologies

Assessing more types of potential sites, and at
least two from each type

3. Results

3.1. Mainstream Needs and Emerged Alternative Solutions at Different Sites

Based on semi-structured interviews with top management teams of different sites,
the overall mainstream need is producing and utilizing more renewable energy. While
meeting this need, P2M has faced different competing technologies at different sites. Table 3
presents the specific opportunities and competing technologies by the identified valuable
attributes for potential adopters in producing and utilizing more renewable energy. The
table does not contain every possible technology and every aspect of potential competitive
advantages of them because it is built on empirical data from the field, the evaluation
aspects of the interviewees, but it was iterated with scientific literature:

(1) In case of biogas plants both in an agricultural environment and at WWTPs, BGU
can be considered as a competing technology to produce renewable gas (biomethane).
As there were more than 400 facilities with BGU to produce biomethane in 2015
worldwide [68], and even in Hungary there are two [69], one could argue that BGU is
a more mature technology than P2M. This higher technology readiness level (TRL)
that is associated with lower risks seemed to be an important factor for decision-
makers, as prudent risk management appeared as a strategic task, for example in the
case of WWTPs [13]. Regarding the other elements of the attribute package, focal
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P2M technology with a separate reactor and the patented archaea could have a higher
decarbonization effect, as some BGU technologies do not involve CO2 conversion
(only separation) and even if H2 is injected to be reacted with endogenous CO2 to
produce CH4 during in situ biological upgrading, the average CO2 removal rate is
varying between 43–100%, depending on reactor type and substrate [68]. Furthermore,
a clean archaea culture could provide more flexibility for utilizing H2 from renewable
sources than in situ biological BGU based on the rapid shifts between operation modes
of the focal solution based on prototype data of Power-to-Gas Hungary Kft. [13].

(2) In case of industrial companies emitting CO2 that could be used with P2M to produce
renewable or low-carbon gas depending on the source of input factors [70], power-to-
liquid technology (P2L) emerged as an alternative technology. P2L has also a high
potential in the future energy sector [71], especially for transportation, but the plan
for the first commercial-scale P2L plant is only recently published [72].

(3) The first phase of renewable methane production, power-to-hydrogen (P2H) can be a
standalone solution as well. As presented before, the fast warm start of PEMEL or
AEL can be useful for providing grid-balancing services for network operators [50,51].
Even though it means that producing renewable energy (gas) and grid-balancing can
be achieved with decreased CAPEX, adding the methanation step with a biocatalyst
could also provide flexibility, not only in terms of methane production (avoiding the
need for the challenging high volume hydrogen storage [73]), but also by assuring
market-flexibility. Market-flexibility means here the opportunity to switch between
end-products (hydrogen and methane) according to their market demand. From an
operational point of view, adding the methanation step and assuring this market
flexibility would lead not only to higher CAPEX, but lower energy efficiency for the
whole process as well. The reason for that is the additional conversion step (and the
energy demand which might be required for CO2 capture). Consequently, the value
of this market flexibility is highly dependent on the operational context. For example,
if (1) hydrogen injection to the natural gas grid remains still strongly limited and/or
its local demand is low, but (2) high feed-in-tariffs incite green methane production
and/or high carbon taxes incite avoiding carbon emissions, this market-flexibility
could add significant value.

(4) Based on the empirical data, if the sites would plan to deploy a large solar park for
renewable electricity production, battery energy storage systems (BESS) emerged as a
viable option. (In this research, mostly INPs, ABPs, and BEPs have mentioned this
option, while some WWTPs stated that they did not have enough free territory to
deploy a large solar park.) The main advantages of BESS related to on-site energy
storage are the fast response, geographical independence, other energy management
functions [74], and also the grid-balancing services [75]. While BESS efficiency for the
short-term can be higher than the focal solution’s (55–60%) [13], P2M could provide
sector coupling and seasonal energy storage which could be valued or supported by
state administration as it appeared as an important goal in the Hungarian National
Energy Strategy 2030 [18].

(5) Finally, regarding direct decarbonization, Carbon Capture technologies can be rele-
vant. For example, post-combustion capture using wet scrubbing with aqueous amine
solutions is commercially advanced [76], but pre-combustion, oxy-fuel combustion
and chemical looping combustion are also promising to capture CO2 from flue gas [77]
that a P2M solution is not capable solely (in contrast to biogas which also contains
CO2 and can be injected to the P2M bioreactor). P2M, however, could utilize CO2 for
renewable energy production.
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Table 3. P2M attribute package and alternative technologies based on the evaluation of potential adopters iterated with previous
studies.

P2M Attribute
Package

Competing Technologies
Relevant Sites Based

on Empirical Data
Main Advantage

of P2M
Main Advantage of

Competing Technology

Producing renewable
gas or another energy
carrier different from
electricity

BGU, CO2 removal or
conversion by mixed
culture with
hydrogenotrophic
methanogens

ABPs Higher CO2
conversion and
technical flexibility

Higher TRL

WWTPs

Power-to-Liquid (P2L) INPs Higher TRL Applicability for another
sector (transportation)

Solely power-to-hydrogen
(P2H) INPs Market-flexibility

Smaller CAPEX for
producing renewable
energy and providing
flexibility

Providing grid
balancing services Battery energy storage

systems (BESS)
INPs Applicability for

sector coupling
and long-term
energy storage

Higher efficiency for
short-term energy storageABPs

BEPs
Short-term and
long-term energy
storage

Direct
decarbonization

Carbon Capture (CC)
technologies

INPs CO2 reuse Serving decarbonization
efforts in case of flue gas, as
well

Based on the presented iteration of empirical data and former studies, four main
findings can be outlined:

1. There is no other technology that has the same attribute package as P2M (producing
renewable energy, providing grid-balancing services, energy storage, and decar-
bonization).

2. The most unique attribute in the P2M package is the capability for long-term energy
storage with CO2 reuse. Renewable gas production is possible with BGU, as well, or
P2L is suitable for sector coupling (renewable energy production with transportation),
it also assures market flexibility (hydrogen or hydrocarbon fuel production) and direct
decarbonization effect, but not with long-term (seasonal) energy storage. In contrast
of BGU and P2L, the maturity of P2M is also favorable: the technology is newer than
BGU, and it has been implemented in grid-scale, unlike P2L.

3. The least unique attribute of P2M is providing grid-balancing services because P2H
and battery energy storage systems are also similarly capable to provide this short-
term flexibility.

4. The listed alternative technologies may compete with P2M in one dimension of the
value creation, but they can be complementary solutions not only at national energy
system-level but also in a given case of a potential technology adopter. For example,
battery energy storage and P2M can be combined for short-term and long-term energy
storage. Carbon Capture could also provide the main input (CO2) for methanation.
Similarly, P2H is inevitable for P2M if seasonal energy storage is considered (because
electrolysis is the first step to absorb surplus renewable electricity), even though they
may compete in renewable gas production or grid-balancing.

In summary, based on potential adopter evaluation of P2M and its potential competi-
tor technologies, the parallel function of decarbonization and seasonal energy storage is
the unique element of the P2M attribute package. It is important to highlight that this
uniqueness derives from the absolute capability for decarbonization and energy storage,
not from a superior performance, compared to e.g., P2H regarding decarbonization. More-
over, this uniqueness is interpreted as a value-creating attribute on a micro-level for a
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single technology adopter. This is relevant because different approaches could lead to
different results regarding performance evaluations in certain dimensions. For example,
Zhang et al. [78] showed that P2M for mobility could result higher GHG emissions than
conventional natural gas. This is due to an evaluation that includes a system extension,
which also reflects the reduced emissions by CC. Nevertheless, these are meso- or macro-
level findings, while this disruption-focused paper is concerned about the aspects of single
operators which value that their unwanted CO2 can be converted into methane. Finally,
it should be mentioned that competitor technologies in one value-creating dimension are
rather complementary solutions if we take a holistic view on all value-creating dimensions.

3.2. Potential Sites for Large-Scale P2M Deployment

From the 14 potential sites of the second-round data collection and analysis, the
authors identified those sites where the largest P2M plant could be deployed with biological
methanation. The potential plant size can be determined based on the CO2 input with
regard to the stoichiometric ratio of hydrogen and carbon dioxide (4.1:1). Consequently, the
maximum electrolyzer capacity (as the indicator of plant size) of a P2M facility is calculated
with the presumption of the 4.7 kWh electrical energy demand (see Table 1) for the yield of
1 Nm3 of hydrogen is 4.7 kWh/Nm [13]3:

PP2Mmax =
·

VH2 ·4.7
kWh
Nm3 =

·
VCO2max · 4.1·4.7

kWh
Nm3 (1)

Equation (1) shows that the maximum size of the P2M plant (PP2Mmax) can be estimated
based on the electrical energy demand (4.7 kWh/Nm3) and hydrogen gas volumetric
flow (Nm3/h) (

.
VH2) that is calculated by multiplying the maximum CO2 input (Nm3/h)

(
.

V)CO2max with its stoichiometric ratio to hydrogen (4.1).
Table 4 shows the largest possible plants by site type based on empirical data collection

and the presented equation based on the characteristics of the focal technology. Because
of practical reasons, the calculation considered the autonomous development plans of
the sites for the next 2–3 years. For example, a biogas plant planned to expand its biogas
producing capacities that would result in higher possible P2M plant size.

Table 4. Largest possible P2M plants by site type based on empirical data collection (with rounding
because of confidentiality).

(
.

V)CO2max Max. Monthly Average CO2 Input
(ca. Nm3/h)

PP2Mmax Max. Plant Size (ca. MWel)

ABP 700 12.5
BEP 850 15
WWTP 300 5
INP 1650 30

Based on these empirical data and theoretical calculations, the largest P2M plant could
be deployed at INPs. Two additional factors, however, should be considered:

1. First, some seasonality could be seen on yearly data of CO2 production. At certain
sites, CO2 input can be 30–50% lower in certain months than the maximum monthly
average. For example, in case of some WWTPs and ABPs, the beginning and the
end of the year has lower volumes of biogas production; consequently, there is less
CO2 available to be converted into methane. This phenomenon may lead to a need
for balancing renewable energy gas production (and seasonal energy storage) and
decarbonization: while from the decarbonization aspect, it would be important to
convert as much CO2 to methane as possible, seasonality in CO2 emissions limits the
financial attractiveness of scaling the plant size up to the maximum emission level.

2. Second, in case of ABPs, BEPs, and WWTPs, CO2 is available for efficient use within
the P2M plant, but in case of INPs (where the largest P2M plants could be deployed),
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there is need for carbon capture (CC) technologies as well, in order to separate CO2
from the flue gas. CC would increase technical complexity, capital, and operational
expenditures as well.

3.3. Performance Potential of Large-Scale P2M Plants at Different Sites

Based on these empirical findings, cost–benefit ratios of P2M plants have been assessed
according to decarbonization and renewable gas production (as a prerequisite to long-term,
seasonal energy storage) at the largest possible plant size, based on the CO2 source. Even
though the deployment of such large P2M plants may not be financially attractive for a
single technology adopter, following the decarbonization efforts, it is worth examining what
is the performance potential at different sites regarding not only the methane production
but the CO2 reuse. As mentioned in the Introduction section, these comparisons may orient
public funding decisions to facilitate decarbonization and seasonal energy storage [13,41].
As P2M deployment requires significant investments, the socio-economic value creation at
these sites may influence the location, the number and the size of P2M plants that will be
deployed. From a disruptive point of view, these comparisons can outline low-end and
high-end segments of the P2M technology.

Figure 3 shows the unit cost of CO2 reuse by CAPEX at different sites with the largest
possible P2M plant size. In line with the origins of the disruptive theory, the model focuses
on the factors that can be affected by technology developers (companies), which means
that the important, but hardly predictable regulatory-related interventions (e.g., carbon
tax) are out of scope. The unit cost is calculated based on the following factors:

• CAPEX of the P2M plant is based on a recent study by Böhm et al. [40], which
focuses on future large-scale P2G technology implementations and takes into account
the scaling effects as well. Accordingly, cost reductions due to scaling up differ by
site types. Current calculations are predictions for 2025 based on the data of 2020
and estimations for 2030 of Böhm et al. Appendix A presents the basis of CAPEX
calculations.

• In case of INP, CC technologies would mean additional costs. It was predicted at ca.
40 EUR/tCO2 (49 USD/tCO2) for 2025 by Fan et al. [79].

• CO2 conversion and CH4 production has been determined based on the prototype
data of the Power-to-Gas Hungary Kft with the focal technology. In line with a
former study [13], the 1 MWel base case would mean the conversion of 848 tCO2 and
4.363 MWh CH4 yearly.

• The ratio of CAPEX and the converted CO2 and the produced CH4 is calculated for
20 year-long operations of the plant, with 8000 h operations per year. Detailed data
can be seen in Appendix A.

Figure 3 shows that P2M is capable of the best performance at a BEP with 15 MWel
P2M potential regarding decarbonization and renewable gas production, due to the scaling
effects and the efficiently useable carbon source (no need for CC), and the worst in case of
INP where the cost of CC weakens the cost–benefit ratio more than scaling effects improve it.
Nevertheless, as previously mentioned, the uniqueness of P2M derives from the capability
to provide seasonal energy storage and sector coupling with parallel decarbonization.
Consequently, it is important whether infrastructural connections to the natural gas grid
are available at (1) these site types and (2) the sites where the largest P2M plants could be
deployed. Results showed that, while WWTPs (where smaller plants could be deployed),
mostly have a nearby connection to the natural gas grid, this is less frequent in the case
of ABPs and BEPs in Hungary. For example, at a BEP with the largest P2M potential, the
nearest connection point is 5 km away, while at a ABP with the largest P2M potential,
it is 10 km away, where the produced biomethane could be injected into the natural gas
grid. Building these missing infrastructural connections would significantly decrease the
financial feasibility of P2M seasonal energy storage. If CC technologies would be available
at INPs, connection points to the natural gas grid would be more favorable. Consequently,
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CC technology associated costs could be an accelerating factor for seasonal energy storage
and decarbonization by large-scale P2M plants.

 

Figure 3. Unit capital cost of decarbonization and renewable gas production (as a prerequisite of
seasonal energy storage) of large-scale P2M plants at different sites during their operation (2025–2045).

3.4. Scenarios for 2025 and 2030 Regarding Carbon Capture Cost Reduction

To examine how forecasted CC cost reductions might increase the cost–benefit ratio of
large-scale P2M deployments at INPs compared to ABPs or BEPs, 3-3 scenarios have been
built for 2025 and 2030. Moreover, further scenarios have been built on the prediction of
the P2M CAPEX following Böhm et al. [40] (see Appendix A). Scenarios S1–S3 are differing
regarding CC costs as well (Table 5), which were estimated by

• following Fan et al. [79] for the 2025 and 2030 values (S1, ca. 40 EUR/tCO2 in 2025,
indicated as 100%; ca. 32 EUR/tCO2 in 2030);

• following Wilberforce et al. [80] showing that CC costs can be around 25 USD/tCO2
mainly at integrated gasification combined cycle (IGCC) and pulverized coal (PC)
plants, but also at natural gas combined cycle (NGCC) plants. This is a more optimistic
scenario with its 50% reduction (S2), meaning 20 EUR/tCO2 in 2025 and 16 EUR/tCO2
in 2030;

• generating an own scenario to identify the CC cost level which could trigger decision-
makers to choose industrial sites with the necessity of CC to deploy a large-scale P2M
plant there (S3). For this, another 50% cost reduction is determined.

Table 5. Scenarios based on different carbon capture cost-levels for 2025 and 2030.

CC Cost
Cost Reductions by

Scenario
2025 2030 Source

Scenario 1 (S1) - 40 EUR/tCO2 32 EUR/tCO2 based on Fan et al. [79]
Scenario 2 (S2) −50% 20 EUR/tCO2 16 EUR/tCO2 based on Wilberforce et al. [80]
Scenario 3 (S3) −50% 10 EUR/tCO2 8 EUR/tCO2 Own estimation

Figure 4 shows how site preference would change if CC costs would fall by 50% twice.
In case of the lines which indicate the cost–benefit ratios of different comparisons, 100%
means the performance of the ABP/BEP/WWTP regarding the unit costs presented in the
previous chapter and their value in 2030. If the unit cost of decarbonization and seasonal
energy storage is lower in the case of 30 MWel P2M+CC configuration at an INP than the
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value of 5/12.5/5 MWel P2M configurations at a(n) ABP/BEP/WWTP, it means that the
cost–benefit ratio of P2M+CC is higher than theirs, so the indicating line goes beyond 100%.
Regarding CC costs, 100% means 40 EUR/tCO2 in line with Table 5.

 

Figure 4. The role of carbon capture costs in choosing certain sites and plant sizes for decarbonization
and renewable gas production with P2M.

Findings suggest that the cost–benefit ratio of 30 MWel INPs would be better regarding
renewable gas production, seasonal energy storage, and decarbonization at CC costs
20–30 EUR/tCO2 or lower than 5–15 MWel P2M facilities at ABPs or BEPs even if they
would have a connection to the natural gas grid in 2025. Nevertheless, due to the estimated
cost reductions of P2M CAPEX for 2030, a 12.5 MWel P2M plant would have a better
cost–benefit ratio at 16 EUR/tCO2 CC cost than a 30 MWel P2M + CC configuration plant.
Assuming that the main goal is seasonal energy storage and the connection to the grid is
not an obstacle, 15 MWel or larger P2M facilities at ABPs or BEPs would be competitive
with P2M facilities at INPs for decarbonization and seasonal energy storage (renewable
gas production and injecting it into the grid) even if costs of CC would radically decrease.
In addition, it is important to highlight that, as CC cost would start to decrease from
40 EUR/tCO2, a 30 MWel P2M + CC plant would outperform 5MWel or smaller P2M
plants based on the unit capital costs of decarbonization and renewable gas production.

4. Discussion

RQ1 was focusing on key attributes of P2M for potential technology adopters and
their evaluation compared to other technologies. According to the literature, disruptive
technologies create value with a different attribute package than sustaining technologies,
and initially do not meet the mainstream needs. To justify this assumption for P2M, it
must be identified whether there are sustaining and disruptive technologies in this market
segment at all. As sustaining technologies mean continuous incremental improvements in
satisfying mainstream needs, it assumes technologies with widespread utilization and high
TRL. Regarding the identified mainstream needs of potential P2M adopters (producing and
utilizing more renewable energy) and the recent literature about the identified alternative
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technologies, mainly BGU and BESS could be considered as sustaining technologies. In the
case of BGU and BESS, frequent use and relatively high TRL can be seen [81,82] for renew-
able energy production and utilization, but there are also novel ways for BGU (TRL3-7) [83]
and there are also efforts to optimize and develop the efficiency of batteries [84], which
may indicate incremental developments. In contrast, P2H, CC, and P2L are rather in the
demonstration phase or less frequently used. In the case of P2H, while low-temperature
electrolyzers are at TRL9 (readiness for full-scale implementation), high-temperature elec-
trolysis processes are at TRL6-8 [85]. A recent study, however, pointed out that “the scale of
P2H pilots is very small” ([86], p. 1369), and these are demonstration projects, even if one
reaches 100 MW (Hybridge). Regarding CC, there are several technologies from TRL2-3,
(such as oxygen transport membranes which integrate O2 separation and combustion) to
TRL8-9 (e.g., the commercial CO2 capture plant in Canada, the Boundary Dam project) [87].
Finally, as there are only plans for P2L facilities on commercial-scale [72] and the P2L
technology is rather in demonstration phase with TRL-5-6 [88], P2L cannot be considered
as a sustaining technology.

Based on the above, one could argue that P2M can be disruptive against BGU and
BESS. This statement can be justified based on the P2M unique attribute package (producing
renewable energy, providing grid-balancing services, energy storage, and decarbonization),
which is different from BGU and BESS. While BGU is less flexible to provide grid-balancing,
BESS does not produce renewable energy. However, it can be also seen that the initial
performance of the P2M is inferior compared to them. For example, the capital costs of
traditional BGU technologies can be lower, where there is no need for electrolyzers to
generate hydrogen [89]. Furthermore, Lithium-Ion Batteries (LIBs) can provide 95–98% ef-
ficiency [90]. Assuming that the mainstream market need naturally integrates cost-efficient
renewable gas production and high-efficiency energy storage (on the short-term) at ABPs,
BEPs, WWTPs, or INPs, P2M has the disruption potential because of this inferiority. Never-
theless, according to the theory, this inferiority of P2M will turn into superior performance
later due to the fit of the unique attribute package and environmental changes. Regard-
ing the growing share of renewables in the energy mix, the volatile production may go
beyond the capacities of BESSs, and long-term, high volume, seasonal energy storage will
be needed. The incitement of this may result in better business opportunities (e.g., high
biomethane feed-in-tariff) due to state interventions [18]. This would justify the invest-
ments into more CAPEX intensive projects with P2H and P2M (compared to traditional
BGU) or expanding the battery-dominated energy storage systems with P2M to realize
profits from low priced surplus electricity. As the empirical research pointed out based on
RQ2, really large P2M plants which could impact the sector intensely can be deployed at
INPs (in Hungary). Results also showed that these large P2M plants with CC can have
a better cost–benefit ratio than smaller P2M plants at ABPs or BEPs if CC costs would
decrease significantly. If one considers that P2M at INPs are not only relevant by their size
but by the commissioned number of them, and emitted CO2 (energy supply and industry
together was responsible for 48.3% of the greenhouse gas emission, agriculture for only
11.3% in Europe in 2014 [91]), CO2 reuse with parallel energy storage of P2M at INPs can
lead to disruption, but only if CC costs would radically fall. If INPs can be the high-end
market for P2M, this is because of the better cost–benefit ratio, the higher potential of a
single P2M plant size, and the higher number of possible plants (market potential). In
contrast, WWTPs, ABPs, and BEPs representing the low-end segment of the market can be
more suitable for P2M implementations in grid-scale. Nevertheless, the applicability of
the revised theory about disruptive innovation (not technology) by Christensen et al. [38]
is limited in this study, as incumbents (established large companies with sustaining tech-
nologies) who may overlook the low-end segment and will be challenged by disruption
were not identified. Probably, this is because of the relatively new market generated by
sustainability efforts.

Figure 5 summarizes these findings aligned with the research framework. The answers
to the research questions are the following:
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RQ1: What are the key attributes of P2M for potential technology adopters and how
can they be evaluated compared to other (maybe sustaining) technologies? The key
attributes of P2M are (1) producing renewable gas or another energy carrier different
from electricity, (2) providing grid balancing services, (3) short-term and long-term
energy storage, and (4) direct decarbonization. This attribute package is unique with
a parallel function for decarbonization and energy storage.
RQ2: What is the largest P2M plant size possible at different types of sites and what
sites are preferred for large-scale P2M deployments as possible low-end and high-end
segments? Based on the empirical data collection and analysis, the largest possible
P2M plant size was identified at an INP (30 MWel), which would need CC solutions
as well. Because of the larger P2M potential, INPs are the high-end segments for P2M;
ABPs, BEPs, and WWTPs are the low-end segments (with lower P2M potential, but
without CC).
RQ2: Which environmental factors and technological advancements could lead to
superior performance compared to other (maybe sustaining) technologies and accel-
erate the process of P2M implementation? A significant decrease of CC costs could
enable the disruption potential of the P2M technology in the future, along with further
growth of renewable energy production, decarbonization incentives, and significant
support of the regulatory environment (e.g., on the regulatory side, the volume of
carbon taxes which can be as much important as CC costs).

Figure 5. The disruption potential of P2M technology (main conclusions aligned with the research
framework).

In summary, due to its unique attribute package, the P2M technology today is rather a
value innovation [92], and a potentially disruptive technology of the future. Figure 6 shows
the unique attribute package of P2M as a value curve indicating the value innovation.
The identified unique attributes of P2M (the parallel CO2 reuse and the energy storage
potential) are in line with former micro-level achievements and energy evaluations as well.
For example, Castellani et al. [93] found that methane production has a higher energy
storage capability than methanol production, which can be the basis of the P2L process.
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Figure 6. P2M attribute package as a new value curve (relative values).

P2M and CC together could become disruptive in the future as CC costs would
decrease and volatile renewable energy production and decarbonization pressure would
increase further. Regarding CC technologies, oxy-combustion is seen as a promising and
cost-effective method in the literature [94], but regarding the oxygen by-product of the
electrolysis in the P2M process, it could lead to even more synergies in theory, which could
be re-used in the oxy-fuel CC process.

Finally, two other points should be highlighted based on the empirical results. First,
in contrast to underlying assumptions, no “competition” between catalytic or biological
methanation, nor between AEL or PEMEL, was relevant from a disruptive point of view.
Second, findings suggest that P2H, P2M, and P2L, and even BESS, can be parts of an
integrated energy system at a large industrial company, providing short-term and long-
term energy storage, renewable energy production with market-flexibility (hydrogen,
methane or hydrocarbon fuel), and capability for grid-balancing.

5. Conclusions

The starting point of this study was that P2M could be considered a disruptive
technology because of its predicted future impact on the energy sector, and the new
opportunities and new challenges it generates. The disruptiveness of the technology,
however, hasn’t been assessed yet. The working hypothesis of the study was that P2M could
become disruptive. This can be accepted based on the results. Using hybrid (quantitative
and qualitative) methodology, it was concluded that P2M currently is rather a value
innovation due to its unique attribute package, the combined seasonal energy storage
and direct decarbonization function. Besides that, it was demonstrated that P2M has the
potential of becoming a disruptive technology if associated with CC technologies, and if the
current CAPEX volumes related to this technology would decrease significantly. It was also
presumed that renewable energy generation would continue to grow because the largest
P2M potential can be identified at those industrial plants where CO2 should be captured
from flue gas. This conclusion has another practical contribution as well, by highlighting
that CC technology developments should get a higher priority to completely exploit the
disruption potential of the P2M technology. From a practical point of view, findings suggest
that agricultural biogas plants and bioethanol plants with efficiently usable carbon sources,
as well as industrial sites with carbon capture solutions, could be equally suitable from
the aspect of CO2 input for building the largest P2M plant worldwide, which could also
be located in Hungary (over 6 MWel). For seasonal energy storage, however, agricultural
biogas plants and bioethanol plants are not as promising as formerly presented large
wastewater treatment plants [13], while, in the case of industrial adopters, the costs of
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carbon capture decrease the economic attractiveness currently, which may change over
time.

Nevertheless, some technological possibilities or alternatives might not have emerged
because of the research framework. For example, while P2L was relevant for opening new
market opportunities in the transportation sector, solutions for CNG or LNG production
are one step ahead after P2M in the value chain. The combination of the P2M process
and LNG production [95] would be, however, the competitor of P2L in the transforming
transportation sector. Accordingly, future research could focus on the techno-economic
comparisons of P2L and P2M + LNG. Another limitation of the study is that cost–benefit
ratios were determined based on CAPEX, but hardly predictable operational expenses
and revenue streams can accelerate or decelerate the possible disruption process of P2M.
For example, the avoided carbon taxes could influence the unit costs of decarbonization
at INPs, or the effects of other regulatory interventions (e.g., feed-in-tariffs, electricity
prices) could be researched from this aspect, as well. Furthermore, the background of
mainstream consumer needs could also be explored deeper. Finally, analyzing the synergies
of oxy-combustion and P2H/P2M process could be a relevant topic in relation to increasing
the market attractiveness of seasonal energy storage and decarbonization for multiple
stakeholders, which this research also focused on.
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Appendix A

CAPEX estimation of large-scale P2M plants with biological methanation for 2025:
kWel 5000 12,500 15,000 30,000 Source

2025
Electrolyzer system (PEMEC)
(thEUR/kWel)

0,90 0.85 0.80 0.75 [40]

Methanation system (biological)
(thEUR/kWel)

0.35 0.30 0.25 0.2 [40]

Infrastructure, installation,
storage for gas puffer (H2, CO2),
injection (thEUR/kWel)

0.45 0.40 0.35 0.30 ca. 20% of CAPEX
([55], p. 34)

Project development, planning,
expert services, quality
management (+ %)

28% 28% 28% 28% ([55], p. 34)

2030
Electrolyzer system (PEMEC)
(thEUR/kWel)

0.90 0.85 0.80 0.75 [40]

Methanation system (biological)
(thEUR/kWel)

0.35 0.30 0.25 0.2 [40]

Infrastructure, installation,
storage for gas puffer (H2, CO2),
injection (thEUR/kWel)

0.45 0.40 0.35 0.30 ca. 20% of CAPEX
([55], p. 34]

Project development, planning,
expert services, quality
management (+ %)

28% 28% 28% 28% ([55], p. 34)
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Appendix B

Detailed data of large-scale P2M plants with 8000 h/year operation:
WWTP ABP BEP INP

Size (MWel) 5 12.5 15 30
Converted CO2/year (tons) 4240 10,600 12,720 25,440
Produced CH4/year (MWh) 21,815 54,538 65,445 130,890
Converted CO2/ 20 years (tons) 84,800 212,000 254,400 508,800
Produced CH4/ 20 years (MWh) 436,300 1,090,750 1,308,900 2,617,800
P2M CAPEX (EUR, prediction for 2025) 10,880,000 24,800 000 26,880,000 48,000,000
Cost of carbon capture (20 years) (EUR) - - - 20,352,000
Unit cost of decarbonization (20 years) (EUR/t) 128 117 106 134
Unit cost of renewable gas production (20 years) (EUR/MWh) 25 23 21 26

Abbreviations

ABP Agricultural biogas plant
AEL Alkaline electrolysis
BEP Bioethanol plant
BESS Battery energy storage systems
BGU Biogas upgrading
CAPEX Capital expenditures
CC Carbon capture
CHP Combined heat and power (unit)
CNG Compressed natural gas
EMG-BES Bioelectrochemical system for electromethanogenesis
IGCC Integrated gasification combined cycle
INP Industrial plant
LIB Lithium-ion battery
LNG Liquified natural gas
NGCC Natural gas combined cycle
P2G Power-to-Gas
P2H Power-to-Hydrogen
P2L Power-to-Liquid
P2M Power-to-Methane
PC Pulverized coal
PEMEL Polymer electrolyte membrane electrolysis
SOEL Solid-oxide electrolysis
TRL Technological readiness level
WWTP Wastewater treatment plant
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Abstract: The time-range of applicability of various energy-storage technologies are limited by
self-discharge and other inevitable losses. While batteries and hydrogen are useful for storage in a
time-span ranging from hours to several days or even weeks, for seasonal or multi-seasonal storage,
only some traditional and quite costly methods can be used (like pumped-storage plants, Compressed
Air Energy Storage or energy tower). In this paper, we aim to show that while the efficiency of
energy recovery of Power-to-Methane technology is lower than for several other methods, due to the
low self-discharge and negligible standby losses, it can be a suitable and cost-effective solution for
seasonal and multi-seasonal energy storage.
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1. Short and Long Time Energy Storage

The purpose of energy storage is to store unused electricity for later use. The use can
be done by recovering the available part of the stored electricity and using it. However,
due to legislative changes, when the intermediate product (e.g., hydrogen) of the storage
process is a fuel, it is also considered energy storage [1]. In the current article, we only
consider the variant where both input and output become electricity; the possibility of
using it as a fuel is only mentioned as an extra option where relevant.

Storage can be achieved in many different ways [2,3]; the simplest would perhaps
be to store the electricity as electricity without modification (in supercapacitors or super-
conducting rings), but these solutions are generally expensive and have relatively small
storage capacities.

Fortunately, there are other solutions with lower cost and/or larger storage capacity,
but these methods require the electricity to be converted into another form of energy and
then converted back. This back-and-forth conversion is costly and requires special equip-
ment or facilities. One of these methods is mechanical energy storage, where the stored
electricity is converted into either potential (e.g., pumped storage reservoirs) or kinetic
(e.g., flywheel reservoirs) energy, and then this potential or kinetic energy is converted
back into electricity using generators. Energy can also be stored chemically, using the
initial electricity to produce a fuel or to increase the energy content of an existing fuel.
Perhaps the best-known form of this group is the production of hydrogen by electrolysis
of water, where the hydrogen can be stored and then used to recover electricity later in
time, e.g., using fuel cells. For historical and technological reasons, electrochemical storage
is a separate category, where reversible electrochemical processes are used to store and
recover the energy; this is how rechargeable batteries work. We should also mention the
so-called heat accumulators; heat accumulation is not usually classified as energy storage
because usually neither the input nor the output “product” is electricity. Nowadays, this is
changing. Sometimes there is so much excess electricity production, it is worth using it
to produce heat and using it later (the input is then electricity). It is then possible—albeit
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with low efficiency—to produce electricity from the heat again later, e.g., by using the heat
for the input of an Organic Rankine cycle [4].

Energy storage is mainly needed to compensate for the difference between fluctuating
energy production (mostly caused by the changing weather condition) and fluctuating
demand. As shown by Hiesl et al. in EUROSTAT data [5], the percentage of renewable-
based electricity (excluding conventional hydropower) in the EU-28 has increased from 1%
to 20%. In relative terms, the largest increase over the period was for solar (PV) generation.
For these renewables (biomass, biogas, bio-liquid and other bio-derived waste, wind
(off- and on-shore type), tidal, geothermal) and for the conventional, i.e., river-based—
hydropower (not included in the survey), the weather dependence can be clearly observed.
This dependence can lead to large variations in production even in the short term for solar
and wind, but in other cases, a longer-term dependence can also be observed. For example,
in the case of biological materials, the production of raw materials (quantity as well as
quality) depends on the weather on a seasonal basis, while in the case of conventional
hydropower, production is also affected by the weather (rainfall, drought) over a period of
seven to ten months or seasonally. Surprisingly, even geothermal electricity generation is
weather-dependent. For example, in ORC-based power plants, which are often used on
these heat sources, the condenser temperature and the efficiency of the whole power plant
are affected by weather-dependent variations in air or surface water [6].

In relation to storage or balancing problems, due to weather dependency, we tend
to think of problems and solutions related to sub-hourly basis (e.g., clouds before the
sun), daily basis (solar panels do not produce at night) or weekly basis (the drop in
industrial consumption on Saturday-Sunday). For such storage tasks (both in terms of
duration and capacity), battery-based systems such as Li-ion can be used. However, these
types of storage are not suitable where seasonal (due to winter-summer production and
consumption differences) or possibly longer-term (several years) storage is required, i.e.,
the task is actual storage, not the regulation of current fluctuations. One reason is their self-
discharge, which causes the energy stored in them to decrease continuously and another
is the very high storage capacity requirements that occur when storing on a seasonal or
annual basis.

The discharge time (very often mislabeled as storage time, but storage can happen
both in loaded or unloaded conditions) is often used to indicate how long the currently
marketed types of a given storage method would be able to continuously supply the
connected consumer, such a diagram is shown in Figure 1.

Using this kind of diagram, one can decide that what would be the available storage
solutions to provide the average need for a given consumer (or group of consumers) for a
given length of time, under normal discharging conditions. For example, for a consumer
who needs 100 GWh electricity to cover its expected consumption for a month, pumped
hydro- or Power-to-Hydrogen methods would be viable solutions, being the (100 GWh;
1 month) point in the common part of the green and blue region.

For discharge time—storage capacity diagrams, the output power is usually not de-
fined. Although, it makes a difference whether a storage system has to supply a small
residential building or an entire industrial estate. It is usually assumed that the maximum
power or close to the maximum power of the already existing storage systems; the uncer-
tainty in this is well hidden by the double logarithmic nature of the diagram. As an example,
a commercially available 21 tons, container-sized sodium sulphur (NaS) battery unit has a
maximum storage capacity of 1.2 MWh. The maximal charge/discharge power is 200 kW,
but occasionally only half of this power is used [7]; thus, the discharge time is 6–12 h. So
this type would be a small “blob” with a not sharp boundary between 1–1.2 MWh and
6–12 h within the grey ellipse in a discharge time vs. storage capacity diagram (Figure 1).
From this figure, it is possible to determine how long a fully charged storage can supply
the consumer from the start of discharge, assuming a more or less constant (or, because of
the logarithmic scale, at least one order of magnitude) power output.
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Figure 1. Schematic discharge time vs. storage capacity diagram for various storage methods,
including batteries, pumped hydro, Power-to-Hydrogen and Power-to-Methane [5]. Long-term
storage solutions are located inside the dashed rectangle.

Another time-related descriptor used for energy storage is the lifetime of the equip-
ment itself. This is often given in terms of a maximum number of cycles (a cycle is a charge
and discharge), in which case the lifetime can be obtained by multiplying this number of
cycles by the average charge-discharge time. Another lifetime is the so-called shelf-life [8],
showing the deterioration of a storage device from brand new to unusable, holding it in
unused (and usually discharged or just partly charged) condition. The shelf-life is mainly
given for batteries; many people are interested in how long an unused battery can be
used, but less so in how long the dry bed of an unused pumped storage reservoir remains
impermeable.

In this article, we would like to introduce a novel time-dependent quantity, which is
not only time-dependent but also storage efficiency-dependent. This quantity shows that by
filling a given type of storage and then storing it for t time after filling (without deliberate
discharge, i.e., allowing only self-discharge), we get back a fraction of the energy stored
as a function of time. This quantity will be important for seasonal, annual or multiannual
storage, as it is not always the case that the photovoltaic energy, produced during a hot
summer, can be recovered after 3–4 months (i.e., within a season) of unused storage.

In this paper, it will be proved that among the large-capacity storage methods, if the
storage period exceeds half a year to one year, the so-called Power-to-Methane technology
(in which methane is produced from water and carbon dioxide using stored electricity and
then used to generate electricity at the time of storage) currently appears to be the most
promising, from energetic and probably an economic point of view.

2. The Actual Discharge State Function

In this section, we introduce a novel quantity to help us to describe the actual state
(the recoverable energy) for a given energy storage system. To understand the role of
this new quantity, we need to generalize the term “self-discharge”, which is mainly used
for supercapacitor or battery storage. In self-discharge, the amount of energy stored in a
storage device decreases even when it is unloaded; this usually happens in batteries due to
a particular chemical reaction. For most battery types, this is a few tenths of a percent per
day, but in some cases (such as in the case of a switched on redox liquid flow battery), it
can be as much as 10% per day.
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The generalization can be done in two different ways. First, in some cases, the so-
called standby energy losses, which characterize the consumption of auxiliary equipment
necessary for the operation of the storage, cannot be physically separated or should not be
separated from the self-discharge losses; see, for example, the case of a sodium-sulphur
battery. In this type, the dissipation heat of the self-discharge processes keeps the sodium
and sulphur electrodes liquid during the 6–12 h charge-discharge cycles. While in a case
where neither charge nor discharge occurs, this has to be done by an auxiliary heater,
causing a loss of about 3% per day. The two types of losses can be physically separated,
but since the effects of the two losses are the same, the separation does not make sense.

The second way to generalize the concept of self-discharge is the extension from
capacitors and batteries to other storage devices. It is easy to see that evaporation and
leakage losses in a pumped hydro storage, leakage of gas in a power-to-gas storage, leakage
of the liquid or the degradation of the usually complex molecular structure in a power-
to-liquid storage will cause losses similar to self-discharge of batteries, which are also
time-dependent. Such losses can occur even in weight storage, although in the short term
they may be due to a more random process (e.g., a few stones falling off a railway wagon
used as weight storage), but over extremely long storing times, they may be of a more
general nature (e.g., concrete elements of an abandoned weight tower start to crumble
and erode).

The loss accumulates over time and is therefore given in units of percentage or part
normalized to time (e.g., %/day), but this is only possible if the loss is stationary in time.
When the speed of loss is not constant, it would be more appropriate to use a self-discharge
function. If the strictly time-dependent self-discharge and other losses are summed, a
time-dependent total storage loss can be obtained. Subtracting this from the amount of
energy stored gives the energy that can be recovered from the storage. In this way, one can
obtain an already time-dependent storage efficiency:

Eini − (Esd(t) + Esb(t))
Eini

= ηs(t) (1)

where Esd(t) is the time-dependent self-discharge function, Esb(t) is the time-dependent
standby loss function, Eini is the time-independent stored energy (at t = 0), and ηs(t) is the
now time-dependent storage efficiency including all losses and the discharging efficiency;
this is what we call the Actual Discharge State Function or ADSF, which is a time-dependent
function, correctly marked as ADSF(t).

Now, the recovered energy (i.e., the amount recovered after full discharge) is

Eini ∗ ηs(t) = Eini ∗ ADSF(t) = Ed(t) (2)

where Ed(t) (subscript d stand for discharge) is also turns into a time-dependent quantity.
If the same amount of energy (for example, one “unit”) is stored in two different

types of storage devices, the ADSF(t) function gives the fraction of this energy that can
be recovered if the discharge is started only t time after fully charging them; the two
devices were unloaded during this t time, and the stored energy was reduced only by
the generalized self-discharges. By comparing the ADSF(t) functions of these two storage
facilities, it is easy to see which one will recover more energy later, starting the full discharge
at any given time. This is demonstrated in Figure 2.
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Figure 2. Using the time-dependent function ADSF(t), it can be decided which kind of energy storage
device is preferable when the discharging of the fully charged storage devices is started after an
unloaded period. Starting discharge before time t1, then storage A is better, starting discharge
between t1 and t2, storage B is preferable while starting the discharge after t2, storage A would again
recover more electricity.

Obviously, besides the ADSF(t) function, there are other quantities to be considered
by choosing the proper storage technology, such as:

- installation and operating costs
- environmental and social criteria (pollution, social acceptance, etc.)
- power density
- energy density, total energy storage capacity.

Only the latter two are considered here. When comparing the ADSF(t) function of two
or more storage facilities, it will be indicated separately if one of them require an extremely
large storage size to store the same amount of energy (energy density) or if it is not possible
to build a storage size larger than a certain size for physical, economic or other reasons
(e.g., the rarity of vanadium would make it difficult to build extra large vanadium redox
storage facilities).

The ADSF(t) function presented here is somewhat similar to the shelf-life, which
is a time-independent but time-dimensional value given by manufacturers for batteries,
referring to how long the storage device is functional when stored in an unloaded state.
This quantity should also be time-dependent since it is possible that after six months, for
example, the battery’s storage capacity is 80% of the original capacity, while after 12 months,
it is 60%. How long the storage device is considered to be usable also depends on the use;
in some circumstances, 80% is not worth it for the user (in that case, the shelf-life of less
than 6 months), in others cases, 60% is more than enough (in this case, shelf-life would be
more than 12 months). The secondary use of batteries of electric cars is a good example,
where after a while, they no longer fit for their original purpose but are still suitable for
other purposes. Therefore, the original time-independent shelf-life (tsl) can be generalized
to obtain a time and remaining storage efficiency-dependent new shelf-life, where the latter
“variable” could be a given limit value rather than a real variable. For example, the data
pair of (t60

sl = 1 year; t20
sl = 2 years) that a given storage device would still be able to work on

60% of its original storage capacity after 1 year, and only 20% after two years).
An important distinction is that while the shelf-life is a quantity related to the unloaded

storage facility (and this is also true for the time-dependent version), the ADSF(t) function
refers to the stored energy (also in unloaded state), which of course is also affected by
the storage facility. Therefore, one can say that it is something, like the shelf-life of the
stored energy.
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Concerning the ADSF(t) function, for a given storage method, it can consist of several
different time-dependent and time-independent parts. For example, in a pumped reservoir,
the “self-discharge” itself introduces such terms; the evaporation loss depends on the
external temperature and wind (this is time-dependent) and the current free surface area
of the reservoir (this may be constant, but in dam reservoirs, it usually decreases as the
volume in the reservoir decreases), while the seepage loss depends on the volume of water
in the reservoir (the head of the water column, i.e., the pressure). Such a complex function
is difficult to model, so for our comparison, we use a simplified (linear) ADSF(t) function.
In this case, the time-dependent storage efficiency (ηs(t)) defined in Equation (1) will have a
time-independent term (ηs) and a linear form of time-dependence. Therefore, the linearized
ADSF(t) function takes the following form:

ADSF(t) = ηb(1 − ηs ∗ t) (3)

where, just like before, ηb is the efficiency of the conversion of stored energy back into
electricity (i.e., the round-trip efficiency) and t is the time. In such a case, the curves in
Figure 2 would become linear, and there would be only one intersection for two storage
facilities, giving the time over which one reservoir is better for shorter storage and the other
for longer storage. In this form, it can be seen that if we start discharging immediately after
recharging (e.g., if we want to smooth PV output due to solar irradiance irregularities with
a Li-ion battery), the ADSF(t = 0) is equal to the efficiency of converting the stored energy
back to electricity, and then decreases linearly from there.

It can be seen that the actual ADSF(t) value for a given time can be increased in
two ways; either by increasing the efficiency of the conversion efficiency upon discharge
(e.g., in the Power-to-Methane case, by recovering the waste heat from the gas engine
performing the conversion back in an ORC [9,10]), or by slowing the decrease, by reducing
self-discharge (e.g., by better, more leakage-free storage of hydrogen in the case of Power-to-
Hydrogen) or by reducing standby losses, such as in liquid electrode batteries by reducing
heat loss through better insulation.

In the next section, some storage technologies are going to be presented by comparing
their simplified (linear) ADSF(t) function to select which methods perform better than
others for longer storage times. Then, based on the above two secondary criteria (energy
density, total energy storage capacity), we will show which is the time interval of our
interest (seasonal to multi-annual), the Power-to-Methane storage is likely to be the most
appropriate.

3. Comparison of Various Energy Storage Methods

In this paper, we compare a few of the more well-known battery types, two Power-
to-Gas storage types and one weight storage type. The traditional method for seasonal
storage, pumped storage, is not considered here. On the one hand, its installation requires
special natural conditions (i.e., it cannot be installed anywhere) [11], and on the other hand,
there are countries (like Hungary), where installation of such kind of devices are strongly
opposed for historical-political reasons [12].

Since the main objective is to place Power-to-Methane storage in the storage chain,
the other types are only briefly described.

3.1. Batteries

The ADSF(t) functions of the following battery types will be discussed in this section:

- Lead-acid battery
- Nickel-metal hydride battery
- Lithium-ion (LiNMC/LiFePO4) battery (new as well as second-life)
- Vanadium redox flow battery (in standby mode with flowing electrolyte and in offline

mode with disconnected storage tanks)
- Sodium-sulphur (NaS) battery
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We do not describe the first three types here in detail; all three types are well known,
frequently used, and their characteristics can be found in the literature [3]. The values
relevant for the estimation of the linearized ADSF(t) functions are given in Table 1.

Table 1. Constants of the simplified (linear) ADSF(t) function (Equation (3)). The values shown are
for the best commercially available models for the type; some manufacturers’ products may perform
better or worse than this. Limits for these values are shown in Supplementary Materials Table S1.

Method ηb ηs/Day Shelf-Life (Year)

Lead-acid battery 0.85 0.003 3–15

Nickel-metal hydride battery 0.80 0.005 5–10

Lithium-ion (LiNMC/LiFePO4) battery 0.95 0.001 2–3

“Second-life” Lithium-ion battery 0.6 0.005 3–6

VRFB (offline) 0.75 0.2 20–30

VRFB (standby) 0.75 0 20–30

Sodium-Sulphur battery 0.85 0.068 15–25

Power-to-Hydrogen (with high-pressure gas
storage) 0.75 0.01 >50

Power-to-Hydrogen (with cryogenic liquid
storage) 0.75 0.006 >50

Power-to-Methane 0.33–0.5 0.000023 >50

Gravity storage 0.9 0.000064 >1000

Concerning Li-ion battery; this type is mostly used when high energy- and power-
densities are needed; therefore bigger capacity Li-ion batteries are used mostly in trans-
portation. For utility-scale seasonal storage, they would be “too good”; therefore, for
this purpose, we are considering “second-life” batteries. These are batteries too much
deteriorated for their original use, but still applicable for other purposes [13].

In the vanadium redox flow battery (VRFB), the chemical reaction takes place in a
space, separated by a membrane (see Figure 3). Vanadium ions are present in the electrolyte
in concentrations of a few mol/L, and the electrochemical reactions happen between
different chemical valence states (V2+/V3+ or V5+/V4+). The two types of electrolyte are
stored in two separate tanks and can only come into contact with each other in the reaction
space separated by a membrane. In practice, this type of battery is a small chemical factory;
when the “intermediate products” are not required, the two types of electrolyte are stored
without degradation, leakage or evaporation (i.e., self-discharge) in tanks, of which there
may be more than one, and they may even be separated from the central, power-generating
unit (i.e., as if they were liquid fuels in separate tanks). In this case, the battery is in
a disconnected, offline state (the electrolyte is not circulated), with virtually zero self-
discharge (until the plastic tanks break down and the electrolyte drains away). However, if
it is flowing (i.e., it is in standby mode, ready for discharge), the daily self-discharge can be
as high as 20%. The efficiency of the recovery is between 75–80%, including standby losses
(e.g., pump operation in this case).

The sodium-sulphur (NaS) battery is a high-temperature, molten electrolyte battery;
while the two electrodes (sodium and sulphur) are in a liquid, i.e., molten, state, the
electrolyte is solid [7,14,15]. The internal temperature of the battery is at least 300 ◦C to
keep the electrodes in liquid state. The battery belongs to the so-called energy batteries.
Whereas, in power batteries (such as Li-ion batteries) the energy is delivered quickly (i.e.,
at high power), and for this type, the power is lower, but the total amount of energy stored
is high. They are commercially available in container size; those made by NGK Insulators
Ltd. of Japan can store 1.2 MWh and deliver this in six hours (or more) at a maximum
power of 200 kW. The high temperature is provided by the dissipation heat generated
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by the self-discharge during continuous charge-discharge cycles. The overall conversion
efficiency can in principle, reach 85%. In the unloaded state, one has to face a standby loss
due to the necessary heating provided from the stored energy is 3.4 kW, i.e., 81 kWh per
day, or 6.8% [16].

Figure 3. Schematic diagram of a Vanadium Redox Flow Battery with extendable and disconnectable electrolyte storage
tanks.

3.2. Power-to-Gas Type Storage Systems

In Power-to-Fuel storage [3], electricity is used to produce a new fuel or convert
an existing fuel to another with higher energy content. We are dealing with two sub-
types within the method, both of them belonging to the Power-to-Gas group (i.e., the
fuel produced is gaseous); one is hydrogen (Power-to-Hydrogen, P2H), and the other is
methane (Power-to-Methane, P2M). The two methods are very closely related; in both cases,
hydrogen is produced in the first step by hydrolysis using surplus electricity (to be stored).
In the P2H method, that hydrogen is later used to generate electricity or as a vehicle fuel
(but we are only looking at the electricity-storage-electricity type of methods). In pure form,
it can be stored as a high-pressure gas or cryogenic liquid until reuse; alternatively, it can
be stored in chemically bonded form (e.g., as ammonia) or mixed with natural gas [17,18].
In this method, the loss of hydrogen is responsible for the “self-discharge”; to estimate
this value, we are considering high-pressure gas storage and cryogenic liquid storage
separately.

In the P2M method, the hydrogen (produced by electrolysis using the surplus en-
ergy) and carbon dioxide (used from various sources) are used to produce methane by
chemical [19] or biochemical [20] means; after the storage, the methane is used to generate
electricity or as a vehicle fuel. In the present article, the biochemical version, which is less
energy-intensive and therefore more efficient, is considered. It also has the advantage of
being suitable for enriching methane-carbon dioxide mixtures (biogas, landfill gas) because,
due to the low temperature, it can preserve the methane already present in the input gas.
For conversion back to electricity, we are estimating a methane-to-electricity method of
about 60% efficiency (e.g., an improved gas turbine), which gives a total storage efficiency
of about 33%. It is also possible to convert the waste heat of electrolysis and methanization
(approximately 30% of the incoming energy are lost in these two steps, part of these losses
happens in the form of 60–70 ◦C waste heat) back into electricity by a low-temperature
ORC process [21] and fed back into the electrolyzer, reducing the amount of energy input
and thus increasing the storage efficiency with 1–2%. Also, it is possible to utilize the waste
heat produced upon the recovery of the electricity, using a second ORC equipment. In this
way, one might assume an upper limit for overall storage efficiency around 50%; we are
discussing the two cases (33% and 50%) separately. In both cases, the methane would be
stored in the natural gas network; the self-discharge, is thus, leakage from the network, the
value of which was estimated from other data [22,23]. The steps of the whole cycle can be
seen in Figure 4.
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η η

Figure 4. The steps of the Power-to-Methane-to-Power cycle; efficiencies and dissipative losses
are marked.

3.3. Comparison of the Various ADSF(t) Functions

Relevant quantities to estimate the linearized ADSF(t) functions for the storage tech-
nologies discussed here are listed in Table 1.

Based on these data, the ADSF(t) vs. time function (Figure 5) can be plotted, showing
what percentage of the initially stored electricity can be recovered (also as electricity) when
the fully charged storage is discharged after an unloaded condition of t time. Because
efficiencies can be different for various products within one type, thus, on Figure 5a,b, best
and worst scenarios are marked for methods, where the efficiencies are moving in a wide
range. Concerning these scenarios, we are considering only commercially available models.
In Figure 5c, the most realistic scenarios are compared, based on the averaged data of
Table 1. For hydrogen (P2H), the range shown is for small and large containers, where heat
loss (and therefore liquid-loss) depends on the size-dependent surface-to-volume ratio.

As shown in Figure 2, when two curves (or lines) intersect, it can be seen that for
storage shorter than the time corresponding to the intersection point, where one is the more
energetically advantageous solution for storages involving shorter times, while the other is
better for longer storage times. As shown in Figure 5c, certain types (gravitational storage,
offline vanadium redox flow battery) are very advantageous for long term energy storage;
their disadvantages related to other criteria will be discussed in the next section. Also, lead-
acid batteries and second-life Li-ion batteries (at least the better ones) seem to be a good
solution; half of the energy stored during the summer can be recovered after 2.5–5 months.
A storage system supplying a Hungarian municipality of 10,000 inhabitants (based on
energy demand of 4260 kWh/person/year) for three winter months is 10.65 GWh; it would
be difficult to build a storage system of this size with these types of storage (numbers would
be similar for most of the countries). For Li-ion batteries, the main limitation is the amount
of lithium needed. This problem is further escalated by the fact that, unlike many other
types, Li-ion batteries are also well-suited to transport applications, where they are in high
demand leaving less batteries for utility-scale storage. Additionally, the relatively short
lifetime of Li-ion batteries (<10 years, even with the second-life period) makes this type
hardly applicable for multi-annual storage. For lead batteries, the potential environmental
hazards would perhaps be the primary reason not to build such a storage facility.

Red dots indicate the time limits when P2M storage will be than these batteries. This
occurs after around 118 days for 33% recovery (P2M-33%) compared to Li-ion batteries and
after about 205 days compared to acid lead batteries; these values change to 76 and 138 days
for 50% recovery (P2M-50%). In other words, for seasonal energy storage, where storage
would mostly occur in July-August and use in December-February, i.e., 100–200 days later
(electricity would have to be stored in an unloaded state until then), P2M method is already
competitive with most other storage methods even at the 33% total storage efficiency that is
currently easily achievable; the two exceptions to the types discussed are the gravitational
storage and the offline vanadium redox flow battery. A comparison with these methods is
the subject of the next sub-section.
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The other types of storage considered (NaS battery, circulating VRFB battery and
hydrogen storage with both liquid and gas storage) are not suitable for seasonal, annual or
multi-annual storages.

 
(a) 

 
(b) 

 
(c) 

Figure 5. Comparison of simplified (linear) ADSF(t) functions of the relevant storage methods. (a): Comparison of
various battery types (marking the best and worst scenarios); (b): Similar diagram for the available Power-to-Gas methods;
(c): comparison of the methods using data of the best commercially available models. The intersection points indicate
which storage method is energetically better for storage times shorter than the corresponding duration or longer than the
corresponding no-load storage time. The four red dots indicate the times for which the Power-to-Methane method may be
energetically good for longer duration storage.

3.4. Comparison of High-Capacity Storage Solutions Applicable for Long-Time Storage

Based on the previous calculations, for seasonal to multi-annual storage, the Power-
to-Methane method has two competitors, the gravity storage and the offline VRFB, where
the liquid electrolyte tanks are separated from the central cell. Therefore, self-discharge is
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reduced practically to zero. The offline VRFB will not be competitive; vanadium is even
more difficult to obtain than lithium, so for the 10 GWh demand of the town mentioned
above, the production of 400,000 m3 of solution with a concentration of at least 1 mol/L
vanadium compound at a volume energy density of 25 Wh/L does not seem realistic.

A more serious challenge is the solid gravity storage, like mass- (or weight-) towers.
Gravity storage is similar in principle to pumped storage in that it stores energy in the
form of potential energy and can be recycled with high efficiency. Although there are some
types that can only be installed in certain locations (e.g., hillsides [24] or mines [25]), energy
tower-type versions [26] could be installed almost anywhere. In the energy tower, concrete
blocks are stacked using a special crane; in this way, the electricity turns to potential
energy. When discharged, the crane lowers these blocks to ground level, while a suitable
transmission system generates electricity with a built-in generator. Self-discharge is difficult
to understand in such storage, although in the long term, the falling or erosion of the stored
blocks may cause such a loss. Since no numerical data were available, we looked for a
long-standing tall structure built of heavy blocks and used it to investigate the reduction in
stored energy over a sufficiently long period of time; from this, we were able to estimate
the daily ηs value.

The studied “solid gravity storage” system is the Cheops pyramid; its original height
is estimated at 146.7 m, now 138.8 m. Its current mass is about six million tons, its volume
2.3 million cubic meters, and its age is about 4500 years. We approximated both the original
and the current version as a regular pyramid; the size of the bases was assumed to be
constant, and the loss was calculated from the loss of mass and height. Therefore, the
energy stored was about 634 MWh, and the current energy content was 567 MWh, a “self-
discharge” of 10.5% over the whole lifetime, which is 6.4 × 10−6 per day, or 0.00064%/day,
practically comparable to P2M methods, but the big advantage is the long lifetime in the
“no load” condition, which in this case exceeds 1000 years.

A serious physical disadvantage of this type (the financial side is not considered in this
article) is the large size due to the low energy density. With a medium-quality gas turbine, it
would require about 75 tons of methane (natural gas) to produce the energy stored in such
a gravity storage system. This is 0.00125% of the pyramid by mass, which is about 170 m3

in liquid storage (LNG), about 420 m3 in high-pressure storage (CNG, 200-250 bar) and
about 100,000 m3 at normal pressure. In other words, a Cheops pyramid-sized atmospheric
pressure reservoir would have a storage capacity as a P2M reservoir of about 23 times that
of a gravity reservoir, shifting this ratio even more at higher pressures; moreover, with P2M
method, a pyramid would not need to be dismantled and built seasonally.

Power-to-Methane technology appears to be the best technical solution for seasonal,
annual and multi-annual storage of large amounts of energy. It is important to note that this
is an economically and socially acceptable method, which also fits well with the existing
storage and electricity generation infrastructure [27–29].

Our aim was to show that there is a segment in the long-time (seasonal to multi-annual)
energy storage, where Power-to-Methane technology can outperform other methods. This
conclusion is valid only in the given storage-time range; for shorter or longer storage
periods, other methods are better choices than P2M.

One of the main objection against P2M method is its relative un-maturity, compared to
other storage technologies, like Li-ion batteries or even the other Power-to-Gas technology,
the Power-to-Hydrogen method. In some sense, it is undoubtedly true that these methods
are more established, but still, P2M technology is also notably an established method. In
relation to hydrogen-based storage, water electrolysis can be considered a more established
technology, but methanation—even the biochemical one—can also be considered a mature
technology. This can be proved by the growing number of industry-scale biomethanation
facilities, mentioning only a few of them, like MicrobEnergy—BioPower2Gas in Allendorf,
Germany; the Electrochaea—BioCat in Avedøre, Denmark or the Underground Sun Storage
in Pilsback, Austria.
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4. Conclusions

Most of the currently used energy storage methods, which can store large amounts of
energy, are used to compensate for the difference between fluctuating energy production
and fluctuating demand. Battery systems are suitable for this purpose up to a few days
period, even for larger quantities (e.g., a few MWh). However, for seasonal and even longer
(annual to multiannual) storage, these types are not suitable.

In this article, a novel function has been introduced, shoving properties similar to the
lifetime and efficiency. This Actual Discharge State Function (ADSF(t)) indicates the fraction
of the energy which can be recovered from the storage system after a given unloaded period
of time (t). This quantity is somewhat similar to the shelf-life quantity of batteries, but
it does not indicate how long the storage device can be used, rather how long the stored
energy can be used, with a certain recovery efficiency.

The following storage methods have been compared: lead-acid battery; nickel-metal
hydride battery, lithium-ion (LiNMC/LiFePO4) battery, vanadium redox flow battery
(standby and offline modes), sodium-sulphur battery, Power-to-Hydrogen method (with
hydrogen stored as pressurized gas or cryogenic liquid), Power-to-Methane method (with
33 and 50% recovery efficiency), and solid gravity storage systems (mass-towers). For sea-
sonal energy storage, the P2M method can return the stored energy with higher efficiency
than all other methods, except for VRFB with separated tanks (i.e., in offline mode) and
the mass-tower storage. In relation to other technical criteria (such as size or availability
of the necessary materials), P2M technology is superior to the other two methods and
can therefore play an important role for seasonal (electricity will be generated in Summer,
stored in the gas grid for a few months, then convert back to electricity in Winter) or longer
(e.g., a few years) storage periods. On this basis, the P2M method can be positioned as a
seasonal or multi-annual, high energy, relatively small (compact) energy storage system
that can be “discharged” very easily and with acceptable efficiency.

Choosing the best energy storage solution for a given problem is a multi-dimensional
optimization problem, where some of the functions to be considered are not even technical
ones, but rather financial or even sociological. The function defined here can be used as
one of the “technological” dimensions, but other dimensions have to be also considered;
some of them with smaller, but others with bigger weight.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14113265/s1, Table S1: Shelf-lifes and range of constants of the simplified (linear) ADSF(t)
function (Equation (3)), used in Figure 5a,b.
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Economics, Műegyetem rkp. 3, 1111 Budapest, Hungary
4 Centre for Energy Research, Department of Thermohydraulics, Konkoly Thege Str. 29-33,

1121 Budapest, Hungary
5 Corvinus Innovation Research Center, Corvinus University of Budapest, 1093 Budapest, Hungary;

gabor.porzse@uni-corvinus.hu
* Correspondence: imreattila@energia.bme.hu

Abstract: The power-to-methane technology is promising for long-term, high-capacity energy storage.
Currently, there are two different industrial-scale methanation methods: the chemical one (based on
the Sabatier reaction) and the biological one (using microorganisms for the conversion). The second
method can be used not only to methanize the mixture of pure hydrogen and carbon dioxide but
also to methanize the hydrogen and carbon dioxide content of low-quality gases, such as biogas or
deponia gas, enriching them to natural gas quality; therefore, the applicability of biomethanation
is very wide. In this paper, we present an overview of the existing and planned industrial-scale
biomethanation facilities in Europe, as well as review the facilities closed in recent years after
successful operation in the light of the scientific and socioeconomic context. To outline key directions
for further developments, this paper interconnects biomethanation projects with the competitiveness
of the energy sector in Europe for the first time in the literature. The results show that future projects
should have an integrative view of electrolysis and biomethanation, as well as hydrogen storage and
utilization with carbon capture and utilization (HSU&CCU) to increase sectoral competitiveness by
enhanced decarbonization.

Keywords: biomethanation; power-to-methane; competitiveness; hydrogen utilization; decarboniza-
tion; Hungary

1. Introduction

In line with the long-term strategy of the European Union to become climate-neutral,
the energy storage challenge [1] that is induced by volatile renewable electricity production
(e.g., with rapidly growing photovoltaic capacities) must be handled [2–4]. Power-to-gas
(P2G), and especially power-to-methane (P2M), technologies, however, are capable of
providing flexibility [5] and efficient seasonal energy storage [6] with the reuse of CO2 and
the utilization of the existing capacities of the natural gas grid [7]. Moreover, these tech-
nologies are not only present on a lab-scale or prototype level, but there are examples for
commercial-scale implementation, with chemical [8] and biological methanation [9] as well.
Widespread utilization of this technology, however, has not happened yet, despite the po-
tential of P2G technologies [10,11]. To accelerate the implementation of the P2M technology
on a commercial scale, further R&D&I activities and policy regulations are also needed [7].
Regarding the prior literature in the P2G field, the “research” and the “development” part
of the R&D&I are often supported by new technoeconomic research results [12–14]. More-
over, the “innovation” part is already discussed from in-depth management aspects [7,15],
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and there are also analyses from policy perspectives [6,16]. Nevertheless, there is a lack
of a high-level approach which can integrate these aspects for socioeconomic progress.
Consequently, this study focuses on P2M facilities with novel biological methanation
technology [17] and their potential connection to sectoral competitiveness in Europe.

Compared to previous project reviews [17–20], which have already collected P2M
projects including chemical and biological methanation (and other P2X projects, as well),
this study has a different approach with the following adjustments:

1. Narrowing the technological scope for biological methanation to generate a specific
analysis;

2. Following a novel abductive methodological approach in this area with (1) using
quantitative and qualitative data, (2) starting the analysis through the lens of a
technology developer company, and (3) iteration with former theories and results to
identify trends and gaps which can define the scope of future facilities;

3. Considering specific contributions of future projects to sectoral competitiveness
in Europe.

This competitiveness-oriented approach is unique in the P2G literature. Even though
Brunner et al. [21] analyzed the relationships of competitiveness and P2G, it had a dif-
ferent scope: they aimed to compare the competitiveness of different P2G operational
concepts. Moreover, research usually focuses on the competitiveness of P2G technologies
(e.g., compared to other energy storage technologies) [22,23] but rarely on the competitiveness-
increasing opportunities by P2G (or P2M in this study). The importance of this topic,
however, derives from the practical need and the context as well—similar to the competi-
tiveness studies in general. For example, Fagerberg [24] argues that the “competitiveness”
term also does not originate from theoretical researchers but professionals working around
decision makers. The relevance of this topic has similar roots: the European Green Deal
mentions several times the importance of supporting the economic competitiveness of the
EU [25]. The document also declares that “new technologies, sustainable solutions and
disruptive innovation are critical to achieve the objectives of the European Green Deal”
(p. 18, [25]). As recent research focusing on biomethanation technology concluded that
P2M can be disruptive in the future [15], the research question of this study is the following:

How can future P2M, and especially biomethanation facility development projects,
increase sectoral competitiveness in Europe?

Figure 1 summarizes (1) why the research is relevant, (2) what is in the focus of the
research, and (3) how the research was conducted.

Figure 1. Relevance and scope of the research.
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In sum, the study has a more future-oriented approach rather than a retrospective one,
and this future orientation requires specificity regarding:

1. the technology (biomethanation);
2. the goal (supporting sectoral competitiveness by this technology);
3. the method (starting the investigation from the aspect of a concrete market player

who may contribute to these goals).

Based on the abductive approach of this research with qualitative elements, hypothe-
ses cannot be made, but underlying presumptions as propositional knowledge emerging
from prior research [26] can be explicated that will be extended, modified, or developed
further by empirical data gathering, analysis, and theory generation. Regarding the funda-
mental characteristics of the focal technology listed in the first paragraph, the underlying
presumption for the research question is that future biomethanation facility development
projects would increase sectoral competitiveness in Europe by providing flexibility, sea-
sonal energy storage, and reuse CO2 for synthetic natural gas production, thus integrating
renewable energy sources and contributing to decarbonization efforts.

The study is structured as follows. First, the technical background of biological
methanation, the research framework, and the applied data gathering and analysis methods
are presented. In the Results section, biomethanation facilities are presented and key topics
for future projects are revealed. After that, these topics are discussed in-depth according to
former literature and research results. Finally, conclusions, limitations, and further research
directions are outlined.

2. Materials and Methods

2.1. Technical Background

The study focuses on the methanation segment of P2G. In this case, the mixture of H2
(from water electrolysis by renewable electricity) and CO2 (e.g., from biogas, landfill gas or
flue gas) can be converted to methane [27]: CO2 + 4H2→CH4 + 2H2O.

There are four different solutions for methanation, two of them are already in use at
the commercial scale: chemical and biological methanation. These solutions have different
operational characteristics that are thoroughly analyzed in the literature (see, e.g., [19]
or [28]). One of the main differences is that while chemical (catalytic) methanation needs
high pressure and temperature to reach high CO2 conversion, which can be 50–60% and
80–90% or higher in proper conditions, biological methanation needs lower pressure and
temperature (ca. 60–70 ◦C) than catalytic methanation; moreover, the CO2 conversion
is often higher than 95% [17,29–32]. Furthermore, in the case of biological methanation,
microorganisms catalyze the reaction in a multiphase system because the gaseous H2 and
CO2 are dissolved in the liquid phase, in which the Archaea absorb them and produce
CH4 [33]. In contrast, chemical methanation needs other types of catalysts, e.g., ruthe-
nium [34] or nickel-based catalysts, that are characterized by high performance and low
cost [35]. The catalysts determine different opportunities and limitations as well. For
example, fluctuations and impurities are less harmful in case of the biological process
with the robust methanogens, thus it can provide simpler applicability in contexts where
contaminants (e.g., hydrogen sulfide) must be considered; nevertheless, its main limitation
is the gas-to-liquid mass transfer at a relatively low temperature [19].

The “biomethanation” and “biological methanation” terms are often used in case
of biogas upgrading, as well, when additional hydrogen injection happens. In this case,
hydrogenotrophic methanogens function as a catalyst in a mixed culture, and there is
no need for a separate bioreactor and clear culture [36,37]. A novel method for the P2M
process is the bioelectrochemical system for electromethanogenesis (EMG-BES). It uses
electro-active microorganisms, and the reaction happens only at 25 to 35 ◦C [38].

In the case of the focal biomethanation technology, microorganisms can convert ca.
97–98% of the CO2 into methane during the methanation phase in a separate culture,
which is promising regarding the decarbonization efforts. The total efficiency of such
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a biomethanation plant (together with the electrolysis step) can be in the range of 55 to
60% [6].

2.2. Research Framework

While competitiveness is defined from several aspects in the literature [39], an inno-
vation approach must be considered in this study. In this sense, sectoral competitiveness
can mean such capabilities which are (partly) created by innovation and which are re-
quired for sustained economic growth in an (international) competitive environment [40].
As innovation can be interpreted as a process during which an opportunity becomes a
useful solution in practice [41] and can be a positive-sum game because of the complemen-
tarities among contributors [42], a network approach can be also important to increase
sectoral competitiveness.

Accordingly, as the literature highlights the importance of the know-how transfer
among companies, universities, and state administration [40,43], this research not only
focuses on biomethanation projects but the main areas on which future work is necessary
to contribute to sectoral competitiveness. For this purpose, the projects are interpreted
from the aspect of recent scientific research results and EU strategies and policies. Figure 2
illustrates the research framework.

Figure 2. Research framework (Orange: Focus of the research; Green: Context of the research).

2.3. Research Methodology, Data Collection, and Analysis

An abductive approach was followed to answer the research question, which involved
iteration between empirical data and theory. It means that empirical data can be analyzed
to reveal regularities or phenomena, and then they can be compared to previous research
results and theories to explain the revealed phenomena and develop new theories. This
abductive approach and the iteration is emphatic in several research methods, such as
grounded theory [44], extended case study [45], or more broadly, the abductive theory of
method (ATOM) [46]. This research integrates elements from all of these methodological
roots. As “ATOM itself as a grounded theory method that explicitly accommodates both
quantitative and qualitative outlooks on research” (p. 106, [46]), this research involves both
quantitative text analysis and their qualitative interpretation from the aspect of a disruptive
technology developer company (an empirical case as a starting point).

The research is partly built on the digital R&D and open innovation platform of Power-
to-Gas Hungary Kft., a Hungarian startup that developed an innovative biomethanation
P2G prototype in cooperation with Electrochaea GmbH. The startup company consciously
manages digital know-how flows within the organization and the inter-organizational
network and continuously monitors the international P2G market and research results.
On this platform, the company develops different kinds of knowledge elements with the
involvement of employees, external professionals, stakeholders, and academic researchers.
These knowledge elements include project descriptions, innovational and technological
know-hows and analyses, e-learning materials, innovation problems, and ideas to solve
them (idea generation). This platform, however, only represents the industrial “lens”
for the study because research papers (indicating the scientific context) and EU policies
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and strategies (indicating the socioeconomic context) were also collected by the authors,
while also considering the suggestions of the stakeholders of the company (interviewees,
see below).

Table 1 presents the structure of data collection.

1. Focus: Relevant project descriptions were selected from the digital platform which
meant direct benchmarking for the company for future project planning. These were
collected based on the market monitoring activity by employees or suggestions by
external professionals and other industry stakeholders. The selection criterion was
that only European projects were within our scope.

2. Context:

a. Scientific research can also affect the planning and implementation of future
P2M projects with biological methanation [7]. The authors collected recent
research papers and created a long list of potentially relevant publications from
the aspect of the company and future biomethanation facility development
(n > 250). The goal was to provide a broad horizon of opportunities (including
power-to-methane (P2M), power-to-hydrogen (P2H), power-to-liquid (P2L),
power-to-X (P2X), and carbon capture (CC)) and to avoid unintentionally nar-
rowing the relevant themes, which could have limited the reliability of the
research in an abductive sense. After that, the P2H-, P2L-, P2X, and CC-oriented
contents were filtered out collaboratively with the interviewees. Facing the lim-
ited number of literature analyses focusing only on biological methanation, and
as the term “biological methanation” is often used for novel biogas upgrading
processes with H2 injection and mixed culture, the potential contribution of
biological P2M could be identified more reliably if less restrictions were applied
and the whole P2M literature is considered (n = 63; see Appendix A).

b. In line with the competitiveness approach of the study, the analysis of the
project descriptions was compared to EU strategies for carbon-neutrality and
their relations to competitiveness.

Table 1. Data collection for text analysis.

Data
Level of
Analysis

Connection to
the Research
Framework

Relevance
Source/Suggested
by

In Scope and Their Volume
Out of Scope
(Examples)

Project
descriptions Micro Focus

Review of
industrial
advancements

Employees,
external
professionals, and
other industry
stakeholders

Biomethanation
projects in Europe
(see the Results
section)

21

Chemical
methanation
projects and/or
out of Europe

Research
papers,
scientific
publications

Meso
Context

Review of
research
directions and
results

Employees and
external academic
researchers

P2M (see
Appendix A) 63 P2H, P2L, P2X

Relevant
policies and
strategies

Macro

Outlining
directions for
technological
innovations

EU websites

EU documents
related to
climate-neutrality
policies and
strategies and
competitiveness: A
Clean Planet for
All: The European
Green Deal [47–50]

4

Not EU or
focusing on only
economic
competitiveness
in general

The research involved quantitative text analysis with the JMP software, which is
useful for text mining purposes [51]. After cleaning the data, recoding words and phrases
(e.g., plurals, or “ptg” and “p2g” to “power to gas”), word clouds and trend analyses
were generated, i.e., exploring the change of the most common terms according to dif-
ferent variables (time horizons, data sources (project descriptions scientific research or
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policies), and electrolyzer capacity in case of project descriptions). Moreover, trend analyses
were combined with hierarchical clustering to reveal possible important underlying struc-
tures [52]. These quantitative analyses, additional qualitative interviews with company
employees and stakeholders for interpreting raw data, and iterations with former literature
indicated “key topics” for further elaboration. These key topics were iterated by more
research results to generate an in-depth understanding and R&D&I directions for future
biomethanation projects.

The relevance of these methodological choices is to look at the biomethanation projects
not only through the lens of academia, but as a technology developer company as well.
Power-to-Gas Hungary Kft. is known for its long-term mission to implement a 10 MWel
P2M plant. It would be the largest P2M plant with biological methanation, and the
second largest regarding chemical methanation as well [18]; consequently, the potential
contribution to sectoral competitiveness is high in its case.

To improve the validity, reliability, and generalizability of the research, the following
steps were undertaken:

1. Creating balance in authorship regarding research perspectives and background
(energy research, applied research and development, technical aspects, economic and
management aspects);

2. Building on the quantitative text analysis of more than 80 texts (more than 6000 total
terms). The data sources had similar volumes regarding the number of terms (project
descriptions: 2501; research abstracts: 2258; EU documents: 2341);

3. Triangulation—Involvement of professionals through interviews to support the inter-
pretation of raw data and results;

4. Iteration between the literature and empirical data allowed us to develop conclusions
that are valid in a specific context [44].

3. Results

3.1. Biomethanation Projects and Industrial-Scale Facilities in Europe

Regarding list of the European P2M projects with biological methanation, while most
of the projects were listed in recent reviews of Thema et al. [19] and Bargiacchi [18], there
are three projects that were not listed previously.

1. In contrast to the well-known biogas-based biomethanation projects, the BIOCO2NVERT
project aims to implement a biocatalytic P2M facility at one of the largest bioethanol
plants of Europe. According to the description of the Innovation Land Lab, installation
and commissioning are the next steps of the project [53]. The project started in 2018,
and the cooperation partners are Klärgastechnik Deutschland GmbH, MicrobEnergy
GmbH, PRG Precision Stirrer Gesellschaft GmbH, and Südzucker AG [54].

2. The HYCAUNAIS project takes place in Saint-Florentin, France, and involves syn-
thetic methane production with CO2 from landfill gas through the development of
biological methanation. The project started in 2018 and is being realized by five
private and three public partners [55,56].

3. The CarbonATE project in Austria and Switzerland focuses on the optimization of
microbiological methanation by the development of enzymatic CO2 capture process
to prevent the microorganisms from harmful contaminants (e.g., N2, O2) of potential
input gases (industrial exhaust gases) [57,58].

Table 2 shows these projects with the other projects which are monitored by the
company based on accessible information about their capacity or status. Besides these
21 projects, Thema et al. [19] listed other biomethanation (mainly research) projects without
sufficient (accessible) information:

1. “Biological biogas upgrading in a trickle-bed reactor” (Tulln/Donau, Austria, 2013);
2. “Biocatalytic methanation” (Cottbus, Germany, 2013);
3. “Forschungsanlage am Technikum des PFI” (Pirmasens, Germany, 2013);
4. “BioPower2Gas-Erweiterung” (Allendorf (Eder), Germany, 2016);

80



Energies 2021, 14, 5591

5. “Biologische Methanisierung in Rieselbettreaktoren” (Garching, Germany, 2016);
6. “Einsatz der biologischen Methanisierung [ . . . ]” (Hohenheim, Germany, 2016);
7. “Biocatalytic methanation of hydrogen and carbon dioxide in a fixed bed bioreactor”

(Helsinki, Finland, 2016).

Regarding future industrial-scale developments, it can be argued that the capacity
of larger biomethanation facilities must reach at least 1 MWel to satisfy the demand for
electrolysis and also for methanation, which can exceed even 1000 GWel globally [59], and
even over 500 GWel for P2M in very positive scenarios [60]. Based on publicly accessible
data, six projects reached or are planned to reach the 1 MWel capacity: Energiepark
Pirmasens-Winzeln, BioCat Project, Dietikon Microbenergy, INFINITY 1, Power-to-Gas
Hungary plant, and HYCAUNAIS. The first five received a detailed description recently
by Bargiacchi [18], while the HYCAUNAIS project was introduced above.

Table 2. European biomethanation projects with sufficient accessible information about capacity or status, based on [18,19]
and own research.

Projects Country City
Start of the

Project

Electrolyzer
Capacity
(MWel)

Status
Source of Status

Information

PtG-Emden Germany Emden 2012 0.312 Closed [18]
PtG am Eucolino Germany Schwandorf 2013 0.108 In operation [61]

P2G-Foulum Project Denmark Foulum 2013 0.025 Closed [62,63]
SYMBIO Denmark Lyngby 2014 - Closed [64]
W2P2G Netherlands Wijster 2014 0.400 In operation [65]

BioPower2Gas Germany Allendorf 2015 0.300 Closed [66,67]
GICON-Großtechnikum Germany Cottbus 2015 - In operation [68,69]

Energiepark Pirmasens-Winzeln Germany Pirmasens 2015 1.800 In operation [70]
Mikrobielle Methanisierung Germany Schwandorf 2015 0.275 - [71,72]

Biogasbooster Germany Straubing 2015 - In operation [73,74]

BioCat Project Denmark Kopenhagen/
Avedore 2016 1.000 Closed [75,76]

Power to Mobility (MicroPyros
GmbH) Germany Weilheim-

Schongau 2017 0.250 Under
development [77]

STORE&GO Switzerland Solothurn/
Zuchwil 2018 0.350 Closed [78]

ORBIT 1st site Germany Regensburg 2018 - Closed [79]

BIOCO2NVERT Germany Dörentrup 2018 - Under
development [53]

HYCAUNAIS France Saint-Florentin 2018 1.000 Under
development [55,56,80]

Dietikon Microbenergy Switzerland Dietikon 2019 2.500 Under
development [81]

ORBIT 2nd site Germany Ibbenbüren 2020 0.001 In operation [82]

INFINITY 1 Germany Pfaffenhofen a.
d. Ilm 2020 1.000 Under

development [83]

CarbonATE Austria and
Switzerland Winterthur 2020 - In operation [57]

Power-to-Gas Hungary plant Hungary - - 10.000 In planning [84]

3.2. Key Topics of Future Implementation

In the following section, key topics are identified based on the quantitative text
analysis, interviews, and the literature, for which overarching R&D&I directions will be
suggested in the Discussion section.

3.2.1. Key Topic 1: The Role of Biomethanation in the Hydrogen Economy

Based on the short summaries of the listed projects (ca. 1–3 pages, 2501 total terms,
14,573 total tokens), the most common word is “hydrogen”. Similar influential words are
“carbon dioxide” and “methane” (see Figure 3). This result refers to the importance of
input factors in the biomethanation sector, and even though it is not particularly surprising,
the relative dominance of hydrogen against the other key terms (e.g., methane, storage,
biogas, natural gas) is conspicuous. Regarding the trend and advancements towards the
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hydrogen economy [85], the hydrogen orientation can be justified, but it can also be asked,
for example, what could the role of biomethanation (biomethane or SNG production) be in
the hydrogen economy? This might require further analysis later, based on other research
results and EU policies.

Figure 3. Word cloud from biomethanation project descriptions.

In addition to taking a static “snapshot” of the content of the biomethanation project
descriptions (Key topic 1), quantitative characteristics of the projects provide opportunities
for deeper insights. The next section (Key topic 2) considers the size of the facility (indicated
by the capacity of the electrolyzer), while after that, Key topic 3 analyzes trends according
to the start of the project (year).

3.2.2. Key Topic 2: Opening New Ways besides Biogas Plants to Store More Renewable
Electricity/Hydrogen

The terms that appeared at least 15 times in the project descriptions were analyzed
according to the size of the biomethanation facility. It can show how the focus of the R&D&I
activities changes (or does not change) with the deployment of larger facilities. Considering
the lessons of the interpreting interviews as well, Figure 4 suggests the following:

(a) at the small scale, the focus is on the “efficiency” of the “process”, the “reactor”
structure, the microorganisms (“archaea”), and the “biogas” input from “biogas
plants”, which contains “carbon dioxide” to “convert” it into “methane”.

(b) at the large scale, the emphasis is on the “volume” of “wind” or other “renewable
energy” and the “production” of “methane”, which can be “fed” into the “natu-
ral gas” for “energy” “storage” purposes. (Words in quotation marks refer to the
empirical data.)

The importance of the results shown by Figure 4 is that they interconnect the past
and the future of biomethanation technology development from a purely technical aspect
(without considering the time horizon, which is presented in the next section). Less
abstractly, different issues are important at the small and large scales, and the gaps between
these issues might generate new areas for research. Regarding the listed (a) and (b) points
above, a step is missing between the efficient process in kW-scale with CO2 from biogas
and the purpose of storing high volumes of renewable electricity in the form of SNG in
MW-scale. This missing step seems to be the sourcing of CO2 in large volumes to develop
multi-MW biomethanation plants. Accordingly, it is worth analyzing that if biogas plants
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cannot provide enough carbon dioxide for large-scale P2M plants [15], which could convert
the vast volume of renewable electricity produced by wind or solar parks, what solutions
can help to increase the capacity of biomethanation facilities to multi-MWel level, which
are needed in the future [59].

Figure 4. Appearance of the most common terms according to the size of the planned/implemented biomethanation
facility. For example, the term “storage” appeared in project descriptions of biomethanation plants, which were 1.3 MWel

on average.

3.2.3. Key Topic 3: From Technology Development towards Achieving “Future” Benefits

The most common terms of the project descriptions may change according to the start
year of the projects, not only their capacity. Accordingly, Figure 5 shows constellation plots
of a hierarchical cluster analysis which might reveal some underlying structures (e.g., main
terms of past and present; based on the 75 most common terms). Based on the collaborative
interpretation with the interviewees, Figure 5 shows the following:

1. From 2013 to 2016/2017, the emphasis was on “research” and “pilot” implementation;
moreover, the fundamental characteristics of the process (e.g., using “excess” “solar”
energy, “conversion” into “gas”, connection to the “grid”, and/or “biogas plants”).

2. From 2016/2017 to 2020/2021, broader themes appeared, such as the “future” “poten-
tial” of the “technology” realized by a “company”, utilizing “renewable energy” and
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“electricity”, and producing “green methane”, “biomethane”, or other “fuels” that fit
the “infrastructure” to fight “climate” change.

Figure 5. Constellation plots showing clusters of terms according to the project starts.
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3.2.4. Key Topic 4: Future Project Planning in Line with Scientific Advancements and
Policy Objectives

Based on the abstracts of the selected publications, a slightly different scheme can be
seen on the word cloud than in the case of the biomethanation project descriptions. For
example, while hydrogen and carbon dioxide are apparently important, carbon dioxide
appears more often in case research papers, while hydrogen utilization appears more
often in case of the project descriptions. Scientific research, however, deals more with the
operative questions of the “system”, the “process”, or the “reactor”, while biomethanation
project descriptions write about “using” the “technology” for “energy storage” and the
“production” of methane.

Figure 6 shows the comparison of the most common terms of research papers, project
descriptions, and EU policies. In line with the mentioned trends, carbon dioxide (N = 116),
hydrogen (101), methane (92), system (79), and power-to-gas (77) were the most dominant
in a quantitative sense, in case of the abstracts of research papers. Project descriptions were
also focused on these three terms, but with others: hydrogen (104), methane (90), carbon
dioxide (80), use (80), energy (77), and gas (77).

Figure 6. Comparing the word clouds of biomethanation project descriptions, P2M publications, and relevant EU policies.

In contrast to that, regarding the EU policies and strategies, the most common terms
are energy (157), greenhouse gas emissions (88), economy (87), reduce (69), sectors (68),
and sustainable (68). Accordingly, the main objective is to “reduce” the “greenhouse gas
emissions” (GHG) through a “sustainable” “transition” with more “renewable energies”.
The “economy” and increasing “competitiveness” in a “global” “environment”, however,
is also important while fighting “climate change”. For example, the document called “A
Clean Planet for All” by the European Commission refers to competitiveness already in its
subtitle: “A European strategic long-term vision for a prosperous, modern, competitive and
climate neutral economy” [47]. The European Green Deal “aims to transform the EU into a
fair and prosperous society, with a modern, resource-efficient and competitive economy”
(p. 2, [48]).
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These results suggest that scientific research, industrial project development, and
policies have common points, e.g., the GHG-reduction induces the scientific research
on carbon capture and utilization (CCU) solutions and their industrial application at
biomethanation facilities. These high-level interconnections, however, should be analyzed
in-depth to identify how sectoral competitiveness can be supported in practice by new
biomethanation facility development projects.

4. Discussion

In the following, possible R&D&I directions will be presented for the identified
key topics. These directions are based on the European context on the one hand, and
the mentioned EU documents and the extensive studies of the European STORE&GO
project [86] were analyzed. This project included three P2G demonstration plants, and its
studies are heavily based on empirical data, as well.

On the other hand, the Hungarian context was also considered. It was important
because the whole research followed an abductive approach in which the aspect of the
Hungarian technology developer company is central. In addition, the capacity of the
gas-grid of Hungary—compared to most other European countries—is quite high, which
is an important factor to choose P2M-based long-term energy storage. Consequently,
its national environment must be taken into account to contextualize findings. Since
the National Energy Strategy 2030 of Hungary states that the implementation of the
strategy contributes to the improvement of Hungary’s competitiveness (p. 13, [87]) and
identifies the direct value-creating potential of power-to-gas in energy storage (p. 39), the
contribution for competitiveness by P2M seems clear by deductive reasoning. Based on the
abductive methodology, however, it must be supported by more empirical evidence and
prior research results.

In the following, overarching directions are presented along with the key topics
for future biomethanation facilities, which can directly or indirectly increase sectoral
competitiveness.

4.1. Key Topic 1: The Role of Biomethanation in the Hydrogen Economy—An Integrative View of
Electrolysis and Biomethanation for Carbon-Neutral Energy Production, Flexibility Services, and
Hydrogen Storage and Utilization

Hydrogen is explicitly considered as a “priority area” (p. 8, [48]) in the EU. The more
hydrogen is produced in the hydrogen economy, the higher the need will be to store or
utilize it efficiently, especially because there are safety limits to the injection hydrogen
into the natural gas grid [88,89]. Biomethanation can function as a chemical method for
hydrogen storing and/or utilization “tool” in the form of methane (SNG) in high amounts
and for a long term, or it can be a middle step towards utilization in other forms (e.g., LNG).
This is also in line with EU strategies, for example: “Sustainable renewable heating will
continue to play a major role and gas, including liquefied natural gas, mixed with hydrogen,
or e-methane produced from renewable electricity and biogas mixtures could all play a key
role in existing buildings as well as in many industrial applications” (p. 8, [47]). Biometha-
nation can be also dynamically coupled with electrolyzers because microorganisms are
capable to produce methane in seconds [6] (unlike chemical methanation)—this means
additional flexibility beyond the electrolysis for the coupled electricity and gas sector.

In the European context, flexibility by electrolysis and biomethanation can have a
beneficial effect on the operation of the network. The presence of 7.2 GWel P2M could
significantly reduce the peak (~45%) and duration (>95%) of the imbalance. Due to P2M
installation, reverse energy flow could be reduced by 67% or even 100% [90]. Furthermore,
the prevalence of green methane is also expected. By 2030, according to scenarios that can
be considered optimistic in this regard, the 4% share could increase to 12% [91]. With P2M
technology, the ratio of imported gas and total gas consumption could be reduced by up to
30–40% by 2050 [92]

In the Hungarian context, carbon-neutral methane production can also reduce natural
gas imports, which is relevant because ca. 80% of the natural gas demand is covered by
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imports (p. 14). Encouraging the use of biogas, biomethane and non-natural-gas-based
hydrogen (p. 12) also include the production of these energy sources. Hydrogen and
methane can be used to produce biofuels or “green” fuels, which can be the part of the
green transportation program (p. 13, [87]).

4.2. Key Topic 2: Opening New Ways besides Biogas Plants to Store More Renewable
Electricity/Hydrogen—Enhanced Decarbonization by the Co-Specialization with Carbon
Capture Technologies

Decarbonization is one of the main objectives in the EU, as “further decarbonising the
energy system is critical to reach climate objectives in 2030 and 2050” (p. 6, [48]). In this area,
an important challenge emerges in case of biomethanation because methanation requires
efficiently useable CO2 sources, which are reachable at biogas or bioethanol plants, but these
plants sometimes do not have a close connection to the natural gas grid for energy storage,
nor enough CO2 for multi-MWel P2M plants [6]. Moreover, carbon capture solutions for
flue gas are considered expensive and immature in commercial-scale yet [15], despite
the numerous research on different CC solutions (e.g., post-combustion [93] or oxyfuel-
combustion [94]). A promising direction can be, however, the joint R&D on carbon capture
technologies and biomethanation, similar to the research of Bailera et al. [95,96]. In addition
to the co-specialization of resources, technologies can lead to competitive advantages in
general in a competitive environment [97], and the context is also supporting this purpose.
For example, by implementing P2M systems, pollutant emissions can be reduced, thus
their environmental impact is positive and most of the positives can be detected in the
field of climate change [98]. Synthetic methane offers outstanding greenhouse gas savings
when biogenic carbon dioxide sources have been used in the methanation process or when
hydrogen is generated by electrolysis by renewable energy [99], but it can be further be
enhanced with efficient carbon capture solutions for flue gas.

Strictly speaking, P2M is not carbon-neutral because, during the use of biomethane,
the previously “captured” CO2 will be emitted again. However, one should realize, for
example, that by using the flue gas of an energy-producing gas turbine for methanization
and by reusing the new biomethane again in the same gas turbine, one carbon atom will be
used twice (or thrice or even more) before emitting it as CO2.

In the Hungarian context, by 2030, 90% of domestic electricity production is planned
to be CO2 emission-free (p. 42). Installation alongside GHG-intensive industrial activities
and the use of industrial carbon dioxide are also promising in the methanation step, to
increase the competitiveness of GHG-intensive industrial activities (p. 50). The production
and purification of biogas can also contribute to the achievement of decarbonization goals
(p. 20, [87]), and it is particularly true if carbon dioxide can be converted into methane.

4.3. Key Topic 3: From Technology Development towards Achieving “Future” Benefits—Finding
Ways for Realizing and Communicating Business, Societal and Residential Value Creation

Research results suggest that even though there is still a need for research on biological
methanation to increase its TRL [100], it is already worthwhile to analyze how future
biomethanation can achieve future socioeconomic benefits. Realizing benefits is possible by
scaling up the technology, but it requires capital investments, the returns of which might
not meet the expectations of market players in the present [6,7]. Consequently, supporting
regulations and profitable business models must be developed to “attract support from
“patient” capital (i.e., long-term venture capital)” (p. 24, [47]), but significant public funding
could be also necessary to scale up the technology. Public funding, however, can be justified
if broad social and residential benefits are also explicit. Research results of the STORE&GO
project show, for example, that a potential supply shock in the energy market will have
less of an impact on social welfare if P2M technology is used [98]. Moreover, solar parks
and P2M infrastructure increase the acceptance of the energy system by local energy
communities [101].

In Hungary, rapidly growing photovoltaic capacities to 6000 MW by 2030 is a priority
(p. 14), which can be technically supported by the integration function of P2M technology.
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Converting surplus electricity to methane and its storage, however, can be important from
broader socioeconomic aspects as well, because it can contribute to the affordable and
steady energy supply (p. 10, [87]).

4.4. Key Topic 4: Future Project Planning in Line with Scientific Advancements and Policy
Objectives—Building and Supporting Innovation Ecosystems for Efficient Know-How Transfer

Most of the biomethanation projects are realized in consortia of heterogeneous stake-
holders, such as universities, startups, and large energy companies, while funding is often
provided by the state administration [17,18]. As such, an inter-organizational network can
have heterogeneous stakeholders, and an R&D&I ecosystem might be needed to bring
and hold them together. An innovation ecosystem is a dynamic and adaptive system,
the participants of which have different roles, motivations, and capabilities, but they all
contribute to the success of an innovation process [102]. It means that an innovation
ecosystem can involve not only companies from a certain sector but also from support-
ing sectors and regulators, since government policies also affect competitiveness [103].
Accordingly, the literature deals with the state support of R&D&I ecosystems as well.
For example, government interventions that focus resources for grand challenges such as
climate change facilitate the formation of networks beyond sectors and encourage scientific
and technological improvements and the introduction of new or existing technologies [104].
These ecosystems can be the key for the economic growth after the COVID-19 pandemic
according to the World Economic Forum, who also stated that supporting ecosystems
can contain incentives for venture capital investments, R&D process and spreading new
technologies [105]. Even though “green” R&D and creating balance among economic, eco-
logical, and societal aspects must be supported by public financial sources, recent empirical
studies showed that advancement in one dimension (e.g., ecological) does not necessarily
happen at the cost of another dimension (e.g., economic) [106]. Biomethanation-focused
innovation ecosystems may obtain support from the Horizon Europe programme, in which
“partnerships with industry and Member States will support research and innovation on
transport, including batteries, clean hydrogen, low-carbon steel making, circular bio-based
sectors and the built environment” (p. 18, [49]).

Consequently, know-how transfer in biomethanation-focused innovation ecosystems
with startups, universities, and state administrations can facilitate the previous three
R&D&I directions. Figure 7 summarizes the findings and shows them according to the
research framework.

Figure 7. Findings aligned by the research framework (Orange: Focus of the research; Green: Context of the research; Red:
Key topics; Blue: Suggested R&D&I directions).
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4.5. Comparing the Results to Other Relevant Topics

As stated before, the list of the analyzed project descriptions and research papers was
formulated from the viewpoint of a startup company (which might contribute to sectoral
competitiveness with the deployment of large biomethanation plants). In addition, raw
text data and interview data were iterated with former theories and research results. This
approach, on the one hand, can be considered as a pragmatist one, which is in line with the
roots of competitiveness studies [24], and one aimed to generate conclusions representing
“cognitive usefulness in the world” (p. 18, [46]) and actionable knowledge [107]. This
actionable knowledge is represented by the suggested R&D&I directions. Moreover, the
conclusions would be supported by the coherence theories of truth, as well, according to
which the propositions must be coherent with other scientific propositions [46]. This is
because the empirical data was processed with comparisons with previous research results.

On the other hand, findings generated by this approach cannot cover every aspect
and do not mean a positivist, general, theory [44]. It means that because of this abductive
methodological approach, there can be areas that did not emerge during the research, i.e.,
the empirical data did not orient the parts of the ATOM, such as phenomena detection,
analyses, and theory development [46]. Consequently, even though the synthesis of new
empirical data and former research results into a coherent (but not full) set of theoretical
propositions, it is worth comparing the results to some other topics which might be
considered “key topics” in different contexts.

For example, (1) circular economy models can be relevant. Based on the analysis of
Kircherrr et al. [108] on circular economy definitions, the main elements are central in
circular economy models: the combination of reduction, reuse and recycling, and systemic
shifts. These elements can be supported by biomethane production with P2M technology,
as follows:

1. reuse of carbon dioxide happens in the methanation step;
2. the share of fossil energy sources can be reduced by the higher integration of renew-

able electricity and its storage in the form of methane;
3. coupling of the electricity and gas sectors means a system-level novelty, so the parallel

function of energy storage and gas production of P2M.

Taking a closer look at biomethanation, research on the relationship with circular
economy outlined some opportunities and challenges already. Baena-Moreno et al. [109]
discussed that the combination of biological processes and renewable energy production
can be the main pillar of the paradigm shift towards the circular economy, but incentives
and/or cost-reduction-oriented technology developments are still needed. In a similar
area, Eggemann et al. [110] argued that power-to-fuel processes producing methanol can
contribute to the circular economy, but technology adoption might be influenced by the eco-
nomic performance of these systems compared to other technological options. D’Adamo
et al. [111] showed how biomethane can integrate effective management of renewable
energies and municipal waste, thus contributing to the circular economy development.
Their research leads to another important area of potential competitiveness developments,
as well. The authors pointed out that biomethane can be used as fuel for vehicles, so
(2) the green revolution in the transportation sector might be also supported by converting
biowaste into clean fuels [111]. For example, biomethane can be compressed (CNG) or liq-
uefied (LNG) for these purposes. Finally, competitiveness can be researched from (3) policy
perspectives. Wall et al. [112] pointed out that recent EU legislation incites third-generation
biofuels, and it creates a foundation for the integration of different solutions, e.g., anaerobic
digestion, gasification, P2G, or algae as feedstock. Nevertheless, there is still further need
for policy interventions to support green transitions with biomethane, for example, fueling
stations in the case of the transportation sector [111], feed-in tariffs supporting seasonal
energy storage [6], or carbon taxes [7] or certifications for green premiums [113] influencing
the diffusion of the biomethanation technology and the production of biomethane.

These areas (circular economy, green transportation, impact of policies) did not emerge
empirically during this research, but their related research results are mostly in line with the
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key topics and/or suggested R&D&I directions. For example, circular economy develop-
ment is often focused on decarbonization which can be supported by the co-specialization
of biomethanation and carbon capture technologies. Regarding green transportation, find-
ing the role of biomethane in an area dominated by electric and hydrogen vehicles is also
an important task, while incitive policies are important in the case of the formation of
efficient national or international innovation ecosystems as well. The main novelty of the
findings compared to previous literature, however, is related to the urged adaptation to the
hydrogen economy and carbon capture of the future biomethanation project planning, as
discussed below.

5. Conclusions

This research aimed to answer how could future biomethanation facility development
projects increase the sectoral competitiveness in Europe. The propositional knowledge
of the research based on prior literature was that future biomethanation facility develop-
ment projects would increase sectoral competitiveness in Europe by providing flexibility,
seasonal energy storage, and the reuse of CO2 for synthetic natural gas production, thus
integrating renewable energy sources and contributing to decarbonization efforts. Based on
the empirical data collection, analysis, and iterative theory generation, however, this propo-
sition must be modified. It viewed the relationship of biomethanation projects and sectoral
competitiveness too narrowly, and ignored their contribution to the hydrogen economy
and the synergies with another technology development area: carbon capture. The specific
conclusion for this proposition is that in addition to the important energy storage potential,
biomethanation facilities would increase sectoral competitiveness mainly due to their con-
nective role between the two most important terms (or areas) of European strategies about
economic and environmental progress: hydrogen economy and decarbonization.

Findings suggest that by building on the know-how of past and present projects,
future biomethanation projects could take significant steps towards multi-MWel capacities.
Moreover, they should take these steps to satisfy the growing demand for their outputs
and positive externalities. These improvements could support sectoral competitiveness
in Europe if these projects have an integrative view of electrolysis and biomethanation
for carbon-neutral energy production, flexibility of services, and hydrogen storage and
utilization. In other words, biomethanation should be interpreted in the future as a hy-
drogen storage and utilization (HSU) solution, on the one hand. On the other hand, as
biogas plants sometimes cannot provide enough CO2 for multi-MWel plants, enhanced de-
carbonization can be only achieved by co-specialization with carbon capture technologies.
Consequently, future industry-scale biomethanation facilities should integrate hydrogen
storage and utilization and carbon capture and utilization functions (HSU&CCU) to in-
crease sectoral competitiveness in Europe. This direction, however, requires strategic
alignment and know-how transfer among universities, startups, large energy companies,
and state administration in biomethanation-focused innovation ecosystems.

The main limitation of the research is that it was built on abductive methodology,
i.e., conclusions are not confirmed in a positivist sense by testing hypotheses. Because of
the specific environment and the integrative, high-level of the analysis, the study might
not cover every aspect of biomethanation technology development and competitiveness.
For example, future research could identify the competitiveness-increasing potential of
biomethanation in future energy systems, or maybe compare it to the potential of chemical
methanation. The abductively revealed key topics, however, such as the role of biometha-
nation in the hydrogen economy or integration with carbon capture technologies, the
alignment of technology development, scientific research, and policies might induce other
thoughts and future research that facilitates the broad utilization of this innovative technology.
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In-situ biogas upgrading with pulse H2 additions:
The relevance of methanogen adaption and
inorganic carbon level

Acetate, CO2 affinity, H2, Hydrogenotrophic
methanogenesis, In situ biogas upgrading
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hydrogen storage, Green hydrogen, Underground
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Feasibility analysis of a combined chemical
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methane production system for CO2 capture
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Life cycle assessment and feasibility analysis of a
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Azzaro-Pantel [125] 2021
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ΔH as a potential microorganism for
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Methanogenesis, Methane, Methanothermobacter,
Biogas, Systems biology, Power-to-Gas

Csedő et al. [6] 2020 Seasonal Energy Storage Potential Assessment of
WWTPs with Power-to-Methane Technology

Seasonal energy storage; Power-to-methane;
Wastewater treatment plants; Techno-economic
assessment

Dedov et al. [127] 2018 Partial Oxidation of Methane to Synthesis Gas Synthesis gas, Partial oxidation of methane,
Neodymium–calcium cobaltate–nickelate

Fózer et al. [128] 2020
Bioenergy with carbon emissions capture and
utilisation towards GHG neutrality: Power-to-Gas
storage via hydrothermal gasification

Carbon dioxide utilisation; Power-to-Gas; Carbon
Neutral; Catalytic Hydrothermal Gasification; VRE
storage; LCA

Gantenbein et al. [129] 2021
Flexible application of biogas upgrading
membranes for hydrogen recycle in
power-to-methane processes

Power-to-Gas, Biogas, Membrane, Upgrading,
Flexibility

Ghaib & Ben-Fares [29] 2018 Power-to-Methane: A state-of-the-art review CO2 recycling, Demonstration plants,
MethanationPower-to-Methane, Water electrolysis

Giglio et al. [130] 2021
Dynamic modelling of methanation reactors
during start-up and regulation in intermittent
power-to-gas applications

Power-to-Gas; CO2 methanation; Synthetic natural
gas; Reactor design; Dynamic modelling

Gong et al. [131] 2021 Power-to-X: Lighting the Path to a
Net-Zero-Emission Future

Electrical energy, Power, Fossil fuels,
Electrocatalysts, Solar energy

Guilarte &
Azzaro-Pantel [132] 2020

A Methodological Design Framework for Hybrid
“Power-to-Methane” and “Power-to-Hydrogen”
Supply Chains: application to Occitania Region,
France

Power-to-Gas, Hydrogen, Methane, MILP, Gams

Hermesmann et al. [133] 2021
Promising pathways: The geographic and
energetic potential of power-to-x technologies
based on regeneratively obtained hydrogen

Energy storage, Wind power, Hydrogen, Carbon
dioxide, Power-to-Xfuels

Hervy et al. [134] 2021
Power-to-gas: CO2 methanation in a catalytic
fluidized bed reactor at demonstration scale,
experimental results and simulation

Power-to-gas, CO2 valorization, Catalytic
methanation, Demonstration reactor, Fluidized
bed reactor
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Hidalgo &
Martín-Marroquín [135] 2020 Power-to-methane, coupling CO2 capture with

fuel production: An overview

Biological CO2 methanation, Chemical CO2
methanation, Catalityc CO2 methanation, Carbon
capture, Energy storage, Power-to-Gas

Hoffarth et al. [136] 2019
Effect of N2 on Biological Methanation in a
Continuous Stirred-Tank Reactor with
Methanothermobacter marburgensis

Biological methanation; CSTR;
Methanothermobacter marburgensis; Methane;
Carbon dioxide; Dinitrogen; Hydrogen;
Power-to-gas

Inkeri et al. [137] 2018 Dynamic one-dimensional model for biological
methanation in a stirred tank reactor

Biological methanation, Gas–liquid mass transfer,
Power-to-gas, Dynamic model, Stirred tank reactor

Inkeri et al. [138] 2021 Significance of methanation reactor dynamics on
the annual efficiency of power-to-gas -system

Power-to-gas; Energy storage; Methanation;
Modeling; Wind; Solar

Jentsch et al. [139] 2014 Optimal Use of Power-to-Gas Energy Storage
Systems in an 85% Renewable Energy Scenario

Power-to-Gas, Methane, Long-term electricity
storage, Economic optimization, Unit commitment

Kassem et al. [140] 2020

Integrating anaerobic digestion, hydrothermal
liquefaction, and biomethanation within a
power-to-gas framework for dairy waste
management and grid decarbonization: a
techno-economic assessment

-

Kirchbacher et al. [141] 2018 Process Optimisation of Biogas-Based
Power-to-Methane Systems by Simulation -

Kummer & Imre [142] 2021 Seasonal and Multi-Seasonal Energy Storage by
Power-to-Methane Technology

Power-to-Gas; Power-to-Fuel; P2M; P2G; P2F;
Biomethanization

Lecker et al. [143] 2017 Biological hydrogen methanation—A review Biogas, Molecular hydrogen, Carbon dioxide,
Power-to-Gas, Energy storage

Leonzio &
Zondervan [144] 2020 Analysis and optimization of carbon supply chains

integrated to a power to gas process in Italy
CCUS and CCU supply Chain, Mathematical
model, Optimization, Reduction of CO2 emissions

Liao et al. [145] 2020 A Recent Overview of Power-to-Gas Projects Power-to-Gas, Power-to-Hydrogen,
Power-to-Methane

Lin et al. [146] 2020
Geometric synergy of Steam/Carbon dioxide
Co-electrolysis and methanation in a tubular solid
oxide Electrolysis cell for direct Power-to-Methane

Solid oxide electrolysis cell (SOEC), Steam/carbon
dioxide co-electrolysis, Direct power-to-methane,
Geometry optimization, Pressurization,
Electricity-to-methane efficiency

Liu et al. [147] 2020
The economic and environmental impact of power
to hydrogen/power to methane facilities on hybrid
power-natural gas energy systems

Power to hydrogen (P2H), Power to methane
(P2M), Hydrogen energy, Hybrid power-natural
gas energy systems, Renewable energy

Lovato et al. [148] 2017 In-situ biogas upgrading process: Modeling and
simulations aspects

Biogas upgrading, Hydrogenotrophic
methanogens, Mathematical modeling, Sensitivity
analysis

Luo et al. [149] 2018
Synchronous enhancement of H2O/CO2
co-electrolysis and methanation for efficient
one-step power-to-methane

Solid oxide electrolysis cell, One-step
power-to-methane, In-situ thermal coupling,
Pressurized

Meylan et al. [150] 2017
Power-to-gas through CO2 methanation:
Assessment of the carbon balance regarding EU
directives

Power-to-gas, CO2-fuels, Carbon balance,
Renewable Energy Directive, Carbon capture and
utilization, CO2 valorization

Michailos et al. [151] 2021
A techno-economic assessment of implementing
power-to-gas systems based on biomethanation in
an operating waste water treatment plant

Biomethanation, Power to gas, Biogas upgrading,
CO2 utilisation, Techno-Economics, Carbon
footprint assessment

Momeni et al. [152] 2021

A comprehensive analysis of a power-to-gas
energy storage unit utilizing captured carbon
dioxide as a raw material in a large-scale power
plant

CO2 utilization, Power-to-gas, Process design,
Reaction kinetics, CO2 methanation, SNG

Monzer et al. [153] 2021
Investigation of the Techno-Economical Feasibility
of the Power-to-Methane Process Based on Molten
Carbonate Electrolyzer

Molten Carbonate Electrolysis Cell, CO2,
Power-to-gas, Methane synthesis, Economic
assessment

Morgenthaler et al. [154] 2020 Site-dependent levelized cost assessment for fully
renewable Power-to-Methane systems

Synthetic natural gas, Power-to-Methane, Energy
systems modeling, Sector coupling, Carbon
capture and utilization (CCU)
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Mulat et al. [155] 2017
Exogenous addition of H2 for an in situ biogas
upgrading through biological reduction of carbon
dioxide into methane

In situ biogas upgrading, H2 addition, Power to
gas, Homo-acetogenesis, Stable isotope, CO2
reduction

Ortiz et al. [156] 2020
Packed-bed and Microchannel Reactors for the
Reactive Capture of CO2 within Power-to-Methane
(P2M) Context: A Comparison

Methanation, Microreactor, Packed-bed reactor,
Hot spot formation, Computational Fluid
Dynamics

Patterson et al. [157] 2017 Integration of Power to Methane in a waste water
treatment plant—A feasibility study

Biomethanation, Power to Gas, Power to Methane,
Biogas upgrading, Grid balancing

Pieta et al. [158] 2021 CO2 Hydrogenation to Methane over Ni-Catalysts:
The Effect of Support and Vanadia Promoting

CO2 hydrogenation; methanation; Ni-catalyst;
SMR catalysts; vanadium oxide catalysts

Pintér [5] 2020
The Potential Role of Power-to-Gas Technology
Connected to Photovoltaic Power Plants in the
Visegrad Countries—A Case Study

Power-to-gas; regulation; Energy storage; Biogas;
Biomethane

Pörzse et al. [15] 2021 Disruption Potential Assessment of the
Power-to-Methane Technology

Power-to-methane; Disruptive technology;
Seasonal energy storage; Decarbonization;
Innovation

Sánchez et al. [159] 2021 Optimal design of sustainable power-to-fuels
supply chains for seasonal energy storage

Power-to-fuels, Chemical energy storage,
Power-to-X, Renewable energy

Savvas, et al. [160] 2018 Methanogenic capacity and robustness of
hydrogenotrophic cultures

Hydrogenotrophic methanogenesis, Biofilm,
Power to gas, Energy storage

Schlautmann et al. [161] 2021
Renewable Power-to-Gas: A Technical and
Economic Evaluation of Three Demo Sites Within
the STORE&GO Project

Demo sites, Dynamic operation, Efficiency, Future
cost development, Investment costs, Power-to-Gas,
Production costs

Sinóros-Szabó et al. [162] 2018

Biomethane production monitoring and data
analysis based on the practical operation
experiences of an innovative power-to-gas
benchscale prototype

Biomethane production, Power-to-gas, Prototype,
Monitoring and analysis

Stangeland et al. [163] 2017 CO2 methanation: the effect of catalysts and
reaction conditions

Sabatier reaction, CO2 methanation, energy
storage, biogas upgrading, reaction conditions,
nickel catalyst

Straka [164] 2021

A comprehensive study of Power-to-Gas
technology: Technical implementations overview,
economic assessments, methanation plant as
auxiliary operation of lignite-fired power station

Power-to-Gas, Energy storage, Electrolysis,
Methanation, CO2 source

Vo et al. [165] 2018

Can power to methane systems be sustainable and
can they improve the carbon intensity of
renewable methane when used to upgrade biogas
produced from grass and slurry?

Life cycle assessment, Sustainability criteria,
Advanced biofuels, Power to gas, Biological
methanation, Co-digestion

Wang et al. [166] 2018 Optimal design of solid-oxide electrolyzer based
power-to-methane systems

Energy storage, Power-to-gas, Power-to-methane,
Solid-oxide electrolyzer, Co-electrolysis, CO2
utilization

Wang et al. [167] 2020
Reversible solid-oxide cell stack based
power-to-x-to-power systems: Comparison of
thermodynamic performance

Electrical storage, Power-to-x, Reversible
solid-oxide cell, Ammonia, Methanol, Sector
coupling

Welch et al. [168] 2021
Comparative Technoeconomic Analysis of
Renewable Generation of Methane Using Sunlight,
Water, and Carbon Dioxide

Atmospheric chemistry, Hydrocarbons,
Membranes, Electrical energy, Electrolysis

Xie et al. [169] 2020
Optimization on Combined Cooling, Heat and
Power Microgrid System with Power-to-gas
Devices

Combined cooling, heat and power, Microgrid,
Power-to-grid, Hydrogen natural gas blends

Zoss et al. [170] 2016
Modeling a power-to-renewable methane system
for an assessment of power grid balancing options
in the Baltic States’ region

Excess power, Methanation, Power-to-gas,
Power-to-methane, Renewable methane, Stochastic
energy
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Abstract: Germany’s energy transition, known as ‘Energiewende’, was always very progressive.
However, it came technically to a halt at the question of large-scale, seasonal energy storage for
wind and solar, which was not available. At the end of the 2000s, we combined our knowledge of
both electrical and process engineering, imitated nature by copying photosynthesis and developed
Power-to-Gas by combining water electrolysis with CO2-methanation to convert water and CO2

together with wind and solar power to synthetic natural gas. Storing green energy by coupling the
electricity with the gas sector using its vast TWh-scale storage facility was the solution for the biggest
energy problem of our time. This was the first concept that created the term ‘sector coupling’ or
‘sectoral integration’. We first implemented demo sites, presented our work in research, industry
and ministries, and applied it in many macroeconomic studies. It was an initial idea that inspired
others to rethink electricity as well as eFuels as an energy source and energy carrier. We developed
the concept further to include Power-to-Liquid, Power-to-Chemicals and other ways to ‘convert’
electricity into molecules and climate-neutral feedstocks, and named it ‘Power-to-X’at the beginning
of the 2010s.

Keywords: Power-to-Gas; Power-to-X; Power-to-Hydrogen; Power-to-Methane; hydrogen;
methanation; sector coupling; sectoral integration; energy transition; eFuels; electric fuels; 100%
renewable energy scenarios

1. Introduction

The energy transition is at the core of climate mitigation. Two-thirds of global green-
house gas emissions result from the combustion of coal, oil and natural gas [1]. To move
away from these stored fossil hydrocarbons, the expansion of renewable energy and energy
efficiency are two fundamental steps. Among renewables, wind and solar energy show the
greatest potential and lowest costs and have the lowest land consumption [2].

The core problem of wind and solar, however, is their intermittency. Flexibility options
can solve this problem [3]:

1. Electricity networks can do spatial balancing but not temporal balancing;
2. Demand-side management can lower the storage demand;
3. Flexible power generation can react on wind and solar intermittency but requires

stored energy carried in the form of hydrogen or hydrocarbons;
4. Storage is the most inefficient but only option to avoid blackouts and convert cheap

wind and solar resources into storable energy carriers, fuels, feedstock and materials.

Storage technologies include short- and long-term storage technologies. Short-term
storage technologies are characterized by high efficiencies, high cycling numbers and
short discharge durations of a maximum 24 h. Examples are pumped hydro and batteries.
Their weakness is high capacity costs and low energy density compared to hydrocarbons.
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Additionally, batteries show much higher self-discharge rates than chemical storage sites
such as gas caverns. Therefore, they do not solve the seasonal storage problem. Long-term
storage facilities such as gas caverns show almost no self-discharge, low capacity costs and
high energy density.

The main question in developing Power-to-Gas was how to access and use these
vast storage capacities in the gas infrastructure for wind and solar. One option discussed
was hydrogen in hydrogen caverns and fuel cells. However, these hydrogen technology
components were either not available in the required scale and TRL or too expensive.
Therefore, we copied photosynthesis, which does split water, whereby oxygen is released
into the air. Nature, however, does not stop with hydrogen but combines it with CO2
via direct air capture and thus generates CHO compounds in the form of biomass. This
biomass is converted—after millions of years at high temperatures and pressures—into
fossil energy carries, which we use as the main storage to fuel almost everything, including
the backup of wind and solar.

We simply copied these two core processes of photosynthesis technically by combining
water electrolysis and CO2-methanation, and ‘Power-to-Gas’ was born. What looks rather
simple in retrospect was very challenging in the making. This development is given in this
work to reflect and initiate similar innovations.

2. Method of Developing a New Storage Concept

The question of energy storage became increasingly urgent in Germany at the end of
the 2000s, as renewable energy—especially wind and solar—experienced a broad intro-
duction to the market via a proper regulatory framework. Since the beginning of energy
balancing in energy economics, only a simple annual balance sheet has been sufficient
due to the storable fossil energy sources used. For wind and solar, a simple annual value
was also used. However, we conducted the first dynamic simulations of the electricity
system with a high share of renewables on an hourly basis. This highlighted a great
need for storage and balancing for the first time. It was clear that the identified demand
could not be covered by existing storage methods in Germany such as batteries, com-
pressed air storage or pumped hydro. Only pure hydrogen caverns were considered as
an option as a solution [4,5]. Bioenergy was considered the only technical solution for
balancing a 100% renewable electricity supply, as a hydrogen infrastructure was missing,
and hydropower power was already exhausted to its potential limit in Germany.

In the 1990s, our colleagues at the Institute for Solar Energy Supply Technology
(ISET) conducted the ‘250 MW wind turbine measurement program’, from which they
developed an hourly database of wind feed-in values all over Germany. This was the
basis for developing wind power forecasts in the early 2000s, which were and still are
essential for the grid integration of wind energy. Later, the first virtual power plant in the
form of a wind farm cluster was created [6,7]. This all resulted in the ‘Kombikraftwerk’
project, which was able to demonstrate that a 100% renewable power supply is possible at
any time on a scale of 1:10,000 in Germany. For this purpose, exemplary solar, wind and
biogas power plants were combined and jointly controlled in real time to cover the virtual,
downscaled power demand. The only facility that was simulated was the storage plant,
represented by Germany’s largest pumped hydro plant. This refuted assumptions that a
100% renewable power system is technically not possible and would cause blackouts and
instability [4,8].

Analyses by Mackensen showed that for a fully renewable energy supply, mainly
wind power and photovoltaics, would come into play and that these would require massive
compensatory measures in the form of biomass or large storage capacities, which could
be realized neither by adding pumped storage in Germany nor by the available areas for
biogas [8,9]. The core challenge was the realistic upscaling of existing storage and biogas
plants by 10,000 times. One solution proposed by ISET was the coupling of the electricity
and gas sectors to store hydrogen from electrolysis with wind and solar electricity in the
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natural gas grid and flexibly convert it back into electricity via gas-fired power plants and
CHP units [10].

In the same period, i.e., the end of the 1990s, we (Bandi, Weimer, Specht) and colleagues
at the Center for Solar Energy and Hydrogen Research in Stuttgart (ZSW) developed a
technological way to generate methanol from solar water electrolysis and atmospheric CO2.
The implemented pilot plant extracted CO2 from the air via CO2 absorption in a caustic
air scrubber and electrodialysis for the regeneration process and, together with hydrogen
from solar-powered electrolysis, converted it to methanol in a fixed-bed reactor filled
with catalyst. This successfully demonstrated the technical feasibility of CO2 recycling
for methanol production [11–14]. ZSW focused on biomass gasification in the 2000s by
developing a proprietary process, the Absorption-Enhanced Reforming Process (AER). In
this way, we obtained a hydrogen-rich product gas from biomass via two coupled fluidized
bed reactors and enhanced our knowledge of hydrogen-based fuels [15].

The scientific debate soon revealed that the potential of biomass remains limited. In
2008, the short-term rise in food prices caused the ‘food or fuel’ debate, and the choice
between the use of biomass for energy or for food and fodder was a vivid debate that
continues to shape public perception of biofuels today [16,17]. Bioenergy is very good for
balancing intermittent wind and solar power but does not have the necessary sustainable
potential [10]. We (Schmid, Sterner) at ISET concluded that the limited biomass resources
are best integrated into our energy systems via gasification, fermentation and methanation
as converted methane gas, which is fed into existing natural gas infrastructure [10,18].
There, the necessary transport and storage capacities are available, and gas is accessible to
all energy sectors via boilers, CHPs, power plants and vehicles. At the same time, this use
of bioenergy in the natural gas grid offers the possibility of capturing CO2 and establishing
a carbon sink. The sustainability of Bio-CCS (carbon capture and storage) is, however,
discussed controversially, as underground sites are needed instead for renewable gases
like hydrogen and SNG. Using this pathway, also fossil coal could be converted to fossil
SNG, leaving the same problems with CCS.

The integrated energy system we designed in 2008 ultimately consisted of a coupled
electricity and gas system with a possible CO2 sink. The well-established conversion
‘Gas-to-Power’ was done by CHPs or gas-fired power plants. The new conversion from
‘Power-to-Gas’ was done by and electrolyzer to generate ‘green hydrogen’ for fuel cells and
CHPs. The reformer was an optional way to convert natural gas into ‘blue hydrogen’ and
store the remaining CO2 underground (Figure 1).

Figure 1. First approach to couple power and gas infrastructure via electrolysis; first published in our bioenergy flagship
report at the German Advisory Council on Global Change (WGBU) [10].
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This system was presented by Schmid and Sterner at the 16th European Biomass
Conference [18,19]. Additionally present was Specht, who presented ZSW’s work on
biomass conversion to hydrogen [15]. We met after our presentations and discussed
Specht’s idea of using the Sabatier process via the methanation of CO2 in Figure 1 instead
of the reformer for the better integrability of hydrogen in the natural gas grid.

Hereby, the preliminary work of both of our institutes, ISET and ZSW, converged, and
the idea was elaborated into the Power-to-Gas concept (Figure 2). This resulted in a patent
application in 2009 [20], a first PhD thesis on PtG [21] and the development of the first PtG
plant for CO2 methanation in Germany on behalf of Gregor Waldstein from his SolarFuel
GmbH [22].

Figure 2. Basic concept of Power-to-Gas from 2008, first published in 2009 [20].

Subsequently, various pilot projects were jointly developed. In Kassel, we conducted
studies for the energy and automotive industry (Uniper, Greenpeace Energy, Audi), and
in Stuttgart, the hardware was further developed. By publishing and disseminating this
new concept and implementing pilot projects, these two institutes enabled the idea of
Power-to-Gas to achieve a breakthrough [23]. The largest PtG project realized to date with
an electrical input power of 6 MW was implemented by Audi AG to run 1500 CO2-neutral
vehicles on PtG (see Section 3.9).

3. Results of the Development

3.1. The Original Power-to-Gas Concept

Power-to-Gas (PtG, P2G) describes the conversion of renewable electricity to renew-
able gas. Two core processes are combined: water electrolysis and CO2 methanation.
Renewable electricity drives the water splitting in the electrolysis. The resulting hydrogen
is converted with CO2 into methane in the methanation process. Methane is the main
constituent of natural gas and thus the generated renewable gas is a substitute natural gas
(SNG), that can be fed and stored 1:1 in the natural gas grid.

Power-to-Gas refers to a simple technical replica of the natural photosynthesis process
in plants. These plants have developed the process over millions of years to be able to store
solar energy over long periods of time. Regardless of its comparatively low efficiency of
approximately one percent for solar irradiation to bioenergy, photosynthesis has proven
itself in evolution. CO2 and water are converted to compounds containing hydrogen,
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carbon and oxygen (e.g., C6H12O6) in two steps using solar energy, and oxygen is released
into the air.

The first step of photosynthesis, the splitting of water, is mimicked by PtG via elec-
trolysis, with alkaline and membrane electrolysis available today and high-temperature
electrolysis being developed. In the second step, H2 reacts with CO2, which is ideally taken
from the atmosphere. Two processing options are available today for CO2-methanation:
chemical and biological methanation. Biogas or wastewater treatment plants, direct air
capture (DAC), geothermal sources, fossil power plants or industrial processes serve as
CO2 sources.

The renewable methane gas can be fed into the gas network or stored in connected
gas storage sites. From there it can be used for the transport or heat sector or converted
back into electricity via gas turbines, CHP, or other devices such as fuel cells (Figure 2).
The carbon cycle is closed: the CO2 released to the atmosphere during combustion is the
same that was previously extracted from it. A discussion of these CO2 sources and their
climate impact is given in Section 4.

3.2. Power-to-Gas: Coupling Electricity and Gas Sectors for Energy Storage

We were able to solve the chicken-and-egg problem of hydrogen by making the
gas infrastructure, including transport, storage and applications, accessible for hydrogen
via CO2-methanation in Power-to-Gas. Hydrogen has only one-third the energy density
of natural gas, dilutes the energy density of the gas accordingly and requires higher
compression lines for transport and storage. Methane is easier to compress, store and
transport. In addition, hydrogen injection was and is limited to low, single-digit percentages
by limitations in gas turbines, gas tanks in vehicles, pore storage and material constraints.
Through CO2-methanation, we tapped the entire gas infrastructure for renewable electricity
without limitations.

The development of this concept also marked the origin of the term ‘sector coupling’
or ‘sectoral integration’, which refers to energy storage via coupling of electricity and gas
sectors. This results in the following opportunities:

• Fluctuating renewable energy can be stored seasonally.
• The existing gas infrastructure can store large TWh-amounts of renewable energy and

transport it decoupled in time from the electricity grid all over Europe. This is an
opportunity that the electricity infrastructure does not have on this scale.

• By converting the gas back into electricity, Power-to-Gas acts as electricity storage.
• CO2 from biogas plants or other unavoidable sources finds a useful use as a carrier

material for hydrogen.
• Process waste heat from all units can be used internally or via heat networks.
• Renewable gas can be generated anywhere and transported, distributed, stored and

used without political or geographical constraints.
• Renewable gas can be used for heat supply to couple the electricity and heat sectors.
• Synthetic fuel can be used in mobility to couple the electricity and transport sectors.

3.3. The Chemistry behind Power-to-Gas

Electrolytic water splitting has been known for over 200 years and is therefore not a
fundamentally new technology. Nevertheless, it is gaining importance in the context of
PtG and PtX and is becoming the core component of chemical energy storage. Water is
decomposed into hydrogen and oxygen using electrical energy (see Equation (1)).

2 H2O(l) → 2 H2 (g) + O2 (g)·ΔHR = 286 kJ/mol (1)

Two reversible equilibrium reactions occur in CO2 methanation: the reverse water gas
shift reaction and the CO methanation [24,25]. The first chemical reaction is responsible for
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separating the very weakly reactive CO2 and occurs before the methanation reaction itself
(see Equation (3)).

H2 + CO2 → CO + H2O(g) ΔHR = 41 kJ/mol (2)

The second chemical reaction is the main reaction in which CO is hydrogenated (see
Equation (3)). The CO methanation is as follows:

3H2 + CO → CH4 + H2O(g) ΔHR = −206 kJ/mol (3)

Thus, the overall reaction for CO2 methanation is Equation (4):

4H2 + CO2 → CH4 + 2H2O(g) ΔHR = −165 kJ/mol (4)

In reverse, this Sabatier reaction is known as steam reforming. This is the standard
process for obtaining ‘grey hydrogen’ from fossil gas. The hydration of CO and CO2
is strongly exothermic and volume-reducing, so the principle of Le Chatelier favors the
methanation reactions at low temperatures and high pressures. A thermal management
that reliably dissipates the released energy is therefore essential to keep the methanation
reaction within a favorable temperature range and to shift the reaction equilibrium toward
methane. This waste heat can be also used efficiently in other parts of the process, e.g., for
the removal of CO2 from biogas or air.

CO2 methanation can be implemented both chemically and biologically in terms of
process technology. We compared both in a standardization approach [26]. The biological
route uses much lower temperatures and pressures, is more robust and less sensitive to
gas impurities of the reactants than the chemical route, but is therefore mainly suitable for
decentralized processes, especially in connection with biogas. Chemical methanation has
long been proven, requires less space, has higher space-time yields, and is also available at
large MW scales and offers a higher waste heat temperature level.

3.4. Novelty of CO2 Methanization and Utilization in Energy Systems

Despite its discovery in France as early as 1902 from Paul Sabatier [27], CO2-methanation
was not explored for energy technology until much later, since, analogously to CO metha-
nation, there was no need for it due to the cheap fossil resources available. In the 1970s and
1980s, storing solar energy chemically via CO2 was discussed in terms of the ‘SolChem
Concept’ in the USA [28,29]. On a laboratory scale, the first work and plants for CO2
chemical methanation occurred in Japan in the 1990s, as Japan was a resource-poor and
densely populated country conducting research on LNG power plants [30,31]. In Germany,
CO2 methanation was discussed in the context of fuel cells in the early 2000s [25]. Therefore,
by our rethinking of energy systems, the usage of renewable electricity, water plus CO2 as
feedstock for renewable fuels, and using the Sabatier process for that particular purpose
became popular after we introduced P2G [11,21].

3.5. Combining Electrical, Process and System Engineering Gives Interdisciplinary Solutions

We developed the processing technology that can be used to produce liquid or gaseous
hydrocarbons from hydrogen and CO2. To imitate nature, we used compounds of carbon
and hydrogen as a storage medium to constantly cover our energy demand with natural
sources. The technology was a new phenomenon: we used wind, solar, water and air to
generate renewable fuels with the same quality as fossil fuels.

The power supply of an industrialized country such as Germany can therefore be met
entirely with renewable energy, despite the natural fluctuations of photovoltaic, wind and
hydroelectric power plants. With Power-to-Gas, the storage problem has been technically
solved, and we can replace fossil fuels with renewables.
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3.6. Terminology: Wind-to-Gas, e-Gas, Power-to-Hydrogen and Power-to-Methane

First, we named the concept ‘wind-to-gas’, then ‘windgas’ and ‘solargas’, to indicate
the origin of this renewable gas and distinguish it from fossil natural gas. Similar was the
case for ‘renewable power methane’ (RPM) and ‘Renewable Power-to-Methane’ (RPtM)
or ‘electric gas’ (e-gas). The most fitting term would have been ‘real natural gas’ (RNG),
but instead, inspired by Biomass-to-Liquid (BtL) and Gas-to-Liquid (GtL), we choose
‘Power-to-Gas’ (PtG, P2G).

The term Power-to-Gas became so popular that it was also used for hydrogen starting
around 2012. Thus, the terms Power-to-Hydrogen (PtH, P2H) and Power-to-Methane (PtM,
P2M) emerged to distinguish both processes. Power-to-Hydrogen describes the classical
water electrolysis and the sector coupling via pure hydrogen. Power-to-Methane describes
the classical route of Power-to-Gas.

3.7. Efficiencies

Besides the need for a CO2 source, Power-to-Gas concepts differ in efficienciy. A
complete Power-to-Gas storage system consists of a transformer, an electrolyzer, an optional
methanation unit, compression and gas storage and a discharge technology, which varies
according to the sectoral application of the stored gas.

The indicated efficiencies are mean values, from which different overall efficiencies
result (Table 1). Regarding Power-to-Hydrogen storage systems, the total efficiency is about
5–12% higher than in the variants with methanation due to the lack of an intermediate
methanation step.

Table 1. Efficiency chains (LHV) for different P2G applications, based on standard industry electroly-
sis technologies (alkaline and membrane (PEM)) and chemical methanation without energy demand
for CO2 provision and balance of plant. * compression to 80 bars [3,23].

Pathway Overall Efficiency Boundary Condition

Power-to-Hydrogen 54–72% Compression to 200 bars (gas storage)
57–73% Compression to 80 bars (gas grid)
64–77% Without compression

Power-to-Methane 49–64% Compression to 200 bars (gas storage)
50–64% Compression to 80 bars (gas grid)
51–65% Without compression

P2H-to-Power 34–44% Power generation via fuel cell (60%) * or
P2M-to-Power 30–38% combined-cycle power plant (60%) *

P2M-to-Heat and Power 43–54% CHP (45% heat and 40% electricity) *
P2M-to-Heat 53–82% Condensing boiler (105%) *

P2H-to-EnginePower 34–44% Conversion in fuel cell (60%) *
P2M-to-EnginePower 18–22% Combustion in gas engine (35%) *

3.8. Costs

The production cost of renewable gas and all other green C-based fuels is predomi-
nantly driven by investment costs, operating costs of the PtG/PtX-plants and the operation
hours per year. Our findings are as follows. The investment costs fell very sharply within
a decade and are still falling, as our published database shows (see Table 2). This is
because the process plants have so far been manufactured mostly by hand. Investment
costs can therefore fall sharply by plant automation and industrial production, similar to
photovoltaics [2]. The operating costs are mainly related to renewable electricity, which
is becoming cheaper and cheaper, and to taxes, levies and surcharges, which vary greatly
and have been the biggest obstacle to the market introduction of PtG over the past decade.
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Table 2. Average investment costs for the core components of PtG: alkaline and membrane electrolysis
(alkaline, membrane (PEM)) and methanation (chemical, biological) for the MW class. The kW unit
refers to the electrical power input of the electrolysis, not the gas flow rate [3].

Year
Alkaline

Electrolysis
in EUR/kW

Membrane
Electrolysis
in EUR/kW

Chemical
Methanation
in EUR/kW

Biological
Methanation
in EUR/kW

2010 1150 1650 1040 1600
2015 980 1350 870 1300
2020 850 1130 740 1050
2025 720 950 620 860
2030 620 780 520 690
2040 460 530 370 460
2050 330 350 260 300

What all chemical plants have in common is that profitability with the high investment
costs requires operation at high utilization rates. Three core factors favor the economic
operation of PtG/PtX-plants:

1. low-cost, renewable electricity;
2. high capacity factors/utilization rates;
3. favorable regulatory frameworks due to no or low charges, taxes and levies.

3.9. Advantages and Opportunities

Power-to-Gas enables a bidirectional coupling of electricity and gas grids. This is the
greatest opportunity: to use the convergence of these systems for a sustainable energy
supply with electricity, heat and fuel on the basis of wind and solar electricity using the
existing networks and infrastructures for distribution and storage.

In addition to the already existing and huge storage natural gas grid, the great ad-
vantage of PtG is the versatile use of methane: unlike pure electricity storage plants such
as pumped hydro or batteries, the injected gas does not necessarily have to go back into
the power grid at the end but can be used in multiple ways and in multiple places. The
stored energy is not fixed locally, as it is the case with pumped hydro or batteries. Seasonal
storage can be implemented: the energy collected during sunny and windy seasons can be
used in the winter or next spring for completely different purposes and at any location in
the natural gas network—for heating, for mobility or even for reverse power generation
in one of the many combined heat and power plants. This is not possible with battery or
pumped storage: if they had to store the stored energy for a few weeks or even half a year,
they would immediately become uneconomical, and some batteries discharge themselves
within this time. Additionally, they can only return the power as electricity, and only at the
same location.

This does not mean that these storage facilities are worse than Power-to-Gas. In fact,
they are twice as efficient if used exclusively as power-to-power storage. However, they
are far less flexible and essentially suitable for short-term day-night storage of electricity
and for balancing short-term electricity peaks or deficits. Therefore, they do not compete
with Power-to-Gas but are an important complement. These different fields of application
are shown in Figure 3 based on storage capacities in Germany. Power-to-Gas thus plays a
key role in the goal of leveraging synergies by coupling the electricity, heat and mobility
sectors, and thus has a special position among storage technologies.
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Figure 3. Storage capacities and duration of discharge of various storage technologies [3].

3.10. Disadvantages and Challenges

Power-to-Hydrogen is preferable for reasons of cost and efficiency as long as hydrogen
can be stored and used locally, or the blending limit of the gas grid is not reached. If the
fossil gas flow rate is low, the injection limit is quickly reached, and hydrogen buffer storage
must be used to level the hydrogen injection.

In contrast to methane or natural gas, there are still no mass- and area-wide solutions
for some applications. For example, although fuel cells have long been in research and
development in heat and transport sectors, a market-ready technology on the required
scale is not yet available.

Adapting natural gas infrastructure to higher hydrogen blending involves research
and high costs. So far, 2% by volume is permitted in Germany, and 20% is considered
technically possible. If all components of a pure hydrogen economy are affordable and
available at a sufficient scale, methanation will become obsolete. However, if this is not yet
the case, the existing gas infrastructure can be used for renewable gas.

3.11. Dissemination via Energy Economy Studies

In the energy industry, science and ministries, the concept became known through
our work at Fraunhofer IEE (formerly ISET) based on simulations in major studies of the
long-term scenario ‘Lead Study’ of the Federal Ministry for the Environment (BMU) [32],
the German Advisory Council on the Environment (SRU) report [33], the 100% Renewable
Electricity Target 2050 of the Federal Environmental Agency (UBA) [34] and the storage
study of the Association of German Electrical Engineers (VDE) [35]. We also integrated
the concept of P2G and sector coupling in the IPCC special report on renewable energy
(SRREN), which made it familiar to the international scientific community [36].

We modeled the entire energy system with new findings in these studies: the existing
natural gas grid in Germany is sufficient to buffer electricity surpluses with its large
network and underground storage facilities.

For example, the UBA 100% renewable scenario showed a stable electricity supply
with no blackouts, where 80% of the electricity demand is covered by wind, solar and
hydropower. The remaining 20% of electricity demand were met with pumped hydro,
batteries, and Power-to-Gas via gas storage and via CCGT power plants. The results were
as follows:
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• A full supply with renewable energy in all sectors is technically and ecologically
feasible in 2050.

• The technical potential for onshore wind (390 TWh), offshore wind (260 TWh) and
photovoltaics (250 TWh) is capable of meeting the energy demand for electricity, heat
and individual mobility.

• Despite a very high installation of wind and solar with a total capacity of 225 GW and
a peak load in Germany’s power supply of about 80 GW, a reserve power (backup) of
about 60 GW is needed; gas power plants based on PtG.

• The security of supply is ensured by PtG storage and gas turbines and CHPs.
• Despite the ideal expansion of the electricity grids and the use of large load manage-

ment potentials via heat pumps including heat storage (44 TWh), air conditioning
(28 TWh) and the controlled charging of electric vehicles (50 TWh), 85 TWh of 150 TWh
electricity surpluses remain, which must be integrated via storage.

• The potential of the short-term storage technology pumped hydro is fully utilized
with 0.055 TWh. It allows peak shaving but is far from sufficient to cover the storage
needs in a 100% renewable power supply.

• On the other hand, only 15% of the technical potential of gas storage facilities is
required for this task of long-term storage: 75 of 514 TWh. By curtailing 1% of
the surplus energy, the PtG capacity of 44 GW can be designed to meet 64% of the
maximum surplus capacity. The possible additional one percent of energy storage
would involve a disproportionately high technical and financial storage effort.

The existing gas storage potential in Germany is about 220 TWh. With reconversion
via CCGT power plants, about 120 TWh of electricity can be generated from the stored
gas quantities in purely balance terms, which corresponds to 20% of the annual electricity
consumption in Germany. This coud close all gaps in a renewable electricity supply.

In theory, if the 44 million vehicles that exist in Germany today were simultaneously
connected to the grid as electric vehicles with a capacity of 20 kWh, half of which can
realistically be used to compensate for deficits in the power system, 0.44 TWh of storage
capacity would be available. If discharged at 60 GW, all vehicles would be able to stabilize
the power grid for 7 h; all gas storage with the same discharge capacity 2000 h, or about
3 months. This comparison shows the storage potential of PtG (Figure 4).

Figure 4. Deficits and surpluses in a 100% renewable electricity supply over the year 2050 in an
example scenario for Germany and possible electricity storage options [3].

In addition to storage capacities, the gas grid also has a well-developed transport and
distribution network. A large continental gas pipeline can transport energy in the form of
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gas with a capacity of about 70 GW, whereas standard electricity transmission lines have a
typical electrical transmission capacity of 3.5 GW (two 380 kV three-phase systems).

Thus, PtG grid coupling not only enables the storage of large amounts of energy, but
also a spatial shift in storage and the use of the renewable methane. This is one of the
unique selling points of Power-to-Gas.

3.12. Dissemination via Demonstration Plants

The technical feasibility of PtG is demonstrated by numerous pilot plants in Europe
and elsewhere. We published the current global status of PtG plants in 2019 [37].

Back in 2009, we decided to implement an initial exploitation of the idea of Power-to-
Gas with our partner SolarFuel GmbH. On behalf of this new company, we built at ZSW the
first PtG plant. This demonstrated the technical feasibility of the patented PtG technology
and provided further insights into CO2 methanation, which was largely unexplored in
the energy sector. At Fraunhofer IWES, we explored the energy integration of PtG in
accompanying research on optimized plant operation and concepts for high utilization
rates of PtG plants at wind parks while simultaneously serving the electricity network
operation via forecast balancing.

This alpha plant consists of two containers and uses the air as a CO2 source (Figure 5).
The first container contains a scrubber for CO2 absorption in a scrubbing solution and an
electrodialysis unit that expels the CO2 from the scrubbing medium. The second container
contains a 25 kW alkaline electrolyzer. A chemical fixed-bed reactor in pipes is used for
methanation. A fuel maker is used to fuel gas cars with the produced synthetic natural gas
(SNG) [38]. As the purpose of this first PtG pilot plant was to demonstrate the technology
and concept, no process optimization was carried out, which means that the efficiency of
the plant in converting electricity to gas is 40%.

Figure 5. Block diagram of the first 25 kW PtG pilot plant at ZSW Stuttgart [38].

A 250 kW second plant was built for research purposes by the same consortium in
Stuttgart with the support of the Federal Ministry of the Environment (Figure 6). Besides
upscaling to the MW class, technical and economic research questions have been answered
in the integration into the power grid and energy markets such as power balancing, load
control, cost-optimized operation and sustainable CO2 sources. A tube and a plate reactor
were tested and compared as fixed-bed reactors. The plant supplied 50 m3/h of hydrogen,
which was converted into a gas output of 125 kW (LHV) via the two different routes of
chemical methanation, corresponding to a product gas flow of 12.5 m3/h [38].
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Figure 6. Block diagram of the second 250 kW PtG pilot plant at ZSW Stuttgart [38].

We applied the results to the Audi e-gas plant in Werlte in the world’s first industrial
PtG plant. Three alkaline electrolyzers with a total electrical input of 6 MW are used
(Figure 7). The hydrogen produced is temporarily stored in a storage tank for up to one
hour and compressed to 10 bars for the methanation stage [39]. The tube reactor operates
as a fixed-bed reactor at temperatures of 200–350 ◦C and pressures of 5–10 bar with staged
gas addition. Via a single-stage process, a nickel catalyst is used to achieve a methane
quality > 90 vol.% CH4. As a CO2 source, biogas from a residual waste plant was used.
This connection made it possible to use the waste heat from the electrolyzers and the
methanation unit in the upgrading plant to sanitize the residual waste and to separate the
CO2 from the amine scrubbing liquid.

Figure 7. Block diagram of the resulting first commercial 6000 kW PtG plant at Audi AG [38].

Biogas can optionally be used directly as a CH4/CO2 blend in the methanation reactor
without upgrading, as the gas cleaning worked well and the reactor catalyst tolerated
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this [40]. This can be a benefit for future plants, as one gas process unit can be saved. The
plant was able to produce up to 1000 t of SNG per year, which can be used to refuel about
1500 Audi g-tron vehicles with an annual mileage of 15,000 km [38].

The project resulted from our first two pilot plants and was implemented by Audi AG
together with MAN Diesel & Turbo, EWE AG, MT Biomethan GmbH and us at ZSW and
IWES. The accompanying research was funded by the German Federal Ministry for the
Environment, and the plant was inaugurated in Lower Saxony in June 2013 [38].

Many other projects in Germany and elsewhere followed. E-On erected a 2 MW P2H
pilot plant ‘WindGas’ in Falkenhagen between Hamburg and Berlin. The main reasons for
building the plant on the greenfield site were the high level of wind in Brandenburg and its
proximity to the gas infrastructure. Back then it was the first plant to feed hydrogen directly
into the gas transmission grid in Germany. The alkaline electrolyzers from Hydrogenics
produced 360 m3/h of hydrogen. The efficiency (LHV) of the total chain was 66%. It was
operated by an E.ON subsidiary (now Uniper), and the gas was marketed to Switzerland
via Swissgas AG. We co-initiated the project through feasibility studies in 2010 [41]. Later,
a methanation unit was added in the EU project ‘Store and go’. Other projects such as the
hydrogen energy park in Mainz from Siemens AG, Linde AG and Stadtwerke Mainz AG
with a newly developed 6 MW new proton exchange membrane electrolysis followed later
in the same way.

Additionally, in 2013, Thüga AG, as a municipal utility consortium with 12 project
partners, built the first P2H plant in Frankfurt for the gas distribution network. Here, ITM
Power’s 315 kW PEM electrolysis produced 60–70 m3/h of 99.8 vol-% pure hydrogen from
4.9–5.2 kWh electricity per cubic meter. This hydrogen flow was mixed with a fossil gas
flow of 3000 m3/h in the gas network via a gas pressure control measurement and mixing
system. The gas flow in the distribution network in the inner city of Frankfurt is constant
over the year, allowing a low-dose injection of green hydrogen [39].

Enertrag’s hybrid power plant in Prenzlau consists of a self-built 600 kW alkaline
electrolysis plant, a hydrogen storage facility, a biogas plant, and a CHP unit. The 120 m3/h
hydrogens are directly marketed via trailers for transport and industry. The plant was
inaugurated in 2011 and entered the test phase. It has been in operation since 2013, and
since 2014, inspired by us, the hydrogen has been fed into the natural gas grid to be supplied
to approximately 8000 customers of Greenpeace Energy eG. With the proWindgas gas tariff,
they are the first energy supplier to promote PtG via direct marketing to customers to
promote the energy transition towards a 100% renewable energy supply [41,42].

Our pilot projects and these other early-stage projects can be used as blueprints for
future commercial plants.

3.13. From Power-to-Gas to Sector Coupling to Power-to-X–Definitions

Power-to-Gas is the cornerstone of sector coupling and sectoral integration:

• Electricity and gas sectors are coupled for seasonal energy storage;
• Electricity and heat sectors are linked via renewable gas;
• Electricity and transport sectors are coupled via synthetic fuel;
• Renewable gas serves as a link between the power and industrial sectors to make

steel, chemicals and other sectors that are difficult to decarbonize climate-neutral
(see Figure 8).

All at the same time, Power-to-Gas is used where pure electricity applications are not
technically sufficient to make the respective sector completely climate-neutral.

We inspired so many other researchers, who came up with similar ideas by using
renewable electricity as ‘primary energy’, that we decided in 2013/14 to summarize all
terms to one: Power-to-X. We gave two new definitions, which became very popular
over time:

Definition of Power fuels/eFuels: Power fuels or eFuels are chemical energy carriers
based on electrical energy, produced via the electrolysis of water and an optional synthesis
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(PtG, PtL) and used in mobility. Examples are hydrogen, SNG, methanol, ammonia and
Fischer–Tropsch fuels like e-diesel or e-kerosene [41].

Definition of Power-to-X: Power-to-X describes the conversion and storage of electri-
cal energy into an energy carrier (gas, fuel or raw material) or a product (basic material,
feedstock). It is a collective term for Power-to-Gas, Power-to-Liquid, Power-to-Fuel, Power-
to-Chemicals and Power-to-Product [3,43].

This completed the existing definitions of PtG, PtL, PtC, eFuel and sector coupling [41]:
Definition of Power-to-Gas: A Power-to-Gas (PtG) plant describes a facility for con-

verting electrical energy into a gaseous energy carrier such as hydrogen or methane via
water electrolysis and optional methanation and storing it. It is thus part of an energy stor-
age system. Power-to-Gas describes on the one hand the plant for conversion and storage
and on the other hand also the overall system, which consists of injection (electrolysis,
methanation) storage (gas storage, gas grid) and withdrawal (gas power plants, CHP, gas
mobility and gas heating).

Definition of Power-to-Liquid: A Power-to-Liquid (PtL) plant describes a plant for the
conversion and storage of electrical energy into a liquid energy carrier such as kerosene, diesel
or methanol via water electrolysis and syntheses. The energy carrier is used for energy.

Definition of Power-to-Chemicals: A Power-to-Chemicals (PtC) plant describes a
plant for converting and storing electrical energy into a chemical product such as methanol
via water electrolysis and syntheses. The product is used as a material.

Definition of eFuel: An eFuel is a liquid or gaseous fuel based on the conversion and
storage of electrical energy via electrolysis and optional syntheses (Power-to-X). The energy
carrier is used for energy.

Definition of sector coupling: Sector coupling describes the coupling of the electricity
sector with the building, transport and industry sectors via, for example, CHP, heat pumps,
heating rods, electromobility, Power-to-X using energy conversion, energy networks (gas,
fuel, raw material, electricity) and energy storage.

Figure 8. Sector coupling resulted from Power-to-Gas and Power-to-X. It links the sectors of electricity, heat, transport and
industry via energy storage and energy converters and using renewable electricity as ‘primary energy’ for ecarbonization [3].
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4. Discussion of Electricity- and C-Sources for the Generation of C-Based Fuels

4.1. Climate-Neutrality of CO2 Based Fuels and Their Usage

The use of CO2 in the process is climate-neutral overall unless fossil CO2 is released
specifically for this purpose. Fossil power generation does not become CO2-neutral by
the utilization of the produced CO2, since the CO2 is released back into the atmosphere
after use (CCU—carbon capture and usage) in the PtG storage cycle. In addition, CO2-rich
gases such as those from biogas or biomass are more suitable as a source than flue gas from
power plants, since the energy required to capture the CO2 is lower [21].

4.2. From Fossil CO2 to Direct Air Capture—C-Sources for C-Based Fuels

After biogas upgrading, pure CO2 is available, which is cost-efficient and climate-
neutral since it is normally unused and was removed from the atmosphere by plants within
a very short period of time.

Another option for using biogenic CO2 is the use of raw biogas, which is advantageous
because the CO2 does not have to be extracted separately. Hydrogen reacts with the CO2
content of biogas directly in the methanation reactor. This enables a very broad and
distributed use of the decentral renewable energy source via the central gas infrastructure,
as opposed to rigid on-site electricity generation from biogas as a base load.

The obvious option is to use CO2 directly from the air, which together with a CCS
process would lead to a reduction in the CO2 content of the air. Our first 25 kW P2G pilot
plant uses separation from air via absorption in caustic liquids [22]. However, capture from
the air is only possible with high technical and financial effort, which is why this option has
not been explored fully. The advantage is site independence for CO2 recovery, which is often
a limiting or site-determining factor in the implementation of hydrogenation syntheses.

Large quantities of CO2 are produced in power plants and industrial facilities. While
fossil power plants can be replaced by renewable energies, for example, cement industries
continue to inevitably emit CO2. The same applies to other processes that are independent
of the energy transition. However, unlike biogenic or atmospheric CO2, these CO2 sources
are not distributed decentrally, which is an advantage for large-scale production of synthetic
fuel such as ‘e-kerosene’. Combining near-shore offshore wind farms, which generate
constant and cheap electricity, with large CO2 emitters such as cement plants results in the
synergetic approach of generating ‘unavoidable’ jet fuel from ‘unavoidable’ CO2 emissions.

Coal power plants are not considered a source of CO2, since in the short term, CCU
with PtX is not intended to ‘green-wash’ CO2-intensive power generation and in the long
run, fossil power plants will disappear during the energy transition and along with them
the CO2 sources. Furthermore, the additional effort of flue gas treatment increases the
primary energy consumption of power plants by 20–44% [44]. This means that part of the
CO2 emissions that are captured are caused by the increased energy input just because
CO2 is to be captured. On closer examination, this is paradoxical and only has a net effect
if the CO2 is stored for thousands of years or no longer escapes into the atmosphere when
firmly bound via material use.

CO2 recycling is understood to be a closed CO2 cycle. After the combustion of
renewable methane, CO2 is separated from the flue gases and made available again for
methanation. If pure oxygen, which is a by-product of electrolysis, is used in the combustion
of the methane and burned under the correct stoichiometric ratio, CO2 capture is possible
without much effort, since only CO2 and water are produced in such combustion.

4.3. Sustainable, Renewable C-Based Fuels Require Renewable Electricity and Proper Frameworks

In addition to the CO2 source, the use of renewable electricity is the basic prerequi-
site for a reduction of CO2 by Power-to-Gas: the CO2 intensity of the electricity source
determines the CO2 intensity of the PtX product or hydrogen derivate. Choosing fossil
electricity as an energy source for PtX reverses its climate effect: converting lignite into
electricity into gas, and thus a fossil chemical energy carrier into an electrical one, and in
the second step again back into a chemical one, we do not get a CO2-neutral energy carrier.
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The PtG gas would emit about 3200 g CO2 eq./kWh and thus more than eight times more
as fossil electricity from fossil gas when converted back into electricity [3].

From the perspective of sustainability, the use of renewable electricity is a must, and
biogenic or atmospheric CO2 sources are favored. The challenge and future main research
question remain how to modify the regulatory framework in that way that renewable
gas becomes competitive against natural gas [45]. CO2 pricing, quota systems and OPEX
funding are initial approaches towards the broad market introduction of PtX.

5. Conclusions

We created and patented a new storage concept called Power-to-Gas at the end of the
2000s that imitates photosynthesis and generates renewable hydrocarbons from renewable
electricity, water and CO2. This inspired others and led to the concepts of synthetic
fuels (eFuels, Power-to-Liquids and Power-to-Chemicals). We summarized all power-to-
concepts in the term Power-to-X in 2013. We built the first demo plants at a kW-scale,
which led to the first MW-scale plants at the beginning of the 2010s and inspired many
other PtX-plants worldwide.

The main advantages of PtG are that we (i) solved the chicken-egg-problem of H2,
(ii) solved the seasonal storage problem of wind and solar by coupling electricity and
gas sectors and thus using existing infrastructures with TWh-scale storage for renewables
and (iii) created a way to generate eFuels from wind and solar for transport, industry
and buildings.

The main disadvantages are the need for a CO2 source and the lower efficiency
compared to the direct use of electricity or hydrogen. However, this is very useful for all
applications that cannot decarbonize or otherwise become climate-neutral: long-distance
transport like ship, airplanes and heavy-duty, 100% renewable electricity supply and many
industry applications such as high-temperature processes.

6. Patents

We patented our Power-to-Gas concept innovation in the EU and USA:

1. Specht, M.; Sterner, M.; Stürmer, B.; Frick, V.; Hahn, B. Renewable Power Methane–
Stromspeicherung durch Kopplung von Strom- und Gasnetz–Wind/PV-to-SNG. DE
10 2009 018 126.1, 9 April 2009.

2. Specht, M.; Sterner, M.; Stürmer, B.; Frick, V.; Hahn, B. Energy System and Supply
Method, EP 00 0002 3345 90B1, 9 April 2010.

3. Specht, M.; Sterner, M.; Stürmer, B.; Frick, V.; Hahn, B. Energy System and Supply
Method, US 00 0009 0571 38B2, 9 April 2010.
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Abstract: The performance of a mixed microbial community was tested in lab-scale power-to-methane
reactors at 55 ◦C. The main aim was to uncover the responses of the community to starvation and
stoichiometric H2/CO2 supply as the sole substrate. Fed-batch reactors were inoculated with the
fermentation effluent of a thermophilic biogas plant. Various volumes of pure H2/CO2 gas mixtures
were injected into the headspace daily and the process parameters were followed. Gas volumes and
composition were measured by gas-chromatography, the headspace was replaced with N2 prior
to the daily H2/CO2 injection. Total DNA samples, collected at the beginning and end (day 71),
were analyzed by metagenome sequencing. Low levels of H2 triggered immediate CH4 evolution
utilizing CO2/HCO3

− dissolved in the fermentation effluent. Biomethanation continued when
H2/CO2 was supplied. On the contrary, biomethane formation was inhibited at higher initial H2

doses and concomitant acetate formation indicated homoacetogenesis. Biomethane production
started upon daily delivery of stoichiometric H2/CO2. The fed-batch operational mode allowed high
H2 injection and consumption rates albeit intermittent operation conditions. Methane was enriched
up to 95% CH4 content and the H2 consumption rate attained a remarkable 1000 mL·L−1·d−1. The
microbial community spontaneously selected the genus Methanothermobacter in the enriched cultures.

Keywords: power-to-gas; thermophilic biogas; fed-batch reactor; Methanothermobacter; metagenome;
starvation; H2 and CO2 conversion; methane; acetate

1. Introduction

The energy needs of civilized human lifestyle and the global population are increasing
rapidly. The majority of this energy is provided currently from fossil energy carriers.
Exploitation of fossil sources is associated with greenhouse gas (GHG) emission, which
is the primary source of global climate change endangering the biosphere and overall
quality of life on Earth. These are the driving forces for the increase of the contribution of
renewable energy in the overall energy spectrum. Photovoltaics (PV), wind, hydro, and
biomass are the major sources available [1,2]. The particularly rapid growth in energy
production via PV and wind is much appreciated although the fluctuating nature of
electricity generation using these forms of incoming solar energy presents additional
challenges for the distribution and utilization systems [3,4]). Smart electricity grids and
flexible storage technologies are being developed to balance the energy losses and grid
imbalances due to the deranged production and utilization of electricity [5].

The mass-based energy content and carbon-free nature of hydrogen makes H2 an
excellent energy storage medium. H2 can be produced in various ways [6], water elec-
trolysis being the most commonly employed among them [7]. Conversion to a hydrogen
economy [8–10] is an attractive scenario, which could help restore the rapidly deteriorating
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climate conditions. The primary hurdles to large scale H2 use include underdeveloped
storage and transport technologies, which are still costly and energy demanding [8,10].

Methane (CH4) is also an excellent potential energy delivery material but it can con-
tribute to GHG emission, due to its carbon content, unless generated via a renewable
energy conversion process [11,12]. A significant advantage of CH4 as an energy carrier is
the efficient and advanced storage and transport pipeline system developed for natural gas,
the fossil and thus less environmentally friendly form of CH4 [13,14]. Biogas, a mixture of
CH4 (60–70), carbon dioxide (30–40%), and 1–2% of other gases [15], is generated during
the anaerobic decomposition (AD) of biomass, a renewable form of stored solar energy con-
tinuously supplied on Earth via photosynthesis [16,17]. AD of biomass is carried out by a
complex microbial community, biogas is formed in the last step of the multifarious biochem-
ical process by methanogenic microbes. Based on their substrate preference, methanogens
are classified in three groups, i.e., acetotrophic, hydrogenotrophic, and methylotrophic
methanogens, all belonging in the phylum Euryarchaeota within the kingdom Archaea [18].
Hydrogenotrophic methanogens reduce carbon dioxide (CO2) to CH4 when the appro-
priate reducing power, i.e., H2 or low redox potential electrons, is available. H2 can be
obtained from water electrolysis powered by renewable electricity, closing the circular
character of this energy conversion process, called Power-to-Methane (P2M) [7,15,19,20].
P2M is accomplished either within the biogas producing AD reactor, i.e., in situ P2M,
or in a separate reactor vessel, i.e., ex situ P2M, or in a combination thereof [15,19]. The
advantages and disadvantages of the various reactor arrangements have been discussed
extensively [15,21–23]. Methanogens, the key players in the P2M process can be employed
in sterile, pure cultures [24–27] or in a mixed anaerobic microbial community [13,28–34].
An inexpensive, readily available source of the anaerobic methanogen community is the
fermentation effluent of the biogas reactor itself, which is enriched in methanogens during
the course of P2M [28,35].

A lab-scale proof of concept is presented in this study, in which the fermentation
residue of an industrial thermophilic AD reactor is used to catalyze the P2M conversion of
H2 and CO2 while the alterations of the microbial community under the selection pressure
of the experimental conditions are established.

2. Materials and Methods

2.1. Fermentation System

The total volume of each batch reactor was 160 mL (Wheaton glass serum bottle,
Z114014 Aldrich) and contained 40 mL fermentation effluent from the thermophilic indus-
trial biogas plant Bátortrade Kft. Nyírbátor, Hungary. The main substrates at Bátortrade
are animal waste (39.1%), manure (29.7%), agricultural waste (18.9%), and ensilaged green
plant material (12.3%). The effluent, containing the “start” microbial community, was
sieved on a 1 mm filter to remove the larger particles. In each set of experiments 3 control
reactors, containing only the “start” inoculum, were included. The various reactors were
operated in 3 parallel biological replicates. The reactors were sealed with butyl septa
and aluminum crimps and the headspace was replaced with flushing by N2 gas (Messer
nitrogen 4.5) for 5 min. H2 and CO2 were injected manually and daily into the head-space
with disposable plastic syringes. The reactors received varying volumes of daily H2 doses,
which were nominally 20, 40, and 60 mL of pure H2 gas, respectively. The amount of the
injected gas was verified by gas chromatography (GC) as corresponding to 18.0, 31.5 and
43.5 v/v% actual initial H2 concentration in the head-space. The gas composition in the
reactor head-space was determined daily by GC and after the measurements the reactors
were degassed by purging with N2 for 5 min and the internal pressure was adjusted to
atmospheric level. The reactors were incubated in a thermostated rotary shaker at 55 ◦C.

2.2. Volatile Organic Acid Analysis

Samples for organic acid analysis were pretreated according to Szuhaj et al. [28].
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The concentrations of volatile organic acids were measured with HPLC (Hitachi
Chromaster) equipped with a refractive index detector Chromaster 5450. The separation
was performed on an Agilent Hi-Plex H column. The temperature of the column and
detector were 50 ◦C and 41 ◦C, respectively. The eluent was 0.02 M H2SO4 (0.6 mL·min−1).

2.3. Gas Composition Analysis

The gas composition of the reactor headspace was measured every day by GC. The
CH4 and H2 contents were determined with an Agilent 6890N GC (Agilent Technologies,
Santa Clara, CA, USA) equipped with an HP Molesive 5 Å (30 m × 0.53 mm × 25 μm)
column and a TCD detector. The temperature of the injector was 150 ◦C and application
was made in split mode 1.1:1. The column temperature was maintained at 47 ◦C. The
carrier gas was Linde HQ argon 5.0, with the flow rate set at 9.6 mL·min−1.

The amount of CO2 was determined with a Shimadzu GC 2010 (Shimadzu Corpora-
tion) equipped with a TCD detector and a HP PlotQ (30 m × 0.5 mm × 40 μm) column.
The chromatograph was operated in split injection mode (rate 4:1). The temperature of
the inlet was 200 ◦C. The column and the detector temperature were maintained at 90 ◦C
and 150 ◦C, respectively. The carrier gas was Messer nitrogen 4.5 at 1.25 mL·min−1. The
samples were injected with the help of a gastight microsyringe (Hamilton). The conversion
efficiency of H2 to CH4 was calculated by the modified theoretical equation [28,30,36].

η =

(
rCH4 A − rCH4B

)
(
rH2 A − rH2D

)× 4
× 100

where “A” is the experimental reactor and

η = conversion efficiency of H2 to CH4 (%)
rCH4 A = CH4 production of reactor A (mL·L−1·d−1)
rCH4B = CH4 production of control reactor (mL·L−1·d−1)
rH2 A = injected amount of H2 to reactor A (mL·L−1·d−1)
rH2D = residual amount of H2 in reactor A (mL·L−1·d−1)

2.4. Determination of Fermentation Parameters

oDM: The organic dry matter content was quantified by drying the biomass at 105 ◦C
overnight and weighing the residue, giving the dry mass content. Further heating of this
residue at 550 ◦C provided the organic dry matter (oDM) content.

pH: The pH was measured with a Radelkis OP-211/2 equipped with an OP-0808P pH
electrode immediately after the daily GC analysis.

2.5. Total DNA Isolation for Metagenomics

The composition of the microbial community was investigated twice during the
experimental period from each reactor and controls, i.e., at the starting point (inoculation)
and at the end of cultivation. For total community DNA isolation 2 mL samples were
taken from each reactor. DNA extractions were carried out using the Zymo Research
Fecal DNA kit (D6010, Zymo Research, Irvine, CA, USA). Bead beating was performed by
Vortex Genie 2, bead size: 0.1 mm, beating time: 15 min, beating speed: max, and in other
details the Zymo Research kit protocol was followed. The quantity of DNA was estimated
using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, NC,
USA) and a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). DNA purity
was tested by agarose gel electrophoresis and on an Agilent 2200 TapeStation instrument
(Agilent Technologies).

2.6. Shotgun Sequencing

The recommendations of the Ion Torrent PGM™ sequencing platform were closely
followed (Life Technologies, Carlsbad, CA, USA). The preparation of sample libraries
was done according to the Life Technologies IonXpress fragment plus library protocol
(4471269). Ion device library quantitation kit (4468802) and Step One Real Time PCR
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(Applied Biosystems) were used to quantify the samples. The Ion PGM Template OT2 200
kit (4480974) was used with OneTouch 2 and Ion OneTouch ES devices. The barcoding was
done by IonXpress barcode kit (4471250). Sequencing was performed with Ion PGM 200
Sequencing kit (4474004) on Ion Torrent PGM 316 chip.

Raw sequences are available on NCBI Sequence Read Archive (SRA) under the sub-
mission number: PRJNA625695.

2.7. Raw Sequence Filtering

The Galaxy Europe server was employed to pre-process the raw sequences (i.e.,
sequence filtering, mapping, quality checking) [37]. Low-quality reads were filtered by
Prinseq [38] (min. length: 60; min. score: 15; quality score threshold to trim positions:
20; sliding window used to calculated quality score:1). Filtered sequences were checked
with FastQC.

2.8. Read-Based Metagenome Data Processing and Statistical Analysis

The filtered sequences were further analyzed by Kaiju, applying the default greedy
run mode on Progenomes2 database [39,40]. MEGAN6 was used to investigate microbial
communities and export data for statistical calculation. The results were plotted with iTOL
(Interactive Tree of Life) [41]. The microbial changes of the communities were estimated as
the log2 fold changes (log2FC):

log 2FC = log 2
(

abundance X
abundance START/CONTROL

)

3. Results

3.1. Methanogenesis by H2 and H2 + CO2

The mixed AD community was first supplied with various amounts of H2 in order to
eliminate the dissolved CO2/HCO3

− in the AD fermentation effluent (Figure 1).

Figure 1. Cumulative biomethane productions in time from 20 mL nominal H2 volume (=18.0 v/v% H2,
red curve), 40 mL nominal H2 volume (=31.5 v/v% H2, blue curve) and 60 mL nominal H2 volume
(= 43.5 v/v% H2, black curve) and concomitant stoichiometric CO2. The control, i.e., only daily
N2 gas replacement of the head-space, is shown in green. The symbol sizes indicate the error
of measurement.

The control samples (green curve) evolved a small amount of residual CH4 during day
1–2, but CH4 generation ceased afterwards indicating the cessation of biogas formation due
to the preceding depletion of degradable organic substrates. The reactors received varying
volumes of daily H2 doses, which were nominally 20, 40, and 60 mL of pure H2 gas, shown
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with red, blue and black curves, respectively, corresponded to 18.0, 31.5, and 43.5 v/v%
actual initial H2 concentration in the head-space. The daily H2 doses were completely con-
sumed within 24 h in all reactors. The microbial community quickly consumed the dissolved
CO2/HCO3

− as well, indicating high biological activity. The reactors receiving 18 v/v%
of H2 started to produce CH4 intensively, implying sufficient level of a hydrogenotrophic
methanogen activity for the bioconversion reaction. After about a week of daily H2 feeding
of the reactors the CH4 evolution began to cease and the cumulative CH4 production
curve levelled off. By this time the CO2 completely disappeared from the headspace of the
reactors (Figure 2). A combination of these observations was indicative of methanogenesis
limitation as a consequence of CO2/HCO3

− depletion by hydrogenotrophic methanogene-
sis. The situation was remedied by the injection of 6.5 v/v% CO2 together with the daily
H2 dosage (Figure 2) on days 8–14 and 22 as indicated by the arrows.
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Figure 2. The residual CO2 levels measured in the reactors’ head-space. Color codes as in Figure 1: green = control reactors,
red = low H2 daily dosage (20 mL H2 nominal volume), blue = medium H2 daily dosage (40 mL H2 nominal volume),
black = high daily H2 dosage (60 mL H2 nominal volume). The arrows indicate the time points when excess CO2 was
delivered in order to remedy system imbalance.

This effectively restored CH4 production, although the excess CO2 supply resulted in
a transient accumulation of CO2 in the headspace. Henceforth, a 4:1 volumetric mixture of
H2 and CO2 was injected daily into the head-space of the reactors. Steady CH4 production,
without detectable H2 or CO2, was maintained throughout the rest of the 71-day long
experiment, demonstrating sustainable bioconversion of H2/CO2 to CH4. The alterations
in the pH of the reactor content reflected and corroborated the postulated sequence of
events. Following week 2, a significant pH elevation was noted in the reactors receiving
18 v/v% of H2, which quickly reached an alarming level above pH = 9 (Figure 3) on weeks
2 and 3. The injection of CO2 slowly returned the pH level to normal, corroborating the
essential role of CO2/HCO3

− in maintaining and regulating the buffering capacity in
these systems.
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Figure 3. The alterations in pH values of the aqueous phase of the reactors: green = control reactors,
red = 20 mL H2 nominal volume daily dosages, blue = 40 mL H2 nominal volume daily dosages,
black = 60 mL H2 nominal volume daily dosages and concomitant stoichiometric CO2.

The reactors receiving higher H2 doses (31.5 or 43.5 v/v%) showed a substantially
distinct behavior. In these reactors CH4 evolution did not commence upon H2 addition
and CO2 was not detectable in the headspace even after the first day. Nevertheless, the
injected H2 was consumed completely by the microbial community. Pursuing possible bio-
conversion product(s) other than CH4 revealed that the microbes utilized the H2 and CO2
in the reactors for syntrophic acetate production via homoacetogenesis [42]. Accumulation
of considerable amounts of acetate (Figure 4) indicated the predominance of this pathway
in these reactors. In line with this mechanism was the substantial pH drop on week 2
(Figure 3). Overdosed (9.9 and 13.9 v/v%) injection of CO2 (Figure 2) successfully balanced
the pH back to near normal level for methanogenesis in these reactors. Accordingly, steady
CH4 production started (days 8–10) and daily stoichiometric gas delivery of H2 and CO2,
drifted the system away from volatile fatty acid (VFA) biosynthesis to hydrogenotrophic
methanogenesis (Figures 1–3). All reactors were eventually stabilized in the biomethane
production mode and maintained their stable operation for the rest of the experimental
period. Acetate and other VFAs were barely detectable in these reactors (Figure 4).

Figure 4. The volatile fatty acids (VFA) productions of the P2M reactors: green = control reactors, red = 20 mL H2 nominal
volume daily dosages, blue = 40 mL H2 nominal volume daily dosages, black = 60 mL H2 nominal volume daily dosages
and concomitant stoichiometric CO2.
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3.2. Metagenomic Analyses

The microbial community of the thermophilic digestate was diverse, although the
majority of the identified genera were present in low relative abundance (<1%) (Figure 5).
Feeding the community with only H2/CO2 daily, acted as strong selection pressure on
the community by the end of the 71-day long P2M experiment. In spite of the apparent
high initial microbial diversity, a limited number of taxa survived the P2M experimental
conditions (Table 1) leading to the substantial enrichment of the successful survivors.

Figure 5. The microbial diversity map is plotted in the central taxonomic tree and the names of genera corresponding
to the branches. The average relative abundances of the taxa in the various reactors are shown in the set of the outer
5 rings: starting community; control (= no H2 feeding) community; 20, 40, and 60 mL H2 nominal volume daily dosages,
respectively; color scale in the upper left corner. Set of 4 outermost rings: comparison of the logarithmic fold change (log2FC)
values between the start community and the control, 20, 40, and 60 mL H2 nominal volume daily dosages, respectively, and
concomitant stoichiometric CO2 (color scale in the lower left corner).

125



Energies 2021, 14, 7336

Table 1. The changes in relative abundances of the 23 most abundant microbial taxa upon various treatments. START:
composition of the initial thermophilic AD effluent; Control: only daily N2 gas replacement of the head-space; 20 mL
H2 reactor: 20 mL nominal H2 volume (=18.0 v/v% H2); 40 mL H2 reactor: 40 mL nominal H2 volume (=31.5 v/v% H2);
60 mL H2 reactor: 60 mL nominal H2 volume (=43.5 v/v% H2) and concomitant stoichiometric CO2. Color codes in the
cells of taxon names are as follows: red—Archaea genera; white—the abundance was not affected by H2/CO2 addition;
yellow—the abundance of genera decreased at all H2/CO2 concentrations as a result of starvation stress; green—genera
responding positively to starvation and to moderate H2/CO2 daily dosage. Red background color in the log2FC cells
indicates enrichment, blue background color denotes diminishing tendency for the given taxon. The most striking changes
are the boxed in heavy borderlines.

Taxon START Control 20 mL H2 Reactor 40 mL H2 Reactor 60 mL H2 Reactor
Methanosarcina 21.69 22.80 15.24 13.70 9.35
Caldicoprobacter 19.89 7.12 12.32 9.90 4.20

Ureibacillus 9.10 0.05 0.19 0.12 0.05
Methanothermobacter 8.37 6.60 29.47 37.53 65.26

Clostridium 4.52 1.48 1.02 1.01 0.78
Lutispora 2.28 0.29 0.17 0.16 0.13

Desulfotomaculum 1.80 2.18 1.41 1.30 0.78
Moorella 1.53 1.26 0.85 0.73 0.43
Herbinix 1.35 0.50 0.27 0.28 0.22

Lysinibacillus 1.33 0.10 0.10 0.10 0.10
Limnochorda 1.31 1.09 0.63 0.50 0.23

Acetomicrobium 1.28 3.11 1.54 1.32 0.78
Bacillus 1.23 0.50 0.35 0.31 0.16

Paenibacillus 1.16 0.60 0.40 0.39 0.23
Syntrophomonas 1.03 0.36 0.22 0.21 0.13
Tepidanaerobacter 1.01 0.65 0.34 0.25 0.17
Syntrophaceticus 0.57 1.48 1.79 1.55 0.76

Sphaerobacter 0.57 1.60 0.67 0.76 0.36
Thermacetogenium 0.55 1.11 1.24 1.18 0.51

Mycobacterium 0.37 1.69 0.80 0.78 0.55
Methanobacterium 0.28 19.99 10.99 9.30 5.72

Actinotalea 0.10 5.09 5.32 5.39 2.10
Cellulomonas 0.10 2.44 2.65 2.66 1.05

Within the kingdom Bacteria the genus Caldicoprobacter turned out to be the most
abundant (19.9%) in the starting community, i.e., in the fermentation effluent of the ther-
mophilic AD plant. These hydrolyzing bacteria belong in the order Clostridia and class
Firmicutes and degrade various carbohydrates, e.g., arabinose, xylose, ribose, fructose [43],
and proteins via their active serine protease [44]. The second most abundant genus in
the kingdom Bacteria was Ureibacillus. These bacteria can also carry out a number of
heterotrophic decomposition pathways [45–47]. Additional predominating members of the
thermophilic anaerobic community were the genera Clostridium and Lutispora with relative
abundances of 4.5 and 2.3%, respectively. These genera are routinely found in biogas
communities [48,49], together with the less abundant genera Desulfotomaculum (1.8%) and
Moorella (1.5%) (Table 1).

Members of the genus Methanosarcina were initially the predominant ones among
methanogens with relative abundance of 21.7%. Methanosarcina is the only known genus,
which is able to carry out all three methanogenic pathways, i.e., acetoclastic, hydrogenotrophic,
and methylotrophic CH4 biosynthesis. This versatile capability makes them the most fre-
quently detected methanogens in many biogas producing systems [7,15]. In line with
the metabolic versatility, they showed excellent survival competence upon starvation, the
relative abundance in the control reactor was 22.8%. Next in abundance among the initial
methanogens was the genus Methanothermobacter (8.4%), a typically hydrogenotrophic
methanogen [50]. They endured the starvation just as well as the genus Methanosarcina, and
eventually became the most predominant methanogens in all reactors fed with H2/CO2,
greatly outnumbering the other two methanogenic genera and therefore substantially con-
tributing to the P2M conversion. It is noteworthy, that the relative abundance of the genus
Methanothermobacter increased with the daily H2 doses injected into the reactors while
both Methanosarcina and Methanobacterium appeared to respond on the contrary, i.e., their
relative abundances apparently decreased at elevated H2 addition (Table 1). Since these
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abundance values are relative ones, they indicate the level of competition for H2 among
the methanogens rather than the absolute number or survival vigor of these Archaea.

The overall rearrangement of the microbial community as a result of H2/CO2 feeding
may not look spectacular at first glance (Figure 5, outermost rings). This is due to the
fact that sequencing of the samples allowed the identification of numerous taxa present
in very low abundance, i.e., <0.1% in the microbial communities. The changes in the
scarcely present microbes upon various treatments are difficult to assess, therefore these
were not considered in the comparative analyses. Important changes were recognized
upon a closer look (Table 1) of the 23 most abundant taxa present in the starting microbial
community. Although fresh organic substrate was not delivered into the reactors, some of
the heterotrophic Bacteria managed to survive and flourish in spite of the lack of added
organic substrates for their heterotrophic growth.

A marked reorganization of the microbial community took place, when the microbes
were subjected to starvation, i.e., neither external organic substrate nor H2/CO2 was
available to support their life. Comparison of the “start”, i.e., thermophilic AD effluent,
microbial community with the “control”, i.e., thermophilic AD effluent incubated at 55 ◦C,
with daily replacement of the headspace with N2 gas, clearly indicated a fight for survival
within the community (Table 1, columns 2 and 3).

The regulatory effects of H2 and/or H2/CO2, together with the lack of added or-
ganic substrates, manifested themselves in the genera Ureibacillus (log2FC= −7.6), Lutispora
(log2FC= −3.9), Herbinix (log2FC= 2.4), Clostridium (log2FC= −2.3), Bacillus (log2FC= −1.3),
Tepidanaerobacter (log2FC= −2.0) among Bacteria. Ureibacilli have been found frequently in
thermophilic aerobic poultry waste treatment sites [51]. Similarly, the genera Lysinobacillus
and Paenibacillus are typical components of the poultry manure microbiota [52,53]. These
apparently “outlier” bacteria (taxon names are highlighted in yellow in Table 1) could
have therefore infiltrated the thermophilic AD community from the AD substrate, which
contained poultry meat processing waste (Figure 6).

The declining representation of homoacetogens, e.g., genus Syntrophomonas (log2FC= −2.5) [54],
indicated a shift from syntrophic acetate oxidation (SAO) to hydrogenotrophic methanogenesis
in the reactors fed with increasing H2/CO2 loading. In contrast, the SAO genus Actinotalea
acclimated excellently to the starvation condition and subsequently to the P2M conditions.
Similarly, other SAOB genera, such as Syntrophaceticus and Thermoacetogenium [55] emerged
substantially from the diverse group of low abundant taxa in the starting community upon
starvation and remained stable members of the community, although virtually unaffected
by the amount of daily H2 dosage (taxon names are highlighted in green in Table 1). Others
(taxon names are highlighted in white in Table 1) remained unaffected by the presence of
H2/CO2 in their environment.

Interestingly, the methanogens (taxon names are highlighted in red in Table 1) re-
sponded differently to the changing environment. The genus Methanosarcina, a predomi-
nant methanogen in the starting community, was not affected by the starvation, but became
slightly inhibited by the daily dosage of H2/CO2 (log2FC = −0.8), although it should be
noted again that only relative abundance values were compared in this study. Increasing
the H2 supply triggered an apparent drop in the number of Methanobacteria, but their aver-
age abundance was at the respectable log2FC = 4.9. The hydrogenotrophic methanogen
Archaea (HMA), belonging in the genus Methanothermobacter became the absolute predomi-
nant taxon, its relative abundance increased from 8.4% in the starting community up to
65.3% in the reactors receiving 43.5 v/v% H2 + 10.9 v/v% CO2 every day (Figure 6).
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Figure 6. The logarithmic fold change (log2FC) abundance alterations in the most abundant 23 genera at the end of the
experiment. The control vs. starting community log2FC values are plotted in green columns, and the log2FC between the
control vs. the average of H2/CO2-fed reactors are shown in red columns.

4. Discussion

Signatories of the Paris agreement [56] pledged to exercise joint efforts and limit the
global climate change to below 2 ◦C, a challenging undertaking for mankind. Among the
measures to be implemented, the expanded use of renewable energy carriers to replace
the currently predominating fossil ones has high priority. There are a number of technical
tasks to solve and obstacles to overcome along this road, but photovoltaics, wind, and
hydro power technologies have already gained momentum and increased appreciably
the contribution to the conversion of the energy palette. These technologies produce
renewable electricity often in a fluctuating and unpredictable fashion, depending on the
environmental conditions. The electricity grids experience difficulties in handling this
irregular input without major losses. The power-to-gas (P2G) or power-to-methane (P2M)
technology offers a solution by converting the excess renewable electricity to H2 or CH4
via P2G or P2M, respectively [57]. H2 is a carbon-free energy carrier for the future, CH4
seems to be an excellent second choice and an easier target due to the existing elaborated
transport and storage networks for “natural gas”, which is essentially fossil CH4.

Several approaches have been proposed to realize P2M [15] using biological systems
as catalyst of the CO2 reduction to CH4. They all employ hydrogenotrophic methanogenic
Archaea (HMA), which carry out the required biochemical reaction in their natural environ-
ment to sustain their life [58], within the biogas producing anaerobic microbial communi-
ties [59]. HMAs can accomplish CO2 reduction both in microbiologically pure cultures and
as parts of a larger microbial community. In a mixed community the provision of only H2
or H2/CO2 acts as selection pressure in the process. Under mesophilic conditions [28,35]
the reactors fed solely with H2, consumed the dissolved CO2/HCO3

− and CH4 evolution
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ceased after 26–28 days. Correcting the conditions by daily injection of stoichiometric
H2/CO2 in the head-space restored the P2M process, which could be maintained for an
extended period of time. The daily doses of H2/CO2 were completely consumed within
16–20 h.

In the present study the same overall workflow was tested under thermophilic (55 ◦C)
conditions. Elevation of the reaction temperature accelerated the performance of the HMAs
in the mixed microbial community. The reactors supplied with 31.5 or 43.5% H2 did not
evolve CH4 (Figure 1), but converted the H2/CO2 to primarily acetate (Figure 4), which
suggested a homoacetogenic reaction pathway for H2 metabolism instead of the expected
CH4 evolution. Apparently, the dissolved CO2/HCO3

− was used as carbon source in the
acetate biosynthesis as indicated by both the VFA profile and the increased pH by the end
of day 7. Similar events were observed only after 3–4 weeks of daily H2 injection under
mesophilic conditions [28].

Distinct behavior was observed at low daily H2 dosage, i.e., 18% of H2 in the head-
space at the time of gas injection. The H2 also wholly disappeared from the head-space
within 24 h and CH4 evolution commenced. Accumulation of VFAs and concomitant
elevation of pH was not observed in these reactors indicating that the P2M reaction took
place already during this first period of the experiment. By the end of week 2 probably
most of the dissolved CO2/HCO3

− was converted to CH4. Elevation of the pH was the first
warning sign of system imbalance, which required action to restore stable CH4 production.
Addition of stoichiometric daily H2/CO2 gas mixture resolved the problem.

In summary, the entire experimental timeline could be divided clearly into two phases.
During the first period, the system responded quickly but in a distinct manner depending
on the supplied H2 level and the dissolved CO2/HCO3

−. When only low H2 volumes
were injected into the reactors, i.e., 18 v/v%, CH4 evolution took place as expected. In
contrast, addition of higher dosage of H2 inhibited CH4 formation completely from the
start. Supplementation of a stoichiometric mixture of H2/CO2 yielded 87.5–95.5% CH4
content during the second, stabilized P2M generation period in all reactors.

A comparison of the performance using a fed-batch and “H2 flow-through” reactor
arrangement reveals the advantages of this P2M approach relative to the widely stud-
ied flow-through CSTR (continuous stirred-tank reactor) reactor configuration [29,60,61]
(Table 2). The fed-batch reactors upgraded the gas mixture to 95% bioCH4 purity, which
is close to the methane content required for direct injection into the natural gas grid. The
yield of CH4 production from the injected H2 doubled in comparison to the values reported
in [29,62]. The H2 injection rate reached 1300 mL·L−1·d−1 in the reactors receiving the
highest daily H2 dose and practically all the injected H2 was consumed by the microbial
community for CH4 production. Moreover, the community apparently did not demand
additional nutrients and/or minerals to sustain the biological activity of the enriched
community as opposed to the systems utilizing a single HMA strain [22]. Taking these
advantages together (Table 2), the fed-batch reactor arrangement and the intermittent gas
feeding are recommended to become a novel, efficient P2M strategy as opposed to the
flow-through P2M reactors. The increased residence time of H2/CO2 in contact with the
aqueous bulk, containing the key living and actively functioning microbial catalysts, offers
improved reactor performance although the technology is still far from being optimized.
The costs of installation and operation of a fed-batch type P2M reactor would be sub-
stantially lower than that of a more sophisticated flow-through in situ or ex situ reactors
equipped with online GC monitoring, fine-tuned process control, gas recirculation and
management systems [29,60,61].

The results corroborated the existence of a delicate balance between homoacetogenesis
and methanogenesis, which is closely regulated by the H2 level within the system [20,62,63].
The time resolution of sampling, analytical measurements, and the complexity of the
biochemical reactions in the system did not allow calculation of a precise mass balance in
this system. Nevertheless, the data are compatible with the assumption that no additional
metabolic pathway contributed considerably to the outcome of the P2M reaction by the
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mixed anaerobic thermophilic microbial communities. Detailed mapping of the events in
time within the P2M reactors is needed as part of future research efforts to determine the
boundaries and precise operational parameters, kinetics of dissolution of the gases and the
development of H2 concentration gradients in the aqueous medium, etc. This is important
for planning and management of the large scale P2M facilities based on mixed microbial
systems, which should be competitive compared to the microbiologically well-defined P2M
technologies using a pure HMA culture, particularly if the savings in operational costs are
taken into account [7,15,16].

Two effects causing selection pressure could be distinguished in these experiments.
First, there was an alteration in the composition of the community composition as the result
of starvation, i.e., incubation of the community under anaerobic condition for an extended
period of time. Second and added to the starvation stress, the community responded to the
addition of varying amounts of H2/CO2 so that certain genera were enriched, while others
tended to diminish.

Among Bacteria, members of the genera Actinotalea (log2FC = 5.1) and Cellulomonas
(log2FC = 2.4) were apparently the ones to respond successfully to the selection pressure
brought about by starvation. Actinotalea are facultative anaerobes [64,65] and thus carry
out versatile metabolic pathways, whereas members of the genus Cellulomonas are superior
in polysaccharide decomposition [66]. Since no organic material was supplied to support
their heterotrophic growth, they could obtain organic substrate from the deceased members
of the bacterial community. It is noteworthy that some genera present in low abundance
(≤0.5%) in the inoculum, e.g., Syntrophaceticus, Sphaerobacter, Thermacetogenium, and My-
cobacterium also managed to avoid extinction under the starvation conditions [67–70]. Some
of these and the genus Acetomicrobium exhibited similar behavior and are suspected or
verified SAOBs [71].

The methanogenic genus, Methanosarcina, apparently did not suffer much from starva-
tion stress (Table 1) and maintained its predominance in the AD community [59,72,73]. The
abundance of the genus Methanothermobacter was also largely unaffected by the starvation
stress. The hydrogenotrophic methanogen genus Methanobacterium took a surprisingly pro-
nounced advantage under starvation condition, similarly to a recent finding at mesophilic
temperature [49]. This taxon increased its relative abundance from a meager 0.3% to
20% under starvation conditions. Future metatranscriptomic studies should reveal the
metabolic changes responsible for this outstanding behavior.

The changes in the abundances of the various taxa upon supplying the starving
reactors with various daily dosages of H2/CO2 is of particular interest with regard to the
development and microbiological management of a stable and efficient microbial P2M
community. The differences in abundances between the microbial communities subjected
to starvation stress and equally starved and H2/CO2-fed communities are expressed at
logarithmic scale (log2 fold change, Figure 6). The aim of this comparison was to separate
the alterations in community composition due to H2/CO2 supply and starvation. It should
therefore be noted that the lengths of the horizontal columns do not indicate absolute or
relative abundances of any given taxon, these columns show only the differences between
starving and H2/CO2-fed reactors.
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Practically none of the most abundant 20 bacterial genera responded with elevated
growth (Figure 6) to the daily H2/CO2 dosage into the headspace of the reactors although
the microbes in the fed-batch reactors consumed the injected H2 completely within 16–24 h
at all three H2 concentrations. The genus Ureibacillus did not follow the general trend, but its
representation was severely decimated from 9.1% to 0.05% upon starvation (Table 1), there-
fore it became negligible and could not interfere with the life of the community. Moderate
apparent inhibition by H2/CO2 was observed in the case of all bacterial genera (Figure 6).
This was likely due to the fact that relative abundance values were used in the calculation
of log2FC and the predominance of the hydrogenotrophic genus Methanothermobacter,
increased substantially in the H2/CO2-fed reactors.

Nevertheless, the presence of SAOBs among the most abundant 20 bacterial strains is
noteworthy and the suspected SAOB-methanogen syntrophic contribution to the improve-
ment of the P2M conversion demands further detailed study involving metatranscriptomics.

5. Conclusions

There are two “take home” messages from the studies reported in this paper. First, the
fed-batch reactor configuration should be considered as an alternative to the widely used
flow-through arrangement. The flow-through reactors are fine-tuned to minimize H2 loss
in the effluent gas, therefore very low H2 injection rates are employed, which limits the
attainable CH4 production rates. In addition, the infrastructure and delicate process control
makes these approaches costly. Although a fed-batch P2M reactor works intermittently, the
added benefits, i.e., high H2 loading rate, complete conversion of H2/CO2 to CH4 and low
operation costs, can make this approach appealing for future scale-up development.

Second, we demonstrated that the genus Methanothermobacter is enriched as the sole
predominant methanogenic taxon under the selection pressure of the P2M conditions.
Consequently, a mixed microbial community from a thermophilic AD plant can simply
be used as catalyst in the P2M reactors after a few days/weeks of enrichment period and
maintenance of microbiologically pure conditions; addition of expensive complex medium
and micro nutrients are not necessary. In so doing, the costs of the P2M operation at an
industrial scale can be reduced substantially.

In future studies the economic analysis and the larger scale testing of the proposed
novel P2M process are required.
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