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Abstract: Innovative and sustainable energy technologies are needed in the transition of energy toward
a circular economy. Because of the use of renewable energy and carbon utilization, power-to-gas could
be a cutting-edge technology that supports the circular model in future sustainable energy markets.
However, this technology faces new technical and socio-economic challenges. The use of power-to-gas
is limited because of barriers that limit the mobilization of investment capital. In addition, social
and economic impacts on the territories in which these facilities are located are under study. In this
context, the aims of this paper are: (i) To explore the determinants and barriers for power-to-gas
technology to enhance the understanding of investment in innovative energy technologies; and
(ii) to support effective policymaking and energy companies’ decision-making processes. This study
defines and measures, from a circular economy perspective, the main impacts of the deployment of
this technology on a territory in terms of volume of investment, employment generation, and CO,
capture. The study also provides a simplified methodology to contribute to the analysis of the use of
power-to-gas. Finally, it improves the knowledge of the socio-economic impact of this cutting-edge
technology for the transition of energy to a zero-emission scenario.

Keywords: power-to-gas; socio-economic impacts; circular economy; energy transition; sustainability
accounting; investments; innovation

1. Introduction

In contrast to the current model of linear production, the circular economy (CE) implies the
implementation of a circular model that limits resource intensity and reduces the environmental impact
of consumption and production processes. [1]. Circular-related innovation is mainly linked to industrial
ecology [2,3], which seeks to close the material loops on the basis of the cradle-to-cradle concept.
All materials involved in industrial processes, whether synthetic or biological, are returned to soil [4].

In the energy sector, the principles of the CE are introduced through closed-loop energy production,
giving priority to renewable energy sources (RES) in the treatment and recycling of waste so that they
can be repeatedly applied in new production processes. The use of renewables is one of the main
principles of a CE [5] because it allows a considerable reduction in the consumption of fossil fuels [6,7].
It is well-accepted that one of the most important factors for moving toward a circular model is the
shift from conventional energy sources to renewables [4,8].

From a circular perspective, the demand-side is managed for the adoption of new energy efficiency
technologies in shared power consumption systems [9]. Whereas utilities must improve their energy
flows to minimize energy losses and optimize distributed generation on the energy production-side [9],
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on the demand-side the CE sets special requirements for energy management in all production
processes to achieve the maximum level of energy saving [9]. Although the implications of the
introduction of a CE are clear from a technical perspective, the connections between the CE and the
development of innovative energy management, and their related impacts, are areas of research that
remain underexplored.

In this scenario, power-to-gas (PtG) technology provides a feasible option in the energy transition
context. PtG systems allow temporal and spatial solutions to be balanced by exploiting RES to meet
electricity demand. Using PtG technologies, the electricity generated with renewables is stored using
transport infrastructure and natural gas networks [10]. In this process, renewable electricity is stored
via electrolysis to produce (synthetic) methane [11].

At present, a variety of applications of PtG technology have been developed to produce methane
or hydrogen [12], to balance wind and solar power fluctuations and to increase the security of
supply [13]. Renewable intermittent power must be managed via the future development of storage
technologies [14], and massive energy storage alternatives [15] are needed to store excess electricity
generated by RES. In summary, the electricity surplus is chemically converted into energy carriers via
the PtG technology to meet demand and replacing fossil fuels [14]. Furthermore, PtG systems offer a
wider exploitation of wind energy or photovoltaics (PV), which have been highlighted as two pillars of
the energy transition in Europe [16] and increase the generation of local energy and self-sufficiency
towards a CE. Finally, PtG is a key technology able to meet energy demand with the lowest CO,
footprint of sectors that cannot be decarbonized by electricity alone. Although hydrogen is seen as a
potentially important low-carbon replacement for natural gas in the energy system, all prospective
studies consider an initial period during which fossil natural gas is substituted by synthetic methane
in the mobility, heating, and industry sectors.

In a circular model, PtG-integrated systems help to achieve different objectives in a sustainable
scenario: (i) Facilitate local deployment of renewables; (ii) attract new investment; (iii) improve a
differentiated technology mix in the energy market; (iv) contribute to emission reduction through
CO; capture and utilization; and (v) implementation of a CE model in the administration of resource
flows. Despite the current barriers of PtG, which relate mainly to its high costs and efficiency rates
obtained at the development stage, it has been identified as a cost-efficient option for renewable gas
and a long-term storage solution. PtG contributes to the decarbonization of different sectors and allows
the substitution of European energy carriers based on fossil fuels [13]. However, at present, these
technologies face numerous barriers to their deployment in the European Union, and, in particular,
in Southern Europe.

The academic literature has analyzed the impact of PtG on future energy systems in
European [10,12,14,17] and non-European [18] countries. In particular, the impact of these technologies
in the German energy transition scheme has been examined extensively by different authors [11,13,19].
Technical parameters and technology costs have been analyzed, and a consensus reached that PtG
is a sustainable solution for decarbonization. These systems are close to being exploited at a larger
scale, depending on the technological development of RES [10,20]. Nevertheless, the socio-economic
impacts of the deployment of PtG is an underexplored line of inquiry.

Currently, two main gaps exist in the literature. Previous studies explored technical and economic
impacts of PtG, but have not analyzed how socio-economic impacts related to these technologies can be
measured. Second, most studies that looked at the incentives and barriers to PtG have not delved into
other non-technical barriers that affect these investments in a circular model [21]. Thus, we address
these two gaps from a circular perspective.

Based on this overview, the aim of this paper is to explore the determinants and barriers for PtG
technologies to enhance the understanding of investment in innovative energy technologies and to
estimate the socio-economic impacts related to the use of these systems in different scenarios. Thus,
we analyze future scenarios and investment in PtG technologies (in particular, power-to-methane)
using data obtained from 15 semi-structural interviews of the Spanish representatives of the main
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groups of stakeholders: private companies that operate in the energy sector, research and development
(R&D) institutes, public administration, and other organizations involved in the energy transition in
the area. A heuristic approach to the socio-economic impacts of future transactions related to PtG
facilities is also offered using the main categories of economic and social impacts that are estimated
from a circular perspective.

In summary, a contribution of this study is the measurement of the impacts of the use of PtG
technologies in future sustainable energy markets for the exploitation of renewables in a zero-emission
scenario based on the foundations of the CE. We also contribute to the definition and analysis of the
determinants and barriers for the use of PtG technologies. In particular, a case study is analyzed to
determine which incentives are more effective in mobilizing investments in the area.

The remainder of this article is structured as follows: Following the introduction, we explore
the background of this research. In Section 3, a methodology for evaluating the determinants and
estimating the socio-economic impacts of PtG deployment in a territory is proposed and applied to a
case study. Results are subsequently analyzed. After a discussion about the determinants and incentives
to these technologies in Southern Europe, we conclude by summarizing out recommendations for
policymakers, academics, and practitioners in Section 4.

2. Background

PtG refers to the production of hydrogen (power-to-hydrogen) through water electrolysis or
its subsequent conversion to methane (power-to-methane) with CO, from different sources. These
processes, originally developed in Germany, convert electricity into synthetic natural gas [11,22].
Moreover, an electrolyzer can be operated with surplus or curtailed electricity. Thus, PtG could enter
clearly into competition with other storage systems by converting electricity in a gas carrier [23,24].

Bailera et al. (2017) show that most of the 30 PtG plants currently operating in Europe integrate
an electrolyzer with a wind or photovoltaic installation [25]. In a recent review of this technology
by Thema et al. (2019), it is clear that PtG systems are in a rapid phase of development, but it is
foreseeable that the exploitation of these facilities will expand in the medium- or long-term [12]. Thus,
at present, socio-economic impact analysis of PtG technologies is an underexplored line of inquiry and
a revision of specific previous research is not possible. Thus, we opted to analyze the main barriers and
incentives to PtG and its impacts, via the emerging body of literature on the subject and by analyzing
other renewable-related topics, because PtG systems are integrated in different energy technologies.

2.1. Main Drivers and Barriers

Previous studies focused on barriers and incentives to PtG are intimately connected with the
deployment of RES, and the intermittent nature of power generated by exploiting renewables. Currently,
the stability of the grid can be affected by mismatches between demand and electrical supply, and the
security of the grid limits the technical and economic exploitation of RES. To some extent, it also limits
PtG expansion [26]. Other limits to PtG could be related to the availability of CO;, the scarcity of water,
the low efficiency of these systems, other processing steps, or the economic and financial issues related
to this technology [11].

Some authors observe that the use of surplus renewables [22] and the volume of H; production
are influencing the PtG capacity that is linked to electricity generated from RES [27]. In addition, the
supply of CO, also determines PtG development [28]. Thus, the integration of PtG systems with biogas
and other power plants, energy intensive industries, or waste treatments, is highly recommended
because these plants could provide the CO, that is needed for PtG [29]. However, other transport or
storage options may be necessary depending upon the CO; source, and the relative costs and technical
feasibilities have to be taken into account [30].

At present, there is agreement that PtG will increase the flexibility of the energy supply and
connections between gas and electricity networks [31]. The distribution and use of synthetic natural
gas is a mature technology compared to other options such as electrolytic hydrogen [32]. In addition,
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PtG technology paves the way for the production of sustainable fuels that can be easily adapted to the
existing markets in which natural gas has a considerable participation. These processes have been
tested and the necessary technologies for both hydrogen and synthetic methane production have
been found to technically and technologically ready. The tested levels are from 7 to 9 for alkaline
electrolyzers; from 4 to 8 for polymer electrolyte membrane (PEM) electrolyzers, which are more
suitable for distributed production; and from 5 to 7 for catalytic methanation [33]. Therefore, in the
short term, technical barriers to the deployment of PtG mainly involve unanswered questions regarding
process efficiencies, system integration, and accessibility of the reactants.

From the analysis of the literature, we can affirm that economic barriers are currently limiting
the extensive diffusion of PtG technologies [19]. Prospective costs of PtG are sufficiently high that its
investment costs will fall with scale and the amount of developed facilities. Therefore, financial barriers
are relevant for the deployment of these technologies (e.g., initial investment or low returns from
investments). Recent works have highlighted the relevance of financial actors for PtG development
because financial concerns influence the investors in innovative technologies [34].

Other common barriers that are noted by researchers are the difficulties of access to capital,
the lack of investments in energy efficiency, lack of information, financial limits, or the pay-back of
investment [35]. Another relevant actor in PtG deployment is the public sector, which is financing R&D
in low-carbon technologies due to their positive environmental impact [34,36,37]. Public incentives are
often channeled through oriented projects according to the guidelines of the financing organizations [38].
Other studies in the energy sector show that RES investments could be stimulated by removing barriers
and leveraging the drivers of the investment decision process [39]. Ozbugday et al. (2020) explore
barriers to resource efficiency investments from the theoretical perspective of market imperfections
that may prevent rational decision-making. Certain investors are more prone to provide capital, or to
finance high-risk innovations, with clear differences between public and private sectors [34].

Authors have also pointed out that a techno-economic analysis of energy alternatives is not
sufficient to explain RES diffusion and the barriers to their adoption [39,40]. Recent broader perspectives
incorporated behavioral and social aspects to evaluate potential barriers for the deployment of PtG [19].
Thus, the involvement of stakeholders is a priority in the short term for renewable gas technology [36].
In this topic, the theoretical framework of the policy mix maps the contextual dynamics from the
stakeholders’ vision with a double objective: to provide transition contracts and to define barriers in a
changing socio-technical environment [41].

From the demand-side, it is expected that the current users of natural gas will readily accept this
technology despite their diversity (domestic appliances in buildings, industrial sector, heat and PtG
turbines, compressed natural gas, etc.,). Unlike hydrogen, it is not necessary to update the gas network
or other appliances for PtG, and there are no cost or technical limits for either the distribution or the
current appliances for natural gas use.

Currently, regulation is another barrier to PtG deployment because the regulatory framework
defines conventional commercial deployment models, but providers and consumers must act in a
circular model in the future. The increasing integration of distributed renewables requires specific
regulation to reach economic feasibility. Thus, incentives are seen as key policies to achieve this
objective. Previous instruments aimed at promoting RES were based on primary instruments (feed-in
tariffs or quotas with tradable green certificates), and secondary instruments (soft loans, fiscal incentives,
or investment subsidies) [42]. Feed-in-tariff schemes are very common in the European Union to
support PV systems connected to the grid because they are integrated in policy mechanisms to
encourage investments in RES by offering long-term contracts to generation from renewables [43].
In recent decades, different governments promoted specific policies based on the feed-in tariff scheme,
tax incentives or renewable portfolio standards, capital grants, soft loans, R&D, or demonstration
projects to introduce large-scale RES into power markets [44].

Although the feed-in tariff scheme is now less justified, mainly because of the reduction of the
costs of PV systems [45], these mechanisms could be updated to support PtG development in the future.
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Nonetheless, some authors argue that the conviction about the technical suitability of the investment
opportunities plays a substantially more important role in driving investment than the perceived
effectiveness of existing policies [39]. Generally, consumers provide public support for green electricity
via their electricity bills. In particular, in countries in which RES generation has significantly increased,
such as Spain [46], there is a concern that this support places a significant cost on consumers [47],
which must be taken into account by policymakers.

As a general remark from the analysis of the potential incentives to PtG, we find that the relevance
of economic barriers related to investment would be reduced if we considered the PtG process as
a new concept of CO, hybrid storage based on renewables. Some of the synergies of these hybrid
systems are already being tested under real conditions (e.g., PtG-Amine scrubbing, PtG-wastewater
treatment). In addition, the efficiency of these systems could be optimized by symbiosis of industrial
sectors and their waste streams, thus improving the consumption of resources and the investment
in new equipment. Others synergies have been studied, e.g., PtG-oxyfuel using simulations of the
combustion processes [48,49] and PtG-Electrochemical hybridization [50].

In this context, it is clear that PtG should be part of a strategy toward the CE that would benefit
its deployment. The development of collaborative business models and synergies with other energy
sectors is also a priority for the deployment of PtG [51]. Thus, policy incentives for the CE must include
renewable gas, and public support has to be provided for the plant construction to foster investment in
PtG in a CE framework. Other incentives could also address the upgrade of facilities to reduce the
cost of investment using public funds or other institutional support to local biogas or biofuel [36,52]
because PtG contributes to close material loops.

From a perspective similar to that of RES technologies, PtG should be supported by subsidies
to maintain the leadership of some European countries as technology suppliers and to foster the
deployment of these systems [53]. Moreover, it can be supposed that the reliability of PtG technologies
is a necessary condition for future investment and the policy framework must materialize political
support for PtG, taking into account the social acceptance in a region. A challenge for the acceptance of
PtG in a given region is therefore the installation of wind farms to generate renewable electricity [53].

Examination of previous technological innovation processes reveals that first attempts of large-scale
implementations are perceived more poorly than pilot projects [19]. Confidence in actors, and perceived
benefits and risks of the technology, imply that citizens are willing to support transformation processes
if they are convinced of their purpose [19] and specific dissemination actions are developed in the
territory during the initial stage [40]. Additional barriers are challenges that concern public knowledge
and understanding. In particular, the safety and use of hydrogen must be addressed, in addition to
the promotion of the environmental benefits of synthetic natural gas as a means to decarbonize the
energy system.

Based on this analysis of the research background and the literature, we considered it necessary to
present the following research question to the interviewed experts:

RQ1: What are the main incentives and barriers to the deployment of PtG technologies?

2.2. Socio-Economic Impacts of Power-to-Gas

Several studies have analyzed PtG technology from economic, technical, and/or environmental
perspectives [53] because it is considered that PtG may provide renewable substitutes for fossil fuels
and to solve the problem of grid balancing via long-term storage capacity [19]. Because synthetic
methane is a promising option to replace natural gas, PtG would contribute to decarbonized energy
systems, particularly those that cannot be decarbonized only by electricity, such as the heating [54] and
transport sectors [55]. Thus, the positive effects of PtG are clear. However, the socio-economic impacts
related to these facilities is still under study:.

From an economic perspective, PtG systems are not currently profitable mainly due to a lack
of adequate regulation [13]. Different studies show that PtG is generally feasible from a technical
perspective at both large (centralized) and small (decentralized) scales [10,19]. The economic impact of
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PtG systems is closely linked to the technological solutions of the projects [30,56-58]. Previous analysis
of the economics of PtG have included overall costs, the storage demand, PtG capacities, and other
climate issues according to the expected RES sharing.

Kotter et al. (2015) found that PtG capital expenditures (CAPEX) do not significantly affect the
optimal system in terms of the installed capacity of PtG [20]. Parra et al. (2017) demonstrate that if the
product is only hydrogen, these systems cannot compete with conventional gas in the market [57]. Bailera
et al. (2019) discuss the economic feasibility of an integrated system in which PtG aids cogeneration for
non-residential buildings. Therefore, the economic potential of PtG is not yet obvious [59].

The spatial distribution of PtG plants is also relevant to achieve a positive economic
performance [10]. The relevance of the spatial dimension is highlighted when a high share of renewable
electricity has to be transported to distant load centers [10]. Garcia et al. (2016) define suitable locations
in Europe for renewable hydrogen storage systems [60]. Furthermore, policymakers must be taken
into account when making decisions about the siting of RES projects because their negative impacts
are generally noted by communities adjacent to the plants [61].

For similarities, we can refer to PV development, which has been a disruptive technology
during the past decade. The socio-technical analysis of PV development includes actors, institutional
structures, technologies, and resources [62]. In general, studies focused on the socio-economic impacts
of renewables widely analyzed their impact on employment [63,64]. The socio-economic research on the
energy transition toward decarbonized power systems is mainly based on the impacts resulting from
RES deployment [65]. With regard more specifically to the impacts of PtG, Konig et al. (2018) highlight
socio-ecological impacts based on the benefits of combining PtG plants and battery storage in existing
local infrastructure [53]. Parra et al. (2017) analyze the costs of PtG, its feasibility, and the decrease
in the environmental impacts generated by these technologies through a life cycle assessment [57].
The analysis of relevant stakeholders in a territory where PtG technology could be installed is also a
research topic [53]. PtG acceptance has been analyzed using factors such as the quality of life, citizen
participation, and socio-ecological impacts [53].

From the literature review, we can observe that most of the studies carried out to date have focused
mainly on technological, environmental, and economic impacts of this technology. In summary, the main
social impacts of PtG technology can be linked to supply security, climate change, or health. Furthermore,
these impacts are related to the generation and distribution of RES and the storage of hydrogen. However,
to the best of our knowledge, the direct socio-economic impacts of PtG are still underexplored. Under
the sustainability paradigm, the impacts of innovative technologies have to consider the environmental,
economic, and social dimensions, which comprise the triple bottom line of an organization [66]. Thus,
further research is required to enhance the knowledge about the future socio-economic impacts of PtG,
particularly at a large scale. Thus, the following research question is proposed:

RQ2: What are the main socio-economics impacts of the investments in PtG in a specific territory?

2.3. Power-to-Gas Deployment in a Circular Scenario

Different scenarios for PtG deployment have been estimated based on the assumption that
the electrolysis capacity demand varies depending on the energy market scenarios, the expected
environmental targets, and the energy transition pathways [19]. Jentsch et al. (2014) determine the
optimum PtG capacity from an economic perspective using flexibility options of hydrogen production
for short-term storage systems, and increasing PtG capacity in interaction with the most relevant
competitive option [10]. Furthermore, Kotter et al. (2015) define a 2030 scenario for different parameters,
efficiencies, and costs of technologies, demonstrating the expected high impact of PtG for future energy
systems [20].

Thema et al. (2016) simulates two scenarios of potential PtG capacity until 2050 in which the
German power sector achieves 100% of its electricity generation from RES [13]. The results show
substantial cost reductions and price declines for methanation and electrolysis [12]. Nastasi and Lo



Appl. Sci. 2020, 10, 7907 7 0f 19

Basso (2017) explore the application of PtG to the storage of excess renewable electricity to meet heating
demand, when the RES share is assumed to increase to up to 50% in different scenarios [67].

Parra et al. (2017) consider that PtG is integrated into the electricity market in Switzerland and
include other services related to the generation of low fossil-carbon gas [57]. Bertuccioli et al. (2014)
propose three scenarios for hydrogen production based on the capacity of the distribution network,
the RES generation plant, and the size of the electrolyzer [56]. Oyewo et al. (2020) develop six scenarios
under certain policy constraints, such as cross-border electricity trade and greenhouse gas emission
costs, within the time horizon of 2015-2050 in 5-year intervals [65]. Finally, Lisbona et al. (2018) define
three possible scenarios to quantify the growth of wind and PV generation and the PtG capacity that
would be installed in Spain [14].

The PtG scenarios developed by the previous studies often consider an electricity surplus of RES
installed capacity [14,31,68]. However, these scenarios are often subject to uncertainty because of
sectoral regulation, economics issues, and markets, in addition to the technology evolution of these
systems [14]. Thus, our attempt to define the future socio-economic impacts of PtG deployment is
pioneering research in the actual phase of the development of this technology.

Among the studies that are similar to our object of analysis, we highlight the research carried out by
Koelbl et al. (2016), which focused on carbon capture and storage (CCS) using several socio-economic
indicators [69]. These authors calculate the incremental impacts linked to employment, gross value
added, and import dependency by integrating techno-economic bottom-up data with a macro-economic
multi-regional input-output model. Although these indicators are of interest and can be implemented
for PtG, it is necessary to expand the specific analysis about the impacts of these technologies given
their future expansion.

In summary, the economic and environmental impacts linked to the evolution of PtG in the
coming decades have been analyzed in previous studies. However, social impacts of PtG technology
have not been addressed in depth in the long term. Nor have these studies addressed the issue of PtG
from the perspective of a CE. For this reason, in this paper we estimate the socio-economic impacts
of this technology in different temporal spaces, taking into account the CE principles promoted by
institutions and governments, and the institutional pressures on climate change [70].

Based on the previous considerations, the following research question is raised:

RQ3: What are the most widespread PtG-related determinants factors in a CE scenario?

These research questions are answered by analyzing a case study at the territorial level from a CE
perspective. The main results are summarized in the following sections.

3. Methodology and Application to a Case Study

3.1. Method

This study is focused on the development of PtG technologies in Spain, in the framework of
an R&D project that includes the design of a specific methodology to estimate the socio-economic
impact of PtG in the territory. The PtG process can be explained as follows: hydrogen is produced by
water electrolysis that is subsequently combined with carbon dioxide to produce methane through
the Sabatier reaction. These individual processes require a photovoltaic installation connected to an
electrolyzer that feeds a methanation reactor and its auxiliary systems.

We used a double-focus qualitative methodology to investigate the research questions through a
case study. We conducted 15 semi-structured interviews during the first semester of 2020 to analyze the
perceptions of experts about the deployment of PtG technologies in Spain. Parallel desk research was also
carried out to select a set of specific indicators to estimate the socio-economic impacts of PtG in Spain.

The questions in the interviews were designed in accordance with other studies that have
concentrated on the adoption of RES technologies or the CE in a territory [71-73]. PtG development
potential was analyzed based on the opinion of 15 experts selected by the authors as key informants
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according to their background. Because of the stage of development of these systems, approximatively
50% of the interviewees represent R&D institutes, public administrations, or other organizations
related to the development of the CE. The other half of the experts represent companies that operate
in the energy sector. A brief description of the experts’ profiles is included in Table 1, but owing to
confidentiality agreements with the interviewees, their identities remain anonymous.

Table 1. Profile of the experts selected as key informants.

Type of Organization Profile of the Experts

Public administration, R&D institutes, and other organizations 5 engineers, 2 scientists, 1 economist

Industries, private companies that operate in the energy sector

and professionals 5 engineers, 1 lawyer, 1 other

The interviews were organized into three sections. Part A was focused on the analysis of the
future deployment of PtG technologies through five open questions. Part B determined main barriers
and drivers to this technology. Part C included closed and open questions related to the socio-economic
impacts of PtG. Finally, basic data of the respondents were collected during the fourth part of the
interview. Experts answered some of the questions using a Likert scale (All the interviews were
analyzed in an aggregated manner using a qualitative method. In addition, experts were asked to
assign a value to each opinion using a Likert scale ranging from 0 to 5 (0 means total disagreement,
and 5 total agreement)).

For the desk research on the measurement of the socio-economics impacts of PtG, different metrics
were identified and applied to the case study. Three basic indicators were selected to synthesize
the estimation of impacts of these technologies in Spain: capital expenditure (CAPEX), employment
related to these investments, and the volume of CO, captured by these systems. The metrics and
coefficients used in this study to define the impact of the CE in the deployment of PtG are consistent
with previous studies, particularly those proposed by Korhonen et al. (2018), Smol et al. (2017), and
Aranda-Uson et al. (2018) [74-76].

3.2. Influence of Barriers and Incentives at the Territorial Level

In Part B of the interview, a five-point Likert scale ranging from 0—"not relevant” to 5—"highly
relevant” was used so that the experts rated the relevance of a set of barriers and incentives on
PtG deployment.

For each item, the average and the frequency of the answers were calculated. Table 2; Table 3
include the percentages of respondents who provided ratings of 4 and 5 and the average value of all
the answers collected.

The perception of the interviewees about the barriers is summarized in Table 2.

The barriers raised by the survey questions can be classified into five typologies: economic (B.03,
B.06, and B.09), financial (B.05 and B.10), regulatory (B.01 and B.04), technical (B.02 and B.07), and
other (B.08).

The results show that most of the experts surveyed (92%) consider that the payback period of the
investment is the element that restrains the deployment of PtG. The initial investment, which relates
mainly to the price of the electrolyzers, appears to be the most limiting factor for the development
of PtG, as noted by nearly 75% of respondents. In addition, 53% report the lack of equipment as a
relevant barrier, even though the technical complexity of these kinds of installations is only mentioned
by less than half of respondents. Finally, barriers related to the access to financing and regulation are
of intermediate importance, which may be due to the initial level of development of PtG technology.

The incentives raised by the survey questions can be classified into 5 typologies: economic (1.03,
1.06, and 1.09), financial (I.05), regulatory (1.01 and 1.04), technical (1.02 and 1.07), and other (1.08 and
1.10). The perception of interviewees regarding incentives is summarized in Table 3.
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Table 2. Results of the experts’ interviews regarding barriers to power-to-gas (PtG).

Code Questions Results
B.O1 To what extent is the REGULATION an obstacle 62% very relevant or highly relevant.
’ to PtG deployment? Average 3.7
B.02 To what extent is the LACK OF EQUIPMENT an 55% very relevant or highly relevant.
' obstacle to PtG deployment? Average 3.5
B.03 To what extent is the PRICE OF THE 73% very relevant or highly relevant.
’ ELECTROLYSER an obstacle? Average 3.7
B.04 To what extent is the LACK OF INVESTMENT 46% very relevant or highly relevant.
' IN R&D an obstacle? Average 3.5
B.O5 To what extent is the difficulty of obtaining 64% very relevant or highly relevant.
’ FINANCING an obstacle? Average 3.5
B.06 To what extent does THE PAYBACK PERIOD OF 92% very relevant or highly relevant.
' THE INVESTMENT hinder PtG? Average 4.3
B.O7 To what extent does the COMPLEXITY of the 42% very relevant or highly relevant.
' facilities hinder PtG? Average 2.8
B.08 To what extent does the lack of INTEREST on the 42% very relevant or highly relevant.
' part of customers hinder PtG technologies? Average 3.4
B.09 To what extent does subsequent 27% very relevant or highly relevant.
’ MAINTENANCE hinder the installation of PtG? Average 2.8
B.10 To what extent is the high volume of initial 73% very relevant or highly relevant.
' INVESTMENT an obstacle to PtG deployment? Average 3.5
Table 3. Results of the experts’ interviews regarding incentives to PtG.
Code Questions Results
Lo1 To what extent would a substantial change in 83% very relevant or highly relevant.
' LEGISLATION encourage PtG? Average 4.0
L02 To what extent would fostering EQUIPMENT 58% very relevant or highly relevant.
’ encourage PtG? Average 3.4
103 To what extent would lower TECHNOLOGY 77% very relevant or highly relevant.
' PRICES increase PtG? Average 4.2
104 To what extent would fostering the collaboration 46% very relevant or highly relevant.
' with R&D centers drive PtG? Average 3.3
1.05 To what extent would SUBSIDIES promote PtG? 85% very releAvant or highly relevant.
verage 4.2
106 To what extent would rising the PRICE OF 55% very relevant or highly relevant.
' ELECTRICITY mean more PtG installations? Average 3.5
To what extent would making easier the 839 1 t or hiehlv rel. t
L07 INSTALLATION PROCESS increase PtG o vely reievant of gy refevant
deplovment? Average 3.8
ploy
108 To what extent would INFORMATION 46% very relevant or highly relevant.
’ CAMPAIGNS encourage PtG installations? Average 3.3
1.09 To what extent would lower MAINTENANCE 62% very relevant or highly relevant.
' COSTS increase PtG? Average 3.8
110 To what extent subsidies/incentives to new 50% very relevant or highly relevant.
' installations would facilitate PtG deployment? Average 3.6

Information campaigns and collaboration with R&D centers are considered to be the incentives
with the lowest impact, as shown in the lower percentage of higher scores (46% in both cases).
Conversely, more than three-quarters of the interviewees note that giving subsides or legislating in
favor of these technologies, lowering technology prices, and reducing the technical complexity of the
installation process would be the best way to foster PtG.

The average results for barriers and incentives were aggregated in each of the five typologies and
are represented in the radar chart of Figure 1. The same scale from 0 to 5 indicates where the score is
proportional to the relevance of each group of determinants of PtG deployment.
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Regulatory

Others 34 50 Economic

Technical 4'2l7inancial

—Barriers Incentives
Figure 1. Aggregated rating in typologies of barriers and incentives.

In accordance with Section 2.1, technical is the smallest barrier from the perspective of interviews
and the remaining barrier typologies are at the same level. Some considerations regarding the priority
of economic and financial issues, as mentioned in Section 2.1, can be deduced from the average values.
Finally, by comparing incentives and barriers it can be expected that the higher the difference between a
barrier and its corresponding incentive, the more urgent the need to develop corresponding strategies.
This confirms that financial, economic, and technical factors still need to be addressed.

3.3. Main Socio-Economics Impacts

In part C of the interview, experts were openly asked about the expected social and economic
impacts of PtG deployment. The most mentioned impacts were increasing investment, employment
generation, and mitigation of the environmental impact.

Next, an approach is proposed to estimate the effect of PtG on the determinants of sustainability,
namely, the estimation of the CAPEX of a generic installation, employment factors, annual production
of synthetic natural gas (SNG), and annual CO, consumed.

Because of the demonstration stage of PtG technology, the socio-economic impact of PtG in Spain
was evaluated in scenarios that consider 2030 and 2050 as reference years for consistency with European
decarbonization plans.

Investment required, employment generated, and CO, captured were estimated considering a
starting point of 35 MW installed up to 2025 and growing rates of an addition 250 MW installed per
year for the period 2025-2030 and 400 MW per year for the period 2030-2050. This is a conservative
assumption. Several studies (for example, of the aim of reducing the UK’s greenhouse gas emissions to
zero by 2050), evaluate this growing rate as up to 567 MW of electrolysis per annum for 30 years [77].

Several prospective reports, such as that of the U.S Department of Energy [78], consider that a
suitable size for distributed electrolysis production is 1.5 t of hydrogen per day.

The size of the unit plant was selected taking into account the annual operating hours needed
to produce 1.5 t/day from the electricity generated in a generic PV plant on a yearly basis. Because
H, production varies throughout the year, in addition to throughout the day, depending on the
available radiation, a Hy buffer is required. Considering that 100% of the available H is finally used to
reduce economic investment on equipment, we selected a small methanation reactor that provides
twice the operating hours per year. The necessity of compression and storage systems for SNG was
also considered.

Accordingly, the PtG basic unit in this paper consists of a PV installation of 3.5 MW with 2500 h of
utilization per year, a 2.8 MW electrolyzer (3125 h of utilization per year) with 70% efficiency, and a
1.4 MW methanizer (6250 h of operation per year) with an optimistic 100% conversion efficiency.
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This basic installation produces 510,117 Nm? of synthetic natural gas (SNG) and captures 1009 tons
of CO, per year.

To estimate the investment cost, the reported installation costs for every installed PtG system
were considered, as summarized in Table 4. The data for alkaline and membrane electrolysis, and for
chemical CO;-methanation, was projected using exponential approximation over average annual
values by Thema et al. (2019) [12] to include the expected decrease for the 2030 and 2050 horizons.
We used a benchmark installation cost for a PV system of 1000 €/kW, with a moderate reduction due to
the degree of maturity that this technology has reached.

Table 4. Installation costs of the different systems of a PtG unit (€/kW) (* own elaboration from [10]).

2025 2030 2050

PV plant 1000 950 800
Alkaline electrolyzer * 676 581 318
PEM electrolyzer * 943 780 365
Methanizer * 779 632 274

Because no preference regarding the type of electrolyzer is currently shown in the reported
installations [12,25], a generic electrolyzer was considered with a unit cost equal to the average values
for alkaline and PEM electrolyzers in Table 4.

To estimate the capital expenditure of a PtG unit, 25% of the electrolyzer cost and 40% of the
methanizer cost were added to consider batteries and gas storage, and compression, among other
auxiliary systems. It should be noted that the estimation of the investment costs excludes the CAPEX
of the CO, capture technology because COj is considered as a reactant externally provided.

Based on the unit costs summarized in Table 4, the investment cost for a PtG basic unit would
result 7860 € for the year 2025. As it is usual to refer sizes and values of a PtG unit to the installed
capacity of the electrolyser (2.8 MW in this case), estimated CAPEX draws was based on 2800 € per kW
of electrolyzer installed capacity in 2025 with an annual decrease of 2-2.5%.

Table 5 summarizes the cumulative capacity and investment, and the total CO; capture and SNG
production, at the end of each considered period.

Table 5. Installed capacity, investment, CO, captured, and synthetic natural gas (SNG) produced.

. Cumulated PtG Capacity Cumulated Thousand Tons of Nm? of SNG
Period (Expressed as Installed Investment CO, Captured Produced
Photovoltaics MW) (Thousands of €) 2 -ap
Up to 2025 35 78,587 50 26 x 10°
2025-2030 1285 2,559,062 1903 962 x 10°
2030-2050 9285 12,918,601 55,437 28,027 x 10°

Concerning employment, the only reference to date regarding job creation from PtG assumes a
value two times higher than that of a gas turbine [79]. From the authors’ perspective, PtG technology
is closer to that of hydrogen production (methanation is the reverse process of reforming) and
employment generation is expected to be similar. The most definitive analysis of hydrogen production
jobs was conducted in the United States (US), in which an estimation of the employment impacts of
a transformation of the US economy to the use of hydrogen between 2020 and 2050 and under two
scenarios is included [78].

Employment ratios for hydrogen production were calculated ad hoc from data reported in [78],
which is the only report in which employment for a hydrogen economy was studied in deep. In the
source document, two intensity levels of hydrogen deployment (high and moderate) are contemplated.

Although the total jobs are classified as blue and white collar, aggregated data are given regardless
of the eight technologies considered for hydrogen production. Because the total t/day of hydrogen
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produced can be estimated, an average number of full time equivalent (FTE) jobs required to install,
manufacture, and maintain each t/day of hydrogen produced was calculated.

Table 6 shows the compiled data for the calculation of the employment factor in jobs per t/day of
hydrogen production.

Table 6. Employment factors estimation (own elaboration from [78]).

2020 2035 2050
High Moderate High Moderate High Moderate
Deployment Deployment Deployment Deployment Deployment Deployment
TOTAL t/d 117,266 16,694 117,265 16,694 176,549 83,811
TOTAL jobs 3050 600 43,060 5580 50,830 20,610
Average employment 0.51 0.45 0.37 0.33 0.29 0.25

factor [jobs/(t/d)]
Employment factor for
distributed 2.55 1.85 1.48
installations [jobs/(t/d)]

It can be seen that employment factors for high and moderate deployment levels (line 4 of Table 6)
do not change significantly as a consequence of being indexed to a unit of production. Moreover,
employment ratios decrease over time as expected: as industries become more mature, they gain
economies of scale, the cost decreases, and the improvement of learning curves implies fewer employees
are required for the same level of production.

These estimated employment factors are an average for all technologies and sizes.

However, the proposed installations are expected to be more labor intensive because they are
small and spatially distributed.

In the work of the Department of Energy [78], several kinds of installations for hydrogen
production are contemplated, ranging from distributed electrolysis (small capacity, 1.5 t/day) to nuclear
thermochemical (high capacity, 768 t/day), and estimated jobs are reported.

From this information and by means of a numerical analysis, a multiplication factor of 5 on
the average employment ratio in Table 6 was estimated for distributed hydrogen production at a
small scale (both reforming and electrolysis) and a multiplication factor of 0.2 for nuclear electrolysis
and thermochemical production at a high scale. The resulting employment factors for distributed
installations, as shown in Table 6, were used as a reference in this paper.

Finally, employment factors were extrapolated to the years 2025, 2030, and 2050, using values of
2.37,2.16, and 1.48 FTE per ton per day, respectively. These values were used for both electrolyzer and
methanizer systems, where t/d refers to the hydrogen produced in the electrolyzer and converted in
the methanization reactor.

Employment factors of 1.8, 1.8, and 1.6 FTE per installed photovoltaic kilowatt in 2025, 2030, and
2050, respectively, were estimated from the model developed by Llera et al. (2013) [63].

After applying the above employment factors to the parameters of a PtG basic unit (3.5 MW and
1.5 t/d of hydrogen production), we estimate that the commissioning of one PtG basic unit involves
13.4 full-time jobs for a one year’s work during the 2020-25 period. We calculate 12.8 full-time jobs
in the 2025-30 period and 10.1 full-time jobs in the 2030-50 scenario. This labor considers not only
operation and maintenance activities, but also manufacturing, installation, etc., which are distributed
over the lifetime of the plant.

3.4. PtG Scenarios and Circular Perspective

Based on the socio-economic impact analysis carried out in this study, the potential impact of the
deployment of PtG technologies in the medium and long term in Spain is presented in Table 7.
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Table 7. Estimated scenarios of the PtG deployment in Spain and evolution of the main socio-economic impacts.

13 of 19

2025 2030 2050
InstaII.ed CAPEX Jobs (Tot. Capt. CO, InstaII.ed CAPEX Jobs (Tot. Capt. CO, Install.ed CAPEX Jobs (Tot. Capt. CO,
Capacity (Thousand FT Equiv) (Thousand Capacity (Thousand FT Equiv) (Thousand Capacity (Thousand FT Equiv) (Thousand
(MW) Euro) quiv- Tons) (MW) Euro) quiv- Tons) (MW) Euro) quv Tons)
Pessimistic 28 63,742 107 40 875 1,758,447 3200 1261 4800 6,268,308 13,851 27,675
Technical 35 79,678 134 50 1250 2,512,068 4571 1802 8000 10,447,179 23,086 46,126
Business as usual 56 127,484 214 81 2062 4,144,911 7543 2973 13,600 17,760,205 39,246 78,414
Optimistic 70 159,355 268 101 2625 5,275,342 9600 3784 17,600 22,983,795 50,789 101,477
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To forecast the evolution of these indicators in different scenarios (5, 10, and 30 years), the factors
that could accelerate or slow down the investments in these technologies in Spain need to be identified.
These factors need to be corrected by a coefficient A, according to four different scenarios: pessimistic,
technical, business as usual, and optimistic (Table 8).

Table 8. Matrix of factors for the PtG scenario analysis.

Business as

Factors of Analysis-PtG Deployment (“I:i:;s]l;:::itgs) Technical Usual (F:nergy Ocpélﬁll I;t:ﬁ?:lst)h
Incentives)
Barrier (a) High price of electrolyzer -0.1 0 0 0
Barrier (b) Payback period -0.1 0 0 0
Incentive (c) Feed-in-tariff 0 0 0.3 0.3
Incentive (d) Regulation 0 0 0.3 0.3
CE Incentive (e) Incentives to CE (RES) 0 0 0 0.2
CE Incentive (f) Limits to CO, emissions (CE) 0 0 0 0.2
A2025 -0.2 0 0.6 1
A2030 -0.3 0 0.65 1.1
A2050 -0.4 0 0.7 12

The business as usual scenario would occur in a context of moderate upgrade of the factors
that may improve the energy transition and PtG, such as the maturity of technology (electrolyzer
and methanizer) and the incentives for new installations (feed-in-tariff, regulation, etc.,). Technical
scenarios are those calculated using data from the literature and/or based on technical evaluations.
Similarly, a pessimistic scenario would represent a situation with barriers (high price of electrolyzer,
payback period, etc.,) and no incentives. Finally, in the optimistic scenario, the expected variations in
each of the temporal scenarios would be higher than that in the previous scenarios because barriers are
overcome and the incentives are allocated from both energy transition and CE promotion, which would
result in a significant increase in the CE in the territory. This methodology was designed in line with
factors selected by Aranda-Uson et al. (2018) [76].

A high volume of investment is expected in the period of scenario 2 (from 2025 to 2030) in
response to the energy transition goals and the European Green Deal Strategy [80], although its
effects are cumulative in successive periods. Investment made at present will have positive effects
in the future, in line with other eco-innovative investments in which the environmental positive
effects are appreciated in the long term [81]. During the final 20 years, investment stabilizes and has
moderate effects on the social and environmental impacts, although the environmental improvements,
in proportion to the investments, continue to capitalize on positive effects in the long term.

Regarding the social impact measured by the number of direct and indirect jobs created at different
stages of the value chain, the results affirm that, although PtG is not a highly employment-intensive
technology, it would generate jobs with a high level of quality, consistent with [63]. In addition,
the employment is generated in the framework of the CE, which therefore justifies the incentives for
the deployment of this technology. A portion of these jobs will be displaced from other non-renewable
generation plants and entail greater specialization in a circular model [76].

4. Conclusions

In this study, we analyze the determinants and barriers for PtG systems to enhance the
understanding of the investment in innovative energy technologies and to support effective
policymaking in an energy transition scenario. These results fill two gaps in the literature by
providing an extensive analysis of determinants and barriers for PtG technologies, and an innovative
methodology for estimating, from a circular perspective, socio-economic impacts of these technologies
in different scenarios.

The results show the most relevant barriers for PtG are linked to economic aspects such as the
payback period, the high volume of the initial investment, and the price of equipment or the difficulties
related to financing it. Another set of barriers is related to legislation issues and/or subsidies to promote
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the technology. Both aspects were highlighted by most of the interviewed experts as incentives to PtG
deployment. It is foreseen that decisions to investment in these technologies produce incremental
effects in the long term. Not investing in the 2025 scenario generates cumulative socio-economic
impacts that imply a posteriori benefits in employment and the capture of CO, emissions. However,
not making these investments, or making lesser investments, could harm future PtG deployment in
terms of installed capacity and related impacts. At present, overcoming the barriers that hamper
investment in PtG systems partially depends on public stimuli.

To overcome these challenges and help firms in their transition toward circular economic models,
favorable conditions are needed. Policymakers must play a relevant role as a driver for the adoption
of the CE to foster the adoption of innovative energy technologies that improve the closing of
material loops.

Exploring barriers and incentives is a contribution to the academic literature that can be applied by
practitioners to the decision-making process of investment in energy technologies. These results offer
information for effective policymaking. In addition, the developed methodology for the estimation of
socio-economic impacts can be extrapolated to other countries where the CE will be promoted. Policy
and industry stakeholders aiming at promoting innovative and sustainable energy systems can use
these findings. Practitioners of the energy sector can calculate the socio-economic impacts of their
investments to disclose them in terms of sustainability in non-financial reporting.

The main findings of this study concern the methodology used to define and measure the
main socio-economic impacts of future investments in innovative energy technologies such as PtG.
The proposed methodologies and the highlighted measures could be used for decision-making
support to implement integrated policies of energy decarbonization and the CE, and to influence the
establishment of energy planning priorities.

The limitations of this study are mainly associated with the territoriality of the analysis and the
number of interviewed experts. Future research could analyze different countries and other specific
factors that influence the decision-making process of investors, in addition to the inclusion of more
categories of socio-economic impact in the framework of a circular model.
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