
Citation: Borge-Diez, D.;

Rosales-Asensio, E.; Açıkkalp, E.;

Alonso-Martínez, D. Analysis of

Power to Gas Technologies for

Energy Intensive Industries in

European Union. Energies 2023, 16,

538. https://doi.org/10.3390/

en16010538

Academic Editor: Behnam Zakeri

Received: 24 November 2022

Revised: 19 December 2022

Accepted: 20 December 2022

Published: 3 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Analysis of Power to Gas Technologies for Energy Intensive
Industries in European Union
David Borge-Diez 1,* , Enrique Rosales-Asensio 2, Emin Açıkkalp 3 and Daniel Alonso-Martínez 4

1 Department of Electrical Automation and System Engineering, University of León, 24004 León, Spain
2 Department of Electrical Engineering, School of Industrial and Civil Engineering, ULPGC, Campus de Tafira,

35017 Canary Islands, Spain
3 Department of Mechanical Engineering, Engineering Faculty, Eskisehir Technical University,

26470 Eskisehir, Turkey
4 Department of Business Management and Economics, Faculty of Economics and Business Studies, Campus de

Vegazana, University of León, 24071 León, Spain
* Correspondence: david.borge@unileon.es

Abstract: Energy Intensive Industries (EII) are high users of energy and some of these facilities are
extremely dependent on Natural Gas for processing heat production. In European countries, where
Natural Gas is mostly imported from external producers, the increase in international Natural Gas
prices is making it difficult for some industries to deliver the required financial results. Therefore,
they are facing complex challenges that could cause their delocalization in regions with lower energy
costs. European countries lack on-site Natural Gas resources and the plans to reduce greenhouse
gas emissions in the industrial sector make it necessary to find an alternative. Many different
processes cannot be electrified, and in these cases, synthetic methane is one of the solutions and also
represents an opportunity to reduce external energy supply dependency. This study analyzes the
current development of power-to-gas technological solutions that could be implemented in large
industrial consumers to produce Synthetic Methane using Green Hydrogen as a raw source and using
Renewable Energy electricity mainly produced with photovoltaic or wind energy. The study also
reviews the triple bottom line impact and the current development status and associated costs for
each key component of a power-to-gas plant and the requirements to be fulfilled in the coming years
to develop a cost-competitive solution available for commercial use.

Keywords: Power to Gas; Power to Power; energy policy; Natural Gas; Green Hydrogen; synthetic
methane; carbon capture; electrolyzer; triple bottom line

1. Introduction

In the international ongoing context, the pollution of the environment and its conse-
quences are one of the biggest problems that today’s society has to deal with; therefore, a
global and multidisciplinary approach is required to deal with the problems and propose
valuable solutions. Global warming is accelerating and its effects are becoming more
intense; therefore, a strong impact on the economy, society and health, among others, is
expected. A key factor in this scenario is the use of fossil fuels that generate CO2 which
contributes to global warming. The triple bottom line impact on energy firms is clear
(see Refs. [1,2] for an extended review). Management practices oriented to sustainability
are needed such as eco-innovations and the reconfiguration of firm energy sources. These
practices enhance firm productivity and profits, and at the same time, contribute to society
by providing more safe environments and affordable prices of electricity for citizens, which
has a direct impact on entrepreneurship and allows public institutions to improve the
standard of life for their respective countries and regions.

Natural Gas (NG) has become one of the most important energy sources in industries
and many industrial sectors directly rely on NG for heat generation, Combined Heat and
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Power (CHP), or power generation, among others, with socio-economic consequences
for the sector and society. Moreover, many of the electrical demands of energy-intensive
industries are matched using NG in power plants. The International Energy Agency (IEA)
indicates that the industry’s CO2 emissions are 40% of total CO2 emissions and some
energy-intensive industries, such as concrete or steel greatly contribute to the emissions as,
for example, the steel industry contributes 27% of the industry sector [1,3]. This is a critical
sector that can be used as a key example for these types of industries that strongly rely on
fossil fuels usage because the steel and iron industry is one of the largest consumers of
energy and coal in the world. Steel production processes and manufacturing are mainly
based on coal and, therefore, highly dependent on fossil fuels, which produce enormous
amounts of CO2. The steel industry is the second largest consumer of energy of all industries
and is recognized as one of the largest direct sources of CO2 emissions. According to [3]
in relation to the Intergovernmental Panel on Climate Change (IPCC), the steel industry
accounts for 4–5% of global CO2 emissions. Similar scenarios are presented for the following
sectors: concrete, glass manufacturing, sanitary ware, paper, ceramics and aluminum,
among others. An ongoing price surge for NG is causing a disruption in manufacturing
and causing some factories to cease their production, temporarily or definitively, due to
the increase in NG costs and CO2 emission taxes. Moreover, stronger requirements for
emission reductions require a reduction in fossil fuel consumption in these sectors. Firms
need to continuously re-adapt their processes to reduce their consumption and be beneficial
to society through their environmental awareness. For example, in Europe, in order to
reduce climate change effects and to be able to meet a series of objectives, the Emission
Trading Scheme (ETS) forces the European Union to reduce Greenhouse Gases (GHG) by
95% in 2050 compared to 1995 [4]. To this end, it is imperative for intensive NG industries
to analyze their production chains to detect opportunities for reducing CO2 emissions. The
required reductions can be achieved in three different ways:

• reducing manufactured material demand
• increasing used materials recycling or reutilization
• using innovative steel production technologies

For many of these industries, recent innovations and development in CO2 capture
and utilization technologies such as Capture Carbon Storage (CCS) and Capture Carbon
Utilization (CCU) seem to be the only way to substantially reduce emissions. In addition,
these measures must be combined with the use of technologies to improve the operation of
the factories by using the Best Available Technologies (BAT). According to [2,5], the CCU
is a real option that can be extensively used to obtain chemicals or fuels. A particular use
of captured CO2 is the production of CH4 (methane) which can be used as fuel for direct
use in industries as a substitute for NG [6]. This process is known as Power to Gas (PtG)
and represents a key opportunity for both fossil fuels and associated emission reductions,
especially if Renewable Energy (RE) sources are used for electricity production. The whole
process can be combined with implementation of the BAT to develop an effective fast
track for emissions reduction [7]. The economic and social implications of the technologies
are not less important: external energy dependence and subsequent energy supply costs
are becoming critical factors for some regions, for example, in European countries. The
consequences of the energy price surge are not only economic but social as many of the
traditional employment sectors related to the industry are in a real collapse risk. Therefore,
the use of PtG systems represents a multifactorial tool to reduce energy dependence, energy
supply costs and associated GHGs emissions. PtG systems can also be combined with
Power-to-Power (PtP) technologies that consist of the production of hydrogen that can be
stored and later combined with electricity for consumption. As a consequence, multiple
implementation schemes are feasible for intensive energy consumption industries that
combine hydrogen generation, conversion to gas using a PtG process, hydrogen storage
for excess renewable electricity production, or PtP conversion [3,4]. The recent effects of
the COVID international crisis pose a risk for manufacturing companies as they need to
face important challenges, two of the most important being increased raw material costs
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and supply chain interruption. For European countries the situation in Energy Intensive
Industries is more complex as they need to face the additional risks related to NG cost
increases and severe disruption risks derived from the Russian invasion of Ukraine, and
the resultant consequences that have limited Russian gas availability and produced a price
surge. This new scenario makes it necessary to find alternative NG suppliers, and this
unexpected event has revealed the complex situation of European industries if they have
to face energy supply disruptions or severe price increases. As a consequence, in the
short-term the strategy to face the challenge is focused on finding alternative NG suppliers
but, in the mid-term, the question about energy supply security arises and makes necessary
the development of energy alternatives that reduce external dependency. Green Hydrogen
(GH) production is getting high attention in the European Union and several countries,
mainly the ones with large solar resources such as Spain, Italy and Greece, among others,
are accelerating their plans for massive GH production. During the last few years, hydrogen
production using electrolysis has undergone important research efforts but its potential
use has not been considered as a key energy source in Europe. The ongoing situation
and future scenarios make necessary the development of fast-track scenarios to produce
alternative industrial fuels for NG substitution. The objective of this paper is to analyze
the ongoing development of the key technologies of the PtG systems and the intermediate
equipment, such as carbon capture or hydrogen production systems, the potential uses
in intensive energy consumption industries, and the economic and social implications.
The PtG technology relies on different technologies that have been traditionally analyzed
and developed as isolated systems and PtG generation makes necessary and effective
integration of all of them to effectively develop hydrogen for the Synthetic Methane (SM)
production system. For EII the required approach differs from traditional schemes as the SM
production system can be installed in situ in the industrial facility aiming for a total or part
NG self-supply. This study analyzes the key parameters of each separate technology and
the potential integration schemes and their most important technical aspects (generation
potential, energy requirements and costs, among others) to generate SM to substitute NG
in industries. The scientific objectives and benefits are directly related to the proposal of
an updated and clear approach to the direct use of hydrogen technology in industries as a
way to effectively have an alternative to Natural Gas in the energy transition process. The
particular case of the European Union is deeply analyzed due to the inherent problems
in this region previously mentioned: intensive Natural Gas dependency and no internal
market production.

The study is structured as follows: Section 2 focuses on the Power to Gas technology
and a review of the state of the art and the available technologies are presented, with a
particular focus on the potential applications for industrial sectors. The most important
technologies involved in the whole process (hydrogen production, carbon capture, and
mechanization) are presented. In Section 3 the application of the energy transition process in
industrial facilities with large Natural Gas consumption is studied. Section 4 discusses the
most important aspects of the technology and the particular implications and potentials in
Europe, and Section 5 presents the most relevant conclusions of the research. The appendix
section provides extended information about the involved technologies (Appendix A) and
the most relevant ongoing projects in Europe (Appendix B).

1.1. Analysis Methodology

The objective of the analysis is to review and analyze the specific challenges of EII
in terms of thermal energy supply, focusing on the NG demand and later analyzing the
development of the different key technologies that integrate a PtG system and the most
important key parameters of its combination to produce SM. The effects of the unexpected
COVID crisis, which had deeply affected European industries are being aggravated by the
high rise of NG costs and the real possibility of supply disruptions. Despite the interest
in some technologies directly related to SM generation, many of the efforts were strictly
focused on its development as a separate technology. For example, in hydrogen generation
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for final use or to explore the possibility of effective Carbon Capture systems that could
make it easier to tackle GHG emissions reduction objectives. The methodology of this
analysis is as follows: the technological development of each of the involved technologies
required for SM generation is analyzed and the last developments in the field and the
most important conclusions presented in the recent literature are analyzed. Secondly, the
European EII (EEII) dependency on NG and the current supply options are presented.
With the results of both analyses in mind, the feasibility of effective SM generation for
NG substitution is presented and the currently available technologies, their potentials,
limitations, future research requirements and challenges are presented. Finally, a technical,
economic and socio-economic analysis is presented and the real potential (based on the
recent scientific data) of SM generation for European EII is presented. Finally, to provide
a full-scope vision, the socio-economic aspects are also studied using a triple-bottom-
line approach.

1.2. Natural Gas and Energy Intensive Industries

From a technical point of view, EII are the industries that highly depend on energy
supply for their manufacturing or operational processes [8,9]. Therefore, although these
industries have a large variability in their activities, for these industrial sectors, energy
costs represent one of the most important production costs and they are directly influenced
by final energy costs. Several international organizations classify the industrial sector by
three categories: non-manufacturing industries, non-energy intensive manufacturing and
energy-intensive manufacturing industries [9]. In many countries and regions, in industrial
processes that require extensive heat supply, NG is one of the most used energy sources.
In these cases, the need to search for alternative energy sources is directly driven by both the
need of decarbonization and the extensive external NG supply dependency that also makes
them dependent on NG prices. Electrification can be a mid-term solution only for some
industrial sectors in which case electricity prices are also a challenge for EII because in many
electricity markets, such as European or British markets among others, the final electricity
prices are highly dependent on NG costs. As a consequence, it is necessary to search
for potential NG substitutes for the industrial combustion processes, and the production
of methane using hydrogen as a raw source represents one of the only large, scalable
alternatives that could be implemented without compromising or changing the industrial
process itself. The introduction of alternative energy sources in industrial processes, mainly
electrification objectives, are not feasible in many industrial processes because there are not
technologies that could directly substitute combustion systems by electrical ones. Moreover,
these additional process manufacturing changes will require additional investments that
involve operational risks.

2. State of the Art of Power to Gas Technology

This section analyzes the state of the art of each of the involved technologies required
for PtG systems; in particular, those focused on industrial large-scale integration.

The PtG can be related to different gas production systems that use electrical power
as an energy source. The PtG technology objective of this study consists of a process
aiming to produce synthetic CH4, so-called Synthetic Methane using H2 and CO2 as
raw materials. The whole production process includes all the methods of obtaining and
storing the elements involved in the reaction to obtain synthetic CH4 [5]. Therefore, the key
processes can be divided into three main sub-processes:

1. Carbon capture and storage
2. Hydrogen production and storage
3. Synthetic fuel production (CH4)

The capture of the CO2 is considered on-site, in the energy-intensive facility. This gas
can be produced in the manufacturing process itself, for example in concrete production
or as a combustion product, and hydrogen could be produced in the same location or
transported using both a hydrogen transport network or pressurized transport, such as
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road transport [5]. The flowchart of the PtG process is simplified in Figure 1. The scope of
this review is to analyze feasibility and the current technologies that allow the use of both
on-site generated H2 and CO2 for Synthetic Methane production and the possibilities of
using the technology as an energy storage technology. SM is an interesting alternative in
many different industries because it can be directly used in systems that currently use NG
as fuel.

Energies 2023, 16, x FOR PEER REVIEW 5 of 24 
 

 

The capture of the CO2 is considered on-site, in the energy-intensive facility. This gas 

can be produced in the manufacturing process itself, for example in concrete production 

or as a combustion product, and hydrogen could be produced in the same location or 

transported using both a hydrogen transport network or pressurized transport, such as 

road transport [5]. The flowchart of the PtG process is simplified in Figure 1. The scope of 

this review is to analyze feasibility and the current technologies that allow the use of both 

on-site generated H2 and CO2 for Synthetic Methane production and the possibilities of 

using the technology as an energy storage technology. SM is an interesting alternative in 

many different industries because it can be directly used in systems that currently use NG 

as fuel. 

 

Figure 1. Power to Gas technology (PtG). 

Figure 2 presents the simplified flowchart for a PtP system. In this case, the electricity 

is used to produce H2 that can be effectively stored and later be reconverted again into 

electricity and self-consumed or injected into the grid. Therefore, it represents an effective 

alternative to conventional batteries and can provide a cost-effective solution that, as an 

additional advantage, does not extensively rely on raw materials, such as lithium or rare 

earth materials. The storage technology can be also effectively combined with a CHP sys-

tem to produce electricity and reuse waste heat for industrial purposes. 

Figure 1. Power to Gas technology (PtG).

Figure 2 presents the simplified flowchart for a PtP system. In this case, the electricity
is used to produce H2 that can be effectively stored and later be reconverted again into
electricity and self-consumed or injected into the grid. Therefore, it represents an effective
alternative to conventional batteries and can provide a cost-effective solution that, as an
additional advantage, does not extensively rely on raw materials, such as lithium or rare
earth materials. The storage technology can be also effectively combined with a CHP
system to produce electricity and reuse waste heat for industrial purposes.
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2.1. Carbon Capture for Systems

CO2 capture systems for later methanization require an adequate source of CO2 that
can range from about 1 MW in water treatment plants up to 1000 MW in coal-fired plants.
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The concentration of the gas in the flue gas stream depends on the process itself and the
most common concentrations (% vol) are presented in Table 1 [10].

Table 1. CO2 sources and concentration, adapted from [10].

Industrial Combustion System CO2 Concentration (% vol) CO2 Source

Power Generation System

7–10 Natural gas fired boiler
12–14 IGCC gas turbines
12–14 Coal-fired boilers
11–13 Oil-fired boilers

Industrial Process
14–33 Cement kiln system
20–27 Blast furnace

Biomass Plant
100 Bioethanol plant

15–50 Biomass fermentation

CO2 capture technologies aim to recover carbon dioxide in different processes that,
once captured, can be used in several areas such as the recovery of oil wells, the food
industry and fertilizer production, etc.

The main methods of carbon dioxide capture are [7,10,11]:

• capture before combustion
• post-combustion capture
• capture in oxy-combustion processes

The method of capture before combustion is done by separating the fossil fuel into
CO2 and H2 through three stages as presented below [12]:

1. production of syngas, CO + H2
2. conversion of CO to CO2
3. effective separation of CO2 and H2

For the first stage, the methods are similar to the processes used to obtain hydrogen
from fossil fuels and includes steam reforming, partial oxidation, autothermal reforming
and gasification. To perform the second stage, a reaction process named “Water-Gas-Shift
Reaction” is used and later, in stage 3, the separation of CO2 from H2 uses a gas separation
technology such as absorption, adsorption, membranes and Cryogenic Distillation. The
absorption of carbon dioxide can be chemical or physical; the chemical absorption process
is carried out using amines, a type of chemical compound derived from ammonia. On
the other hand, physical adsorption uses solvents with high affinity to capture acid gases
that include CO2. Steam is required which makes the process energy intensive, and the
method more expensive. The final separation of CO2 through the adsorption process is
done using adsorbents such as activated carbon, zeolites and silicates that have the ability
to attract particles on their surface. The process is not a selective process; therefore, carbon
dioxide is adsorbed along with other gases. Also, membranes can be used for the gas
separation process. Some of the materials that are used include materials that are metallic,
ceramic and polymeric, etc. Cryogenic Distillation (CD) is a method of gas separation at
low temperatures that is performed using the difference in the boiling points of gaseous
components and its high cost makes it not suitable for large-scale PtG production [13,14].

The oxycombustion process is the capture of CO2 that begins with a combustion pro-
cess using oxygen and recirculated gases (total oxycombustion) or air (so-called oxidizer).
The resulting gas, which has a high percentage of CO2, is processed through a purification
process where most nitrogen oxides and sulfur oxides are removed (NOx, SOx). In the
particular case of this research where industrial furnaces are used (for example in cement
plants), there is the associated problem due to combustion with oxygen because the temper-
ature and heat distribution conditions inside the furnace would change and could, therefore,
affect the manufacturing process. There is a lack of industrial-level tests about the effect of
high levels of CO2 concentration inside the furnace and how reactions or CO2 products
would change. To capture CO2 in post-combustion processes, the same methods applied
before combustion are used: physical and chemical absorption, adsorption, membranes
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and carbonation-calcination. The carbonation-calcination technology is based on a reaction
between CO2 and calcium oxide (CaO) in a gas stream followed by a reverse calcination
reaction of calcium carbonate (CaCO3) in a concentrated atmosphere of CO2. For intensive
energy consumption industries where the aim is reducing or eliminating the use of NG,
only industrial-scale commercial systems could be effectively applied; chemical absorption
of Monoethanolamine (MEA) is considered as a post-combustion carbon dioxide capture
process that has a key advantage for existing industries because its implementation does
not intervene in the manufacturing process and, therefore, the existing configuration of the
plant is not modified [14].

The method consists of a reaction in the aqueous medium between the amine and
the acid gas (CO2) and it is a very effective process of absorption, but it requires extensive
energy usage because it is necessary to increase the temperature in the MEA regeneration
column up to 100–140 ◦C. The last developments to reduce the cost per ton while avoiding
CO2 are focused on the development of new absorbent substances that can reduce the
energy contribution in the regeneration phase, although they are still in a preliminary phase
because only small-scale studies and tests are currently carried out in pilot plants. Ammonia
and amino acid salts have been tried or labeled as absorbent. In the case of ammonia, the
temperature in the absorption tower drops, but the temperature in the regeneration tower
increases. However, amino acid salts improve energy consumption, which worsens the
process through the formation of solid precipitates [15]. From a commercial point of view,
and because technology is ready to use only the chemical absorption by amines, will the
one be available for implementation in industrial PtG plants, which is the objective of
this work.

Thanks to the contact of these two flows, part of the CO2 in the gas flow is absorbed
into the amine solution and later, the solution with the absorbed CO2, which is called the
rich-loading solution, and is pumped to the top of the other column and the regenerator
(stripper). In the regenerator, there is also a counter-current flow, the rich solution goes
down the column, and the steam generated in the reboiler goes up. With the heat of the
stripper steam, the chemical bonds between the CO2 and the solvent are broken and the
CO2 is carried upwards thanks to the steam from the condenser. While the condensed
steam is returned to the stripper as reflux, a flow of CO2 with high purity (around 99%) is
obtained. At the bottom of the stripper, the amine solution called the lean-loading solution
is recirculated to the top of the absorber and before entering the absorber, the lean-loading
solution with a relatively high temperature (120 ◦C) is used to increase the temperature of
the rich solution in order to recover some heat. The most significant indicator of this capture
process is the ratio of CO2 that is captured to the input stream. In most processes, this value
is set at 90% [12]. Specific values for the process, depending on the amine concentration,
are shown in Table 2 [16].

Table 2. CO2 capture system using amine with different concentrations, adapted from [17,18].

Parameter 20% wt
MEA

30% wt
MEA

40% wt
MEA

CO2 removal (%) 90 90 90
MEA (wt.%) 20 30 40

Stripper operating pressure (kPa) 150 210 210
Absorption solution temperature (◦C) 40 25 25

Amine lean solvent loading (mol CO2/mol MEA) 0.242 0.32 0.3
Amine rich solvent loading (mol CO2/mol MEA) 0.484 0.493 0.466

Reboiler heat required (GJ/ton CO2) 3.89 3.29 3.01
Solvent flow rate required (m3/ton CO2) 20 27.8 22

Lean solvent temperature (◦C) 35 30 25
Feed cooling water (m3/ton CO2) 9 9 9

Condenser (m3/ton CO2) 41.5 24 19.7
Lean cooler (m3/ton CO2) 43 57 54

CO2 product compressor intercooling (m3/ton CO2) 13 13 13
Total cooling water required (m3/ton CO2) 106 103 96
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As shown in Table 1, in the base case (20% concentration) the energy consumption
per ton of CO2 stored is 3.89 GJ, and to carry out the process it is necessary to provide
106 m3 of cooling water, and 20 m3 of amines per ton of CO2 that are required. For higher
concentration values, such as 30% and 40% of MEA in solution, better results are obtained
and a reduction in the energy needed to obtain a ton of CO2 is produced; however, on the
other hand, it entails a greater consumption of amines. One additional system problem
is the degradation of the absorbent agent results in strongly corrosive products. New
research lines are focused on searching for an alternative to replacing 2-ethanolamine with
tertiary, combined, sterically hindered amines, amino acid salts or ammonia. In the case of
industrial systems with a not continuous operation system, one additional problem is the
start-up time of the CO2 capture system which ranges between 45 min and 60 min [7].

2.2. Green Hydrogen Production Using Renewable Energy Driven Electrolizers

Green Hydrogen production using electrolysis consists of obtaining hydrogen and
oxygen from water through the use of Renewable Energy-produced electricity. Considering
the basic equation of the process, from one mole of water, one mole of hydrogen is obtained
and half a mole of oxygen, meaning that if mass ratios are used, to obtain 1 kg of hydrogen it
is required to use 9 kg of water, and 8 kg of oxygen is produced. At present, approximately
95% of the hydrogen produced comes from fossil fuels and the remaining 5% is a by-
product that results from the production of chlorine through electrolysis which means
that there is no significant production of hydrogen from renewable sources [13]. From a
commercial point of view and aiming to provide a PtG solution from an industrial scale
perspective, two types of electrolyzers that exist today are alkaline electrolyzers and Proton
Membrane Exchange (PEM) electrolyzers. Solid Oxide Electrolyzers (SOE) present higher
efficiencies than PEM or alkaline electrolyzers and operate at high temperatures of up
to 1000 ◦C. This type of electrolyzer presents the potential of reducing energy demand
and associated operating costs. Up to 40% of the energy required to produce hydrogen
by steam electrolysis can be substituted by heat at up to 1000 ◦C, although new lab-scale
developments work at about 700–800 ◦C and the electricity demand can be reduced by up
to 25%. Therefore, it is expected to obtain better efficiencies with SOEs because its hydrogen
production reaches up to 5.7 (Nm3H2)/h and its power up to 18 kW. However, these types
of electrolyzers are under researched and under developed and are, therefore, not available
for large-scale purposes in PtG applications. In applications for GH production, with
intermittent or variable electricity generation, using RE continuous power changes results
in heat loss and changes in cell temperature, which consequently produce ruptures in the
membrane that reduce their lifetime.

The water electrolysis process is defined by two important parameters that characterize
the process: cell efficiency and current density. The efficiency of the electrolysis cell is
defined as the relation between the theoretical energy and the actual energy needed to
stimulate the reaction [13]. The minimum potential to be applied for the reaction to occur
under standard conditions (25 ◦C and 1 atm) is 1.23 V. An important part of the process
involves catalysts that increase the speed of the reaction traditionally. The catalysts used are
made of rare metals, but with technological advances new types of catalysts are appearing,
for example, using nickel-based iron [19]. From an industrial point of view, alkaline and
PEM electrolyzers are the solutions to be analyzed. If we compare the alkaline with the
PEM in terms of efficiency and energy consumption, they are very similar. Alkaline has a
higher production per hour of hydrogen, as well as a longer life cycle and lower economic
cost. However, it is not so suitable for continuous energy changes, for which the PEM-
type electrolyzer would perform better. According to the analysis performed by [20] the
difference in investment between these two technologies is mainly on a small scale; if it is
carried out on a larger scale, the final costs become very similar. PEM electrolyzers have
the advantage of better adaptability to continuous changes in the power supply but their
current price and state of development still make alkaline electrolyzers the most available
commercial solution. Table 3 presents a comparison of both systems and, as shown, for
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a PtG system it can be considered that PEM-type electrolyzers have an efficiency of 70%
and specific energy consumption of 55.6 kWhe/kgH2. Alkaline-type electrolyzers present
a 70% efficiency and a specific energy consumption similar to that of the PEM type, the
main difference being the production of hydrogen because alkaline electrolyzers have a
capacity that is 25 times greater than PEM. More detailed information about electrolyzers
is available in Appendix A.

Table 3. Electrolyzers for Hydrogen production, adapted from [19].

Units
(if Applicable) Alkaline PEM SOEs

Technology maturity Commercial Demonstration Research and lab
scale plants

Cell temperature ◦C 60–80 50–80 900–1000
Cell pressure Bar <30 <30 <30

Voltage efficiency % 62–82 67–82 81–86
Specific energy
consumption kWhe/Nm3H2 4.5–7 4.5–7.5 2.5–3.5

Specific energy
consumption kWhe/kgH2 50–77.87 50–77.87 27.81–39

Partial load range % 20–40 0–10 -
Maximum power MW 3.8 0.15 -

Hydrogen production Nm3/h <760 <30 -
Life cycle h <90,000 <20,000 <40,000

Purity of the hydrogen
produced % >99.8 99.999 -

Cold start time min 15 <15 >60

The commercially available equipment range of PEM electrolyzers is about 150 kW
and for alkaline electrolyzers, the rated power of the system ranges between 3 MW and
4 MW.

2.3. Methanization Technologies

The PtG core technology is the methanization process. Thermochemical methaniza-
tion of CO2 is an exothermic catalytic reaction that takes place at temperatures between
200–500 ◦C, depending on the catalyst used. This is known as the Sabatier reaction after
the chemist Paul Sabatier who discovered it. Taking into account the reactions involved
in the process, the proportion of the methanization reactors is 5.5 kgCO2/kgH2 and 2 kg
CH4/kgH2. The reaction at the industrial scale to produce Synthetic Methane is to combine
the CO2 recovered in the industry with the H2 produced through electrolysis (using green
energy) to obtain Synthetic Methane which is produced in two stages. The first stage
consists of breaking down the CO2 molecules to obtain Carbon Monoxide (CO) and water
through the use of a catalyst, and the second stage is the formation of Synthetic Methane.
For the methanization reaction to occur under optimal conditions, an efficient catalyst is
needed, and the most commonly used is the nickel catalyst. This catalyst reactor is cheap
due to the abundance of metal but, on the other hand, they have the disadvantage that
at high temperatures they are deactivated as a result of the sintering process (so-called
thermal degradation phenomenon). Ruthenium catalysts (Ru) have been tested to be a
more efficient system but the costs are very high and are increasing [21]. Temperature
control is an important element in the design of the methanization reactor and the most
commonly used reactor in this process is the fixed-bed reactor as a continuous CH4 flow
is required and the fluidized-bed reactor presents a great advantage in terms of plant
operation. The most adequate system for PtG systems is the isothermal fixed-bed reactor
whose main advantage is presenting a constant temperature operation due to the use of
a continuous cooling system throughout the reactor. The average heat efficiency of the
methanization process is 80–85% and the excess heat, as a consequence of the exothermic
process, can be used for any heat process requirements, or can be combined with the amine
CO2 capture system that subsequently reduces energy demand for the process.
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3. Analysis of Potential of Power to Gas Systems for Intensive Natural Gas Consumer
Industrial Facilities

NG is one of the most important energy sources in the industrial sector and many
industries extensively rely on this energy source for production. Figure 3a presents the
energy consumption worldwide and Figure 3b presents the European data. Concrete
manufacturing, steel industries, glass furnaces and hot rolled coil steel production are the
most Natural as-intensive industries [22].
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European countries extensively rely on external countries for NG supply. For instance,
in 2021 the EU imported up to 80% of its total required gas needs and the ongoing situation
is getting worse as domestic production fell 50% in the last 10 years. Of the demand, 40% is
consumed by the residential sector followed by industry and gas use for power generation.
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However, because of the combined effect of both the ongoing deindustrialization process
in Europe and the increase in process energy efficiency, industry consumption has declined
by 20% since 2000 [24]. Electrification of the economy is increasing the electrical demand
and, despite the increase in Renewable Energy generation, in the same period, gas used
for power generation has risen by 15%. Biogas represents up to 4% (the year 2020) of the
whole total consumed gas. The ongoing situation in the NG markets is causing a rise in
spot and futures prices that are producing a large increase in final costs for industries,
and intensive consumers are more exposed to its effect. The supply crisis is suffering
from a combined effect related to the COVID-19 supply disruption and the reduction of
Russian supply due to the Ukraine–Russia war. As a consequence, the reference price
in Europe, specifically Dutch TTF Gas (TTF) has multiplied and, therefore, all related
industries are suffering strong inflation that has risen up to 45% for industrial products
in Germany or 9.1% for the Harmonized Index of Consumer Prices (HICP) [25], Figure 4.
The persistence of energy high prices can produce lasting damage in the industrial sector
and definitively erode European competitiveness in the EII sector which will reduce its
market share and definitely prompt the proprietary companies to relocate their plants to
countries with lower energy costs. One of the most affected countries is Germany because it
has a large manufacturing sector that also has high energy use in its industrial production,
and it appears particularly vulnerable to the fallout from the energy crisis. To avoid these
deindustrialization risks, European policymakers face difficulties as there are not possible
NG alternative suppliers in the EU itself; therefore, alternative systems must be developed.
In this scenario, SM is one of the most mature and promising technologies.

Energies 2023, 16, x FOR PEER REVIEW 12 of 24 
 

 

same period, gas used for power generation has risen by 15%. Biogas represents up to 4% 

(the year 2020) of the whole total consumed gas. The ongoing situation in the NG markets 

is causing a rise in spot and futures prices that are producing a large increase in final costs 

for industries, and intensive consumers are more exposed to its effect. The supply crisis is 

suffering from a combined effect related to the COVID-19 supply disruption and the re-

duction of Russian supply due to the Ukraine–Russia war. As a consequence, the reference 

price in Europe, specifically Dutch TTF Gas (TTF) has multiplied and, therefore, all related 

industries are suffering strong inflation that has risen up to 45% for industrial products in 

Germany or 9.1% for the Harmonized Index of Consumer Prices (HICP) [25], Figure 4. 

The persistence of energy high prices can produce lasting damage in the industrial sector 

and definitively erode European competitiveness in the EII sector which will reduce its 

market share and definitely prompt the proprietary companies to relocate their plants to 

countries with lower energy costs. One of the most affected countries is Germany because 

it has a large manufacturing sector that also has high energy use in its industrial produc-

tion, and it appears particularly vulnerable to the fallout from the energy crisis. To avoid 

these deindustrialization risks, European policymakers face difficulties as there are not 

possible NG alternative suppliers in the EU itself; therefore, alternative systems must be 

developed. In this scenario, SM is one of the most mature and promising technologies. 

 

Figure 4. Natural Gas TTF price evolution, adapted from [22] and [26]. 

3.1. Technical and Economic Parameters for Large-Scale P2G Plants 

The EU has a plan to fully decarbonize the whole gas sector in 2050. The objective is 

quite ambitious because by 2020, the gas sector is supposed to be up to 25% of the total 

GHGs emissions in the EU. The reduction generation of coal and oil power plants has 

contributed to the increase of the NG share as new, combined cycle plants have been built. 

The roadmap to achieve this objective is not completely defined, but hydrogen and sub-

sequently PtG technology will play a key role. Climate plans promoted by the European 

Commission and National Energy aim to install 80 GW of electrolyzers by 2030, and in 

that year Low Carbon Gases (LCG) should be about 15% of the total consumption. The 

EU Commission considers that the current cost of Synthetic Methane is at least three times 

that of conventional gas, although if the current NG prices continue to rise, this gap can 

be significantly reduced. On the other hand, the subsequent inflation is causing the cost 

of hydrogen production systems to not reduce their costs as fast as required; moreover, 

costs could be increased [27]. In this case, this paper analyzes the plants for onsite con-

sumption and not for gas network-distributed gas. Different analyses prove that the gas 

can be directly injected into Europe’s existing natural-gas distribution networks if the Syn-

thetic Methane has less than 2% volume of H2 and more than 97% volume of CH4. 

3.1.1. Hydrogen Electrolysis and Storage Systems 

The investment costs for a PtG system are still quite high for all the available tech-

nologies. The required electricity consumption per 1 kg of hydrogen is decreasing and for 

alkaline electrolyzers, the requirement is estimated to change from 53 kWhe/kg of H2 in 

2015 to 50 kWhe/kg in 2030. If PEM electrolyzers are used, the cost will be reduced from 

Figure 4. Natural Gas TTF price evolution, adapted from [22,26].

3.1. Technical and Economic Parameters for Large-Scale P2G Plants

The EU has a plan to fully decarbonize the whole gas sector in 2050. The objective
is quite ambitious because by 2020, the gas sector is supposed to be up to 25% of the
total GHGs emissions in the EU. The reduction generation of coal and oil power plants
has contributed to the increase of the NG share as new, combined cycle plants have been
built. The roadmap to achieve this objective is not completely defined, but hydrogen and
subsequently PtG technology will play a key role. Climate plans promoted by the European
Commission and National Energy aim to install 80 GW of electrolyzers by 2030, and in
that year Low Carbon Gases (LCG) should be about 15% of the total consumption. The
EU Commission considers that the current cost of Synthetic Methane is at least three times
that of conventional gas, although if the current NG prices continue to rise, this gap can be
significantly reduced. On the other hand, the subsequent inflation is causing the cost of
hydrogen production systems to not reduce their costs as fast as required; moreover, costs
could be increased [27]. In this case, this paper analyzes the plants for onsite consumption
and not for gas network-distributed gas. Different analyses prove that the gas can be
directly injected into Europe’s existing natural-gas distribution networks if the Synthetic
Methane has less than 2% volume of H2 and more than 97% volume of CH4.
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3.1.1. Hydrogen Electrolysis and Storage Systems

The investment costs for a PtG system are still quite high for all the available tech-
nologies. The required electricity consumption per 1 kg of hydrogen is decreasing and for
alkaline electrolyzers, the requirement is estimated to change from 53 kWhe/kg of H2 in
2015 to 50 kWhe/kg in 2030. If PEM electrolyzers are used, the cost will be reduced from
52 kWhe/kg of H2 in 2015 to 47 in 2030 [28]. This increase in efficiency will make electrolysis
likely to become significantly cheaper and to be massively produced. Research shows that
the costs will be reduced from 930 €/kWe in 2015 to 630 in 2020 and 580 €/kWe in 2030 for
alkaline electrolyzers, and for PEM from 1570 €/kWe in 2015, to 1000 in 2020 and 760 €/kWe
in 2030 [28,29]. The current development of both technologies makes the costs quite lower
for alkaline electrolyzers in comparison with PEM. Recent analysis shows that the required
investment in PEM systems is two times the costs in alkaline systems. Additionally, for
an industrial PtG plant, the required investment in alkaline electrolysis equipment ranges
from 600 €/kWe to 1000 €/kWe considering the efficiency of the electrolyzer of 80–92%, and
a global 70% process efficiency due to the energy consumption associated to current control
and gas compression. There are optimistic studies that suggest that PEM electrolysis will
reduce its cost and could be acquired for less than 1000 €/kWe [17,18]. Thema et al. [18]
conducted research for years up to 2050 and concluded that there is a potential for cost
reductions for electrolysis to less than 500 €/kWe until 2050 while in 2030 costs are expected
to be about 600 €/kWe for PEM and 700 €/kWe for alkaline electrolysis [30].

For the hydrogen storage stage, different methods have been studied for large-capacity
plants [31] with the conclusion that only two systems could be considered as a real solution
for PtG hydrogen storage: tanks with metal hydrides, and high-pressure gas tanks that will
operate at 350 bar to 700 bar. In the case of hydrides tanks, they present the advantage of
being stable at normal pressures and temperatures. In addition, they offer a cost reduction
because no special pressure vessel is required. On the other hand, their price and weight
are higher and they occupy more space, and their use in real conditions is still problem-
atic. In this type of tank when the system is heated, the hydrogen is released gradually.
Gahleitner [31] considers that for PtG systems high pressure hydrogen storage is the best
available solution. Optimizing hydrogen storage technologies for later methanation has a
high potential for final cost reductions. A study conducted by Gorre et al. [32] proved that
the best system is an intermediate storage system with a capacity ranging from 100 kg to
3000 kg of H2 and that, in this case, the investment costs are about 490 €/kg. A service life of
20 years is estimated if hydrogen is stored in a medium-pressure tank with a rated pressure
of 10 bar–30 bar. The generation technology for electricity used in the methanization pro-
cess has a strong influence on the final cost of the storage system and its requirements. This
is caused due to the intermittency of Renewable Energy generation that makes necessary
hydrogen storage in order to compensate for the peaks and valleys in energy generation.
This effect is most important in intermittent sources such as direct photovoltaic or wind
farm-connected plants. There is a strong cost relationship between the electricity generation
system, associated costs and hydrogen storage requirements. The literature shows that
using a system of hydrogen storage results in increased flexibility of the electrolysis process
and, therefore, the methanization phase can work on a stable basis and supply the required
SNG for industrial processes. The lack of predictability is more important in wind energy
as the periods and amounts of energy production can strongly vary and careful planning
is required for the storage. Dealing with this problem now is becoming more important.
There is a new discipline called Energy Meteorology that aims to perform high-resolution
predictions of energy generation due to renewable sources (wind and solar) in order to
secure the energy requirements and subsequent required energy storage [33].

Recent literature analysis such as that performed by Xiong et al. [34] shows that the
most important aspects for the profitability of PtG systems are the initial investment costs
and, subsequently, the development of synergies with other sectors related to hydrogen.
For example, hydrogen-based transport or heat generation, among others, is key for the
development of this technology. For long-distance or mass transit transport, H2 and CH4
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can provide a replacement fuel for conventional fuels. In the case of Compressed Natural
Gas (CNG), now used for urban buses or road transport, among others, SNG can be used as
a direct substitute by using the currently built CNG recharging vehicle infrastructure [35].
H2, itself, can be used for transport uses in both direct combustion or fuel cell-driven
vehicles, being that the use of fuel cells is the most promising and feasible solution.

3.1.2. Investment Costs for Industrial PtG Facilities

Different analyses have studied the total investment requirements for a commercial
P2G plant at a large scale [36]. The total investment costs are distributed as shown in
Table 4:

Table 4. Cost for large-scale PtG plants, adapted from [36].

PtG System Component % Total Cost

Electrolysis system 74%
H2 compression system to 30 bar–200 bar 2.5%

Hydrogen storage 21.5%
Methanization system 2%

The large investment costs are directly related to electrolyzers; therefore, the reduction
of this cost is a requirement if the technology aims to be extensively deployed as a real
alternative to NG. In 2017, Zimicík [37] concluded that after analyzing the costs reported
by German companies that sell and install this equipment, it is possible to consider that the
price of a methanation fixed-bed adiabatic reactor and for an amine-based CO2 capture unit
is about 20% of the price of the electrolyzer for each of them. Investments for electrolyzers
that include all the auxiliary equipment and commissioning for a lifespan of 28 years can
be estimated at 900 €/kWe, with a specific electricity consumption of 52 kWh/kgH2 [38]
while the investment costs of methanation at 20 bar are about 400 €/kW for a rated power
of 5 MW. This cost is considerably reduced for larger plants and can be 130 €/kW for
110 MW [39]. According to different studies, for an efficiency of 40% for electrolysis and
70% for methanization, the total costs increase as the output power of the plant decreases.
For a large plant up to 50 MWe, the final costs are 1000 €/kWe, while for a small-scale
plant (less than 10 MWe) the total cost will be 2000 €/kWe. Therefore, as presented before,
the creation of synergic uses that could help build larger plants for multiple uses can be a
cost-effective solution for small industries.

3.1.3. Triple Bottom Line Consequences of P2G Plants

As [1] shows, the quality of the environment is determined by the amount of energy
used. Moreover, it is also determined by the type of energy used in line with the European
Commission’s demands, which highlights that energy-related CO2 emissions need to be
reduced to limit climate change as stated by IRENA; Global Renewables Outlook: Energy
Transformation 2050 [40]. The technology presented in this research offers alternative
security energy sources for firms and public organizations that enhance their profitability
by reducing costs [41]. At the same time, these organizations reduce their CO2 emissions
and improve the quality of the environment. Moreover, governments are working to
promote energy challenges such as PtG Plants increasing their GDP and allowing firms
and citizens of their countries to access reliable, affordable and abundant energy. This has a
clear social impact because citizens can afford electricity costs and it is especially relevant
for firms that are intensive in energy consumption. As we suggested, Trade-offs of Power
to Gas energy are not limited to economic and environmental, it has a clear impact on social
aspects like poverty, social equity, and health and social well-being [41].

3.2. Integration of Power to Power Systems in Industrial Facilities

Power to Power systems (PtP) represent an alternative configuration of PtG systems
and can provide an effective large-scale energy storage solution for renewable electricity
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production in industrial uses. In a PtP system, hydrogen can be stored in an intermediate
stage for later combustion in a Gas Turbine (GT) to produce electricity for self-consumption
in the industry. Moreover, the process will produce alternative rejected heat that can be
effectively used for process purposes or for low-grade heat applications such as district
heating, domestic hot water production, or on-site industrial uses. This configuration can
provide an effective solution for energy storage as an alternative to conventional battery-
based schemes and act as a complementary alternative in combination with PtG systems.
Table 5 shows the current state of the art of energy storage systems and their advantages
and disadvantages [42].

Table 5. Energy Storage technologies, adapted from [42].

Storage System Installation Costs
[€/kWh]

Global Round-Trip
Efficiency [%] Advantages Disadvantages

Supercondensers 125–300 90–95 High energy density
and efficiency
Fast response

Low specific capacity
Expensive investment costs

High self-dischargeMagnetic Superconductors 300–915 92

Lead Acid Batteries 200–490 4–89

Mature and reliable
technology

Low-cost technology for
large plants

Low energy density

Nickel Batteries 385–1100 71 Low internal resistance
Robust system

Performance highly
dependent on temperature

Lithium Batteries 100–200 90–97

Longer life service in
comparison with other

batteries
Fast loading and
unloading times

High initial cost
Aging and degradation

Unstable

Sodium Batteries 285–1075 72–81
High energy density and

performance
Long service life

Difficult temperature control

Redox Flow Batteries 250–700 70–79 High storage capacity
Long service life High capital costs

PtG (H2 Storage) - 43–64
PtG (CH4 Storage) - 39–72

PtL (Liquid Biofuel Storage) - 65

High energy density
Large storage capacity

Low global performance
Low maturity level

Pumping Storage 40–180 70–82 Large capacity
Mature technology

High environmental impact
High initial cost

Large space requirements

CAES (Compressed Air
Storage) 40–80 40–95 High energy density

Slow download rate
High initial cost

Social impact

Sensitive Heat Storage 0.2–8 45–75 High loading/unloading
capacity

High dependence on
temperature gradient

Latent Heat Storage 15–50 75–90
Lower volume
requirements

High energy density
High cost of storage materials

Thermochemical Storage 8–100 80–100 High performance Immature technology
High capital cost

After being stored the H2 should be combusted in a GT for electricity production with
optional heat recovery (Combined Heat and Power). Different GT systems can be used
for this purpose depending on the H2% volume of the combustion gas. Table 6 shows
the current state of the art of this equipment that has an investment cost ranging from
400 €/kW to 900 €/kW installed.

Small-scale microturbines, ranging from 30 kW to 200 kW, can provide an effective
solution to be used in modular plants or small industries and now exist as commercial-
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ready equipment allowing 100% H2 volume combustion. Therefore, these systems can be
used as an alternative to conventional industrial small-scale CHP solutions.

Table 6. Gas Turbines for hydrogen combustion, adapted from [43].

Combustion Chamber
Technology

Multi-Injector Combustion
Chamber

Multi-Group Combustion
Chamber Diffusive Combustion Chamber

Combustion Method Premixed flame combustion Premixed flame combustion Diffusion flame combustion

Flame Back Risk

High risk of flame recoil in the
case of single hydrogen

combustion due to the wide area
of flame propagation

Low risk of recoil due to the small
flame propagation area

No risk of recoil due to
diffusion flame

Cycle Efficiency No efficiency drop due to no
steam or water injection

No efficiency drop due to no
steam or water injection

Steam or water injection to reduce
the concentration of NOX reduces

cycle efficiency

NOX
Low concentration of NOX due to the uniform flame temperature of

the premix nozzle

Fuel is injected into the air. There is
a region of high flame temperature

and high concentration of NOX

Proportion of Hydrogen
(% in volume) Up to 30% by volume Technology in development: up to

100% in volume Up to 100% by volume

4. Discussion

The PtG system has proven to be a reliable, scalable, and feasible solution to provide
locally available energy for intensive NG consumer industries. As shown in Figure 5, the
energy dependency rate for NG in Europe is up to 90% and this external dependency rate
varies depending on the EU country. Figure 6 presents the global energy flow Sankey
diagram for the EU-27, depicting the vast external dependency for external NG production
and imports. This figure differs from country to country and there are quite different
situations among all the EU-27 countries (Figure 7a,b). For example, Norway (Figure 7a) is
an NG producer and exporter, and their industrial consumption can be fed using locally
produced energy; therefore, they are less exposed to global energy price variations and
stock markets. On the other hand, countries such as Spain (Figure 7b) only rely on imports,
and their industrial facilities are suffering a vast increase in energy costs without the
possibility of finding a short-term alternative as they are completely exposed to the NG
international markets situation. Most EU countries are in a similar situation including
Germany, one of the most industrial countries in the region that is a worldwide reference
manufacturer in some fields such as vehicles and machinery, among others.
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PtG systems can provide a short-medium term solution for self-SM production reduc-
ing the external NG imports and, therefore, associated costs. Despite this, further research
and development are required to deal with three big problems that currently exist: (1) high
initial investment costs that make the solution not profitable, (2) lack of large-scale indus-
trial solutions, and (3) lack of market-ready products and large-scale manufacturers able
to provide commercial solutions in a relatively short time. This situation is aggravated by
the raw material supply crisis and associated disruption because much of this equipment
requires large quantities of these raw materials that are also mainly produced out of the
EU. To develop a competitive technology, the hydrogen used in the PtG process should be
Green Hydrogen obtained by water electrolysis. In addition, different research forecasts
that the average production cost in 2020 of 5.09 €/kg will be reduced to a final cost of
2.12 €/kg, and is expected by the European Commission in 2030 [46], as a consequence
of the renewable electricity production costs by this year. The European Green Deal has
several timeframes, and in 2030 phase 1 will end and the second phase will take part in the
year 2050, in which the cost of electrolyzers is projected to be 356.16 €/kW. The potential
for industrial use of PtG technologies vastly depends on the renewable electricity potential
in each country. Research carried out by G. Kakoulaki et al. in 2021 [47] calculated the
potential of Renewable Energy (hydro, solar and wind energy) considering the annual
electricity consumption for each country, and the calculated electricity demand required
to match the requirements of hydrogen production using water electrolysis, with results
showing that many of the EU countries have enough renewable electricity generation
potential to cover their needs and, if required, to export to other countries.

For the particular case of Spain, one of the locations with a higher potential especially
due to the high radiation levels and equivalent hours for PV systems, there are some regions
that will require importing excess production from other locations. However, despite
this, the country presents an excess potential of 1376 TWh as a whole. The International
Renewable Energy Agency (IRENA) calculated in research published in 2019 that the price
of wind energy-driven hydrogen production is 2.6 $/kgH2 and that Green Hydrogen
production costs will match fossil fuels-produced hydrogen costs in 2024 and that in the
following years this cost will be lower than in 2050. The cost will be reduced up to a
Levelized Cost of Hydrogen (LCOH) of 2 $/kgH2 using PV energy and 1.5 $/kgH2 for
wind energy, but that if the best-case scenario is achieved, the costs will be 1.2 $/kgH2 and
1 $/kgH2, respectively, for solar and wind energy.

The cement industry, as an example, presents high potential for these systems due
to the high CO2 emissions associated with the production and the capacity of using this
captured CO2 in the PtG process. According to the Guide to measurement methods and emission
factors for the cement sector in Spain [48], 38% of total CO2 emissions are produced in the
combustion process in the furnaces, and 62% is produced in the manufacturing process
due to the calcination of calcium carbonate CaCO3 that is transformed into calcium oxide
CaO and CO2. For a plant with an estimated hydrogen production capacity of 485 Nm3/h
available as commercial equipment [49], the required power requirements will be 2.3 MW
for hydrogen production of 43.6 kg/h. Considering the average costs presented in this
review, the investment costs will be up to 2 M€ for the electrolyzer, about 0.18 M€ for the
carbon capture system, 0.4 M€ for the methanization system and 1 M€ for an associated
wind farm to produce wind energy. Only considering the investment costs (3 M€) and the
average NG cost in the European markets, the investment presents a payback period higher
than 50 months.

5. Conclusions

The increase in NG prices in the international markets and especially in European
ones is causing the industries that extensively rely on this energy source (so-called Energy
Intensive Industries, EII) such as glass, sanitary ware and cement, among others, to reduce
their competitiveness and, in some cases, become unprofitable. The PtG technology can
provide a reliable solution for the self-production of SM with the advantage of no directly
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associated CO2 emissions, which also makes it possible to contribute to the achievement of
the climatic objectives, to reduce emissions and associated emission taxes. The technology
requires the combination of four main systems: the hydrogen electrolysis system, the
carbon capture system, the hydrogen storage system, and the methanization system. This
implies that further development of each component is required to achieve a large-scale
solution. In this study, the maturity and the current state of each of them are analyzed,
and the mid-term forecasted development and associated costs and energy generation
potential are studied. Different forecasts report that the price of hydrogen production will
be reduced by up to 50% in the next years and that, combined with the estimated increase
in NG costs, will make the investment more attractive and profitable. The reduction of
renewable electricity generation, especially using wind and solar energy is a key parameter
to reduce operational costs and initial investment costs related to the electricity generation
plants. This study analyzes the key components of the technology, and the current situation
from a technical, economic, social and environmental point of view, and remarks on the
need to develop a fast-track roadmap to develop this technology if European countries
aim to continue being an industrial producer in the international market. Our conclusions
show that PtG can be an effective solution but only for some EII and that, although many of
the required technological solutions are developed, the integration into large capacity PtG
production plants requires extensive investment and research efforts. This study shows the
vast external NG supply dependency of the EU as a whole, up to 90% and up to 100% in
several countries, and how this fact is a handicap for industrial activity and particularly
for EII future feasibility but also that, on the other hand, in the EU there exists a large and
Renewable Energy generation potential that can be used to achieve the Green Hydrogen
generation objectives and the subsequent SM production requirements. To this end, and
due to the variability of energy requirements in EU countries, and Renewable Energy
potential, NG suppliers and industrial activity, among others, only a unique European
strategy considering all the countries can provide an effective solution.
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Nomenclature

BAT Best Available Technologies
CAES Compressed Air Storage
CCS Capture Carbon Storage
CCU Capture Carbon Utilization
CD Cryogenic Distillation
CHP Combined Heat and Power
CNG Compressed Natural Gas
CO Carbon Monoxide
EII Energy Intensive Industries
EEII European Energy Intensive Industries
ETS Emission Trading Scheme
EU European Union
GHGs Greenhouse Gases
GT Gas Turbine
HG Green Hydrogen
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HICP Harmonized Index of Consumer Prices
IPCC Intergovernmental Panel on Climate Change
IRENA International Renewable Energy Agency
LCG Low Carbon Gases
LCOH Levelized Cost of Hydrogen
MEA Monoethanolamine
NG Natural Gas
PEM Proton Membrane Exchange Electrolyzer
PtG Power to Gas
PtL Power to Liquid Fuel
PtP Power to Power
RE Renewable Energy
SM Synthetic Methane
SOE Solid Oxide Electrolyzer
TTF Dutch TTF Gas

Appendix A

Table A1 presented below includes extended information of the available electrolyzers
for Green Hydrogen production.

Table A1. The most important characteristics of electrolyzers for Green Hydrogen production in P2G
systems, adapted from [43,47,50].

Electrolyzer Type Alkaline PEM SOE

Development status Commercial Commercial for small and
medium scale (<300 kW) Experimental development

Operation temperature 40–90 ◦C 20–100 ◦C 700–1000 ◦C

Most important
characteristics

Simple unipolar design of two metal
electrodes in aqueous-electrolyte

solution
Dissociated gases cannot be mixed in

order to avoid explosions
Suitable for large-scale, high-load

applications

Bipolar design to operate at
high pressures

The electrolyte is a
solid membrane

Can suffer vapor contamination
in the system

Allows working on partial load

Long service life with high
rated efficiency
Operation with

water/water vapor
Working at very high

temperatures
Needs continuous airflow

Corrosion resistant

Anode reaction 2OH−(aq)→ 1
2 O2(g) + H2O(l) + 2e− H2O(l)→ 1

2 O2(g) + 2H+(ac) + 2e− H2O(g) + 2e− → H2(g) + O2−

Cathode reaction H2O(l) + 2e− → 1
2 H2(g) + 2OH−(aq) H+(ac) + 2e− → H2(g) O2− → 1

2 O2(g) + 2e−

Operating pressure 1 bar–30 bar 30 bar–80 bar 1 bar

Electricity consumption
(nominalconditions) 51 kWh/kg 55 kWh/kg–70 kWh/kg 41 kWh/kg–40 kWh/kg

Current density 0.5 A/cm2 2 A/cm2 2 A/cm2

CAPEX 750 €/kW 1200 €/kW–2000 €/kW 4500 €/kW–12,000 €/kW

OPEX 32 €/(kg/day)/year 58 €/(kg/day)/year 225 €/(kg/day)/year–600
€/(kg/day)/year

Electrical efficiency 63–70% 56–60% 74–81%

Average electricity
consumption 4.3 kWh/Nm3–5.5 kWh/Nm3 4.5 kWh/Nm3–5 kWh/Nm3 3.2 kWh/Nm3–3.7 kWh/Nm3

Degradation rate
(1000 operating hours) 0.13% 0.25% 2.8–1.9%

Appendix B

In this section, the most important Power to Gas and Power to Power projects currently
developed or planned in Europe are listed below and they represent a good analysis of the
current technological development of these systems.

• Robinson (Eigerøy, Norway): This project aims to decarbonize the islands by de-
veloping an intelligent, flexible and modular Energy Management System (EMS) to
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achieve better integration of Renewable Energy sources. It also aims to improve the
current state of the use of biomass and wastewater by optimization and validation
of innovative technologies in the field. Existing and emerging energy and storage
technologies will be integrated across different energy vectors such as a small CHP
unit based on a Gas Turbine and an anaerobic digester assisted by bioelectric systems
to achieve the conversion of liquid waste into biomethane, or different technologies
based on hydrogen (electrolyzers and storage). The study takes place in Eigerøy, but
laboratory-level replication studies will be conducted for the island of Crete (Greece)
and the Western Isles (Scotland). The project will have a total duration of 48 months
starting in October 2020 and the budget is 8.37 M€ of which 7 M€ are funded by
European funds and aims to greatly reduce CO2 emissions as well as the costs of
generation and transport of energy [51].

• FLEXnCONFU (Ribatejo, Portugal): The project’s purpose is to demonstrate how
greater flexibility and reuse can be achieved in the production of energy in combined
cycle power plants in order to allow a more efficient and ecological operation of the
energy market. The project considers the use of hydrogen and ammonia as storage
elements. The most important objectives of the research are evaluating the combus-
tion systems with unconventional fuels and developing numerical and experimental
models in laboratories and studying the needs of flexibility and reference with other
assets determining the economic and environmental basis of Power to Hydrogen and
Power to Ammonia. The project involves countries such as Italy, the United Kingdom
and Portugal. The hydrogen test will be carried out in the combined cycle plant of
Ribatejo (Portugal) which is operated by the energy company EDP. The project began
on April 6 2020 and has a duration of 48 months with financing of 10 M€ [52].

• Jupiter 1000 (Fos-sur-Mer, France): This finished project was the first PG project
connected to the French NG transport network. This plant uses 100% Renewable
Energy in order to generate Green Hydrogen through two electrolyzers, one PEM type
and one alkaline with a total power of 1 MWe and the project includes the CO2 capture
from a nearby factory so that through a methanation process SNG of renewable origin
can be generated and mixed with hydrogen to be injected into the NG supply network.
The project began in 2014 and ended in 2019 with an investment of 30 €M, of which
10 M€ were funded by the public entities ERDF (European Regional Development
Fund) and ADEME (Agence De l’Environnement et de la Maîtrise de l’Énergie). The
plant is designed to produce up to 25 Nm3/h of Synthetic Methane or 200 Nm3/h of
hydrogen with an average production of 5 GWh over a period of 3 years [53].

• HyFlexPower (Saillat-sur-Vienne, Francia): It is the first demonstrating plant of a
hydrogen-fired NG turbine integrated into one PtP system. The project was launched
in May 2020 in the facilities of one specialized company in the production of recycled
paper in France, and its purpose is to demonstrate that hydrogen itself can produce
and store excess renewable electricity, and subsequently be used in CHP plants with
high-power turbines that currently use NG. The project is based on a Siemens SGT-400
turbine that is adapted so that it can burn a mixture of NG and hydrogen fuel, and
aims to be able to work with 100% hydrogen. The project is financially supported by
the European Union through its Horizon 2020 program. The installation will generate
a power of about 12 MWe, while producing the steam demanded by the process.
The SGT-400 turbine operating entirely with hydrogen will mean savings of up to
65,000 tons of CO2 per year and the entire project will cost about 15.2 M€, of which
10.5 M€ will be funded by European Union funds in the Horizon 2020 program [54].
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