
 

 
 

 

 

1. Internal report M1 

Data collection and management – Product 

specifications 

 

 
November 2019 – May 2021 

 
 
 

Authors: 

F. Sergi, A. Guzzini, G. Brunaccini, D. Aloisio, A. Bianchini, M. Pellegrini, C. 
Saccani, G. Tumminia, N. Randazzo, M. Ferraro, V. Antonucci  

 
 
 
 
 
 
 

 

Internal Report M1 SuperP2G WP4 Italian case 



                                                            
____________________________________________________________________________ 
 

 
2/64 

 

Table of contents 

1. Introduction .......................................................................................................................... 4 

2. State of the art of Power to Gas technologies ...................................................................... 6 

2.1. Hydrogen production through water electrolysis ........................................................... 6 

2.1.1. Alkaline (AEC) electrolysers .................................................................................. 7 

2.1.2. Proton Exchange Membrane (PEM) electrolysers ................................................. 8 

2.1.3. Anion Exchange Membrane (AEM) electrolysers ................................................... 9 

2.1.4. Solide Oxide (SOEC) electrolysers ...................................................................... 10 

2.2. Hydrogen compression and storage ........................................................................... 11 

2.2.1. Hydrogen compression ........................................................................................ 12 

2.2.2. Hydrogen storage ................................................................................................ 16 

2.3. Hydrogen methanation ............................................................................................... 17 

2.3.1. Catalytic methanation .......................................................................................... 17 

2.3.2. Biological methanation ........................................................................................ 18 

2.4. Hydrogen conversion into electricity through the use of fuel cells ............................... 19 

2.5. Power to Gas (P2G) demonstration plant at Troia (Italy) ............................................ 20 

3. Analysis of the available open source GIS databases ....................................................... 23 

3.1. Open source GIS databases Analysis ........................................................................ 23 

3.2. Geographical boundaries of administrative units ........................................................ 24 

3.3. Atlarete_Impianti ........................................................................................................ 25 

3.4. Atlarete_Linee ............................................................................................................ 27 

3.5. ATLAIMPIANTI ........................................................................................................... 30 

3.6. DBPrior10K ................................................................................................................ 31 

3.7. Automotive fuel filling stations .................................................................................... 31 

3.8. SINFI .......................................................................................................................... 32 

3.9. GIS Visualization tool ................................................................................................. 33 

4. Database creation for “Optiflow” e “H2IndexII” tools .......................................................... 36 

5. Technical performances of Power to Gas technologies ..................................................... 40 

5.1. Hydrogen water electrolyzers ..................................................................................... 40 

5.1.1. Alkaline (AEC) water electrolyzers ....................................................................... 40 

5.1.2. Proton Exchange Membrane (PEM) water electrolyzers ...................................... 41 

5.1.3. Anion Exchange Membrane (AEM) water electrolyzers ....................................... 41 

5.1.4. Solid Oxide (SOEC) water electrolyzers .............................................................. 42 

5.2. Hydrogen compression ............................................................................................... 42 

5.3. Hydrogen methanation ............................................................................................... 43 

5.4. Hydrogen conversion into electricity through the use of fuel cells ............................... 44 



                                                            
____________________________________________________________________________ 
 

 
3/64 

6. Economic assessment of Power to Gas technologies ........................................................ 45 

6.1. Hydrogen water electrolyzers ..................................................................................... 45 

 Alkaline (AEC) water electrolyzers ....................................................................... 45 

 Proton Exchange Membrane (PEM) water electrolyzers ...................................... 46 

 Anion Exchange Membrane (AEM) water electrolyzers ....................................... 48 

 Solid Oxide (SOEC) water electrolyzers .............................................................. 48 

6.2. Hydrogen compression ............................................................................................... 48 

6.3. Hydrogen storage in gaseous form ............................................................................. 50 

6.4. Hydrogen injection stations ......................................................................................... 50 

6.5. Hydrogen methanation ............................................................................................... 52 

6.6. Hydrogen conversion into electricity through the use of fuel cells ............................... 52 

6.7. Additional voice of costs of P2G plants ....................................................................... 53 

6.8. P2G assessment case study: P2G plant in Mainz ...................................................... 54 

7. Conclusions ....................................................................................................................... 59 

8. References ........................................................................................................................ 61 

 
 
  



                                                            
____________________________________________________________________________ 
 

 
4/64 

1. Introduction 

Italian renewable electricity production doubled up respect to 1990 and further increasing steps 

are expected in the near future. Particularly, the Italian government defined three main targets to 

be achieved until 2030 (MISE et al., 2018): i) a reduction of the primary energy consumption, i.e. 

-43% compared to the PRIMES reference scenario at 2007, ii) an increase of the renewable 

production up to the 30% of the gross final energy consumption, and iii) a reduction of the 40% 

of the greenhouse gases emissions. As a result, new strategies are required for the Italian grid 

management and operation to ensure the electric grids’ stability due the rising unpredictability of 

power generation.  

Power to Gas (P2G) solution, based on chemical energy storage, is considered one of the best 

technological option for the integration of a more and more greater percentage of renewable 

energy. Many definitions exist about P2G in literature. In accordance to (Tlili et al., 2020), seven 

different pathways exist (Figure 1).    

 
Figure 1. Power to Hydrogen and Hydrogen to X pathways. Image taken from (Tlili et al., 2020). 

However, P2G is still unexploited in Italy due to many barriers (Saccani et al., 2020). Furthermore, 

no open source tools are currently available to support Italian decision makers in the design and 

in the investigation of the techno-economic feasibility of P2G plants.  
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SuperP2G project aims to design new tools and to improve the existing ones in order to enhance 

the commercial implementation of P2G plants. For the purpose SuperP2G activities aim i) to 

investigate the technical optimization and the system integration of P2G plants, ii) to analyse 

solutions for their market access and uptake, as well as iii) to develop new solutions for adoption.  

SuperP2G project interconnects leading P2G initiatives in five countries (Austria, Denmark, 

Germany, Italy, The Netherlands), ensuring joint learning and co-development of solutions. Each 

national project focuses on different challenges, where researchers team up with local need-

owners to co-create solutions. SuperP2G focuses on improving existing tools, as well as on the 

development of a new open tool.  

Particularly, the Italian partner of the project will develop a new P2G plants’ planning tool based 

on WEBGIS. The tool will be populated by public available information and will be applied to the 

Apulia Region (“Italy case Puglia”). The main objectives and goals for the WP4 – Italian Case are:  

• To perform a preliminary evaluation of P2G integration on a regional scale based on the 

Apulia case study.  

• To provide a national database about renewable power plants, energy infrastructure and 

a preliminary assessment of the national hydrogen demand based on public available 

data. 

• To realize a WEBSIG prototype tool for the techno-economic optimization of P2G plants 

in the Italian territory. 

• To validate the tool in the Apulia region. 

Following milestones and deliverables have to be met:  

• M1. Interim report on data collection management - (Internal report). 

• M2.  First draft tool based on OptiFlow and H2IndexII utilising Italian public databases is 

ready - (Internal report). 

• M3. Tools verification and Case study for Puglia – Tool resp. documentation are published 

– Final tool and documents for internal review. 

• M4. Final tools and documents are published.  

This internal report shows the information and data to be used during the development of the GIS 

tool by the SuperP2G – Italian case project. In addition, potential criticalities and possible 

solutions will be reported in the final conclusions.  

Therefore, a brief description of state of the art P2G technologies is reported in the first section. 

The available and useful data for the planning of P2G plants in public and open access databases 

are reported in the second chapter. In the third one, the standardized database for the collection 

of the input data for Optiflow and H2IndexII tools is described. Since no P2G plants are currently 

operated in Italy, the main techno-economic data of P2G technologies are shown in the fourth 

and fifth chapters and validated by the P2G EnergiePark case study. 
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2. State of the art of Power to Gas technologies 

The following sections are analysed in the chapter: 

1. Hydrogen production through water electrolysers 

2. Hydrogen compression and storage 

3. Hydrogen methanation 

4. Hydrogen conversion into electricity through the use of fuel cells 

At the end of the chapter, the Store2Go Italian P2G plant installed at Troia is introduced. 

2.1. Hydrogen production through water electrolysis  

Water electrolysis is the phenomenon through which water is dissociated into gaseous hydrogen 

and oxygen when an electric voltage is applied to two separated electrodes as reported in Eq. 1: 

��� → �� � 12 �� 
(1 

The two electrodes immersed in the solution are respectively called the cathode, i.e. where the 

reduction occurs, and the anode, i.e. where the oxidation takes place. Four different 

configurations were designed (Figure 2 and Figure 3): i) Alkaline Electrolysis Cell (AEC), ii) 

Polymer Electrolyte Membrane Electrolysis Cell (PEM) and iii) Anion Exchange Membrane and 

iv) Solid Oxide Electrolysis Cell (SOEC) (Buttler and Spliethoff, 2018; Sapountzi et al., 2017).  

 

Figure 2. Alkaline and Proton Exchange Membrane cell designs. Images taken from (IRENA, 2020). 
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Figure 3. Anion Exchange Membrane and Solide Oxide Cell. Images taken from (IRENA, 2020). 

2.1.1. Alkaline (AEC) electrolysers 

Alkaline electrolysers are undoubtedly the most mature technology for the production of hydrogen 

from water. Investigating cell design, alkaline electrolysers are characterized by two electrodes 

immersed in an alkaline liquid solution, generally composed of 25-30% potassium hydroxide 

(KOH) or sodium hydroxide (NaOH). Concerning electrodes’ material, stainless steel is often used 

as a base for the cathode, while nickel is the preferred material for the anode. A thin porous foil 

(with a thickness between 0.050 and 0.5 mm), called diaphragm or separator, separates cathode 

and anode from each other. The diaphragm, usually made up of Zirfon (ZrO2), is installed i) to 

avoid short circuits between the electrodes that could be possible due to the small distances 

among them and ii) to avoid the mixing between the two gases and so the occurrence of potential 

explosive conditions.  

Many components are required for the correct operation of alkaline electrolysers as shown in the 

Balance of Plant in Figure 4. As shown, electrolyte is continuously circulated through a dedicated 

pump. A heat exchanger is also installed downstream the pump and upstream the stack to avoid 

overheating. The produced gases, i.e. hydrogen and oxygen are separated from the electrolyte 

in the gas-electrolyte separators that are located above the stack in order to ensure the level of 

liquid within the stack. An additional treatment section is usually installed in the hydrogen stream: 

i) a deoxo, that ensure to eliminate any trace of oxygen, and ii) a dryer, to remove water that is 

transported by the gas. Typical hydrogen purity in the range of 99.5–99.999% can be achieved 

after the drying section (Buttler and Spliethoff, 2018).  



                                                            
____________________________________________________________________________ 
 

 
8/64 

 

Figure 4. Alkaline electrolyzers’ balance of plant. Image taken from (IRENA, 2020). 

The following disadvantages have to be considered in alkaline electrolysers (Pelliconi, 2018): 

• Partial load operation is limited due to the potential formation of explosive atmosphere 

following the permeation of hydrogen through the diaphragm. 

• Current density is limited due to the high ohmic losses. 

• Limited operative pressures. 

2.1.2. Proton Exchange Membrane (PEM) electrolysers 

PEM (Polymer Electrolyte Membrane or Proton Exchange Membrane) electrolysers were first 

designed in the 1960s by General Electric. A comprehensive review of PEM electrolysers is given 

by (Carmo et al., 2013). Differently from alkaline electrolysers, PEM use a thin (0.2 mm) 

perfluorosulfonic acid membrane to separate electrodes and to ensure the passage of hydrogen 

ions from the anode to the cathode. In addition to the more compact size, the smaller distances 

between the two electrodes ensures higher efficiencies respect to alkaline electrolysers. Also 

higher operative pressures up to 70 bar can be achieved. However, due to the harsh oxidative 

environment, expensive materials are required for the electrodes such as titanium (anode) and 

sheets of carbon fibre (cathode). In addition, also catalysts such as, for example, platinum, iridium 

and ruthenium, are added to ensure a high electrical conductivity.  

Balance of Plant of PEM electrolysers is simpler than alkaline ones (IRENA, 2020). A schematic 

design is shown in Figure 5. As shown, in PEM electrolysers water is supplied through pumps at 

the anode side, i.e. where oxygen is produced. Based on the operative pressure, three 

configurations exist: atmospheric, differential and balanced. While in atmospheric and balanced 

the same pressure is ensured both at anode and cathode, in the differential case, a pressure 

differences in the range between 30 bar and 70 bar is maintained by thicker membranes.  
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Figure 5. PEM electrolyzers’ balance of plant. Image taken from (IRENA, 2020). 

The following disadvantages exist in PEM electrolysers: 

• High CAPEX and OPEX. 

• Limited size of the stack that hinder the realization of MW design.  

2.1.3. Anion Exchange Membrane (AEM) electrolysers 

AEM electrolysers are the most recent technology for water electrolysis. A review of the current 

gaps and potential is given by (Vincent and Bessarabov, 2018). In AEM electrolysers non-noble 

catalysts, titanium-free components are used thanks to the less harsh environment respect to 

PEM. Single cell is separated into two half-cells by the anion exchange membrane. Each half-cell 

consists of an electrode, i.e. the anode or the cathode, a gas diffusion layer where hydrogen or 

oxygen move through, and a bipolar plate (ENAPTER, 2020).  

AEM electrolysers have very similar design like PEM as shown in Figure 6.  
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Figure 6. AEM electrolyzers’ balance of plant. Image taken from (IRENA, 2020). 

The following disadvantages appear in AEM electrolysers: 

• It is not a mature technology. 

• Membrane suffer of chemical and mechanical instability problems. 

• Low electrodes’ conductivity resulting in lower efficiencies than PEM. 

2.1.4. Solide Oxide (SOEC) electrolysers 

SOEC electrolysers allow the production of hydrogen through a high temperature electrolysis 

process (700-850 °C), minimizing the electrical power consumption. A comprehensive review of 

this technology is reported in (Pandiyan et al., 2019). SOEC technology was firstly investigated 

in 1975 in Germany. However, the technology is not mature for market uptake yet. SOEC 

electrolysers consist of a dense ion-conducting electrolyte and two porous electrodes. The water 

vapour is fed to the porous cathode. When the required electric potential is applied to the SOEC, 

the water molecules are diffused to the reaction sites and are dissociated to form hydrogen gas 

and oxygen ions at the cathode. The hydrogen diffuses on the cathode surface where it is 

collected. Instead, the oxygen ions flows through the dense electrolyte to the anode where 

oxidation occurs.  

Concerning the materials, the Yttria-Stabilized Zirconia (YSZ) is currently the most widely used 

electrolyte due to the significantly higher cost of Scandium-Stabilized Zirconium (ScSZ) (Pelliconi, 

2018). Other materials can be used; however, the choice of the most suitable material is closely 

linked to the working temperature, cost, and compatibility with other components such as the 

electrodes. The materials constituting the electrodes must be chemically and physically stable in 

highly oxidizing and reducing environments. Noble metals, like platinum, and non-precious 

metals, such as nickel and cobalt, can be used as cathodes even if the use of platinum and other 
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noble metals is disadvantaged due to the high cost, the formation of volatile oxides, and the aging 

of the porous structures at high temperatures. Only two types of materials are used for the anode 

such as i) noble metals, i.e. platinum and gold or ii) mixed oxides. As for the cathode, the use of 

noble metals is generally excluded due to economic considerations. Therefore, the most 

commonly material is the Lanthanum Strontium Manganate (LSM). 

SOEC balance point of view is more complex respect to the other configurations due to higher 

operative temperatures required for operation. As shown in Figure 7, the feed water or steam is 

pre-heated with the exiting high temperature producing gases. However, to supply the latent heat 

of vaporization, an evaporator is required. To remove oxygen from the anode site, an air flow 

stream can be used. As shown in the figure, a pre-heater heat exchanger is used to preheat the 

air before entering into the stack. 

 
Figure 7. SOEC electrolyzers’ balance of plant. Image taken from (IRENA, 2020). 

The following disadvantages appear in SOEC electrolysers: 

• It is not a mature technology. 

• Due to the high temperature, stack degradation is a challenging problem. 

• Low pressures at stack levels are allowed. 

2.2. Hydrogen compression and storage 

Despite a high Low Heating Value (LHV), i.e. 120 MJ/kg, hydrogen is characterized by the lowest 

density respect to other traditional fuel such as, for example, methane or Liquefied Petroleum 

Gas (LPG). 

Therefore, it is not simple to store hydrogen. Different options are possible such as i) hydrogen 

compression, ii) hydrogen liquefaction, iii) hydrogen storage in metal hydride alloys, iv) adsorption 

and v) chemical storage as reviewed by (Andersson and Grönkvist, 2019). However, to date, 

hydrogen compression is the simplest and the highest Technology Readiness Levels (TRL) 

solution while the other ones are still away from market uptake. For this reason, only hydrogen 

compression technologies are analysed in this section.  
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2.2.1.  Hydrogen compression 

Two categories of hydrogen compressors exist (Sdanghi et al., 2019): i) mechanical and ii) non-

mechanical compressors. In Figure 8 a schematic representation of the two categories is shown. 

Particularly, among mechanical compressors the following categories are included: 1) 

reciprocating piston compressors, 2) diaphragm compressors, 3) linear compressors, 4) liquid 

piston compressors, 5) liquid rotary compressors. In addition, non-mechanical compressors were 

investigated in the literature: 6) cryogenic hydrogen compressors, 7) electrochemical 

compressors, 8) single-stage metal hydride hydrogen compressors and 9) adsorption 

compressors. 

 

Figure 8. Mechanical and non-mechanical hydrogen compressors (Sdanghi et al., 2019). The numbers are referred 
to the following categories: 1) reciprocating piston compressors, 2) diaphragm compressors, 3) linear compressors, 
4) liquid piston compressors, 5) liquid rotary compressors, 6) cryogenic hydrogen compressors, 7) electrochemical 

compressors, 8) single-stage metal hydride hydrogen compressors and 9) adsorption compressors. 

However, existing commercial applications are usually limited to reciprocating piston, diaphragm 

and Linde liquid ionic compressors. Therefore, since SuperP2G aims to investigate market ready 

technologies, only the state of the art of these three categories is reported.  

2.2.1.1. Reciprocating compressors  

Reciprocating compressors are used especially when hydrogen pressures greater than 30 bar 

are required. One-stage or multi-stages compressor’s configurations are used as a function of 

the pressure ratio required by the plant. The pressure ratio threshold above which a single stage 

configuration cannot be selected such as the number of stages to achieve the desired discharge 

pressure is defined by the compressor’s manufacturer as a function of the specific operative 

conditions. The one-stage configuration (Figure 9) basically consists of a piston-cylinder system 

in which two set of automatic valves ensure to the low pressure gas to enter (1a and 1b) and to 

1 

2 

3 

4 

5 

6 

7 

8 

9 
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the high pressure gas to be discharged (2a and 2b). In the figure, the configuration proposed by 

Hydropac with pressure intensifier is shown. In Figure 10, the two stages configuration proposed 

by Hofer is shown. The design is essentially the same of the previous one. However, since gas 

density increases during compression, the second stage gas cylinder is smaller than the first one. 

An intercooling section is also installed between the stages to minimize energy consumption. 

 
Figure 9. Single-stage Hydropac compressor. 

 
Figure 10. The two-stage HOFER compressor. 

As reported by (A.Almasi, 2009; Tierean and Baltes, 2009) reciprocating compressors are not the 

best option for high flowrates due to the high inertial forces that require the utilization of bigger 

and heavier components.  

The following disadvantages exist in reciprocating compressors: 

• Many moving parts increases CAPEX and OPEX cost. 

• High purity levels required in order to avoid condensation especially in the multi-stages 

configurations. 

1a 1b 

2a 2b 
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• Possible high vibrations and noise levels can occur during operation. Specifically 

designed structures are required. 

2.2.1.2. Diaphragm compressors  

No contact occurs in diaphragm compressors since hydrogen is completely isolated from the oil 

by a membrane. Based on the design proposed by HOFER, the following compression steps 

occurs in a diaphragm compressor: 

• Step 1 (Figure 11): During the gas suction, the membrane moves towards a perforated 

plate and the intake valve opens make possible the inlet of hydrogen in the compressor. 

 

Figure 11. First step of hydrogen compression in a diaphragm compressor. 

• Step 2 (Figure 12): At the end of the suction phase, pressurized oil pushed the membrane 

and hydrogen pressure increases.  

 

Figure 12. Second step of hydrogen compression in a diaphragm compressor. 

• Step 3 (Figure 13): Reached the discharge pressure, the suction valve closes while the 
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discharge valve opens.  

 

Figure 13. Third step of hydrogen compression in a diaphragm compressor. 

The complete video of the diaphragm compressor’ operation is available at the following link: 

https://www.youtube.com/watch?v=WvYbKMAHz54&t=210s. 

The following disadvantages exist in diaphragm compressors 

• Mechanical stresses reduce the lifetime.  

• Sophisticated design is required to avoid early failure of the diaphragm. 

• It is suggested for low flowrate applications. 

2.2.1.3. Ionic liquid compressors  

Ionic liquid compression is a relatively recent technology that uses liquids to directly compress a 

gas without the need of mechanical sliding seals. The main advantage of liquid compressors is 

the possibility to ensure a quasi-iso-thermal process minimizing the energy required for 

compression. Ionic liquid compressors use low melting point salts that ensure also a i) good 

thermal and chemical stability and ii) high lubricating performances avoiding the need of 

lubricating oil.  

A simplified design of the configuration proposed by Linde is shown in Figure 14. 
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Figure 14. A simplified design of the ionic liquid compressor proposed by Linde as reported by (Mayer, 2014). 

Despite the advantages respect to other compressors such as, for example, the lower energy 

consumption and noise, several drawbacks still hinder the market uptake: 

• High maintenance costs due to the potential corrosion of the ionic liquids. 

• Liquid can exit to the compressor together with the gas requiring specific downstream 

treatment section, such as separators. 

• Possible cavitation problems can occur in the case that gas passes in the liquid section.  

2.2.2.  Hydrogen storage 

Despite both aboveground and underground hydrogen storages are possible, the section 

considers only aboveground case for the Italian case. Hydrogen vessels are classified in four 

categories (Barthelemy et al., 2017). The first two types are usually applied in stationary 

applications: 

• Type I: Metal vessels that are limited to 500 bar; 

• Type II: load-bearing metal liner hoop wrapped with resin-impregnated continuous 

filament. For pressures that are greater than those allowed in Type I; 

For portable applications, like car ones, the following vessel types are used: 

• Type III: non-load bearing metal linear axial and hoop wrapper with resin impregnated 

continuous filament. For pressures that are lower than 450 bar; 

• Type IV: non-load-bearing, non-metal linear axial and hoop wrapped with resin 

impregnated continuous filament. For pressures up to 1000 bar. 
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2.3. Hydrogen methanation 

Hydrogen conversion into chemicals such as, for example, methane is another option in P2G. 

Hydrogen methanation process were firstly discovered and investigated by Sabatier and 

Senderens in 1902. As explained by several Authors, many reactions occur when hydrogen and 

carbon dioxide are mixed (Götz et al., 2016). The main ones are reported below: 

CO2 methanation (exothermic): 

��� � 4�� → ��
 � 2��� (2 

Reverse water-gas shift (endothermic): 

��� � �� → �� � ��� (3 

CO methanation (exothermic): 

��� � 3�� → ��
 � ��� (4 

Dry reforming of methane (endothermic): 

��� � ��
 → 2�� � 2�� (5 

Coke formation (exothermic): 

2�� → � � ��� (6 

Based on the thermodynamics of the reactions, a high operative pressure and low temperature 

increases the CO2 conversion even if the reaction kinetic is negatively affected (Schaaf et al., 

2014). 

That is, biological and catalytic methanation plants are realized at the state of the art.  

2.3.1. Catalytic methanation 

Catalytic methanation is performed in specifically designed. A metal catalyst is introduced in the 

reactor in order to improve the reaction kinetics. For the purpose, different materials are used 

even if nickel is usually the preferred due to the high selectivity, activity and low purchase cost. 

Since the methanation reaction is exothermic with a heat production up to 2 MW/m3 of catalyst 

(Götz et al., 2016), different reactor designs were developed through the year in order to control 

the operative temperature: i) fixed-bed fluidized bed, ii) fluidized bed reactors, iii) three phase 

methanation reactors and iv) slurry bubble column (Held et al., 2020).  

Depending on the configuration, a different strategy for heat removal is possible resulting in a 

different plant design. Particularly, i) adiabatic, ii) isothermal and iii) polytropic design were 

developed. In adiabatic reactors, no external cooling is performed requiring other solutions to 

control the operative temperature such as gas recirculation or the introduction of an inert media. 

In isothermal reactors, a temperature lower than previous case is achieved resulting in slower 

reaction rates. In polytropic reactors, instead, operative temperatures are between those of other 

two types, allowing an easier control and satisfactory performances.  

As shown in Figure 15, (Rönsch et al., 2016) reported the main characteristics of methanation 

reactors. As shown only adiabatic and polytropic fixed bed reactors are characterized by a TRL 

that is sufficiently high for commercial application.  
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Figure 15. Main characteristics of reactors used in the methanation process. Image taken from (Rönsch et al., 2016). 

2.3.2. Biological methanation 

Biological methanation is the second way to perform CO2 methanation. Respect to catalytic 

methanation, methanogenic microorganisms are introduced in the reactor in order to perform as 

bio-catalysts. As reported by (Götz et al., 2016), the first step of a typical biological methanation 

reactor consists in the hydrolysis of an organic substrate like, for example, a biomass, to 

monomers (mono-saccharide, amino and fatty acids). The monomers are following converted into 

acetate, carbon dioxide and hydrogen that react to produce methane through two different 

processes called aceticlastic methanogenesis and hydro-genotrophic methanogenesis.  

Respect to catalytic methanation, biological methanation occurs under anaerobic conditions at 

lower temperature, i.e. in the range between 20 °C and 70 °C, and usually at ambient pressure. 

Two different plant configurations are possible for biological methanation: methanation in situ 

digester and in a separated reactor. As shown in Figure 16, methanation occurs directly within 

the digester where hydrogen is fed. In this configuration the production of methane is limited by 

the production of CO2, so the design is usually applied in low size plant. In addition, since CO2 

and H2 is not fully converted and appear in the existing gas stream, a dedicated treatment gas 

section is required downstream the plant to ensure the required composition of the gas before 

entering in the network. 

 

Figure 16. Methanation in situ digester. Image taken from (Götz et al., 2016). 

The process flow diagram of separated reactor configuration is shown in Figure 17. Respect to 

previous configuration, more flexibility in reactor working conditions is possible ensuring greater 

performances. In this plant configuration, the limiting phase to methanation process is the supply 
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of hydrogen to the microorganism in the reactor. 

 

Figure 17. Methanation in a separated reactor. Image taken from (Götz et al., 2016). 

2.4. Hydrogen conversion into electricity through the use of fuel 
cells 

The conversion of hydrogen in electricity through fuel cells is the clearest example of sector 

coupling. Fuel cells are devices where hydrogen and oxygen are fed in and converted into 

electricity, heat and water. For the purpose, two main components are installed within the frame: 

i) two electrodes, the anode and the cathode and ii) an electrolyte. The fuel cell operates as follow: 

fuel, that is the hydrogen, is fed to the anode while oxygen to the cathode. Hydrogen tries to pass 

through the electrolyte membrane, which acts as a filter to separate the hydrogen ions and 

electrons, and then the hydrogen ions react with oxygen atoms and form H2O and heat as by-

product. 

Fuel cells’ classification consider different types as a function of the membrane that is used 

(Kirubakaran et al., 2009). The first type is Solid Oxide Fuel Cell (SOFC), in which the membrane 

is made of ceramic, which conducts ions at high temperatures, usually in the range 650 °C – 800 

°C. Yttrium stabilized zirconia (YSZ) is commonly used in the SOFC and it has the capability to 

conduct oxygen ions, while other ceramics conduct hydrogen ions. In Phosphoric Acid Fuel Cell 

(PAFC), phosphoric acid is contained by capillarity in the FC in a porous silicon carbide matrix. 

PAFCs are among medium temperature fuel cells that conduct hydrogen ions. In Molten 

Carbonate Fuel Cell (MCFC) high operative temperatures (in the range between 600 °C and 800 

°C) are achieved using a molten carbonate salt as electrolyte. In Polymer Electrolyte Membrane 

Fuel Cell (PEMFC) solid polymer membranes are used as electrolyte. This type of fuel cells can 

perform at the low temperature, around 80°C, which leads to short stopping and starting times.  

Finally, in alkaline fuel cell the electrolyte is an aqueous solution of potassium hydroxide (KOH) 

working at a temperature in the range between 80 °C – 230 °C. In Table 1 a summary of the main 

types of fuel cells that can be used in P2G plants is reported. 

Table 1. Classification of fuel cell systems based on the employed membrane.  

Fuel cell Abbreviation Membrane 

Solid Oxide Fuel Cells SOFC Yttria-stabilized zirconia 

Phosphoric Acid Fuel Cell PAFC Phosphoric acid 

Molten Carbonate Fuel Cell MCFC Molten carbonate salt 

Polymer Electrolyte Fuel Cell  

or 

Proton Exchange Membrane 

PEMFC Solid polymer electrolyte 

Alkaline Fuel Cell AFC Aqueous solution potassium hydroxide 
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The merits and the challenges of fuel cells technologies were reviewed by [X] as reported in Table 

2. 

Table 2. Fuel cells’ merits and challenges. Description are taken from (Akinyele et al., 2020). 

Fuel Cell Merits Challenges 

SOFC • There is no need for a metal catalyst as a 

result of improved kinetic reactions. 

• It enjoys long–term stability with high power 

efficiency. 

• It exhibits fuel flexibility, high efficiency, and 

suitable for co-generation. 

• Its maximum functionality depends solely 

on high operational temperature. 

• High working temperature results 

avalanche of problems such as corrosion, 

poisoning of catalyst, mechanical and 

thermal stress, and sintering of electrode. 

• High working temperature places stringent 

constraints on the choice of materials to be 

used in technology. 

• It is associated with long start-up time 

PAFC • The technology is suitable for combined 

heat and pressure due high temperature 

• Impurities in the fuel may be tolerated 

• Rise in cost due to the incorporation of 

platinum catalysts 

• Insufficient energy generation capacity  

• It is sensitive to sulphur 

MCFC • Improved reaction kinetics, hence there is 

no need for metal catalyst 

• There is no room for cell poisoning because 

of the high system temperature  

• It has the excellent regenerative ability; 

hence it can conveniently produce 

hydrogen within the 

• cell through the internal reforming process 

• It exhibits high flexibility, efficiency, and also 

suitable for cogeneration 

• It experiences a breakdown of cell 

components because of the high working 

temperature 

• It has a comparatively high start-up time. 

• It has a low power density 

PEMFC • System construction is devoid of complexity 

and highly reliable 

• Its efficiency remains the same regardless 

of the size of fabrication 

• The ripple factor is somewhat higher 

• The degree of change in voltage relative to 

current density is somewhat not satisfactory 

• A high degree of purity in H2 is required in 

the operation of the technology because it 

is sensitive to impurities  

• The polymeric electrolyte membrane FC is 

exorbitant and its durability left much to be 

desired  

• It requires expensive catalysts 

AFC • The power density is satisfactorily high 

• The life span is satisfactory 

• It has a quick start-up 

• It enjoys a low operating temperature 

• Highly sensitive to impurity, thereby 

resulting in the poisoning of FCs 

2.5. Power to Gas (P2G) demonstration plant at Troia (Italy) 

The P2G plant operated at Troia (Italy) was a demo site of the Store&Go Project. Particularly the 

plant consists of the following sections as schematically represented in the Process Flow Diagram 

(PFD) of Figure 18: 
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• A direct Air Capture (DAC) system 

• An alkaline electrolyser  

• A methanation reactor 

• A drying section to avoid water inlet in downstream section 

• A membrane gas separator to increase methane concentration  

• A liquefaction unit 

 

Figure 18. Power to Gas plant installed at Troia in the Store&Go project. Image taken from (Bertoncini, 2018). 

As reported in the simplified Piping and Instrumentation Design (P&ID) in Figure 19, hydrogen is 

produced by a 200 kWel alkaline electrolyser. A nominal hydrogen flowrate up to 3.6 kg/h is 

produced at full load ensuring a nominal efficiency of the 60%.  

Up to 20 kg/h of CO2 are captured from the air within a CO2 separation unit that consumes up to 

6 kW el and 40.1 kWth (@100 °C), i.e. an electrical and thermal consumptions up to respectively 

0.3 kWh/kg and 2.0 kWh/kg. As shown in the P&ID, 16.5 kWth (i.e. the 41.1%) are recovered from 

the methanation section where up to 22.3 kWth are produced by the exothermic reaction that 

occurs at 4 bars and 280 °C. 

Synthetic natural gas is treated downstream in order to achieve the required purity levels, i.e. CO2 

and water content lower than respectively 50 ppmv and 1 ppmv, before entering into the 

liquefaction section. To separate water, the outflow gas is cooled below the saturation point. To 

separate CO2, instead, Pressure Swing Adsorption reactors and membranes are installed in 

series. Finally, 7.2 kg/h of methane are liquefied in a dedicated unit that consume 7.9 kWel.   
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Figure 19. Piping and Instrumentation Design (P&D) of the P2G plant installed at Troia (Italy). 
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3. Analysis of the available open source GIS databases 

The aim of this chapter is to provide a catalogue of open source GIS databases for the Italian 

context that will be used into the GIS tool and to outline the work carried out to collect the most 

suitable data available. In detail, the first stage of the activity concerned the analysis of open 

source databases available at national level on the geographic distribution of the following topics: 

• Energy production plants; 

• Highway networks; 

• Railway networks; 

• Electrical infrastructures; 

• Gas infrastructures; 

• Hydrogen refuelling stations. 

Finally, the last section of the report shows the activities relating to the realization of a GIS 

visualization tool for the management of data. 

3.1. Open source GIS databases Analysis 

The activity carried out concerned the analysis of open source GIS databases in order to identify 

some of the most significant ones for the purpose of the study that will be used by the GIS tool. 

In particular, the databases available at Italian national level on the geographic distribution of the 

following topics were analysed: 

• energy production plants; 

• highway networks; 

• railway networks; 

• electrical infrastructures; 

• gas infrastructures; 

• hydrogen refuelling stations. 

The analysis of the GIS databases was carried out, using the open source software Quantum 

GIS (QGIS) version 3.10.1 (Team, 2016) and the MATLAB 2017b software (The MathWorks, 

2017). In detail, the following GIS databases were analyzed:  

• Geographical boundaries of administrative units; 

• Atlarete_Linee; 

• Atlarete_Impianti; 

• ATLAIMPIANTI; 

• DBPrior10K; 

• Automotive fuel filling stations; 

• SINFI. 
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The "Geographical boundaries of administrative unit" database, created by Italian National 

Statistics Institute (ISTAT), contains the boundaries of the following administrative units: 

• municipalities; 

• provinces; 

• regions. 

The "Atlarete_Linee" and "Atlarete_Impianti" databases, both created by the National 

Transmission Grid Operator, contain the main information on the Italian electricity infrastructures. 

In particular, the "Atlarete_Linee" database contains information on electricity networks, both 

overhead and in cable, while the "Atlarete_Impianti" database contains information on the 

following types of infrastructure:  

• electricity stations; 

• thermoelectric power plants; 

• hydroelectric power plants; 

• wind power plants; 

• geothermal power plants.  

The "ATLAIMPIANTI" database contains information relating to the electricity and thermal energy 

production plants incentivized by the Italian Energy Services Manager (GSE).  

The database "DBPrior10K" contains information relating to road and rail traffic, hydrography and 

administrative areas. 

The “automotive fuels” database contains information relating to the prices and location of filling 

stations of automotive fuels. The data are updated daily taking into account the information in 

force at 8 am on the day before the day of publication. 

The “SINFI” database is the cadastre of physical infrastructures present on the national territory 

held by telecommunications operators and more generally by all other public and private entities 

that own or build laying infrastructures usable for the development of new optical fiber networks 

and service management entities (gas, electricity, water and telecommunications, etc.). 

However, the only information that has not been found, by consulting the open source GIS 

databases available on internet, are those relating to the hydrogen refuelling stations. 

3.2. Geographical boundaries of administrative units 

The database, created by Italian National Statistics Institute (ISTAT) (ISTAT, 2020), contains the 

boundaries of the following administrative units (Figure 20): 

• municipalities; 

• provinces; 

• regions. 
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Figure 20. The ISTAT GIS database. 

3.3. Atlarete_Impianti 

The database (shown in Figure 21) contains information on the following types of electrical 

infrastructure (Gestore della Rete di Trasmissione Nazionale, 2001a):  

• electricity stations; 

• thermoelectric power plants; 



                                                            
____________________________________________________________________________ 
 

 
26/64 

• hydroelectric power plants; 

• wind power plants; 

• geothermal power plants.  

 

Figure 21. The Atlarete_Impianti GIS database. 

For each of the infrastructures analysed, the following information are reported in the database: 

• unique ID; 
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• type of infrastructure; 

• Italian province where the infrastructure is located; 

• infrastructure owner; 

• rated power of the infrastructure (MVA). 

As an example, Figure 22 shows the Italian geographical distribution of the electricity stations 

(Fig. 3a) and the thermoelectric power plants (Fig. 3b) (MATLAB 2017b (The MathWorks, 2017) 

was used to process the images). 

 

Figure 22. Italian geographical distribution of the electricity stations (3a) and the thermoelectric power plants (3b). 

3.4. Atlarete_Linee 

The database (shown in Figure 23) contains the main information on the electricity networks, both 

overhead and in cable, present on Italian territory. In particular, the following types of electricity 

networks are analysed (Gestore della Rete di Trasmissione Nazionale, 2001b): 

• 132 kV; 

• 150 kV; 

• 200cc kV; 

• 220 kV; 

• 380 kV; 

• 400cc kV. 
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Figure 23. The Atlarete_Linee GIS database. 

For each of the infrastructures analysed, the following information are reported in the database: 

• unique ID; 

• infrastructure owner; 

• type of infrastructure; 

• rated voltage (kV); 



                                                            
____________________________________________________________________________ 
 

 
29/64 

• length of the infrastructure (km); 

• municipality of extreme 1; 

• municipality of extreme 2. 

As an example, Figure 24 shows the geographical distribution of the different types of the Italian 

electricity networks (MATLAB 2017b (The MathWorks, 2017) was used to process the image). 

 

Figure 24. Italian electricity networks. 
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3.5. ATLAIMPIANTI  

The "ATLAIMPIANTI" database (Gestore Servizi Energetici, 2020) contains information relating 

to the electricity and thermal energy production plants incentivized by the Italian government 

through the Italian Energy Services Manager (GSE). The database does not contain information 

on all the production systems incentivized by the GSE, however it is constantly updated. 

In particular, the database contains information on the following renewable energy production 

systems: 

• electricity production plants; 

• heat production plants; 

• district heating networks. 

Electricity production systems include the following renewable energy sources: wind, solar, 

geothermal, bioenergy and hydraulics. The thermal energy production systems include the 

following systems: biomass, heat pumps, solar and condensing boilers. Finally, the district 

heating networks represented into the database are the result of a census conducted by the GSE 

in 2013. 

In particular, the following information are available for each system: 

• location: Region, province, municipality, address, coordinate and quality of the coordinate; 

• technical data: rated power, technology; 

• agreements: any incentive mechanisms enjoyed by the plant. 

At the current state, given the large amount of data contained in the database, only an extract 

from the database was provided by the GSE, with reference only to the electricity production 

plants of the Puglia region, shown in Figure 25 (QGIS (Team, 2016) was used for image 

processing). 

 

Figure 25. The ATLAIMPIANTI GIS database. 
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3.6. DBPrior10K 

The database (CISIS, 2007) contains information on the following topics: 

• road infrastructure; 

• railway infrastructure; 

• hydrography; 

For the purposes of the SuperP2G project, only the information relating to road traffic (Figure 26a) 

and railway traffic (Figure 26b) were deemed useful. 

 
Figure 26. The DBPrior10K GIS database: a) road system, b) railway system. 

3.7. Automotive fuel filling stations 

The database (Ministero dello Sviluppo Economico, 2015), consisting of two ".csv" files, contains 

information relating to the prices and location of filling stations. The data are updated daily taking 

into account the information in force at 8 am on the day before the day of publication. 

In particular, the following information is available for each filling stations: 

• Filling station unique ID; 

• Filling station company; 

• Type of plant; 

• Type of fuel treated; 

• Fuel price; 

• Address; 
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• City; 

• Province. 

3.8. SINFI 

The SINFI database (Ministero dello Sviluppo Economico, 2019) is the cadastre of physical 

infrastructures present on the national territory held by telecommunications operators and more 

generally by all other public and private entities that own or build laying infrastructures usable for 

the development of new optical fiber networks and service management entities (gas, electricity, 

water and telecommunications, etc.). 

At the current state, only an extract from the database was provided, with reference only to the 

gas network infrastructure, shown in Figure 27 (QGIS (Team, 2016) was used for image 

processing). 

In particular, for each of the gas network infrastructures, the following information are reported in 

the database: 

• gas network sections (Figure 27a): 

o pipeline pressure (e.g.: high pressure 1st type, high pressure 2nd type, low 

pressure, etc.); 

o type of pipe; 

o type of external protection; 

o pipeline diameter; 

o type of material; 

o position with respect to the surface; 

o installation date; 

• gas network nodes (Figure 27b): 

o node type (e.g.: valve, disconnection point, boundary node, etc.); 

o position with respect to the surface. 

 



                                                            
____________________________________________________________________________ 
 

 
33/64 

 

Figure 27. SINFI database: a) gas network sections, b) gas network nodes. 

3.9. GIS Visualization tool 

This section reports the activities relating to the realization of a preliminary GIS visualization tool 

for the validation of the consistency and usefulness of data. Figure 28 shows an extract of the 

tool programming code. The tool was developed in MATLAB environment (The MathWorks, 

2017); moreover, in order to facilitate user interaction with the tool, a graphical interface has been 

developed using the MATLAB Graphical User Interface (GUI) (Smith, 2006). 
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Figure 28. The programming code of the GIS tool. 

At current status, the tool (shown in Figure 29) allows the user to view and query the following 

GIS databases: 

• Confini delle unità amministrative a fini statistici; 

• Atlarete_Linee; 

• Atlarete_Impianti.  

Particularly, the tool is able to analyze the "Atlarete_Linee" database, allowing the user to view 

the different types of electricity grids according to the rated voltage throughout the Italy, also 

showing the total length of the analyzed grid. As an example, the following figure shows the 

distribution of the 220 kV electricity network (total length equal to 11,843.4 km). 

On the other hand, the tool is able to analyze the "Atlarete_Impianti" database, allowing the user 

to view the different types of electrical infrastructures present on the Italian national territory. 

Through a drop-down menu, the user can query the database on the following types of electrical 

infrastructure: 

• electricity stations; 

• thermoelectric power plants; 

• hydroelectric power plants; 

• wind power plants; 

• geothermal power plants.  

Once the electrical infrastructure has been selected, the tool allows it to be viewed either on the 

whole national territory (by typing the code "Al" in the appropriate field) or on a specific region (by 

typing the region code in the appropriate field), while a table shows the following information on 
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the electricity infrastructures: 

• type of infrastructure; 

• Italian province where the infrastructure is located; 

• infrastructure owner; 

• rated power of the infrastructure (MVA). 

As an example, the following figure shows the distribution of the thermoelectric power plants 

throughout the Italian national territory. 

 

Figure 29. The GIS tool. 
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4. Database creation for “Optiflow” e “H2IndexII” tools 

The database (DB) was developed to host data from heterogeneous sources (typically 

institutional databases for free consultation) whose data are collected in files (of different formats) 

or available via API (Application Programming Interface) for the retrieval of information at run -

time. These data have a heterogeneous nature: geographical location of points of interest 

(generation plants, fuel distributors, transformer substations, and so on), electrical power 

generated by plants, type and nominal data of electrical networks, distribution of roads and 

motorways on the territory, etc. 

To adapt the data structure to the objective of overlapping / hybridization (so called "overlay") of 

the power / transmission and communication / traffic networks to develop the optimal positioning 

of P2G conversion stations, the DB has been articulated with entities and tables on separate 

layers (to characterize entities of different nature, with a main distinction between energy transport 

and roads). Such tables collect salient data of different types (administrative boundaries, nominal 

capacity of the power line, line voltage, or type of road or railway, start and end of the section, 

type of fuel present in a distribution point, etc.). 

Therefore, given the generic nature of the data to be collected and manipulated, it was chosen to 

implement a DB relationship with entities whose fields have been defined based on the 

parameters characterizing the single type of infrastructure represented as shown in Figure 30. 

The connected entities architecture resulted in a conceptual model consisting of many-to-many 

relationships between networks and points of interest have been reported through auxiliary 

entities (e.g. crossroads for roads and interfaces of electrical network conversion systems) that 

implement some fictitious 1-to-many relations. That is, the possibility of each electricity network 

to be able to serve more users and for each user the possibility of being connected to more 

networks (e.g.: transformer substation between two sections of transmission line or for the 

connection between HV and MT). 

 
Figure 30. Conceptual model representation of the implemented database (relations between entities). 

As for the development of the logical model of the DB, the implementation of the tables was done 
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in SQL, given the flexibility and free use of this language for the management (ie insertion, 

deletion, extraction and modification) of the data. 

In particular, the PostgreSQL variant was selected (also with a free license for use). This choice 

has various benefits: 

• Thanks to its object-oriented implementation, it guarantees good handling speed even in the 

case of large amounts of data; 

• DB management can be done either through dedicated software applications (for the most part 

free) or from a web interface (eg: pgAdmin4, as used in the development activity presented); 

• In addition to the native language, there are both wrappers for managing the DB in other 

languages addressed to the DBs and, similarly, there are libraries dedicated to managing the 

DB in various programming languages, often with functions dedicated to statistical calculation; 

• There are plug-ins dedicated to the representation of georeferenced data, such as PostGIS, 

which (by implementing standard representations, such as the WKB Well Known Binary) 

simplify the management of point geometries on GIS maps. This feature is also exploited in 

other project activities for clustering and optimization operations, thanks to the function 

libraries (e.g. Python geopandas) that recognize these types of data and convert them (in 

optimized implementations and with single lines of scripting) into representations 

understandable to the user. Furthermore, PostGIS allows to represent different geographical 

reference systems and projections used in common applications (EPSG codes, Geodetic 

Parameter Dataset). 

Furthermore, for PostgreSQL there are free tools for importing georeferenced data in standard 

formats (such as shapefiles, commonly used for geographic databases, including institutional 

ones) with the automatic creation of tables already headed and in which the column of the 

geometry to be represented is identified (typically for power lines, roads, railways and similar 

elements). 

Following the conceptual model, in this scenario typical of relational DBs, ad hoc tables have 

been created in the logical model to represent the many-to-many correspondence between users 

/ systems and infrastructures as shown in Figure 31. 
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Figure 31: Example of ad-hoc tables to implement the many-to-many correspondence between users (or plants) and 

infrastructures 

In addition, auxiliary tables have been prepared for the collection of data characterizing the single 

power line or road section (name of the operator, starting point, end point, nominal date, additional 

information). These tables, although not necessary in the management of a DB, allow a quick 

retrieval of information by reducing the complexity of the search, using primary and secondary 

search keys in the tables, as shown in Figure 32. 

 
Figure 32: Example of auxiliary tables implemented in the database 

The implementation of this DB has allowed the fast retrieval of information which, through 

appropriate Python scripts, using dedicated libraries such as: 

• geo-pandas: for the georeferenced datasets management, 

• shapely: for the shapefiles manipulation (with which some datasets are distributed), 

• pyproj: for the representation of geographic data with coordinates in different reference 

systems and projections, 

• matplotlib: for data rendering, 

This allowed to graphically represent (as in Figure 33) the different points of interest and 

infrastructures, both as a single layer for distance calculations and as an overlay for the 

subsequent definitions of metrics and clustering operations of the points of interest. 
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Figure 33: Graphic representation of infrastructures and points of interest. 
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5. Technical performances of Power to Gas technologies  

The chapter aims to investigate the technical performances of Power to Gas (P2G) technologies 

and plants in order to populate the database of the designed tool.   

5.1. Hydrogen water electrolyzers  

5.1.1. Alkaline (AEC) water electrolyzers 

The main technical performances of AEC electrolyzers are reported in Table 3. The last two 

columns are referred to the target that FCH JU and IRENA identify for 2030 and 2050. 

Table 3. Main technical performances of AEC electrolyzers. 

 
(IRENA, 

2020) 

(Buttler and 

Spliethoff, 

2018) 

(Schmidt et 

al., 2017) 

(Götz et al., 

2016) 

(Madden et 

al., 2014) 

(FCHJU, 

2020) 

(IRENA, 

2020) 

Nominal current density, 

[A/cm2] 
0.2-0.8 0.25-0.45 0.2-0.4 <0.5 Not defined 0.8 > 2 

Voltage range, [V] 1.3-1.4 1.7-2.3 1.8-2.4 1.8-2.4 Not defined Not defined <1.7 

Operating temperature, [°C] 70-90 60-90 60-80 40-90 Not defined Not defined >90 

Cell pressure, [bar] < 30 10-30 < 30 Not defined <30 Not defined >70 

Load range, [%] 
15-100 20-100 

Down to 10-

40 
Down to 20 Not defined Not defined 5-300 

H2 purity, [%] 99.9-99.9998 99.5-99.9 >99.5 Not defined Not defined Not defined 99.9999 

Voltage efficiency,  

[%LHV] 
50-68 63-71 62-82 62-82 Not defined Not defined >70 

Electrical efficiency (stack), 

[kWh/kg] 
47-66 47-54 47-66 Not defined Not defined Not defined <42 

Electrical efficiency 

(system), [kWh/kg] 
50-78 56-66 50-74 51-92 50-78 48 <45 

Lifetime (stack), [h] 
60,000 

55,000-

120,000 

60,000-

90,000 
Not defined 

60,000-

90,000 
Not defined 100,000 

Production rate, [Nm3/h] Not defined 6 < 760 < 760 Not defined Not defined Not defined 

Stack unit size, [MW] 1 1,400 < 760 2.7 Not defined Not defined 10 

Electrode area, [cm2] 10,000-

30,000 
Not defined Not defined Not defined Not defined Not defined 30,000 

Cell area, [cm2] Not defined <3,600 <40,000 Not defined Not defined Not defined Not defined 

Cold start (to nominal load), 

[min.] 
< 50 60-120 <60 

Minutes - 

hours 

Up to several 

hours 
Not defined < 30 

Ramp-up rate, [%/sec] Not defined Not defined Not defined Not defined 0.1-10 Not defined Not defined 

Ramp-down rate, [%/sec] Not defined Not defined Not defined Not defined 10 Not defined Not defined 
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5.1.2. Proton Exchange Membrane (PEM) water electrolyzers 

The main technical performances of PEM electrolyzers are reported in Table 4. The last two 

columns are referred to the target that FCH JU and IRENA identify for 2030 and 2050. 

Table 4. Main technical performances of PEM electrolyzers. 

 
(IRENA, 

2020) 

(Buttler and 

Spliethoff, 

2018) 

(Schmidt et 

al., 2017) 

(Götz et al., 

2016) 

(Madden et 

al., 2014) 

(FCHJU, 

2020) 

(IRENA, 

2020) 

Nominal current density, 

[A/cm2] 
1-2 1.0-2.0 0.6-2 <2 Not defined 2.5 4-6 

Voltage range, [V] 1.4-2.5 3.0-1.75 1.8-2.2 1.8-2.2 Not defined Not defined 1.7 

Operating temperature, [°C] 50-80 50-80 50-80 20-100 Not defined Not defined 80 

Cell pressure, [bar] <30 20-50 <200 Not defined 10-30 Not defined >70 

Load range, [%] 5-120 0-100 Down to 0-10 Down to 5 Down to 5-10 Not defined 5-300 

H2 purity, [%] 99.9-99.9999 >99.99 99.99 Not defined Not defined Not defined 99.9-99.9999 

Voltage efficiency,  

[%LHV] 
50-68 63-71 67-82 67-82 Not defined Not defined >80 

Electrical efficiency (stack), 

[kWh/kg] 
47-66 49-56 47-62 Not defined Not defined Not defined <42 

Electrical efficiency 

(system), [kWh/kg] 
50-83 56-73 50-74 51-84 50-83 50 <45 

Lifetime (stack), [h] 50,000-

80,000 

60,000-

100,000 

20,000-

60,000 
Not defined 

20,000-

90,000 
Not defined 

100,000-

120,000 

Production rate, [Nm3/h] Not defined 400 <40 450 Not defined Not defined Not defined 

Stack unit size, [MW] 1 2 Not defined 1.6 Not defined Not defined 10 

Electrode area, [cm2] 1,500 Not defined Not defined Not defined Not defined Not defined >10,000 

Cell area, [cm2] Not defined 130 <300 Not defined Not defined Not defined Not defined 

Cold start (to nominal load), 

[min.] 
<20 5-10 <20 

Seconds-

Minutes 
5-10 0.1 <5 

Ramp-up rate, [%/sec] Not defined Not defined Not defined Not defined 10-100 Not defined Not defined 

Ramp-down rate, [%/sec] Not defined Not defined Not defined Not defined 10-30 Not defined Not defined 

5.1.3. Anion Exchange Membrane (AEM) water electrolyzers 

The main technical performances of AEM electrolyzers are reported in Table 5. The last column 

is referred to the targets at 2050. 

Table 5. Main technical performances of AEM electrolyzers. 

 
(IRENA, 2020) 

(Miller et al., 2020) (Vincent and 

Bessarabov, 2018) 
(IRENA, 2020) 

Nominal current density, 

[A/cm2] 
0.2-2 

0.2-1.0 
0.2-0.5 >2 

Voltage range, [V] 1.4-2.0 1.8-2.2 Not defined <2 

Operating temperature, [°C] 40-60 50-60 50-70 80 

Cell pressure, [bar] <35 <30 30 >70 

Load range, [%] 5-100 Not defined Not defined 5-200 

H2 purity, [%] 99.9-99.999 99.99 99.99 99.9999 

Voltage efficiency,  

[%LHV] 
52-67 Not defined Not defined >75 

Electrical efficiency (stack), 

[kWh/kg] 
51.5-66 Not defined Not defined <42 

Electrical efficiency (system), 

[kWh/kg] 
57-69 Not defined 53-58 <45 

Lifetime (stack), [h] >5,000 Not defined  100,000 

Production rate, [Nm3/h] Not defined <1 0.25-1 Not defined 

Stack unit size, [MW] 0.0025 Not defined 0.0013-0.0048 2 

Electrode area, [cm2] <300 Not defined Not defined 1000 

Cell area, [cm2]  Lab testing    

Cold start (to nominal load), 

[min.] 
<20 Not defined Not defined <5 
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5.1.4. Solid Oxide (SOEC) water electrolyzers 

The main technical performances of SOEC electrolyzers are reported in Table 6. The last two 

columns are referred to the target that FCH JU and IRENA identify for 2030 and 2050. 

Table 6. Main technical performances of SOEC electrolyzers. 

 

(IRENA, 2020) 

(Buttler and 

Spliethoff, 

2018) 

(Schmidt et 

al., 2017) 

(Götz et al., 

2016) 
(IRENA, 2020) 

(FCHJU, 

2020) 

Nominal current density, 

[A/cm2] 
0.3-1 0.3-1.0 0.3-2.0 <1 Not defined >2 

Voltage range, [V] 1.0-1.5 1.3-1.8 0.7-1.5 0.91-1.3 Not defined <1.48 

Operating temperature, [°C] 700-850 700-900 650-1000 800-1000 Not defined <600 

Cell pressure, [bar] 1 1-15 <25 Not defined Not defined >20 

Load range, [%] 30-125 -100/+100 Down to 30 Not defined Not defined 0-200 

H2 purity, [%] 99.9  99.9 Not defined Not defined 99.9999 

Voltage efficiency,  

[%LHV] 
75-85 100 <110 Not defined Not defined >85 

Electrical efficiency (stack), 

[kWh/kg] 
35-50 34 >36 Not defined Not defined <35 

Electrical efficiency (system), 

[kWh/kg] 
40-50 42-44 >42 Not defined 37 <40 

Lifetime (stack), [h] <20,000 8,000-20,000 <10,000 Not defined Not defined 80,000 

Production rate, [Nm3/h] Not defined 10 <40 Not defined Not defined Not defined 

Stack unit size, [MW] 5 kW 0.01 Not defined Not defined Not defined 0.2 

Electrode area, [cm2] 200 Not defined Not defined Not defined Not defined 500 

Cell area, [cm2] Not defined 60 100 Not defined Not defined Not defined 

Cold start (to nominal load), 

[min.] 
>600 Hours 60 Not defined Not defined <300 

Ramp-up rate, [%/sec] Not defined Not defined Not defined Not defined Not defined Not defined 

Ramp-down rate, [%/sec] Not defined Not defined Not defined Not defined Not defined Not defined 

5.2. Hydrogen compression 

No public and open access information about hydrogen compressors’ performances are available 

in the literature. Concerning reciprocating and diaphragm compressors working area, Figure 34 

is elaborated by available market data. In the figure discharge pressure in [bar] and capacity in 

[Nm3/h] are reported respectively in the ordinate and in the abscissa axis.  

 
Figure 34. Operative working area for hydrogen reciprocating compressors. 
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Regarding the electric consumption, (FCH JU, 2017) proposed the values shown in Table 7. The 

first four rows are related to values updated in 2017. The last rows, instead, are estimation based 

on the expected values in 2025. 

Table 7. Energy consumption of hydrogen compressors as reported by (FCH JU, 2017). 

Date of validity Inlet pressure, 

[barg] 

Discharge 

pressure, [barg] 
Number of stages, [-] 

Energy consumption, 

[kWh/kg] 

2017 
0 

200 4 5.0 

500 5 6.3 

30 
200 2 1.7 

500 3 2.7 

2025 
15 

200 2 2.4 

500 3 3.5 

60 
200 1 1.1 

500 2 2.0 

 
Since no data are available for discharge pressures lower than 200 barg, the following simplified 

conservative approach is followed. The specific isentropic compression work Eiso [kJ/kg] is 

calculated as follow: 

��� � � v dp���
�

� � 1�� �p�p ��� dp���
�

� p����� � p����
1 � 1k!

"�

"�
 

(7 

Where 1 and 2iso are two thermodynamic states, i.e. respectively the suction conditions and the 

discharge conditions in the case of an isentropic compression; p and ρ are respectively pressure 

[Pa] and density [Nm3/h]. k is calculated as the ratio between cp and cv in [-] and assumed equal 

to 1.4. The real compression work Ereal is calculated: 

�#$%& � ���'  
(8 

Where η is the total efficiency assumed equal to 0.65 for ionic compressors (Sdanghi et al., 2019) 

and 0.5 for other types (FCH JU, 2017). 

5.3. Hydrogen methanation 

About methanation performances, no agreement exists in the literature about how to define 

methanation efficiency (Frank et al., 2018). The data from Store&Go projects and experimental 

activities are reported in Table 8. 
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Table 8. State of the art performances of methanation plants. 

References 
Operative pressure 

[bar] 
Operative temperature 

[°C] 
Efficiency 

[%] 

Efficiency with heat 
usage 

[%] 

Store&GO 
Falkenhagen (*) 

14 
350 (honeycomb) 

240 (fixed bed) 
77.5 89.8 

Store&GO Troia (*) 4 280  77 77 

Store&GO 
Soluthurn (*) 

11 61.5 77 77 

(Castellani et al., 
2017) 

2 
2 
4 
4 
8 

20 
10 
10 
10 
15 
16 
17 
17 
17 

250 
317 
363 
490 
422 
451 
250 
271 
350 
353 
371 
325 
329 
378 

17,0 
50,3 
43,0 
32,7 
65,9 
77,1 
12,5 
5,1 
24,6 
23,4 
17,5 
46,3 
49,3 
28,0 

- 

(Barbarossa and 
Vanga, 2011) 

1 
1 

275 
400 

72.4 
68.4 

- 

(Müller et al., 2013) 
1 
1 
1 

340 
325 
400 

71.8 
69.0 
69.0 

- 

(Bailera et al., 
2017) 

Several projects 
Pressures up to 30 

Several projects Temperatures up 
to 700  

Not reported Not reported 

(*)(Mörs Friedemann et al., 2020) 

5.4. Hydrogen conversion into electricity through the use of fuel 
cells 

The main technical performances of fuel cells are reported in Table 9.  

Table 9. Main technical performances of state of the art fuel cells. 

Fuel cell   
Efficiency  

[%]  
Operative pressure  

[bar] 
Operative temperature 

[°C] 
Unit size  

[kW] 

Solid Oxide Fuel Cell 
(SOFC) 

45-502 
50-603 

504 
605 

35-436 

1.01-10.302 
800-10002 

600-10003,6 

2.5-100,0002 
1-2,0003,5 

1-3,0006 

Phosphoric Acid Fuel Cell 
(PAFC) 

40-452 
403,5 
>406 

1.01-8.142 
∼ 2002 

2053 
150-2006 

5-200 (plants up to 5,000)2 
4003 

5-4005 
50-10006 

Polymer Electrolyte 
Membrane Fuel Cell 

(PEMFC) 

up to 502 
60 (Transportation) 35 

(Stationary)3 
564 

53-586 

1.01-5.102 
∼ 1002 
40-803 

50-1006 

0.1-5002 

1-2503,6 
1-1005 

Alkaline Fuel Cells (AFC) 603,4,5,6 
2.2-451 

1-37 

80-2301 
65-220 3 
90-1006 
40-757 

10-1003,6 
1-1005 

Molten Carbonate (MCFC) 

50-552 
50-603 

505 

45-476 

1.01-3.032 
∼ 6802 

6503 

600-7006 

800-2,000  
(plants up to 100,000)2 

300-3,0003,5 
1-10006 

     

(1) (Manoharan et al., 2019) 
(2) (Bailey et al., 2002) 
(3) (Mohiuddin et al., 2015) 
(4) (Ferrero et al., 2016) 
(5) (Felseghi et al., 2019) 
(6) (Mekhilef et al., 2012) 
(7) (Ferriday and Middleton, 2021) 
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6. Economic assessment of Power to Gas technologies  

The chapter aims to investigate the economic performances of the technologies installed in P2G 

plants.   

6.1. Hydrogen water electrolyzers  

 Alkaline (AEC) water electrolyzers 

CAPEX. Based on the work of Proost (Proost, 2019), CAPEX of AEC electrolysers are shown in 

Figure 35. The CAPEX includes: i) the transformers, the rectifiers, the control panel with PLC, ii) 

the water demineralizer/deionizer, iii) the electrolyser stacks, iv) the gas analysers, the separators 

and the separating vessels, v) the scrubber or the gas purifier system including the recirculating 

pump, vi) the dry piston compressor up to 15 bar.  

 

Figure 35. CAPEX for AEC electrolyzers. 

The following correlation is elaborated based on the data:  
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�)*�+ � �, - . *$&*$&,,01 - 21 � 3�4 - 21 � 3�4 (9 

Where CAPEX is in [€/kW], Co is the reference cost [€/kW], Po is the reference electrical power 

[kW], P is the electrical power [kW], n is a correlation coeffiecient [-] and f1, f2 are coefficients [-] 

that is calculated as follow: 

3� � 5 0 73 *89 : 2130 ;<
.=2130*$& >1?% � 10  @Aℎ8CD7E8 

(10 

3� � 5 0 73 *89 F 400 ;<
G2�0.0005 - *$& � 1.224 - . *$&*$&,J0�1 � 1K  @Aℎ8CD7E8 

(11 

The following coefficients apply: 

• Co = 2100 €/kW 

• Pel,o = 400 kW 

• n = - 0.66 

• a = 0.0803 

Since no data was found in the range [0,400] kW el., economic offers were asked to manufacturers 

in order to calculate f2.  

OPEX. Concerning OPEX, few data are available. Table 10 shows the identified values. 

Table 10. AEC electrolyzers’ OPEX. 

Electrolyzer size (Madden et al., 2014) (Buttler and Spliethoff, 2018) 

1 MW 5% of CAPEX 5% of CAPEX 

5 MW 2.20% of CAPEX 2% of CAPEX 

10 MW 2.20% of CAPEX 2% of CAPEX 

 Proton Exchange Membrane (PEM) water electrolyzers 

CAPEX. The same assumptions reported for AEC apply also for PEM. Data from (Proost, 2019) 

were taken as reference. However, the dry piston compressor up to 15 bar is not included in the 

CAPEX. Figure 36 shows the result. 
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Figure 36. CAPEX for PEM electrolyzers. 

Based on the available data, CAPEX are calculated as follow: 

�)*�+ � �, - . *$&*$&,,01 - 21 � 3�4 (12 

Where CAPEX is in [€/kW], Co is the reference cost [€/kW], Po is the reference electrical power 

[kW], P is the electrical power [kW], n is a correlation coeffiecient [-] and f1 is a coefficient [-] that 

is calculated as follow: 

3� � 5 0 73 *89 : 700 ;<
G=700*$& >1?% � 1K  @Aℎ8CD7E8 

(13 

The following coefficients apply: 

• Co = 4000 €/kW 

• Pel,o = 100 kW 

• n = - 0.37 
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• a = 0.2931 

The values are valid for single stack electrolyzers up to 2 MW.  

OPEX. Concerning OPEX, the same assumptions that are valid for AEC apply. Table 11 shows 

the values. 

Table 11. AEC electrolyzers’ OPEX. 

Electrolyzer size (Madden et al., 2014) (Buttler and Spliethoff, 2018) 

1 MW 5% of CAPEX 5% of CAPEX 

5 MW 2.20% of CAPEX 2% of CAPEX 

10 MW 2.20% of CAPEX 2% of CAPEX 

 Anion Exchange Membrane (AEM) water electrolyzers 

CAPEX. Based on the available information of commercial products, a CAPEX of 3750 €/kW for 

a small 2.4 kW stack was found (Enapter, 2020). For multi-stack configuration, since no data are 

available, it is reasonable to assume a CAPEX in the range between the values of AEC and PEM. 

OPEX. No available information is available about AEM electrolyzers’ OPEX. Based on the value 

reported for the 2.4 kW stack, a 5%/year is suggested (Enapter, 2020). 

 Solid Oxide (SOEC) water electrolyzers 

No open access information from SOEC manufacturers are available in literature.  

6.2. Hydrogen compression 

CAPEX. The Store&Go project recognized the difficulty to identify CAPEX values: “The above 

overview illustrates that it is difficult to determine a proper estimate for the compressor investment 

costs. Estimated prices range from as low as 144 €/kW to as high as 18,500 €/kW. The higher 

the flow rate and pressure difference that needs to be overcome, the higher the costs” (val 

Leeuwen and Zauner, 2018).  

Based on the report of Tranberg (FCH JU, 2017), CAPEX respectively for compressor skids and 

filling stations are reported in Table 12 and in Table 13. Particularly, a discharge pressure of 60 

bar was considered sufficient for hydrogen injection into the natural gas networks. 

Table 12. CAPEX for compressors’ skid. Values taken from (FCH JU, 2017). 

Operative conditions Nominal flowrate, 

[kg/h] 

CAPEX, 

[k€] 

From 0 barg to 60 bar 20 265 

100 766 

400 1912 

From 14 barg to 60 bar 20 182 

100 528 

400 1318 

From 29 barg to 60 bar 

 

20 144 

100 418 

400 1043 
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Table 13. CAPEX for filling stations. Values taken from (FCH JU, 2017). 

Operative conditions Nominal flowrate, 

[kg/h] 

CAPEX, 

[k€] 

From 0 barg to 200 bar 20 687 

100 1986 

400 4959 

From 0 barg to 500 bar 20 910 

100 2631 

400 6569 

From 14 barg to 200 bar 

 

20 498 

100 1441 

400 3597 

From 14 barg to 500 bar 

 

20 572 

100 1654 

400 4129 

From 29 barg to 200 bar 

 

20 467 

100 1351 

400 3373 

From 29 barg to 500 bar 

 

20 562 

100 1626 

400 4061 

From 60 barg to 200 bar 

 

20 441 

100 1276 

400 3185 

From 60 barg to 500 bar 

 

20 493 

100 1426 

400 3561 

 

CAPEX is calculated based on the following correlation: 

�)*�+ � ) . MM#$N0% � O . MM#$N0P - Q RS�TR1R#$N U
T

- .RS�TR#$N 0S
 

(14 

Where Q is the nominal flowrate [kg/h], Qref is the reference flowrate equal to 50 kg/h, pdisch is the 

discharge pressure of the compressor or the filling station [bar], pin is the inlet pressure [bar], pref 

is the reference pressure equal to 50 and 200 barg respectively for compression skids and filling 

stations. The coefficients a, b, c and d are reported in Table 14. 

Table 14. Parameters for the proposed correlation. Taken from (FCH JU, 2017). 

Coefficient Filling station Compression skid 

A 550 100 

B 300 300 

a 0.66 

b 0.66 

c 0.25 

d 0.25 

 

OPEX. Concerning OPEX no value is reported in the literature for hydrogen compressors, a value 

equal to 2%/year is assumed.  
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6.3. Hydrogen storage in gaseous form 

CAPEX. Many references were identified in the literature as shown in Table 15.  

Table 15. CAPEX information for hydrogen storage. 

Reference Pressure, [bar] Storage size, [m3] CAPEX, [€/kg] 

(val Leeuwen and Zauner, 2018) 137 2856 m3 (60 m3 each) 560 

200 Different sizes 50-125-250-500 

Not specified Not specified 790 

   

Not specified Not specified 900 

Not specified 11,123 430 

173 3,337 1150 

432 1,557 1100 

500 5,000 450 

350 204 460 

1 85 5500 

414 Different sizes 190 

200 2,400 260 

141-552 556 – 13,793 260-2050 

350 3,337 – 156  1240-2200 

30 5 – 10,000 280-430 

(Simbeck and Chang, 2002) 150 

400 

460 

550 

Not specified 530 

820 

1800 

2600 

(FCH JU, 2017) 50 (into tanks) 

200 (into bundles) 

350 (into bundles) 

Not specified 

470 

 

OPEX. A value equal to 2%/year of the initial CAPEX is suggested by (FCH JU, 2017), while 

Store&Go project proposed a 1.5%/year (val Leeuwen and Zauner, 2018).  

6.4. Hydrogen injection stations 

CAPEX. Few data are available. (FCH JU, 2017) reported the following values for injection at two 

pressure levels, i.e. 60 bar (gas transportation networks) and 10 bar (gas distribution networks). 

The values are shown in Table 16. 

Table 16. CAPEX for injection station at two pressure levels. Values taken from (FCH JU, 2017). 

Injection pressure, [bar] CAPEX at 2017 [k€] CAPEX at 2025 [k€] 

60 700 560 

10 600 480 

 

An additional cost due to the pipeline for the connection of the P2G plant with the injection station 

has to be considered. A CAPEX equal to 300 €/km + 200 k€ for the devices required to connect 

the piping is suggested by (FCH JU, 2017).  

Several reference are also cited in the Store&Go project (val Leeuwen and Zauner, 2018). 

Particularly, the Figure 37 shows the elaboration of the proposed correlation as a function of the 

nominal diameter of the pipeline.   
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Figure 37. CAPEX for H2 connection piping. Data elaborated from the reported reference cited in (val Leeuwen and 
Zauner, 2018). 

OPEX. The following values are reported and estimated respectively for 2017 and 2025 based 

on (FCH JU, 2017). 

Table 17. OPEX for injection station at two pressure levels. Values taken from (FCH JU, 2017). 

Injection pressure, [bar] OPEX at 2017 [k€] OPEX at 2025 [k€] 

60 8% 

10 8% 

 

OPEX equal to 2%/year are also assumed for the piping connection between the plants and the 

station.  
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6.5. Hydrogen methanation 

CAPEX. State of the art values for chemical and biological methanation plants are shown in Table 

18 and Table 19.  

Table 18. CAPEX for catalytic methanation plant. 

Reference Plant size, [MW] CAPEX, [€/kWSNG] 

(val Leeuwen and Zauner, 2018) 

- 190 - 550 

10 

100 

580 

107 

5  

30 

110 

300 

160 

110 

48 250 

1 

3 

6 

1500 

1000 

750 

- 720 

(Götz et al., 2016) 
5 

110 

400 

130 

(Mors Friedemann et al., 2020) 
1 3000 

0.2 7900 

(Iaquaniello et al., 2018) 100 650 

(Gorre et al., 2019) - 600 

 

Table 19. CAPEX for biological methanation plant. 

Reference Plant size, [MW] CAPEX, [€/kWSNG] 

(val Leeuwen and Zauner, 2018) 

1 - 110 1200-340 

0.13-10 1150-100 

- 715 

- 700-1500 

0.2-1-2 320-120-90 

1 1,800 

5 490 

1 690 

(Mors Friedemann et al., 2020) 0.3 3500 

 

OPEX. State of the art values for chemical and biological methanation plants are shown in Table 

20 and Table 21.  

Table 20. OPEX for catalytic methanation plant. 

Reference OPEX, [%/year] 

(val Leeuwen and Zauner, 2018) 10% 

(Iaquaniello et al., 2018) 3% 

(Gorre et al., 2019) 10% 

 

Table 21. OPEX for biological methanation plant. 

Reference OPEX, [%/year] 

(val Leeuwen and Zauner, 2018) 5% 

 

6.6. Hydrogen conversion into electricity through the use of fuel 
cells 

CAPEX. State of the art values for fuel cells plants are shown in Table 22.  
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Table 22. Main technical performances of state of the art fuel cells. 

Fuel cell   CAPEX €/kW  

Solid Oxide Fuel Cell 
SOFC 1,065-1,6401 

60002 

Phosphoric Acid Fuel Cell PAFC 2,460-2,8751 

Polymer Electrolyte Membrane Fuel Cell 
PEMFC 3,2851 

2,3202 

Alkaline Fuel Cells 
AFC 3,0002 

104-1073 

Molten Carbonate  MCFC 655-1,6401 

(1) (Bailey et al., 2002) 
(2) (Ferrero et al., 2016) 
(3) (Ferriday and Middleton, 2021) 

 

OPEX. The literature agrees to consider a value around 2%/year of the CAPEX (Ferrero et al., 

2016; Wang et al., 2018), even if a value up to 5% is suggested for stationary fuel cells by 

(Eichman et al., 2012). 

6.7. Additional voice of costs of P2G plants 

P2G projects CAPEX also includes other costs (FCH JU, 2017): 

• Civil works. The civil works are related to the realization of foundation, of industrial building, 

the integration of the lighting and of the water supply, fencing and security. Civil works 

depends on the footprint of the plant. 

• Engineering costs. They include all the costs related to architectural, engineering, studies, 

permitting, legal fees, and other pre and post construction expenses.  

• Distributed Control system (DCS) and Energy Management Unit (EMU). They are the 

components that ensure the correct operation of the plant.  

• Interconnection, commissioning and start-up costs.  

Other costs can be calculated by the following equation: 

�V��W ��XVX � 10% . 2.5*Z[,\]^_0 � 35% 
(15 

 

Where PPROJECT is the nominal power of the plant in [MW].  

An additional safety cost equal to the 10% of the equipment and other cost is suggested in 

preliminary evaluations in order to take into account of the possible uncertainty that can arise 

during the project. 

Similarly, also OPEX should take into account of facility costs that include: 

• Site management 

• Land rent and taxes 

• Administrative fees 

• Site maintenance 

Facility operative costs are assumed equal to the 4%/year of the no-equipment costs (FCH JU, 

2017). 
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6.8. P2G assessment case study: P2G plant in Mainz 

To assess the effectiveness of the proposed values, the case study of the "Energiepark Mainz" 

plant in Mainz (lat. 49.944447; long. 8.252425 shown in Figure 38) is considered (Energiepark 

Main, 2017). The plant is the greatest power to hydrogen plant in the world producing up to 1,000 

Nm3/h of hydrogen that is injected in the natural gas grid or delivered by road transport. A nominal 

efficiency equal to 49.4% (LHV) is achieved by the three PEM electrolysers supplied by Siemens. 

 

Figure 38. The Energiepark Mainz P2G plant in Mainz. 

Based on the PFD reported by (Kopp et al., 2017) and shown in Figure 39, the plant consists of 

i) a 20 kV power grid connection, ii) a transformer rectfier unit, iii) the PEM elctrolysis section, iv) 

a downstream filtering section to ensure the required purity level before to enter into v) the ionic 

liquid compressor supplied by Linde, vi) a storage section at 80 bar, vii) the injection section into 

the gas network and viii) the trucks’ filling section downstream a tempearture swing adsorption 

filtering section. The main performances data of the plant are reported in Table 23. 

 
Figure 39. The Process Flow Diagram of P2G plant in Mainz. Image taken from (Kopp et al., 2017). 
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Table 23. Power to Hydrogen plant installed at Mainz: main performances data. 

Data Value 

Electrolyzer type, [-] Proton Exchange Membrane 

Number of installed electrolyzers, [-] 3  

Maximum electrolysis section capacity, [MW] 3 x 2 (= 6) 

Continuous operation capacity, [MW] 3 x 1.3 (= 3.9) 

Maximum hydrogen output, [Nm3/h] 1000 

Electrolyzers’ operating pressure, [bar] 35 

Electrolyzers’ ramp speed, [%/sec] 10 

Times required to reach the full load [sec] 10 

Net storage capacity, [MWh] 26 (=2 x 82 m3) @ [20,80] bar 

Net storage capacity time at continuous operation, [h] 6.7 (= 26/3.9) 

Electrolysis efficiency at nominal capacity (LHV), [%] 49.4 

Maximum water consumption, [m3/h] 1 

Oxygen content at electrolyzers’ output, [%] < 0.5 

Water content at electrolyzers’ output, [%] < 3.0 

Ionic compressor’s volume flow [Nm3/h] 1,250 

Minimum compressor’s suction pressure, [bar] 15 

Maximum compressor’s discharge pressure, [bar] 250 

Maximum compressor’s power consumption, [kW] 350 

Load range, [%] [10,100] 

Planned annual full load, [h] 2,250 

Planned annual H2 production, [ton] 200 

  

Plant CAPEX, [M€] 17 

Plant specific cost [M€/MW] 2.83 M€/MW 

 
In Table 24, Table 25 and Table 26, the CAPEX, the OPEX and the Levelized Cost of Hydrogen 

(LCOH) calculated by the previous presented correlations and assumption are shown for the P2G 

plant in Mainz.  

Particularly, a CAPEX equal to 16.8 M€ resulted from the simplified approach, i.e. almost the 

same reported by the available references of the project. Therefore, the following percentages 

are estimated for the P2G plant in Mainz:  

• Electrolysis section: ≈ 45.9% of the total cost 

• Compression section: ≈ 2.4% of the total cost 

• Storage section: ≈ 2.2% of the total cost 

• Injection section: ≈ 3.6% of the total cost 

• Hydrogen filling section: ≈ 11.3% of the total cost 

• Other costs (engineering, DCS and EMU, interconnecting, commissioning, start-up 

activities): ≈ 25.6% of the total cost 

• Safety costs (to take into account the uncertainties at the design phase): 9.1% of the total 

cost 
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Table 24. Estimated CAPEX based on previous proposed correlations. 

      

  Electrolysis section 

1 Number of electrolyzers, [-] 3 

2 Electrolyzer's size, [kW el] 2000 

3 Electrolyzer's technology, [-] PEM 

4 Electrolyzer's specific cost, [€/kW] 1290 

5 Electrolyzer's total cost, [€] € 7.741.186 

      

  Compression section 

6 Inlet pressure, [bar] 30 

7 Discharge pressure, [bar] 60 

8 Nominal flowrate, [kg/h] 112 

9 Compression skid cost, [€] € 407.033 

      

  Storage section   

10 Storage capacity, [kg] 780 

11 Specific storage cost, [€/kg] 470 

12 Storage cost, [€] € 366.600 

      

  Injection section 

13 Injection pressure 10 

14 Injection station cost € 600.000 

      

  Hydrogen filling section 

15 Inlet pressure, [bar] 60 

16 Discharge pressure, [bar] 200 

17 Nominal flowrate, [kg/h] 200 

18 Filling station cost, [€] € 1.906.097 

      

19 Total equipment cost, [€] € 11.020.915 

      

20 Other costs, [%] 39,17% 

21 Other costs, [€] € 4.316.525 

      

22 Total costs before uncertainties, [€] € 15.337.441 

      

23 Safety coefficients, [%] 10 

24 Safety cost due to the preliminary evaluation € 1.533.744 

  

25 Total estimated cost, [€] € 16.871.185 
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Table 25. Estimated OPEX based on previous proposed correlations. 

    

Electrolysis section 

Number of electrolyzers, [-] 3 

Electrolyzer's size, [kW el] 2000 

Electrolyzer's technology, [-] PEM 

Annual hydrogen production, [kg/year] 200000 

Nominal hydrogen hourly production, [kg/h] 88,9 

Equivalent annual working hours 2250 

Maintenance, [%/year] 3,0% 

Annual maintenance cost, [€/year] € 232.236 

Nominal water consumption, [m3/h] 1 

Water specific cost, [€/m3] 1 

Water cost, [€/year] € 2.250 

Electricity consumption, [MWh] 4499 

Electricity cost, [€/MWh] 60 

Electricity cost, [€/year] € 269.966 

Electrolyzers' OPEX, [€/year] € 504.452 

    

Compression section 

Inlet pressure, [bar] 30 

Discharge pressure, [bar] 60 

Electrical energy specific consumption, [kWh/kg] 0,48 

Electrical energy annual consumption, [MWh] 95,8 

Electrical energy cost, [€/y] € 5.748 

Compressor skid's maintenance, [%/y] 2,00% 

Compressor skid's maintenance, [€/y] € 8.141 

Compression skid cost, [€] € 13.889 

    

Storage section   

Storage OPEX, [%/year] 2% 

Storage cost, [€/year] € 7.332 

    

Injection section 

Injection OPEX, [%/year] 8% 

Injection station cost € 48.000 

    

Hydrogen filling section 

Inlet pressure, [bar] 60 

Discharge pressure, [bar] 200 

Number of stages, [-] 5 

Amount of hydrogen filled [kg/y] 180000 

Electrical energy specific consumption, [kWh/kg] 0,90 

Electrical energy annual consumption, [MWh] 161,6 

Electricity purchase cost, [€/MWh] 60,0 

Electrical energy cost, [€/y] € 9.698 

Compressor skid's maintenance, [%/y] 2,00% 

Compressor skid's maintenance, [€/y] € 38.122 

Filling station cost, [€] € 47.820 

    

Total equipment OPEX, [€] € 621.493 

    

Other costs, [%] 4% 

Other OPEX costs, [€] € 172.661 

    

Total costs before uncertainties, [€] € 794.154 

    

Safety coefficients, [%] 10 

Safety cost due to the preliminary evaluation € 79.415 

    

Total estimated OPEX cost, [€] € 873.569 

 

 

 

 

 

 

 



                                                            
____________________________________________________________________________ 
 

 
58/64 

Table 26. Calculated Levelized Cost Of Hydrogen (LCOH). 

TECHNOLOGY, [-] PEM 

NUMBER OF ELECTROLYZERS, [-] 3 

SIZE, [kW] 2000 

YEAR 20 

OPERATING HOURS IN 20 YEARS, [h] 44.994 

H2 PRODUCTION IN 20 YEARS, [kg] 4.000.000 

CAPEX, [€] € 16.871.185 

OPEX, [€] € 873.569 

REQUIRED WORKING HOURS TO REPLACE THE 
STACK, [h] 

50.000 

STACK REPLACEMENT COST, [€] € 0 

    

LCOH, [€/kg] € 8,59 
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7. Conclusions 

This report has shown the ongoing activities on SuepP2G project related to “Work Package 4: 

Italy case study” with particular attention to some of the preparatory research activity for the 

development of the further optimization algorithms. 

To achieve a complete tool able to optimize the allocation of P2G plants in the Italian territory, 

several data are needed, both on technologies performance and costs, and on infrastructures 

and resources already available in the territory. 

First of all, technological state of the art should be assessed to provide the required parameters 

to the optimization tool. The report investigated the technical performances of both electrolysis 

(alkaline, proton exchange membrane, SOEC, and anion) and methanation (catalytic, biological), 

considering also the implant ancillaries (compressors, storage, etc.). Particular attention was paid 

on the economic assessment of power-to-gas technologies in the different scenarios, because 

the optimization tool will take into account cost functions mainly based on CAPEX and OPEX of 

such a technology.  

Furthermore, open source available data sets on energy infrastructures, energy resources and 

geographical boundaries of administrative unit were collected to create the WEB-GIS tool 

database. The collected data sets from shape files, contain information on the characteristics 

(e.g. sizes and location) of the following: 

• Energy production plants, both renewable and thermoelectric; 

• Highway networks; 

• Railway networks; 

• Electrical infrastructures; 

• Gas infrastructures; 

• Hydrogen refuelling stations. 

A preliminary GIS visualization tool was developed to validate the consistency and usefulness of 

the collected data. These data were used in a database, developed to host data from 

heterogeneous sources. Database (DB) was articulated with entities and tables on separate 

layers to characterize entities of different nature, with a main distinction between energy transport 

and roads. The implementation of this DB allowed the fast retrieval of information, through 

appropriate Python scripts, using dedicated libraries, such as: 

• geo-pandas: for the georeferenced datasets management, 

• shapely: for the shapefiles manipulation (with which some datasets are distributed), 

• pyproj: for the representation of geographic data with coordinates in different reference 
systems and projections, 

• matplotlib: for data rendering, 

This allowed to graphically represent the different points of interest and the infrastructures, both 

as a single layer for distance calculations and as an overlay for the subsequent definitions of 

metrics and clustering operations of the points of interest. 

Considering the next research steps, it has to be noted that too many possible P2G plants’ 

configurations exist. So, the implementation of all of them in the developing tool would make its 
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management very difficult. To solve the problem, Italian stakeholders involved in P2G project will 

be interviewed in order to identify a limited number of P2G plant configurations both in terms of 

size and functionalities based on Italian market needs. In addition, experimental data from the 

demo-lab of the University of Bologna will be elaborated to integrate the state of the art Key 

Performance Indicators.  
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