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Abstract: Distributed generation and sector coupling are key factors for economic decarbonization.

Because gas networks have a large storage capacity, they have attracted the attention of power

engineers to use them to increase the flexibility and security of supply in the presence of renewable

and distributed energy resources. This paper makes the first attempt to integrate the electricity and

gas systems to fill available gas storage facilities with synthetic natural gas on a large scale. This

synthetic natural gas can then be used to operate gas turbines and to compensate for the fluctuating

production of renewable energy sources. The LINK-holistic architecture, which integrates renewable

and distributed energy resources, is used in this work. It facilitates sector coupling, which means

power-to-gas and gas-to-power, throughout the entire power grid and at the customer level. This

work is limited to investigating the power-to-gas process at the prosumer level. The electricity surplus

of rooftop PVs is used to produce synthetic natural gas, fed into the gas grid after covering the local

gas load. The behaviors of the electricity and gas grids are investigated. Results show that electricity

prosumers may also become prosumers of synthetic natural gas. The current unidirectional gas

grids should be upgraded with compressors at pressure reduction groups to turn them bidirectional,

allowing synthetic natural gas storage in the existing large gas storage appliances after considering

the pipes’ linepack effect. The proposed solution could make it possible to fill the underground

storage plants in summer, when the electricity and synthetic natural gas production exceed electrical

and gas demand, respectively.

Keywords: flexibility of supply; security of supply; sector coupling; gas grid; electricity grid; rooftop

photovoltaic; power-to-gas; synthetic natural gas (SNG); LINK-Solution

1. Introduction

Environmental protection policies and overall climate commitments require the decar-
bonization of all sectors of the economy. Energy systems are undergoing a transformation
process in which their integration will play a significant role. Integrating energy sectors on
a regional scale is expected to impact energy systems’ reliability significantly, operating
costs, and environmental performance [1]. This transformation presents various challenges,
necessitating a holistic approach [2].

This paper focuses on end-use sector coupling to integrate the electricity and gas
systems. It investigates the possibility of introducing the distributed production of green
synthetic natural gas (SNG), whose adequate technologies are evolving, and feeding it into
the low-pressure pipelines.

1.1. Literature Review in Electricity Grids

In recent years, the power sector has experienced a dramatic increase in distributed
generation (DG) due to the energy crisis. The most widespread technology is rooftop
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photovoltaic (PV) systems. However, distribution system operators (DSOs) cannot meet
the public’s need for PV systems due to severe voltage and thermal limit violations caused
by the reverse flow of currents [3]. Exceeding the voltage upper limit in the DG presence in
radial structures of distribution networks has been known for a long time [4–8]. It quickly
became apparent that reactive power support could increase the hosting capacity of radial
networks on DGs [9–11]. However, the problem of exceeding thermal limits remains and
requires infrastructure expansion; transformers, lines, cables, etc., must be adapted, or
sector coupling solutions may be considered [12].

Existing gas infrastructure offers many opportunities for coupling with the power
system infrastructure. It serves a large portion of the EU territory, allowing energy transfer
over long distances at a low cost and with reduced energy losses. The gas grid can provide
large seasonal energy storage capacities.

1.2. Literature Review on Gas Grids

Gas grids are moving towards partial decarbonization by injecting substitute natural
gases (NGs). The development and deployment of substitute NG are partially linked to
the rapid growth of electric renewable energy sources. A viable solution to integrate their
excess is converting electricity into H2. Direct H2 injection into existing NG pipelines has
been proposed and extensively examined in the literature as a viable approach [13,14].
Deymi-Dashtebayaz et al. [15] analyzed the effect of 1 ÷ 10 vol% H2 injection into the
gas grid on all important NG properties. Guzzo et al. [16] determined the maximum
permissible percentage of hydrogen blending as a function of gas composition, emphasizing
the difficulty to define a universal hydrogen limit.

Among the numerous envisioned applications for hydrogen in the decarbonization
of the energy system from the customer plant (CP) perspective, seasonal energy storage
is usually considered one of the most likely options (a CP is a place where electricity or
gas is produced or consumed, or both produced and consumed). Lubello et al. [17] investi-
gated residential storage systems and their possible applications for different geographical
conditions in Italy, demonstrating how such systems are not generally economically com-
petitive for a single dwelling, although they can sometimes ensure energy independence.
Instead, H2 can be a viable solution to decarbonize the hard-to-abate sectors, as assessed
by Mati et al. [18] and by Ademollo et al. [19] who provided a techno-economic analysis
for the conversion of a conventional cogeneration system for a paper mill application.
Mati et al. focused on a 100% hydrogen-fueled gas turbine system, while Ademollo et al.
examined a 100% hydrogen-fueled solid oxide fuel cell system demonstrating the economic
feasibility of these solutions for such applications.

H2 can also be combined with CO2 to produce SNG. The most common application to
produce it concerns the thermochemical process employing different catalytic reactors [20].
Methanation is a chemical transformation, often referred to as the Sabatier reaction, offering
a promising solution for mitigating greenhouse gas emissions, as it not only converts CO2

into a valuable fuel source but also integrates with the concept of power-to-gas (P2G)
technology, enabling the storage of excess electricity within the natural gas grid [21]. Becker
et al. [22] discussed a power-to-SNG plant’s design and techno-economic analysis for
producing SNG from CO2 and renewable hydrogen. Tang et al. [23] explored the efficient
utilization of CO2 in P2G systems, including converting CO2 into various end products
such as SNG.

1.3. Literature Review on Coupling the Electricity and Gas Grid

Sector coupling between electricity and gas grids, particularly with respect to gas injection
into the gas grid, has been a topic of increasing attention in the literature. Quarton et al. [24]
reviewed real-life projects related to P2G for injection into the gas grid providing insights
on the integration of gas injections at various points of the network. Gui-Xiong et al. [25]
focused on the coupling between an electricity power system and an NG system combined
with distributed gas injections with a regional integrated energy system as the background.
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Held et al. [26] discussed the synthesis of SNG and its injection into the natural gas grid,
focusing on catalytic methanation in catalytically coated metallic honeycomb reactors
and slurry bubble column reactors. Giglio et al. [27] explored the integration of high-
temperature electrolysis and methanation for SNG production. Estermann et al. [28]
investigated the feasibility of implementing P2G systems to absorb surplus solar power
from electricity distribution networks and carbon dioxide from biomass anaerobic digestion
plants to produce synthetic methane at the low-voltage level.

The holistic LINK architecture organizes cross-sector sector coupling across all voltage
levels within power grids and end-user sector coupling [29], thereby enabling a joint
analysis of electricity and gas grids [30].

This study focuses on the CP level and the end components of the networks, specifically
the low-voltage (LV) feeders and low-pressure (LP) pipelines, respectively, for electricity
and gas. For the first time, it jointly investigates both power and gas grids as well as power
and gas appliances at the CP level providing a structured architecture that enables its
reproducibility across all voltage and pressure levels. This paper is organized as follows:
Section 2 gives an overview of the energy systems, compares the electricity and gas systems,
and introduces the holistic LINK architecture for electricity and gas grid coupling. The
setup description follows the premises for its realisation, corresponding to the modeling
and scenario definition. Section 3 discusses the behavior of electricity and gas grids
when coupled. Finally, Section 4 discusses in detail the results of this work, technological
development, and future research perspectives.

2. Materials and Methods

Figure 1 shows the investigation methodology used to perform this work. The pa-
per investigates electricity and gas grids to compare them, identifying similarities and
differences. A holistic analysis identifies the coupling possibilities between the electricity
and gas grids, followed by adequate simulation modeling. Finally, simulation results
are investigated.

tt

ff

 

ff
ff

ff

Figure 1. The investigation methodology.

2.1. Structure of Energy Systems

Energy systems supply energy to end-users. They constitute the energy vectors,
such as electricity, gas, heat, etc., in the secondary economy sector [31]. They are widely
distributed within a continent and sometimes between continents with above- and below-
ground pipes, overhead lines and cables, terrestrial or marine. Energy Systems Integration
(ESI) coordinates the operation and planning of energy systems to deliver reliable, cost-
effective energy services with minimal environmental impact [32]. It connects energy
systems of various vectors within the second sector, i.e., Cross different vectors of the
energy utilities such as electricity, heating and cooling, and gas. The cross-vector sector
coupling integrates these various energy infrastructures and vectors. In contrast, the end-
use sector coupling [33] involves different infrastructures, such as electricity, gas, etc., at
the customer plant level.

Figure 2 shows the integrated energy systems through sector coupling, as the LINK-
Solution postulates. The coupling through the electricity, gas, and thermal networks is
realized through the coupling components. For example, electrolyzers combined with
methanation reactors couple the electricity grid with the gas network, enabling the P2G
process. Fuel cells couple the electricity with the gas grid, allowing the gas-to-power (G2P)
process. Heat pumps couple the electricity and heat networks, enabling the power-to-heat
(P2H) process. The coupling between the gas and heating networks is realized through
the gas condensing boilers and CHPs that allow the gas-to-heat (G2H) process. Through
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power-to-X solutions, sector coupling contributes directly to the abatement of emissions in
multiple sectors of the economy by providing big storage capability, an element which is
central in the LINK architecture. It is categorized into three categories: “Cat. A”, E-St.-A,
the stored energy is injected at the charging point of the grid, such as pumped hydroelectric
storage, stationary batteries, etc. In “Cat. B”, E-St.-B, the stored energy is not injected
back at the charging point on the grid, such as power-to-gas (P2G), batteries of e-cars,
etc. In “Cat. C”, E-St.-C, the stored energy shortly reduces the electricity consumption at
the charging point, such as cooling and heating systems (consuming devices with energy
storage potential). In this work, it is treated as the Cat. B of storage.

tt
tt

ff

tt

tt

Figure 2. Integrated energy systems through sector coupling, as given by the LINK-Solution [34].

2.2. Comparison Between Electricity and Gas Grids

Electricity and gas have some different essential characteristics. Electricity propagates
in wires at almost the speed of light, while natural gas travels up to 100 km/h [35]. Gas
system operators control pipelines, and unlike electricity systems, supply and demand do
not need to be fully balanced in real-time and while electricity can be transformed into
other forms of energy for storage, such as chemical potential in batteries or potential energy
in pumped hydroelectric storage, it is not inherently storable as a commodity. Instead, gas
may be stored in tanks and pipelines. The gas systems in Europe have a long-term storage
capacity in the TWh range, which makes it very attractive for the renewable electrification
of all energy vectors [36]. Examples are compressed natural gas (CNG), liquefied natural
gas (LNG), and underground gas storage (UGS). Active and reactive power circulates in
the electricity systems, where the reactive power is a byproduct of AC systems. Differently,
gas systems circulate only NG, which the end-customers consume. Natural gas flow in
one pipeline can be controlled independently of the other gas network components. While
electricity flow can evolve in both directions due to transformer characteristics, the gas
flow is typically unidirectional. Controlling the power flow, e.g., in one transmission line
segmentally, is technically not feasible because of the interdependencies within the power
system. In the electricity grid, current flow can only be interrupted (using circuit breakers
or fuses), whereas in the gas grid, the flow rate can be adjusted via lamination valves,
which increase localized pressure losses, thereby reducing pressure and consequently
diminishing the flow rate. Despite all this, there are many similarities in the structure of
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gas and electricity systems. The similarity between electric and gas network structures has
been known for a long time; even the natural gas load flow problems are solved using the
electric load flow techniques [37].

The traditional power and gas systems have the same rough structure. Both systems
deliver electricity or natural gas from the big power plants or gas wellheads to end-
electricity and end-gas customers through transmission and distribution grids or pipes, as
Figure 3 shows.

ff

 

ff

Figure 3. Electricity and gas grid structures. (a) Electricity grid structure. (b) Gas grid structure.

The gas wells and big power plants are located at sites distant from the load centers.
Figure 3a shows the structure of electricity grids categorized into transmission (very high
and high voltage) and distribution (medium and low voltage) grids. The same catego-
rization is relevant for the gas grid as shown in Figure 3b, wherein transmission includes
the high, while in distribution, the medium- and low-pressure pipes. The grid symbols
used in Figure 3 are summarized in Appendix A, Table A1. An analogy exists between
the electrical busbars, mechanical, and electrical connections of at least two conductors
and the nodes realised by welding different pipelines: they connect two parts used to
transmit and distribute electricity or gas, respectively. Power lines and pipelines can be
laid aboveground or underground. The analogous quantity of the voltage is the pressure,
and that of the active power flow is the gas flow. In analogy to the transformer stands the
compressor. The transformer analogy, which changes the voltage level in both directions,
shows the compressor increasing the pressure and the valve decreasing it.

2.3. LINK Architecture for Electricity and Gas Grid Coupling

Currently, each energy system, be it electricity, gas, or heat and cooling, works sep-
arately, each with its design guidelines. The holistic approach helps adapt their designs
to have an overall synthesis and enable substantial harmonized operation between the
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vectors and environmentally friendly growth. Also, within each energy vector that may
extend over a continent, traditionally, it is not used in any holistic approach.

The newly developed holistic LINK architecture for electricity looks at power systems
and customer plants as one interconnected electromagnetic entity, understanding the
bigger picture by thinking outside the transmission or distribution box. This approach
gives equal importance and an overall shared purpose to every part of the power system
and customer plants and, therefore, can ensure the power industry is running to its full
potential. No holistic approach is used for gas systems to harmonize their operation and
planning processes.

Figure 4 shows an extension of the LINK architecture with the knowledge gained in
Section 2.2. It helps to identify the coupling possibilities between the electricity and gas
systems. Both systems can be coupled grid-wide through coupling components (CC) to
realize the cross-vector sector coupling and at the CP level to realize so-called end-user
sector coupling. The cross-vector sector coupling may be realized in different levels as
follows: The extra high-voltage (EHV) or high-voltage (HV) grids may be coupled with
HP gas grids; the medium-voltage (MV) grids may be coupled with MP gas grids; and the
low-voltage (LV) grids may be coupled with LP gas grids. The SNG produced using the
electricity surplus in the power system may be stored in the “G-St.” available in the gas
vector and can be used to operate gas turbines to compensate for the fluctuating production
of renewable energy sources.

ff

 

Figure 4. P2G and G2P processes embedded in the LINK architecture.

From the design point of view, it is possible to couple the grids at the end-user level in
the customer plants connected with the gas grid. The electricity surplus of rooftop PVs may
also be used to produce SNG, which can be injected into the gas grid and, in the given case,
stored in the G-St. available in the gas vector. However, many questions arise regarding the
coupling’s technical feasibility and economic viability at the CP level, which are discussed
in more detail in this paper.
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2.4. Premises for the Realization of End-Use Sector Coupling

The central premise to realize the end-use sector coupling [33] is the presence of
surplus electricity generated from renewable sources in the CP site. The electricity grid
has limitations in uptaking the electricity surplus produced by the distributed generation
or prosumers.

2.4.1. Limitations of the Grid to Uptake the Electricity Surplus of Distributed Resources

Figure 5 shows the critical parameters for the uptake capacity of rooftop PV facilities
in an LV subsystem and the countermeasures for their maximum expansion [12].

 

ff

tt
tt

ff

Figure 5. Critical parameters for the uptake capacity of rooftop PV facilities in an LV subsystem and

the countermeasures for their maximum expansion [12].

Three cases are figured out depending on the extent of the electricity surplus. In the
first case, the green area, electrical surplus does not provoke the violation of the upper
voltage limit up to a “Critical” value of the PV installations. In the second case, the
yellow area, voltage violations appear, and countermeasures such as Volt/var control are
needed to guarantee the reliable and sustainable operation of the power grid up to the
“Saturated” value on PV installations. In the third case, the red area, where the grid is
saturated in up-taking distributed generation, the infrastructure is overloaded, meaning
that the thermal limits for transformers, overhead lines, and cables are reached. Additional
countermeasures are required to ensure the secure utilization of the infrastructure. The
countermeasures can be diverse and realized by different stakeholders. The DSO may
reinforce the infrastructure (e.g., change the distribution transformer (DTR), etc.), or the
electricity surplus may be stored in a battery for power-to-power (P2P) storage. At the LV
level, short-term storage via battery banks charging during the daytime and discharging at
night is a conventional approach [37]. However, when the renewable penetration reaches
high levels, the effectiveness of such P2P storage diminishes [38,39]. This is because on
many days of the year, the amount of excess solar generated during the daytime exceeds
the following night’s electricity demand, so the requirement to discharge the stored energy
to the power system forces the use of an extreme storage capacity if solar curtailment is to
be avoided altogether. Therefore, P2P storage technologies are considered stable for energy
storage at low PV penetration levels [28]. Thus, P2G will be required to access the very
large capacity of the gas grid if high PV penetrations are to be achieved.

2.4.2. Power-to-Gas Potential at Customer Plant Level

A possible solution is using rooftop surplus PV to generate H2 at the CP level through
an electrolyzer. However, integrating H2 into household appliances and the existing gas
grid poses significant challenges. The current infrastructure, for the most part, is not
equipped to accommodate H2 due to the risk of embrittlement [40]. Furthermore, even
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if the infrastructure were H2-compatible, the H2 volume content of the NG-H2 mixture
cannot exceed 15 ÷ 20% [41]. Therefore, this study proposes a solution to these challenges:
upgrading the produced H2 to SNG. This process involves the conversion of CO2, sourced
from a pressurized tank, into SNG with the aid of H2 in a small-scale methanation reactor.
The resulting SNG is then utilized to meet the local gas load before being injected into the
LP gas grid.

P2G systems are showcased in various countries, demonstrating the injection of H2

or SNG into gas grids [42,43]. Stakeholders and policymakers still need to agree on the
remuneration framework for SNG injection from the CP level and targets for capturing
rather than wasting excess solar. Several factors should be considered when implementing
P2G plants at the CP to determine the feasibility of achieving any target for excess solar
energy capture. These factors include:

• The design and layout of the region’s electricity distribution network, including the
number, capacities, and locations of MV/LV transformers, as well as the length of LV
feeders connecting various CPs;

• The market structure to consider small distributed electricity and gas resources and
the maturity of the CO2 market;

• The feasibility of installing P2G plants close to CPs;
• The layout and design of local gas distribution zones and the transient variation in

natural gas flow rates that occur throughout the day/year at potential sites for SNG
injection;

• The all-around feasibility of the solution, considering the energy trilemma.

2.4.3. General Procedure for Realizing the P2G Process

Figure 6 shows the general approach of the P2G process at the CP level. The procedure
starts with determining the PV production, PPV, profile in the study area, followed by
identifying the load profile, PLoad, of the customer type (commercial, residential, etc.) for
which the P2G process will be established and implemented. Depending on the specific
conditions and countermeasures taken in the power grid, it may take off part of the excess
power, PGrid

Sp. . The power surplus, PSp., is calculated for each time point t as given in

Equation (1).
PSp.(t) = PPV(t)− PLoad(t)− PGrid

Sp. (t) (1)𝑄ௌ.ுర(𝑡) = 𝑄ுర(𝑡) − 𝑄ௗுర (𝑡) − 𝑄ଶீுర(𝑡)  

 

tt

ff

Figure 6. General procedure for realizing the P2G process at the CP level.

Calculate the power needed to operate the P2G technology used as CC, PP2G, to define

the net surplus of electricity that can be used to produce SNG, P
CH4
Sp. in Equation (2).

P
CH4
Sp. (t) = PSp.(t)− PP2G(t) (2)
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The CC will produce SNG, QCH4 , which can be used to supply the CP gas load. In this
paper, SNG will also be referred to simply as CH4, as both nomenclatures denote the same
compound. The profile of the gas load will be determined, and the amount of gas that may
be injected into the LP pipe is calculated as in Equation (3).

Q
CH4
Sp. (t) = QCH4(t)− Q

CH4
Load(t)− Q

CH4
P2G (t) (3)

For the entire simulation process, a program has been written in Python where the
modeling of the electrolyzer and methanation reactor (Section 2.6.2) has been carried out
to find PV surplus and SNG production. These output values have been used as input
in PSS Sincal [44], a comprehensive, high-quality software solution for network planning
requirements. PSS Sincal provides detailed modeling capabilities for electrical networks
across high-, medium-, and low-voltage levels, and additionally supports pipe network
calculations for water, gas, and district heating and cooling applications. So, this study
utilized PSS Sincal to conduct steady-state simulations to understand how distributed
injections of electricity and SNG impact the electricity grid voltage profiles and the gas grid
pressure/velocity profiles, respectively. Additionally, the analysis of the linepack effect,
which is the possibility of exploiting the LP pipeline’s storage capability resulting from
SNG’s injections into the LP grid, has been entirely modeled in Python and described in
detail in Appendix C.

2.5. Setup Description

The study examines a theoretical residential area connected to both electricity and
gas infrastructure, as Figure 7 shows. The electricity grid includes a 250 kVA distribution
transformer (DTR) which connects a 0.4 kV LV grid to a 10 kV MV feeder. While, for
the gas grid, a pressure reduction group (PRG) connects a 30 mbar LP grid with a 5 bar
MP pipeline. The LV feeder and the LP pipeline have the same length of 600 m. Twenty
identical residential CPs are connected to both grids at ten equidistant connection points of
60 m. CPs are connected to the LV and LP grids through a 10 m cable and 10 m pipe.

𝑄ௌ.ுర(𝑡) = 𝑄ுర(𝑡) − 𝑄ௗுర (𝑡) − 𝑄ଶீுర(𝑡)  

tt

ff

Figure 7. Scheme of the analyzed case study.

Figure 8 depicts a schematic representation of the electrical and gas devices considered
in each CP. Regarding electricity, each CP has a PV facility and electrical devices. Regarding
gas, each CP has gas devices needed for cooking and domestic hot water (DHW). The
coupling component is P2G technology. No storage appliances have been considered in
this study. The power flow is shown in red, while the gas flow in turquoise.

P2G technology at the CP level is postulated as a composition of two coupling compo-
nents: the electrolyzer and the methanation reactor, as highlighted in Figure 9.
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Dev.

Low Voltage Grid

Low Pressure Grid

DHW

Cook P2G Pr.

Power flow
Gas flow

Power flow in CP

PV

 

Figure 8. Schematic representation of the electrical and gas devices considered in each CP.
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Low Voltage Grid

Low Pressure Grid

DHW

Cook P2G Pr.

Power flow
Gas flow

Power flow in CP

PV

 

Figure 9. P2G technologies inside each CP.

2.6. Modeling

In this section, the modeling of the main components is carried out.

2.6.1. Electricity and Gas Grids

Figure 10 emphasizes the electric and thermal profiles. PV production profile is typical
of summer PV production in northern Italy, thus being characterized by a bell shape with
almost 14 h of light. The electric load profile represents a typical four-person household,
peaking at 20:00 h. The gas load profile, also typical for a four-person household, reflects
the need for DHW and gas cookers during summer months when DH is not required.

P୭ୟୢୣୟ୩Pୣୟ୩∆H୭ୟୢେୌସ,ୣୟ୩

ff

Figure 10. PV production, electric load, and thermal load profiles for each CP, July, Turin.
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Because of the absence of storage appliances, both loads can be covered only when
production and consumption are simultaneous.

Maximum power values for the case under consideration are represented in Table 1:

Table 1. Maximum power values.

Parameter Description Value

PPeak
Load

Peak electric power 3 kW

PPeak
PV Peak PV power 7 kW

∆HCH4,Peak
Load

Peak thermal power 1.2 kW

The models used for the elements of electricity and gas grids are PSS Sincal ones and
are described in Appendices B and C, respectively. The simulated electricity and gas grid
parameters are chosen following the state-of-the-art of a general LV and LP grid, respec-
tively. Concerning the gas grid, the nominal pressure varies with the analyzed scenario
and the selected pipeline diameter (Section 2.7.1). At the same time, load consumption and
flow supply values depend, respectively, on the maximum gas consumed and maximum
SNG injectable after coupling, and they change with the selected scenario. The modeling
of the linepack effect is described in Appendix C. Figure 11 shows electricity grid voltage
limits and gas grid pressure limits at the CP level as well as the coupling components
under study.

 

𝐻ଶ𝑂() = 𝐻ଶ() + 12 𝑂ଶ()  

𝑃ௌ.ுర 𝑄ுమ
𝑄𝐻2 = 𝑃𝑆𝑝.𝐶𝐻4𝐹𝐻2   𝐹ுమ

Figure 11. End-use sector coupling with voltage and pressure limits in electricity and gas grids.

2.6.2. Coupling Components

Electrolyzer modeling

Electrolysis of H2O dissociates H2 and O2 absorbing electricity through an electrolyzer,
as represented in Equation (4).

H2O(l) = H2(g) +
1

2
O2(g) (4)

The plant structure of the electrolyzer is highlighted in Figure 12.
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𝐻ଶ𝑂() = 𝐻ଶ() + 12 𝑂ଶ()  

 

𝑃ௌ.ுర 𝑄ுమ
𝑄𝐻2 = 𝑃𝑆𝑝.𝐶𝐻4𝐹𝐻2   𝐹ுమ

Figure 12. Electrolyzer operation scheme.

The electrolyzer needs to be supplied with pressurized H2O, necessitating the inclusion

of a pump in the plant. Once the type of electrolyzer and the electricity surplus (PCH4
Sp. ) are

known, the H2 volumetric flow rate production (QH2
) can be calculated as in Equation (5).

QH2
=

P
CH4
Sp.

FH2

(5)

where FH2
is the hydrogen conversion rate (kWh/Nm3).

But, to produce H2, the electrolyzer must be supplied with pressurized H2O, so addi-
tional work from the pump must be considered leading to the iterative calculation repre-
sented below to calculate the real H2 flow rate producible as assessed by
Equations (6)–(9):

molH2
=

QH2
× ρH2

MwH2

(6)

molH2O = molH2
(7)

PP2G
Pump =

molH2O × MwH2O ×
(

PPr
el − PPr

n

)

ρH2O
(8)

QH2_new =
P

CH4
Sp. −

PP2G
Pump

ηpump×ηGen

FH2

(9)

where mol, Mw, PPr
el , PPr

n , ηpump, ηGen, and PP2G
Pump are, respectively, the number of moles

of a chemical substance (mol), the molecular weight of a chemical substance (g/mol), the
absolute pressure of the electrolyzer (Pa), the normal pressure (Pa), the pump efficiency (-),
the generator efficiency (-), and the power requested by the pump to compress H2 (kW).

Once the new hydrogen flow rate production (QH2_new) is found, the iterations restart
from Equation (6) until the difference between QH2

and QH2_new is lower than 10−7.
Methanation reactor modeling

Methanation is a chemical transformation, often referred to as the Sabatier reaction,
offering a promising solution for mitigating greenhouse gas emissions, as it not only
converts CO2 into a valuable fuel source but also integrates with the concept of P2G
technology, enabling the storage of excess electricity within the natural gas grid [20].
Smaller decentralized methanation facilities are required because of the demand for high
flexibility, limited feed-in capacities, and public acceptance. An essential criterion for
the profitability of small-scale SNG facilities is a low process complexity, which must be
considered for the whole process chain [45]. To run this process, a compressed CO2 tank is
necessary. Compressed CO2 is already widely used in various industries, including food
and beverage, agriculture, and manufacturing. Gas supply companies typically sell it,
and it can be purchased in multiple quantities, from small cylinders to large tanks [46,47].
The methanation reaction of CO2 is an exothermic catalytic reaction. Operation typically
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occurs at temperatures ranging from 150 ◦C to 550 ◦C and pressure between 1 and 30 bar
depending on the catalyst, as specified in Equation (10).

CO2 + 4H2 = CH4 + 2H2O (10)

The plant structure of the methanation reactor is highlighted in Figure 13.

Electrolyser

Methanation 

reactor

Boiler

CO2 tank

H2 CO2

CH4

H2O

∆𝐻𝐻2 = ቀ𝑚ሶ 𝐻2 × 𝑐𝑝 × (𝑇𝑚𝑒𝑡 − 𝑇𝑒𝑙)ቁ𝜂𝑏𝑜𝑖𝑙𝑒𝑟   
∆𝐻𝐶𝑂2 = ቀ𝑚ሶ 𝐶𝑂2 × 𝑐𝑝 × (𝑇𝑚𝑒𝑡 − 𝑇𝑡𝑎𝑛𝑘)ቁ𝜂𝑏𝑜𝑖𝑙𝑒𝑟   ∆𝐻 𝑚ሶ 𝑐 𝑇 𝑇௧ 𝑇௧ 𝜂
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𝑄𝐶𝐻4 = 𝑚𝑜𝑙𝐻24 × 𝑀𝑤𝐶𝐻4 × 𝐹𝐶𝑂2𝜌𝐶𝐻4   
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ffi

Figure 13. Methanation reactor operation scheme.

As the methanation reactor’s operative pressure equals the electrolyzer’s one, no
compressor is needed to compress hydrogen up to that pressure. Additionally, it has
been supposed that CO2 pressure inside the tank is equal to methanation’s one. Thus, no
additional electric power is necessary between the electrolyzer and the methanation reactor.
Therefore, the only additional energy needed is thermal energy, which increases due to the
typically higher operating temperature of the methanation process compared to that of the
electrolyzer (Equations (11) and (12)).

∆HH2
=

( .
mH2

× cp × (Tmet − Tel)
)

ηboiler
(11)

∆HCO2
=

( .
mCO2

× cp × (Tmet − Ttank)
)

ηboiler
(12)

where ∆H,
.

m, cp Tel , Tmet, Ttank, and ηboiler are, respectively, the thermal power (kW), the
mass flow rate (kg/s), the specific heat at constant pressure (J/kgK), the temperature (K) of
the electrolyzer, the methanation reactor and the tank, and the boiler efficiency (-).

Since the H2 mass flow rate is preserved, it is possible to find the SNG normal volu-
metric flow rate Qn

CH4
(Nm3/h) produced by Equation (14).

QCH4
=

molH2
4 × MwCH4

× FCO2

ρCH4

(13)

Qn
CH4

= QCH4
×

(

PPr
met

PPr
n

×
Tn

Tmet

)

(14)

where PPr
met and FCO2

are, respectively, the methanation reactor’s absolute pressure (Pa) and
the CO2 conversion efficiency factor (-). The last parameter is dependent on the reactor’s
operating conditions (temperature and pressure) [48].
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To simulate the CCs, it has been assumed that the NG temperature in the pipe, H2O
temperature taken from the aqueduct, and CO2 temperature in the tank is equal to the
ambient one, i.e., 15 ◦C.

Then, the following assumptions have been made (Table 2):

Table 2. Auxiliary components’ characteristics.

Parameter Description Value

ηpump Pump efficiency 80%
ηGen Generator efficiency 95%

ηboiler Boiler efficiency 85%

An Anion Exchange Membrane (AEM) electrolyzer has been selected. It is realized by
the ‘Enapter’ company specifically for house scales and it has the following characteristics
(Table 3):

Table 3. AEM electrolyzer characteristics [49].

Parameter Value

PPr
el

8 bar
Tel 50 ◦C
FH2

4.8 kWh/Nm3

Peak power consumption 3 kW
V 200 ÷ 230 V (AC)
fn 50 ÷ 60 Hz

Ambient operative temperature range 5 ÷ 45 ◦C

Since it has a peak power consumption of 3 kW, two modules are needed because the
PV electricity surplus is higher than 3 kW during the day’s hottest hours.

Unlike state-of-the-art technologies, small-scale methanation reactors require a re-
duced complexity of the overall SNG process to keep the specific capital costs reasonable.
Simulations by Neubert et al. [45] underlined that a two-stage methanation concept is capa-
ble of the production of grid-injectable SNG; thus the following parameters are considered
for the methanation reactor under study (Table 4):

Table 4. Methanation reactor characteristics.

Parameter Value

PPr
met 8 bar

Tmet 300 ◦C
FCO2

0.98

Coupling components efficiency

The efficiency of the coupling process is represented in Figure 14. The electrolyzer
hydrogen conversion factor is 4.8 kWh/Nm3, corresponding to an electrolysis efficiency of
73%. The methanation reactor has an equivalent efficiency of 70%.

𝜂௨ ffi𝜂ீ ffi𝜂 ffi

𝑃𝑇𝐹ுమ
𝑓

tt

𝑃௧𝑇௧𝐹ைమ
ffi

ffi
ffi

ffi

 

Figure 14. Power-to-gas process.
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This means that the overall process efficiency is equal to 51.1%, as expressed by
Equation (15).

ηtot = ηelectrolysis·ηmethanation =
QCH4

× HHVCH4

PSp.
= 51.1% (15)

where HHVCH4
is the CH4 higher heating value.

2.7. Scenario Definition

The main scenario configurations are carried out in the following chapters.

2.7.1. Factors Affecting the Simulation Scenarios

Relevant simulation times

Simulations are performed for five relevant time points, as shown in Figure 15. The
t1 = 08:00 h is chosen because, at this time, the gas load is minimal. While t2 = 10:00 h is
chosen because, as is shown in Section 3.2.2, the amount of gas that may be injected into
the LP grid is maximal. At t3 = 11:00 h, the electricity surplus reaches its maximal value.
The other two simulation points are chosen to study the gas grid behavior when the SNG
production, and thus the injection into the LP pipeline, is stopped. At t4 = 17:00 h, the gas
load increases and peaks at t5 = 20:00 h.

ffi

𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∙ 𝜂𝑚𝑒𝑡ℎ𝑎𝑛𝑎𝑡𝑖𝑜𝑛 = 𝑄𝐶𝐻4 × 𝐻𝐻𝑉𝐶𝐻4𝑃𝑆𝑝. = 51.1%  𝐻𝐻𝑉ுర

ff

𝑄ௗுସ 𝑄ௌ.ுସ

ff

ff

Figure 15. Simulation time points. (a) Electricity profiles: PPV, Pload, and Psp are, respectively, PV

production, electric demand, and PV surplus profiles. (b) Gas profiles: QCH4, QCH4
Load, and QCH4

Sp. are,

respectively, SNG production, thermal demand, and SNG surplus profiles.

Slack voltages

An important aspect to consider when analyzing the LV grid is that the input voltage
may differ from the nominal value, depending on the DTR’s connection point within the
MV network. Distributed electricity injection locally increases the voltage even in the MV
feeder, so supplying transformers, i.e., MV step-down transformers, which are equipped
with the on-line tap changer (OLTC), can impose a voltage value lower than the nominal
one at the MV feeder head (FHd).

When the LV grid’s connection point is at the MV FHd (point A), voltage may be 2%
lower than the nominal as DTRs lack OLTCs. Conversely, a connection at the MV endpoint
(point B) may result in up to a 6% voltage increase over the nominal value, as highlighted
in Figure 16. This variation affects available thresholds and, if voltage decreases, load also
decreases (Equation (A1)), contributing to a higher electricity surplus.



Sustainability 2024, 16, 9747 16 of 32

VLim_CP = 110%

VLim_CP = 90%

VSlack

Low

High

VLim_LV = 107%
High

VLim_LV = 93%Low 

VFHd

MV

VA = 98%

VB = 106%

tt
tt

ff ff
ff

ff

ff
ff

ff
ff

Figure 16. DTR’s connection point in MV feeder; VA = 98%; VB = 106%.

The setting of nominal pressure downstream of the PRG is more manageable than set-
ting the pressure ratio in the electricity grid as the lamination valve functions by imposing
downstream pressure and adjusting its resistance based on upstream pressure. This type
of regulation responds to fluid-dynamic aspects and does not require a control scheme or
additional costs. So, even if the pressure increases or decreases along the MP pipeline, the
available threshold to inject or consume gas without violating the limits is everywhere the
same at each hour.

These considerations conclude that two input voltage values must be analyzed, i.e.,
V = 106% and V = 98%.

Primary LP pipeline diameter size

The primary LP pipeline diameter significantly influences technical limitations within
the gas grid and affects the linepack effect; thus, it is the primary variable in this study. The
secondary LP pipeline diameter has an essential impact on the linepack effect but not on
technical limitations.

Downstream nominal pressure value in the PRG

The nominal pressure downstream of the PRG impacts pipeline storage capacity as
higher nominal pressure decreases the linepack effect, as assessed in Appendix C.

2.7.2. Scenario Overview

The scenario overview is shown in Table 5. Firstly, the electricity grid behavior is
analyzed for two different slack voltages (V = 98% and V = 106%) for all five simulation
times unaffected by gas grid parameters. Then, the analysis of gas grid injections with a
nominal pressure of 30 mbar and a primary LP pipeline diameter of 30 mm is carried out. In
this case, the chosen electricity grid configuration is V = 98% because the lower the voltage,
the higher the electricity and, thus, the gas surplus. Furthermore, these analyses have been
repeated for different diameter sizes in the range of 10 ÷ 30 mm in the most critical hour
(t2 = 10.00). Finally, the potential for the linepack effect exploitation was investigated by
analyzing the gas grid behavior with the minimum nominal pressure value downstream of
the PRG equal to 20 mbar.
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Table 5. Scenario overview.

Electricity Gas

Simulation Times Slack Voltage Diameter Size PRG Pressure

t1 = 08:00 h
V = 98%

10 ÷ 30 mm 20 ÷ 39 mbar
V = 106%

t2 = 10:00 h
V = 98%

10 ÷ 30 mm 20 ÷ 39 mbar
V = 106%

t3 = 11:00 h
V = 98%

10 ÷ 30 mm 20 ÷ 39 mbar
V = 106%

t4 = 17:00 h
V = 98%

10 ÷ 30 mm 20 ÷ 39 mbar
V = 106%

t5 = 20:00 h
V = 98%

10 ÷ 30 mm 20 ÷ 39 mbar
V = 106%

3. Results and Discussion

3.1. Behavior of the Electricity Grid

If the LV feeder connects at the MV Feeder Head (FHd) with V = 98%, injecting
electricity surplus back into the LV grid does not induce voltage issues. However, if the LV
feeder connects at the end of the MV line (V = 106%), voltage issues arise despite a higher
load (and therefore reduced surplus).

Figure 17 shows the voltage profiles, assuming all buildings have a 7 kWp PV facility
installed on their rooftops. At 17:00 h and 20:00 h, when the PVs do not produce electricity,
all customers are supplied by the MV grid. The voltage profile has a descending course;
no voltage problems occur. At 08:00 h, the PV production covers the electrical load and
produces a surplus of ca. 3.4 kW. The voltage profile has a slightly rising course without
provoking any voltage violation. But at 10:00 h and 11:00 h, each CP injects in the grid ca.
5.2 kW, causing a feedback flow to the MV grid of 101 kW. Both voltage profiles have a
rising course, causing the violation of the upper voltage limit. In this case, the DSOs must
take countermeasures (install OLTC in each DTR or use reactive power control) to alleviate
the upper voltage limit violation or prohibit rooftop PV installation in each customer plant.

ff ffFigure 17. Voltage profiles in LV feeder for different simulation times and different slack voltages.

(a) V = 98%. (b) V = 106%.

3.2. Behavior of the Gas Grid

3.2.1. SNG Production at the Customer Plant Level

Due to the limitations in hosting capacity within the electricity grid, surplus electricity
can be used for SNG production, which can partly meet the CP’s gas demand and partly
be re-injected into the gas grid. Additional power requirements for H2O compression and
CO2 and H2 heating result in increased electric and gas loads at each CP, as illustrated in
Figure 18:
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Figure 18. Upgraded load profiles after P2G processes. (a) Electric load. (b) Gas load.

The efficiency of the process is represented in Figure 19. For instance, a 5 kW surplus
from the PV enables H2 production in an AEM electrolyzer with a conversion rate of
4.8 kWh/Nm3 and 0.25 Nm3/h of SNG generated in the methanation reactor. Though, the
overall efficiency of the process, as expressed in Section 2.6.2, is 51.1%.

partly be re-injected into the gas grid. Additional power requirements for H2O compres-
sion and CO2 and H2 heating result in increased electric and gas loads at each CP, as illus-
trated in Figure 18:

Figure 18. Upgraded load profiles after P2G processes. (a) Electric load. (b) Gas load.

The efficiency of the process is represented in Figure 19. For instance, a 5 kW surplus 
from the PV enables H2 production in an AEM electrolyzer with a conversion rate of 4.8 
kWh/Nm3 and 0.25 Nm3/h of SNG generated in the methanation reactor. Though, the over-
all efficiency of the process, as expressed in Section 2.6.2, is 51.1%.
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Figure 19. Power-to-gas process.

A daily analysis reveals how SNG production is affected by the voltage at the begin-
ning of the LV feeder, as shown in Figure 20.

Figure 20. Production of SNG on a typical summer day for two extreme slack voltage values, 98% 
and 106%, provoked by the connection point of the DTR at the MV feeder.

Figure 20 illustrates that there is electricity surplus only between 06:00 h and 15:00 h. 
The produced SNG increases when the voltage is lower, driven by a greater surplus from 
the PV. Specifically, if voltage at the beginning of the LV feeder is lower, the load is also 

Figure 19. Power-to-gas process.

A daily analysis reveals how SNG production is affected by the voltage at the begin-
ning of the LV feeder, as shown in Figure 20.
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Figure 20. Production of SNG on a typical summer day for two extreme slack voltage values, 98%

and 106%, provoked by the connection point of the DTR at the MV feeder.

Figure 20 illustrates that there is electricity surplus only between 06:00 h and 15:00 h.
The produced SNG increases when the voltage is lower, driven by a greater surplus from
the PV. Specifically, if voltage at the beginning of the LV feeder is lower, the load is also
lower (Equation (A1)), resulting in a higher electricity surplus and, consequently, higher
SNG production. Therefore, the most critical scenario for gas injections occurs when the LV
subsystem is connected at the MV feeder input.
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Simulations for the LP gas grid were conducted during these hours and analyzed
alongside the LV electricity grid, focusing on the most critical scenario, i.e., when the LV
subsystem is connected at the beginning of the MV feeder (Figure 21).

tt

ff

Figure 21. Gas profiles for each CP, V = 98%.

Unlike the pattern observed for injectable electricity, the peak surplus of SNG, amount-
ing to 0.21 Nm3/h, occurs at 10:00 h. This timing is due to lower consumption during this
hour, while production levels remain similar to those observed at 11:00 h.

3.2.2. Injection of SNG Surplus into the Gas Grid

To run LP gas grid simulations, the most essential hypothesis is that a compressor is
installed at the PRG to let SNG come back from the LP to the MP grid even if nowadays this
component is not installed because it has never been conceived the injection of gas from the
end-user and because the valve installed in the PRG is not bidirectional (differently from
the DTR in the electricity grid).

So, for V = 98%, the results of a primary LP pipeline diameter of 30 mm, a secondary
LP pipeline diameter of 15 mm, and a nominal pressure downstream of the PRG of 30 mbar
gas grid are shown in Figure 22.

tt

ff

 
Figure 22. Profiles for a primary LP pipeline diameter of 30 mm, a nominal pressure downstream

of the PRG of 30 mbar, and a voltage value at the beginning of the LV feeder of 98%: (a) Pressure.

(b) Velocity.

The PRG is placed at the beginning of the primary LP pipeline, and the first couple
of CPs are 0.06 km away. Figure 22 shows that when NG is supplied from the MP grid
(during late hours of the day), pressure along the pipeline diminishes when no electricity
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surplus is available. In contrast, the pressure increases at 8:00 h, 10:00 h, and 11:00 h when
SNG is produced and injected back from each CP. Velocity always increases proportionally
to the gas flow rate because the diameter is the same along the primary LP pipeline. As the
first couple of CPs are 0.06 km away from the PRG, velocity remains the same in the first
stretch. Pressure drops are proportional to velocity squared, though pressure parabolically
increases (or decreases).

Finally, Figure 22 highlights that, in contrast to electricity grid injections, no pressure
issues arise at 10:00 h—when SNG injections are at their maximum—and velocity inside
LP pipelines is always lower than the limit of 5 m/s. Thus, no velocity problems happen
when assessing the fact that this can be a viable solution to exploit all the benefits offered
by the DG.

However, the outcomes for the gas grid are significantly affected by the diameter of
the primary LP pipe, as shown in Figure 23.

ff

ff

Figure 23. Profiles for multiple primary LP pipeline diameters. Nominal pressure downstream of the

PRG of 30 mbar, voltage value at the beginning of the LV feeder of 98%. (a) Pressure. (b) Velocity.

Figure 23 highlights pressure and velocity profiles inside the primary LP pipeline at
10:00 h, varying the primary LP pipeline diameter size. It shows that the lower the diameter,
the higher the velocity and, consequently, the pressure. Pressure strongly increases because
the closer SNG gets to the beginning, the higher the SNG flow rate flows through the pipe.
Thus, the pressure drop is more significant. Pressure is way more influenced by diameter
than velocity, but for d = 15 mm, velocity problems occur, too. Maximum pressure happens
at the end of the LP pipeline because a higher thrust is necessary to make SNG flow through
the pipe. In contrast, maximum velocity occurs at the beginning of the LP pipeline.

The secondary LP pipeline’s diameter’s limitations are way lower because the SNG
flow rate flowing into them comes from a single CP, so it is always low.

The relationships between maximum pressure and velocity with the primary LP pipe
diameter are depicted in Figure 24.

Figure 24 indicates that the maximum allowable pressure constitutes the most critical
limitation. Specifically, while a minimum diameter of 18 mm is required to avoid velocity
issues, a minimum diameter of 27 mm is necessary to prevent pressure problems. Fur-
thermore, the figure demonstrates that for diameters exceeding 45 mm, pressure remains
constant, thus facilitating the effective exploitation of linepack advantages even at higher
nominal pressure values. This means that additional costs are requested to exploit the
DG advantages, such as in the electricity grid and gas grid, but technical limitations are
much inferior.
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Figure 24. Dependence of maximum pressure and velocity on primary LP pipe diameter.

Finally, if the available electricity surplus is exploited each hour of the day to produce
and inject SNG, the following daily results are obtained:

• PV production covers 50% of the daily electric load;
• Daily H2O used by each CP is just 5 kg, thus not creating H2O supply problems;
• Daily CO2 used in the methanation reactor by each CP is almost 3.2 kg, thus creating

the possibility to cut emissions, promoting the growth of the CO2 market;
• SNG production is almost two times the gas load, but because of the non-simultaneous

difference between production and consumption, the daily covered thermal load is
60%. Thus, 70% of the daily SNG production from each CP is injected back into the
LP grid;

• For all twenty connected CPs, the total SNG to be transferred from LP to MP grid is

21.9 Nm3.

3.2.3. Linepack Effect

The linepack effect is the possibility of exploiting the storage capability of the pipeline
itself, as expressed in Appendix C.

The storage capability is maximized when the nominal pressure downstream of the
PRG is 20 mbar (close to the lower limit), and the maximum allowable one is 39 mbar (close
to the higher limit). Thus, to exploit the linepack effect, as shown in Figure 24, a primary
LP pipe diameter of at least 45 mm is required to prevent pressure threshold violations
during peak injection at 10:00 h and peak consumption at 20:00 h.

With a nominal pressure downstream of the PRG of 20 mbar, a primary LP pipe
diameter of 300 mm, and a secondary LP pipe diameter of 150 mm, pressure behavior
inside the primary LP pipeline is determined by Equations (A5)÷(A7) (Appendix C) and
highlighted in Figure 25.

Figure 25 illustrates that at 06:00 h, when SNG production exceeds NG consumption,
SNG is injected back into the LP grid, thereby utilizing the linepack effect until a maximum
allowable pressure of 39 mbar is achieved. Then, the compressor within the PRG is
activated, allowing SNG to be transferred to the MP grid. Once consumption surpasses
production again, the linepack effect is leveraged to meet the gas load until the nominal
pressure of 20 mbar is restored. From now on, gas supply from the MP to the LP grid
at PRG is resumed, enabling the storage of 0.81 Nm3 of SNG, which covers 13.5% of the
overnight load (i.e., from 17:00 h to 06:00 h).

The storage capability of the pipe, as well as the covered night load percentage, are
strongly influenced by the primary and secondary LP pipeline diameter size, as high-
lighted in Figure 26. The secondary LP pipeline diameter is always considered half of the
primary one.
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Figure 25. Linepack exploitation: daily pressure profile.
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ffFigure 26. Linepack effect dependency on primary LP pipeline diameter.

The graph starts from a diameter of 45 mm because of the reasons explained at the
end of Section 3.2.2. The covered night load percentage increases exponentially with the
primary LP pipeline diameter, so the linepack effect is almost negligible up to a diameter
value of 80 mm.

3.3. Economic Consideration

Usually, all technical solutions in the energy area have been accompanied by an
economic analysis to check their feasibility and guarantee supply affordability for all
customers. However, dealing with technical energy issues changed radically in 2015 when
the energy trilemma was introduced [50]. Figure 27 shows the energy trilemma with its
three equal priorities—energy security, sustainability, and equity—for social stability and
environmental sustainability. Balancing this trilemma is difficult and time consuming, if
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only because of the mutual exclusivity of priorities, and was therefore not the subject of
this work.
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Figure 27. Energy trilemma triangle.

The authors have deliberately refrained from the economic assessment of the proposed
solution because it would not meet the requirements of the time. An isolated economic
assessment could not consider the solution’s significant impact in increasing the security
of supply and environmental sustainability by increasing the share of renewable energy
resources and the further utilization of the existing infrastructure.

4. Conclusions

The LINK framework is essential, as it promotes a unified approach across all levels
within both electrical and gas networks. This similarity helps to make the consumers pro-
tagonists of the fight against climate change by making them prosumers of electricity and
gas. However, voltage issues often limit the benefits of distributed electricity generation
when surplus electricity is injected back into higher-voltage grids. To address this, sector
coupling, built on the LINK architecture, provides an effective solution by coupling electric-
ity and gas grids at various voltage levels, particularly overcoming rooftop photovoltaic
integration challenges at the customer plant level.

Results show that an electrolyzer set up at the customer plant level can be supple-
mented with a methanation reactor to produce synthetic natural gas. The latter will cover
the momentary thermal load, and the surplus will be injected into the low-pressure grid.
In this way, customer plants transform into gas prosumers. In the studied scenario, the
minimum diameter for primary low-pressure pipes, set at 27 mm, posed no significant
constraints. For broader applications, every pressure reduction group would require
compressor upgrades to facilitate two-way gas flow.

The linepack effect can be effectively exploited, allowing evening thermal loads to be
met without requiring expensive storage tanks at each plant. The storage capacity strongly
depends on pipeline diameter and length, helping to mitigate the mismatch between
energy production and consumption while minimizing compressor use, activated when
the pressure inside the low-pressure pipe reaches the maximum allowable value.

Economically, investments at the CP level for electrolysis and methanation systems
are necessary. Furthermore, upgrading gas grids with compressors to allow gas to flow
from low- to medium-pressure networks involves additional costs.

In the summer, when the electricity and synthetic natural gas production exceeds
electrical and gas demand, it may be possible to fill the underground gas storages so that,
at least for some time, gas no longer needs to be imported from abroad. Additionally, the
stored synthetic natural gas may be used without hesitation to run the gas turbines, which
are crucial for the flexibility and security of supply in the presence of highly volatile re-
sources.

Because CO2 is needed to run the methanation process, a CO2 market could be devel-
oped, encouraging big power plants to adopt carbon capture. Therefore, the emissions will
be cut not only from the end-user level but even from the production level.

The feasibility assessment of the proposed solution will be subject to further work
considering the energy trilemma, thus it will involve a year-long analysis to evaluate the
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effects of seasonality on the economic feasibility of the solution. Additionally, possible
safety scenarios will be analyzed, as hydrogen systems pose risks that have discouraged
their widespread use in some sectors.

Author Contributions: Conceptualization A.I. and A.A.; methodology A.I., C.C. and A.A.; validation

C.C. and A.I.; formal analysis A.A.; investigation A.A.; writing—original draft preparation A.A.;

writing—review and editing, A.I. and C.C.; supervision A.I. and C.C. Informed consent was obtained

from all subjects involved in the study. All authors have read and agreed to the published version of

the manuscript.

Funding: This paper is written based on the cooperation between the “Dipartimento di Ingegneria

Industriale, Università degli studi di Firenze, Italy” and “Institute of Energy Systems and Electrical

Drives, TU Wien, Austria”. A.A. wrote his master’s thesis, which forms the basis of this paper, at the

TU Wien, funded by the Erasmus+Traineeship EU’s program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

Acronyms

CC Coupling component

CNG Compressed natural gas

Cook Gas cooker

CP Customer plant

Dev. Device

DG Distributed generation

DH District heating

DHW Domestic hot water

DER Distributed energy resources

DSO Distribution system operators

DTR Distribution transformer

E-St. Electric storage

EU European Union

FHd Feeder head

G-St. Gas storage

HHV Higher heating value

HP High pressure

HV High voltage

LNG Liquified natural gas

LP Low pressure

LV Low voltage

MP Medium pressure

MV Medium voltage

NG Natural gas

OLTC On-load tap changer

P2G Power-to-gas

P2P Power-to-power

PP Power plant

Pr. Producer

PRG Pressure reduction group

PV Photovoltaic

SC Sector coupling

SNG Synthetic natural gas

TSO Transmission system operator
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Symbols

Electricity grid symbols

cos ϕ Power factor (-)

fn Rated frequency (Hz)

C Zip coefficient (-)

I Current (A)

l Line length (km)

PPV PV production power (kW)

PLoad Electric load power consumption (kW)

PSp. Surplus electric power (kW)

PP2G P2G electric load power (kW)

PCH4
Sp. Surplus electric power to produce SNG (kW)

q Line cross-section (mm2)

Q Reactive power (kVAR)

Sn Rated apparent power (kVA)

V Voltage percentage compared to nominal voltage value (%)

Vn1 Rated voltage side 1 (kV)

Vn2 Rated voltage side 2 (kV)

Vnom Rated voltage (kV)

V
High
Lim_LV Low-voltage grid higher-voltage limit (V)

VLow
Lim_LV Low-voltage grid lower-voltage limit (V)

V
High
Lim_CP Customer plant higher-voltage limit (V)

VLow
Lim_CP Customer plant lower-voltage limit (V)

VMV
FHd Voltage value at MV feeder head

Z Impedance (Ω)

Gas grid symbols

d Pipe diameter (mm)

∆H Thermal power (kW)

∆HPeak Peak thermal power (kW)

∆HCH4
Load Gas load power consumption (kW)

∆HP2G P2G gas load power (kW)

∆HCH4
Sp. Surplus gas power (kW)

H Elevation (m)

l Pipe length (m)

mmass Mass of gas (kg)

mmass
inj_tot Total injectable mass of gas (kg)

mmass
inj Injectable mass of gas from each CP (kg)

mol Number of moles of a chemical substance (mol/h)

Mw Molecular weight of a chemical substance (g/mol)

NCPs Number of connected customer plants (-)

PPr Absolute pressure (Pa)

PPr
rel Relative pressure (Pa)

PPr
n Normal pressure (Pa)

P
Pr_High
Lim_LP Low-pressure grid higher-relative pressure limit (Pa)

PPr_Low
Lim_LP Low-pressure grid lower-relative pressure limit (Pa)

Q Normal volumetric flow rate (Nm3/h)

R Gas constant (J/kgK)

Rs Sand roughness (mm)

Tn Normal temperature (K)

T Gas temperature (K)

Vol Volume (m3)

vmax Maximum velocity (m/s)

Z Gas compressibility factor (-)

ρ Density (kg/m3)

Coupling components symbols

cp Specific heat at constant pressure (J/kgK)

∆HH2
Thermal power requested to heat H2 (kW)



Sustainability 2024, 16, 9747 26 of 32

∆HCO2
Thermal power requested to heat CO2 (kW)

FH2
H2 Conversion rate (kWh/Nm3)

FCO2
CO2 Conversion efficiency factor (-)

PPr
el Absolute pressure of the electrolyzer (Pa)

PPr
met Absolute pressure of the methanation reactor (Pa)

Tel Temperature of the electrolyzer (K)

Tmet Temperature of the methanation reactor (K)

Ttank Temperature inside the tank (K)

ηpump Pump efficiency (-)

ηGen Generator efficiency (-)

ηboiler Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid

Element Symbol Description Element Symbol Description

Bus bar

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar  
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Conductor linking
multiple circuits

Node

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node  
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Pipelines’
connection point

Line
overhead

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead  
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Overhead feeder for
electricity distribution

Pipeline
overhead

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution 

Pipeline
overhead  Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Overhead pipeline

Line
underground

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground  

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Underground feeder
for electricity
distribution

Pipeline
underground

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground 

Underground feeder for 
electricity distribution 

Pipeline
underground  Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Underground
pipeline

Producer

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)
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Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Pr. ~ 
 

Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Electric power plant Gas well

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Gas production well

Transformer

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer
 

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Device that transforms
an AC input voltage

into a higher or lower
AC output voltage

Compressor/
lamination valve

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Engine that increases
(compressor) or

reduces (lamination
valve) gas pressure

Storage

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage E-St
 

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Device designed to
store energy generated
at one point in time for

use when demand
is higher

Storage

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage G-St
 

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Device designed to
store energy

generated at one
point in time for use

when demand
is higher

Load

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load Dev.

 

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Electrical device or
circuit element
responsible for

consuming
electric power

Load

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load PP
 

Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Natural gas
consumer

Circuit
braker/fuse

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

 

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Electrical device
designed to interrupt

the flux of current
Non-return valve

𝑃𝑛𝑃𝑟 Normal pressure (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐻𝑖𝑔ℎ Low-pressure grid higher-relative pressure limit (Pa)𝑃𝐿𝑖𝑚_𝐿𝑃Pr _𝐿𝑜𝑤 Low-pressure grid lower-relative pressure limit (Pa)𝑄 Normal volumetric flow rate (Nm3/h)𝑅 Gas constant (J/kgK)𝑅𝑠 Sand roughness (mm)𝑇𝑛 Normal temperature (K)𝑇 Gas temperature (K)𝑉𝑜𝑙 Volume (m3)𝑣𝑚𝑎𝑥 Maximum velocity (m/s)𝑍 Gas compressibility factor (-)𝜌 Density (kg/m3)
Coupling components symbols𝑐𝑝 Specific heat at constant pressure (J/kgK)∆𝐻𝐻2 Thermal power requested to heat H2 (kW)∆𝐻𝐶𝑂2 Thermal power requested to heat CO2 (kW)𝐹𝐻2 H2 Conversion rate (kWh/Nm3)𝐹𝐶𝑂2 CO2 Conversion efficiency factor (-)𝑃𝑒𝑙𝑃𝑟 Absolute pressure of the electrolyzer (Pa)𝑃𝑚𝑒𝑡𝑃𝑟 Absolute pressure of the methanation reactor (Pa)𝑇𝑒𝑙 Temperature of the electrolyzer (K)𝑇𝑚𝑒𝑡 Temperature of the methanation reactor (K)𝑇𝑡𝑎𝑛𝑘 Temperature inside the tank (K)𝜂𝑝𝑢𝑚𝑝 Pump efficiency (-)𝜂𝐺𝑒𝑛 Generator efficiency (-)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Boiler efficiency (-)

Appendix A. Electricity and Gas Grid Symbols

Table A1. Symbols used for electrical and gas grids.

Electricity Grid Gas Grid
Element Symbol Description Element Symbol Description

Bus bar
Conductor linking 
multiple circuits

Node
Pipelines’ connection 

point
Line

overhead
Overhead feeder for 

electricity distribution
Pipeline

overhead
Overhead pipeline

Line
underground

Underground feeder for 
electricity distribution

Pipeline
underground

Underground pipeline

Producer Electric power plant Gas well Gas production well

Transformer

Device that transforms 
an AC input voltage into 

a higher or lower AC 
output voltage

Compressor/ 
lamination valve

Engine that increases 
(compressor) or reduces 
(lamination valve) gas 

pressure

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Storage

Device designed to store 
energy generated at one 

point in time for use 
when demand is higher

Load

Electrical device or 
circuit element 
responsible for 

consuming electric 
power

Load Natural gas consumer

Circuit braker/ 
fuse

Electrical device 
designed to interrupt the 

flux of current

Non-return 
valve

Component used to 
interrupt the flux of gas 

in one direction

Component used to
interrupt the flux of
gas in one direction

Appendix B. Electricity Grid Modeling

Regarding the electricity grid, the electric load modeling and the voltage limits de-
scription are highlighted below.

Electric load dependency from the voltage

The power consumption of the electrical loads depends significantly on the voltage
value. Considering this dependency is essential to perform accurate power flow calculations
in low-voltage grids. The polynomial expression known as the ZIP coefficients [51] model
represents the load’s variation (with voltage) as a composition of the three types of constant
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loads: constant impedance Z; constant current I; and constant power P. The expressions for
active and reactive powers of the ZIP coefficients model are:

Pi = P0

(

CP,P + CI,P
Vi

Vn
+ CZ,P

(

Vi

Vn

)2
)

(A1)

Qi = Q0

(

CP,Q + CI,Q
Vi

Vn
+ CZ,Q

(

Vi

Vn

)2
)

(A2)

where Pi and Qi are the active and reactive powers at operating voltage Vi; P0 and Q0

are the active and reactive powers at nominal voltage Vn; CZ,P, CI,P, and CP,P are the ZIP
coefficients for active power; CZ,Q, CI,Q, and CP,Q are the ZIP coefficients for reactive power.

ZIP coefficients satisfy the following constraints:

CP,P + CI,P + CZ,P = 1 (A3)

CP,Q + CI,Q + CC,Q = 1 (A4)

Voltage limits

It is essential that devices in CPs receive a well-defined voltage level regardless of
whether they are consuming or injecting electricity, as deviations could lead to damage.
Accordingly, the grid must supply electricity within a maximum threshold of ±10% of the
nominal value.

An even stricter limitation applies within each CP, where an additional local grid
connects all devices (see Figure A1).

 

ff

𝑃ௗ
− −

𝑃

Figure A1. Determination of voltage limits in low-voltage grid. (a) CP grid. (b) CP and LV grid

voltage limits [52].

The figure shows that the last connected device can suffer another voltage variation
of about ±3% depending on whether it injects or consumes electricity. In the first case,
the voltage rises because a higher electricity injection brings higher voltage drops along
the cable. In contrast, in the second case, a higher electricity consumption brings higher
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voltage drops along the cable in the opposite direction. In both cases, voltage drops have a
linear behavior along the cable. For this reason, the maximum allowable voltage threshold
of the low-voltage (LV) grid becomes ±7% of the nominal value.

Electricity grid parameters

Table A2. Electricity grid’s input data.

Component Input Data Symbol Value

Slack Voltage percentage V Scenario: 98 ÷ 106%

Two-winding transformer
Rated voltage side 1
Rated voltage side 2

Rated apparent power

Vn1

Vn2

Sn

10 kV
0.4 kV

250 kVA

Primary LV feeder
Total length

Cross-section
l
q

600 m
150 mm2

Secondary LV feeders
Total length

Cross-section
l
q

200 m
50 mm2

Load

Active power
Reactive power

P, Q constant
I constant
Z constant

Load electricity profile

PPeak
Load

QLoad

CP,P; CP,Q

CI,P; CI,Q CZ,P; CZ,Q

-

3 kW
1 kVAR

0.96; 6.28
−1.17; −10.16

1.21; 4.88
Residential

PV
Rated voltage
Active power
Power factor

V
PPeak

PV
cos ϕ

0.4 kV
7 kW

1

The voltage percentage value depends on the analyzed scenario (Section 2.7.1). The
profiles used for the simulation have been imposed as input data in the load (residential
profile) and in the PV (PV profile) to run daily simulations.

Modeling of grid components

The line and transformer models are shown in the following [53].
Line modeling
The following equivalent circuit diagram simulates lines in the positive-phase se-

quence, Figure A2.

𝜑

π

ff

ffi
ff

Figure A2. Equivalent π circuit diagram of the line.

Transformer modeling
The following equivalent circuit diagram characterizes the uncontrolled distribution

transformer (none OLTC), Figure A3.
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𝜑

π

 

ff

ffi
ff

Figure A3. Equivalent circuit diagram of the transformer.

Appendix C. Gas Grid Modeling

Regarding the gas grid, the pressure limits description, the linepack effect, and the gas
grid components modeling are highlighted below.

Pressure limits

Appliances in CPs also require a defined pressure level close to atmospheric pressure;
excessively high pressure poses an explosion risk, whereas excessively low pressure may
prevent adequate supply due to insufficient gas flow driving force. Currently, if relative
pressure in LP pipelines drops below 19 mbar, safety protocols immediately shut off gas
flow to appliances, such as boilers and cookers. Thus, the LP grid must provide gas without
exceeding the upper limit of 40 mbar and the lower one of 19 mbar (Figure A4).

PLim_LP = 40 mbar

PLim_LP = 19 mbarInf

Sup

25÷30 mbar

ff

ff

ff

𝑚௦௦
𝑚𝑖𝑛𝑚𝑎𝑠𝑠 = 𝑃𝑖𝑛𝑃𝑟𝑍 × 𝑅 × 𝑇 × 𝑉𝑜𝑙  
𝑚𝑓𝑖𝑛𝑚𝑎𝑠𝑠 = 𝑃𝑓𝑖𝑛𝑃𝑟𝑍 × 𝑅 × 𝑇 × 𝑉𝑜𝑙  
𝑚𝑖𝑛𝑗𝑚𝑎𝑠𝑠 = 𝑚𝑓𝑖𝑛𝑚𝑎𝑠𝑠 − 𝑚𝑖𝑛𝑚𝑎𝑠𝑠𝑁𝐶𝑃𝑠    Vol 𝑃 𝑃 𝑚௦௦ 𝑚௦௦ 𝑁௦

Figure A4. LP grid pressure limits [54].

Linepack effect

Pipelines can act as storage systems for compressible gas, known as the linepack
effect, due to their specific diameter and gas-hosting capability. Pressure variations are
not instantaneous because the pipeline’s capability is high and because convective and
diffusive phenomena, the driving fluid dynamic ones, have a particular characteristic time.

Thanks to this unsteady behavior and wide pressure limits, pressure regulating valves
in pressure reduction groups (PRGs) have a high grade of flexibility, and security constraints
may be easily respected compared with the electricity grid case, where voltage limits are
more restrictive.

So, the storage capability of the pipeline is higher if the downstream nominal pressure
value in PRGs is lower. The maximum storage capability is achieved once the pressure
inside the pipeline reaches the maximum allowable value (40 mbar).

Thus, the maximum mass of gas injectable from each CP (mmass
inj ) can be found using

Equation (A7).

mmass
in =

PPr
in

Z × R × T
× Vol (A5)

mmass
f in =

PPr
f in

Z × R × T
× Vol (A6)
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mmass
inj =

mmass
f in − mmass

in

NCPs
(A7)

where Vol, PPr
in , PPr

f in, mmass
in , mmass

f in , Z, R, T, and NCPs represent the volume of pipelines

(m3), initial and final pressure (Pa), initial and final mass of gas in the pipelines (kg),
compressibility factor (-), specific gas constant (J/kgK), temperature (K), and the total count
of connected CPs (-).

Gas grid modeling

The simulated gas grid is composed of the following elements whose parameters have
been chosen following the state-of-the-art of a general LP grid. The input data for each
component belonging to the gas grid are shown in Table A3.

Table A3. Gas grid parameters.

Component Input Data Symbol Value

Pressure supply Constant excess pressure PPr
nom Scenario: 0.020 ÷ 0.039 bar

Node Elevation H 0 m

Primary LP pipeline
Total length

Diameter
Sand roughness

l
d

Rs

600 m
Scenario: 15 ÷ 300 mm

1.25 mm

Secondary LP pipelines
Total length

Diameter
Sand roughness

l
d

Rs

200 m
Scenario: 7.5 ÷ 150 mm 1.25

mm

Consumer
Consumption type

Constant consumption
Time series

-
Q
-

Standard
QCH4

consumed Nm3/h
Thermal profile

Flow supply
Flow supply type
Constant supply

Time series

-
Q
-

Standard
QCH4

produced Nm3/h
SNG injection profile
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