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Abstract: The deployment of distributed energy systems must take place paying attention to the
self-consumption of renewable generation. Innovative sector coupling strategies can play that role
linking local electricity and gas grids. The present work aims to evaluate the energy and economic
feasibility of the Power-to-Methane strategy application in urban energy districts. A residential cluster
was considered as a case study. Two PV configurations have been applied to evaluate the Substitute
Natural Gas (SNG) production under different renewable excess conditions. Thereafter, the Power-to-
Methane strategy was implemented by varying the system’s size. Some significant configurations
have been compared to each other in terms of energy and economics. Beyond a certain threshold
limit, an increase in the photovoltaic size slightly enhances the effectively self-consumed energy. The
Power-to-Methane strategy can exploit all the renewable excess once the system is properly sized,
almost doubling the potential energy consumption reduction compared to the PV system alone. The
SNG production cost is between 100 and 200 EUR/MWh in most configurations, which is competitive
with the high natural gas prices on the European market. Therefore, decentralised SNG production
can reduce the households’ annual expenditures and it can mitigate the energy poverty conditions
over the current energy crisis period.

Keywords: smart energy systems; power-to-gas; distributed energy systems; sector coupling; hydro-
gen; flexibility; substitute natural gas

1. Introduction

The transformation of energy systems is a necessity in order to reduce greenhouse gas
emissions [1]. The energy transition will not only affect generation technologies, but also
the structure of energy systems [2]. Currently, those systems are mainly centralised, where
both the energy production and consumption are separated geographically and in terms
of stakeholders as well. Future renewable energy systems, on the other hand, should be
distributed so that citizens themselves self-produce and self-consume renewable energy
locally [3]. However, the intermittency of renewable energy sources (RES) implies the need
for storage systems to provide system flexibility and integrate RES excess [4].

Indeed, in recent years, with RES deployment, local self-consumption has become a
major constraint in the distributed energy systems’ design [5]. Electricity grids can only
accommodate small energy amounts and the development of numerous generation nodes
can create problems in managing the grid stability and energy flows. Therefore, distributed
renewable plants should be managed in order to self-consume local generation as much
as possible [6]. To do this, it is necessary to develop systems able to increase flexibility
within the energy system itself [7]. Indeed, the energy demands have to be precisely
forecasted at the local level [8] and different demand side management strategies have to be
applied in order to adapt power loads to the intermittent generation [9]. The infrastructure
implementation can play a key role for the managing of RES-based energy systems [10].
Moreover, the exploitation of several small-scale energy storage system solutions at a
district level is crucial for RES integration [11].
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Electric batteries are the most analysed storage solution in distributed energy sys-
tems [12]. Nevertheless, such systems are not the most efficient solution in many cases,
as they are characterised by high costs [13]. Furthermore, they have a high life-cycle en-
vironmental impact [14,15]. In addition, as the penetration of renewables increases, the
implementation of long-term energy storage systems becomes increasingly required [16].

In the literature, the smart energy systems approach has become of growing interest
in recent years [17]. It proposes a holistic view of energy systems that goes beyond the
single-sector approach. According to Ref. [18], “a Smart Energy System is defined as an
approach in which smart electricity, thermal and gas grids are combined with storage technologies
and coordinated to identify synergies between them in order to achieve an optimal solution for each
individual sector as well as for the overall energy system”.

The need for a holistic approach in energy planning is widely demonstrated in the
literature [19]. Different sector coupling strategies have been investigated to improve the
self-consumption ratio in distributed energy systems [20]. Several works analysed the
potentiality of the Power-to-Heat strategy, i.e., the possibility to convert the RES excess
into thermal energy by means of heat pumps [21,22]. This solution was also analysed by
combining other strategies [23].

A more recent suitable solution for small-scale energy scenarios are Power-to-Gas
systems [24]. Such systems convert excess electricity from renewable sources into green
hydrogen by means of electrolysers [25]. Often, the hydrogen application in distributed
systems was analysed for grid balancing through the use of fuel cells [26]. However, the
hydrogen re-conversion into electricity for balancing purposes alone was not the best
solution, due to the low round-trip efficiency [27].

Instead, the potential role of hydrogen in connecting electricity and gas grids is more
interesting [28]. Indeed, hydrogen can be further converted in alternative fuels, such as
Synthetic Natural Gas (SNG), methanol, ammonia and DME (dimethyl ether) [29].

As shown in Ref. [30], the current costs of SNG are often higher than 100 EUR/MWh.
Notwithstanding, the recent increase in the natural gas spot price can be an opportunity to
accelerate the deployment of alternative fuels, namely to boost the so-called electro-fuels
once captured CO2 is available [31].

Hydrogen and CO2 can be converted into SNG by means of the methanation process,
which can be carried out in different reactor typologies [32].

1.1. Methanion Reactors in Brief

Over the last 50 years, several methanation reactor concepts have been proposed
due to a growing environmental consciousness and the urgent task of rapidly lowering
anthropogenic greenhouse gas emissions. The well-proven reactor layouts have been
developed especially for large industrial processes. For instance, adiabatic fixed-bed
reactors were commercialised by Air Liquide (formerly Lurgi) for crude oil refineries [33]
and by Haldor Topsøe (namely the so-called TREMP) [34] which used a four-reactor cascade
for also producing water steam. A similar methanation process, characterised by three
adiabatic fixed-bed reactors, intermediate cooling and gas recycling was developed by
British Gas (BTG) and Conoco. In 1973, the process was tested for several hundred hours at
the coal gasification plant in Westfield (Scotland) [35].

Thus, to avoid gas recycling and internal reactor cooling, the Ralph M. Parsons com-
pany designed a reactor layout consisting of 4–7 adiabatic fixed-bed reactors in series.
Temperature control of the exothermic reaction was guaranteed by intermediate gas coolers
and a staged gas feed into the reactors. Yet, a commercial plant with this technology was
not deployed.

Even though methanation has been developed by the industry for many years, the
demands of a changing energy system call for a continuous optimization and, eventually,
for a downsizing of methanation technologies. For those reasons, the designers’ approaches
must be focused primarily on an enhancement of temperature control, cost effectiveness and
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methanation process flexibility. Indeed, this latter is strongly correlated to the fluctuating
availability of renewable energy sources and syn-gases.

Among all the available technologies for CO2 hydrogenation, the fixed-bed reactors
offer the best compromise between compact design and synthetic gas quality [36]. Nev-
ertheless, the temperature control alongside the longitudinal axis is crucial to attain high
CO2 conversion rates; moreover, the average temperature of reaction strongly influences
the product gas composition which is crucial for matching the requirements for the
subsequent injection of SNG into the gas grid [37].

The main difference between the methanation technologies consists of the temperature
profile inside the reactor. Generally, it is possible to find three types of temperature profiles:
adiabatic, isothermal and polytropic [38].

In order to empirically classify the reactors typology, Kiewidt and Thöming [39] used
the Seminov number (Se) which, basically, represents the heat-production rate to cooling
rate ratio. According to that definition, the adiabatic fixed-bed reactors are characterised by
Se→ ∞. Those reactors, without any external or integrated cooling system, typically show
an almost adiabatic temperature profile with a significant hot spot in the bed and high
reactor outlet temperatures. Due to the fact that catalysts cannot withstand temperatures
above 550–700 ◦C, steam addition and gas recirculation are very often required [34,35].
The main advantages consist of accomplishing high reaction rates and the possibility to
produce high-temperature steam. Yet, the process setup is relatively complex.

When Se→ 0, that implies the reactors are isothermal, such as the fluidized-bed reac-
tors and three-phase reactors. The process temperatures are lower; therefore, the catalysts
are less thermally stressed, and the reactors’ layout is strongly simplified. Unfortunately,
the isothermal operation leads to limited reaction rates and, especially for fluidized-bed
reactors, a significant catalyst consumption occurs owing to the friction.

In the end, when 0 < Se < 1, reactors can be considered polytropic. In that case, the
cooled fixed-bed reactors as well as the structured ones (e.g., microchannel, honeycomb)
usually show a hot spot near the reactants inlet. When comparing those ones to adiabatic
reactors, however, it emerges that the hot spot temperatures are significantly lower, as well
as the outlet product’s temperature, which typically is close to 300 ◦C.

Such polytropic reactors combine the strength points of the isothermal and the adi-
abatic reactors. Furthermore, the moderate hot spot values favour higher reaction rates,
whilst the lower temperature downstream of the reactor allows high conversion rates with
respect to thermodynamic limits.

Having said this, for the purpose of this study, polytropic reactors suitable for small
scale applications have been assumed as a reference in the calculations.

1.2. Scope of the Work

The aim of the present work is to assess the potential role of the Power-to-Methane
strategy to integrate RES generation in urban energy districts.

In detail, this paper analyses SNG production by means of local RES excess in the
context of residential energy communities.

In Section 2, materials and methods applied in the present work have been presented.
In Section 3, the outcomes of the analyses have been reported and discussed. Finally, in
Section 4, the main findings have been summarised.

2. Materials and Methods

In order to investigate the potential role of the Power-to-Methane strategy to integrate
renewable generation and decarbonise the gas grid, a residential energy district was
considered as a case study.

A preliminary analysis was carried out by implementing a PV system in the energy
district. The aforementioned analysis was performed by changing the PV peak power. Two
PV configurations were chosen in order to evaluate the SNG production under different
RES excess conditions.
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Thereafter, SNG production was evaluated in the two configurations by varying the
size of the electrolyser and methanation reactor. By changing the rated power of the
Power-to-Methane system, the self-consumption ratio, SNG production and its cost were
calculated. Some significant configurations were chosen for comparison in energy and
economic terms and a sensitivity analysis, driven by the energy carrier prices modifications,
was carried out.

2.1. Case Study

The case study was a residential energy district located in Rome. It consisted of
20 buildings with a total of 200 dwellings. The electrical loads were modelled on the
basis of Ref. [40], where average hourly profiles were defined according to different
archetypes. Four of those archetypes were chosen to model the electrical demand in the
present work. In addition, the overall heat demand was estimated in accordance with
Ref. [41]. The heating demand profiles were considered in accordance with the database
of the Hotmaps Project [42].

The electricity and heating needs for each dwelling archetype and the energy district
are reported in Table 1.

Table 1. Main characteristics along with electricity and heating demand of both REC and
dwelling archetypes.

Dwelling
Archetype

Number of
Dwellings

Inhabitants
(n◦ of People) Surface (m2)

Electricity Demand
(MWh/Year)

Heating Demand
(MWh/Year)

A 70 1 50 1.01 2.62
B 70 2 60 1.52 3.15
C 30 4 100 2.49 5.25
D 30 2 124 1.43 6.51

District 200 600 19,900 295 505

The system analysed involved the implementation of a PV plant in the energy district.
The RES excess was converted by means of an electrolyser into hydrogen, which was
combined with CO2 by means of a methanation fixed bed catalytic reactor for producing
SNG. In Figure 1, the block diagram of energy system configuration is depicted.
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2.2. Energy Model

To simulate the energy system, a dynamic model of the urban district was implemented
in MATLAB-Simulink environment. The simulations were carried out in hourly steps over
one year time span. The balance equations governing the energy flows read as follows:

PEL Load,t − PPV,t


i f > 0 then = PDemand,t
i f < 0 then = −PExcess,t

i f = 0 then = 0
(1)

If there is no energy storage system, the energy flows can be defined as:

PDemand,t = Pgrid,t (2)

PExcess,t = Pinj,t (3)

Here, inj denotes “electricity injected into the grid” and grid denotes “electricity
offtake from the grid”.

When Power-to-Methane system is implemented, the following equations are consid-
ered. If there was a condition of RES excess (PLoad − PPV < 0), then the energy flows will
read as:

PELT,t = MIN[PExcess,t, Pmax,ELT ] (4)

Moreover, the SNG production can be computed by Equation (5):

PSNG,t = PELT,t·ηMETH (5)

The electricity injection into the grid can be calculated according to Equation (6):

PExcess,t − PELT,t = Pinj,t (6)

Finally, the natural gas consumption can be computed as follows:

PNG,t =
PHeating,t

ηMETH
− PSNG,t (7)

2.3. Technical and Economic Indicators

Energy self-consumption plays a key role in the distributed energy systems’ imple-
mentation [43]. Indeed, the design of such systems must aim at maximising the share of
self-consumed energy and thus minimise the local renewable excess [44].

To analyse this factor, a dedicated indicator was considered. The Self-Consumption
Ratio (SCR) is the ratio between the energy self-consumption (RESC) and the total yearly
RES generation (REP).

SCR =
ESC
EPV

(8)

The SNG production cost (CSNG) was also evaluated. The methodology of levelized
cost was used, which is widely applied in the energy sector to assess and compare the
generation cost of different plants.

In detail, the use of the Levelized Cost of Energy (LCOE) [45] is common. However, it
has also often been used to evaluate the Levelized Cost of Hydrogen (LCOH) [46] or the
Levelized Cost of Storage (LCOS) [47].

Based on that methodology, the CSNG, expressed by EUR/MWh, can be calculated
as follows:

CSNG =
cr f ·CAPEX + Cel,ELT ·EELT + CCO2 + CO&M

ESNG
(9)

where:
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CAPEX is the CAPital EXpenditure and is intended as the sum of the installation costs
related to the electrolyser and the reactor for methanation;

Cel,ELT represents the cost of electricity from the PV system;
EELT is the electricity feeding the electrolyser;
CCO2 represents the cost of CO2;
CO&M represents the operation and maintenance costs of both electrolyser and metha-

nation reactor.
Finally, the Annual Costs (ACs) of the urban district were assessed as the sum between

the overall investments, the O&M costs and the energy vectors’ purchase (CFuel).

AC = CAPEX× cr f + CO&M + CFuel (10)

Here, cr f is the capital recovery factor:

cr f =
i× (1 + i)τ

(1 + i)τ − 1
(11)

where:
i is the interest rate of investments;
τ is the lifetime.

2.4. Technical and Economic Assumptions

The main assumptions on CAPEX, O&M costs and lifetime of the applied components
are reported in Table 2.

Table 2. Technical and economic assumptions for PV system, electrolyser and methanation reactor.

PV System ALK Electrolyser Methanation Reactor

Efficiency/producibility 1524 kWh/kW/yr 64% 77%
CAPEX 895 900 845

Unit for CAPEX EUR/kW EUR/kWel EUR/kWhSNG
O&M costs (% of INV) 1.58% 2% 3%

Lifetime (years) 25 20 30
Ref. [44,48,49] [50,51] [50]

Stack replacement costs were considered. A cost equal to 50% of initial CAPEX, after
10 years, was considered for the stack replacement of alkaline electrolysers [52].

Furthermore, an electricity consumption equal to 0.013 GJel/GJSNG is required for
producing SNG [50] and the assumed efficiency of NG boiler is equal to 0.92 [53]. In the
present work, an external cost for the purchase of CO2 was considered. According to Ref.
[50 of the revised manuscript], the CO2 cost, due to transport and storage for usage in
electro-fuel synthesis, is equal to 20 EUR/tCO2 [50].

The catalyst used inside the reactor is Ni/Al2O3, 50% Wt. A specific mass of catalyst
equal to 4.26 kg/m3

CO2/h was considered to calculate the mass required for the metha-
nation reactor. Such a mass has to be replaced after two years of operation on average,
depending on the number of start-ups and shutdowns of reactors, and having considered
a pick operating temperature lower than 500 ◦C. The specific catalyst cost was assumed
equal to 32.2 EUR/kg [54].

Moreover, all the investments were assessed considering an interest rate equal to 3%.
Finally, the energy carrier prices assumed in the present study are equal to 137 EUR/MWh

and 413 EUR/MWh for natural gas and electricity, respectively [55]. Such values were in
accordance with The Italian Regulatory Authority for Energy, Networks and Environment
and represent the average energy prices for residential users in the second quarter of 2022.
Those prices were considered in order to analyse whether the current energy price increase
could benefit the cost-effectiveness of SNG production. Furthermore, those prices were
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discussed with a dedicated sensitivity analysis in order to assess the cost-effectiveness of
the configurations in different energy market situations.

3. Results and Discussion

A PV system was implemented in the residential urban district by changing the
peak power; thus, two PV scenarios were considered for assessing the impact of the
Power-to-Methane system. Then, the SNG production for exploiting the local RES excess
was evaluated by varying the size of both the electrolyser and methanation reactor.
Different KPIs were assessed for choosing some significant configurations, which were
compared to each other. Finally, a sensitivity analysis was carried out by changing the
energy carrier prices.

3.1. Preliminary Analysis

A preliminary analysis by varying the PV peak power was carried out in order to iden-
tify some significant scenarios for investigating the Power-to-Methane system application
under different local RES excess conditions. In Figure 2, the SCR versus the PV peak power,
along with the ratio between the energy produced by the PV system and the electricity
demand of the community on yearly basis (EPV/EEL), is depicted.
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Without energy storage systems, low SCR levels are achieved when large PV sizes are
installed. Furthermore, when the energy produced annually by the PV system matches
the community electricity demand, the SCR is approximately 0.4. Two significant PV
configurations were identified for implementing the Power-to-Methane system:

• EPV/EEL = 0.5, corresponding to a PPV of approximately 95 kW
• EPV/EEL = 1, corresponding to a PPV of approximately 190 kW

3.2. Power-to-Methane

The Power-to-Methane strategy was adopted in the two PV scenarios by changing the
system rated power. In Figures 3 and 4, the SCR versus the rated power of electrolyser is
depicted in the scenario EPV/EEL equal to 0.5 and EPV/EEL equal to 1, respectively.
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The Power-to-Methane strategy allows all the RES excess to be utilised by sizing the
system appropriately. Furthermore, unlike other energy storage systems, there is no limit
linked to the storage size. Indeed, all the produced SNG can be fed into the gas grid, thus
avoiding storage volume constraints.

In the first section, the curve has an almost linear trend in both configurations. Con-
versely, once high levels of SCR are reached (around 0.9), a large increase in the Power-to-
Methane system size is required to absorb all the RES excess.

In Figures 5 and 6, the annual SNG production, expressed by MWh/yr, versus the
rated power of electrolyser is depicted in the scenario EPV/EEL equal to 0.5 and EPV/EEL
equal to 1, respectively.
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Large volumes of SNG can be produced by means of the Power-to-Methane system in
both scenarios. This is due to the large amount of RES excess available for conversion. In
the scenario with the EPV/EEL ratio equal to 1, approximately 110 MWh/year of electricity
is self-consumed directly by the energy district. Nevertheless, almost the same amount of
SNG in energy terms is producible through the Power-to-Methane system from the local
excess alone. Therefore, under high-RES excess conditions, this strategy allows almost
twice as much renewable generation to be integrated within the energy district, compared
to the same PV configuration without storage systems.

The production cost of the SNG has been analysed in the two different PV configu-
rations. In Figures 7 and 8, the SNG production cost, expressed by EUR/MWh, versus
the electrolyser rated power is depicted in the scenario EPV/EEL equal to 0.5 and EPV/EEL
equal to 1, respectively.
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SNG production costs raise as the size of the Power-to-Methane system is larger. This
is due to the fact that an increase in size reduces the system’s full load hours.

In the scenario characterised by the ratio EPV/EEL equal to 0.5, CSNG is never
below 130 EUR/MWh and significant amounts can only be produced at prices above
150 EUR/MWh.

In the scenario characterised by the ratio EPV/EEL equal to 1, SNG can be produced at
costs around 100 EUR/MWh. The choice of an electrolyser size of 80 kW, which is necessary
for the integration of large quantities of renewables, still allows the SNG to be around
140 EUR/MWh.
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Those values are significant in light of the recent European energy crisis. Indeed, gas
prices on the wholesale market have risen significantly due to geopolitical tensions. The
average natural gas spot price on the European market was around 30 EUR/MWh in the
period from 2015 to 2019 [56]. In recent months, however, there have been monthly average
prices of more than 150 EUR/MWh.

Therefore, the recent NG price increase can make the SNG’s local self-production
competitive and cost-effective for urban energy districts.

3.3. Comparison between Scenarios and Sensitivity Analysis

Some significant configurations were chosen and compared to each other.
Five scenarios were considered:

• Base Case: in the reference scenario, the electricity and natural gas demands are
completely supplied by the grids; no PV systems are implemented;

• PV 0.5: A PV system with a rated power equal to 95 kW is considered;
• PV 0.5 + SNG: A PV system with a rated power equal to 95 kW and a Power-to-

Methane system characterised by an electrolyser of 30 kW are considered;
• PV 1: A PV system with a rated power equal to 190 kW is considered;
• PV 1 + SNG: A PV system with a rated power equal to 190 kW and a Power-to-Methane

system characterised by an electrolyser of 80 kW are considered.

Those scenarios have been compared in energy and economic terms. In Figure 9,
the electricity and natural gas consumption in the five energy district configurations
have been shown.
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Furthermore, in Figure 10, the annual costs of the urban energy district are reported for
the five scenarios by splitting them into the annual expenditure for the energy consumption,
the O&M costs for the new plants and the annualised investment costs.

The economic analysis was carried out at the current average prices for residential
consumers, which are high due to the energy crisis, and then widely discussed by a
sensitivity analysis.

The implementation of the photovoltaic arrays along with the Power-to-Methane
strategy makes it possible to reduce the urban district overall energy consumption and, at
the same time, to decrease the households’ annual expenditures.

Indeed, it is possible to greatly reduce both electricity and gas consumption by exploit-
ing almost all the energy produced on site by the PV system. The effect of the Power-to-
Methane strategy is significant. Indeed, without such a system, there is either a large local
renewable surplus or the need to downsize the photovoltaic array.
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At current energy carrier prices, investments are more than repaid by savings in gas
and electricity purchase from the grid, even in the PV 1 + SNG scenario.

However, the high prices considered are the result of the current international energy
crisis and it is not possible to know whether and for how long those prices will remain at
those high values. It is, therefore, necessary to analyse the impact of these prices on the
evaluations made above. A sensitivity analysis has been carried out by changing the energy
carrier prices and the results are plotted in Figure 11.
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It is evident from the plot that the cost-effectiveness associated to the proposed systems
is highly dependent on energy prices. Values between −60% and −80% compared to
current prices correspond to prices before the energy crisis. At those values, the SNG
production is correlated with higher annual costs for the community. Even the mere
installation of a PV system, if over-sized (PV Scenario 1), is in some cases no more cost-
effective than the base case.

On the contrary, at current energy carrier prices, the proposed systems are able to
lead to economic benefits, as well as decarbonise the energy district. Moreover, any
further increase in these prices would raise the profitability related to the PV 1 system
with SNG production.

The price growth due to the current energy crisis causes a substantial increase in the
district’s annual costs in all the configurations and, thus, in the overall expenditure that
households have to bear. The PV 1 + SNG configuration can, therefore, make the district
less sensitive to this price increase, reducing the effects of the energy crisis on households
and mitigating the energy poverty.

Furthermore, the current global crisis has affected the raw material markets. Therefore,
the price of the different technology is also currently subject to a degree of uncertainty.
Thereby, a sensitivity analysis on the CAPEX of different technologies has been carried
out. In such a way, the cost-effectiveness of the proposed configurations in future scenarios
characterised by a reduction in the investment costs can also be assessed.

In Figure 12, annual costs by changing the CAPEX of the different technologies in a
range between +40% and −40% are depicted.
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methanation systems.

The latter sensitivity analysis shows that even with an increase in the CAPEX of the
technologies, the proposed configurations remain cost-effective. Indeed, even with a 40%
increase in the initial investment, the annual community costs are extremely low due to the
photovoltaic system and the Power-to-Methane strategy.
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Furthermore, even if the CAPEX reduction is implemented proportionally for all
technologies, the lower the initial investment, the more competitive the PV + SNG system
is, compared to the PV system implementation alone.

3.4. Limitations of the Present Work

The present works assesses the implementation of a Power-to-Methane strategy along
with a PV system by means of a semi-dynamic simulation. Indeed, the energy balances
were simulated by hourly steps over a whole year. In so doing, the quantification of
hydrogen production and the subsequent SNG synthesis in the different configurations
was performed.

Nevertheless, it should be pointed out that not all components have dynamic be-
haviour. Indeed, the efficiency of the electrolyser and methanation reactor was considered
as fixed during the simulations. This approximation is widely applied in many energy
system design studies. However, when analysing small-scale systems, it may be interesting
to implement the dynamic behaviour of different systems in order to have a more accurate
model of the simulated system. Such an issue may be the subject of future developments of
this work.

4. Conclusions

The present work aims to evaluate the energy and economic feasibility of the Power-
to-Methane strategy to integrate RES generation in urban energy districts. To do this, a
residential energy district was considered as a case study. A preliminary analysis was
carried out by implementing a PV system in the energy district and two PV configurations
were considered to evaluate the SNG production under different RES excess conditions.
Thus, SNG production was evaluated by varying the Power-to-Methane system size. The
SCR, SNG production and CSNG were calculated. Some significant configurations were
chosen for comparison in energy and economic terms. Furthermore, sensitivity analyses
were carried out by changing energy carrier prices and technologies’ CAPEX.

The main outcomes can be summarised as follows:

• Without energy storage systems, low SCR levels are achieved when large PV sizes
are installed. Furthermore, when the energy annually produced by the PV system
matches the electricity demand of the community, the SCR is approximately 0.4.

• The Power-to-Methane strategy can exploit all the RES excess, since there is no limit
linked to the storage system size. Indeed, all the SNG produced can be fed into the
gas grid, thus avoiding storage volume constraints.

• In the scenario characterised by the ratio EPV/EEL equal to 1, under high-RES excess
conditions, the Power-to-Methane strategy allows almost twice as much renewable
generation to be integrated within the energy district, compared to the same PV
configuration without energy storage systems.

• The SNG production costs raise as the size of the Power-to-Methane system increases.
This is due to the fact that an increase in size reduces the system’s full load hours.

• The SNG production cost is between 100 and 200 EUR/MWh in almost all the analysed
configurations. Those values are higher than the average cost of natural gas in the
period from 2015 to 2020. However, they are comparable to or lower than current
gas prices for end-users. Therefore, the current energy crisis can make SNG’s local
self-production cost-effective for urban energy districts.

• The annual costs of the urban energy district can be reduced by means of the PV array
implementation along with the Power-to-Methane strategy. At current energy carrier
prices, investments are more than repaid by savings in gas and electricity purchase
from the grid, even in the PV 1 + SNG scenario.

• Considering the energy prices before the current crisis, SNG production is correlated
with higher annual costs for the community. On the contrary, at current energy carrier
prices, the proposed systems provide economic benefits, as well as they decarbonise
the energy district.
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In conclusion, the implementation of the photovoltaic arrays along with the Power-to-
Methane strategy makes it possible to reduce the overall energy consumption of the urban
district and, at the same time, decrease the annual expenditure of households.
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Nomenclature
ACs Annual Costs
ALK Alkaline
CFuel Energy vectors’ purchase
CO&M Operation and maintenance costs
CSNG SNG production cost
DME Dimethyl ether
E Energy
EL Electricity
ELT Electrolyser
η Efficiency [-]
LCOE Levelized Cost of Energy
LCOH Levelized Cost of Hydrogen
LCOS Levelized Cost of Storage
METH Methanation Reactor
NG Natural Gas
P Power
PV Photovoltaic
RES Renewable Energy Sources
SNG Substitute Natural Gas
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