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Abstract: To achieve the decarbonization objectives described in the Paris Agreement, thermal
appliances’ electrification is considered an essential factor. Unfortunately, the substitution of thermal
appliances with electric alternatives will inevitably increase the load on the national electric system;
thus, it is crucial to perform analyses to assess these policies” impact. This paper, using as a reference
the electrification pathways studied by Besagni et al. employing the MOIRAE (bottom-up MOdel to
compute the energy consumption of the Italian REsidential sector) model, calculates the energy and
power increase in the residential sector in 2030 due to the substitution of different thermal appliances
and discusses potential policies to take into account the effect of their implementation on the Italian
electric system. Even if the current generation capacity can sustain the electrification process without
problems, investments will be needed to limit the possibility of congestions on transmission lines
connecting the country’s northern and southern parts.

Keywords: electrification pathways; electric energy consumption; electric power; residential sector;
electric systems

1. Introduction

In the last few years, global warming has become one of the most critical issues in
public opinion, as emissions of carbon dioxide and other greenhouse gases have already
caused an increment in the global average temperature of 0.9 °C in 2019 concerning the
1901-2000 average [1]. In 2015, different nations around the world had signed the Paris
Agreement [2], intending to limit the global temperature increase well below 2.0 °C utilizing
technological development, international cooperation and decarbonization; the agreement
is also aimed at strengthening the ability of vulnerable countries to deal with the harmful
effects of global warming. The deliverables of the Paris Agreement have been the basis for
the European Green Deal [3], issued by the European Union to define the main objectives
regarding the efficient use of resources and pollution reduction, which can be summarised
as follows:

investing in environmentally-friendly technologies;

supporting industry to innovate;

rolling out cleaner, cheaper and healthier forms of private and public transport;
decarbonizing the energy sector;

ensuring buildings are more energy efficient;

working with international partners to improve global environmental standards.

These objectives are implemented in the single countries of the Union employing
national plans, like the Italian “Integrated National Energy and Climate Plan” (“Piano
Nazionale Integrato per ’Energia ed il Clima”, PNIEC) [4], describing the main goals to
be reached by 2030 regarding energetic and climate policies. In particular, it is expected
to reduce greenhouse gas emissions of 33% for 2005 and a reduction in primary energy
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consumption of 43% to the PRIMES results (Price-Induced Market Equilibrium System)
2007 scenario.

The Italian residential sector accounted for 26.9% (31,956 ktoe) of the total final energy
consumption in the country in 2018; this consumption is supplied mainly by the use
of natural gas (16,500 ktoe, equal to 51.6% of total consumption) and wood (6410 ktoe,
equivalent to 20.1% of total consumption), while electricity is just the third most used
energy vector in households, with consumption of 5600 ktoe (equal to 17.52% of total
consumption) [5]. To reduce the greenhouse emissions of this sector fossil fuels should be
gradually phased out in favour of other alternatives; for instance, electricity-powered heat
pumps can replace gas-powered heating systems, and induction cookers can be installed in
place of traditional stoves, etc. Unfortunately, the electrification of the residential sector
per se is not sufficient to solve the problem of domestic carbon emissions; indeed, the
environmental impact of electric consumption is heavily reliant on the generation mix
in the country. In particular, in Italy, only 39.8% of energy supply was provided by low
carbon sources in 2018, while 45% of generation was still produced using natural gas [6].
Additionally, the shift of residential consumption from fossil fuels to electricity will cause a
substantial increase in electric energy demand, which has to be matched by an increase in
total generation and large investments in grid infrastructure.

Different studies have tried to analyze the impact of electrification on electric networks:
Veldman et al. [7] estimated the load profile of micro-CHP (Combined Heat and Power)
and heat pumps intending to apply them to residential load profiles to determine their
impact on distribution and transmission grids. Blonsky et al. [8] reviewed the expected
evolution of certain electric technologies, like electric vehicles and electric space heating, to
determine the increase in electric energy demand; in their opinion, network investments
will be needed soon to assess the impact of electric consumption growth. Dyke et al. [9], af-
ter establishing the load characteristics of electric vehicles, analyzed their energy usage and
storage, to then apply their findings to the European residential context, to evaluate the net-
work effects of increasing electric energy consumption; as battery-powered electric vehicles
can be used for residential load smoothing, it is possible to achieve a symbiotic relationship
between electric transport and electrical systems, improving network operation.

This paper aims to discuss the impact of electrification pathways for the Italian resi-
dential sector by providing estimates regarding the increase in electric energy consumption
in the country and formulating a hypothesis about the interventions needed on the electric
system to sustain these policies. The main focus is put in the 2020-2030 period and the
scenarios studied by Besagni et al. [10] are used as a reference for the electrification path-
ways discussed. Section 2 briefly describes how the model used for the computation of
the electrification scenarios works, Section 3 shows the model’s results, while Section 4
is dedicated to discussing the impact of the pathways application on the electric system.
Finally, Section 5 summarizes the main results of the study.

2. Methods

To estimate the amount of the new electric energy that will be consumed following the
electrification process, the MOIRAE (bottom-up MOdel to compute the energy consump-
tion of the Italian REsidential sector) model developed by Besagni et al. [10,11] is exploited.
The model is built to take as input data released by the Italian Institute of Statistics (ISTAT)
and uses them to estimate the residential energy consumption for each primary energy
carrier in the whole country in the 2002-2040 period. In particular, the model is able, by
setting some hypothesis, to study the implementation of decarbonization scenarios, where
home appliances that work using thermal energy sources are replaced with alternatives
that utilize electricity. Thus, it is possible to obtain information on the changes in residential
energy consumption during the years due to the implementation of electrification policies.

The primary input of the model is a dataset, released by ISTAT, named “Indagine sui
consumi energetici delle famiglie” (“household’s energy consumptions survey”) [12], that
contains detailed information regarding both the socio-demographic characteristics and the
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energy consumption data of 20,000 Italian households in 2013; from this data, MOIRAE can
compute an estimate of the Italian residential energy consumption for that year. Calcula-
tions for different years are calculated utilizing a sub-model, that uses population forecasts
from ISTAT to adjust the single households’ socio-demographic characteristics of the origi-
nal dataset, modelling population changes during the years. It is thus possible to obtain
an estimate of residential energy consumption from 2002 to 2040. Another sub-model is
dedicated to computing Italian families” economic possibilities by using market surveys
and price databases, providing an estimate for the household budget for energy efficiency
investments.

MOIRAE has been used to study some electrification pathways for the residential
sector by replacing thermal appliances inside households with electrical alternatives. The
period considered for electrification goes from 2021 to 2040, and four main scenarios have
been analyzed. They have been identified by dividing the main thermal appliances used
in households depending on their field of use (cooking, space heating, water heating);
this way it is possible to analyze the impact of the electrification process due to each
component of the residential energy consumption, to better identify where substitution
leads to improvements in energy consumption and household expenses.

e  Scenario 1: Traditional ovens and stoves are replaced with electric ovens and induction
stoves, respectively.
Scenario 2: Autonomous thermal heating appliances are replaced with heat pumps
Scenario 3: Autonomous thermal domestic hot water heating (DHW) appliances are
replaced with heat pumps.

e  Scenario 4: Criteria applied in previous scenarios are used jointly.

In particular, in Scenario 4, it is possible to exploit single heat pumps to satisfy the
need for heating and DHW, thus further reducing energy consumption. The procedure
used to define the criteria for heat pumps selection are kept unchanged from former
analyses performed by Besagni et al. [10,11], where the type of heat pump installed depends
on the former kind of heating/DHW system present in the household. Assumptions
regarding household members’ habits regarding appliances usage are kept constant, to
isolate the effect of energy vector changes. Additionally, no self-consumption scheme is
considered in each scenario, and electric energy is assumed to be provided exclusively by
the national grid.

The electrification process is assumed to be linear: after computing the difference
in electric energy consumption in 2040 between the base case (no substitution) and the
chosen scenario, annual electrification equal to 5% of the new electrical energy installed
is imposed. Additionally, the order by which thermal appliances are replaced depends
both on the amount of thermal energy consumed by households and on the economic
possibilities of families; the whole dataset can thus be divided into clusters based on these
variables, where wealthier families with a high thermal consumption have a higher priority
on appliances’ substitution. Figure 1 describes more in detail the process of division in
clusters. Each family’s household budget is determined by considering three variables
(Table 1), computed by using the economic sub-model previously described.

After eliminating from the process households with no thermal consumption or
in conditions of absolute poverty (defined by Variable 3), families with high economic
resources (Variable 1 considered “Excellent”) and high economic resources improvement
(Variable 2 considered “Greatly improved”) are selected to define Cluster 1. From there,
higher values for Variables 1 and 2 are used to determine the subsequent clusters. In some
cases, the level of thermal energy consumption in the household is also used as a variable
to select the cluster of destination; higher consumptions will lead to being directed to a
higher ranking cluster.
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Figure 1. Process for subdivision in a cluster depending on household budget constraints. Re-printed

with permission from ref. [10]. Copyright © 2021 Elsevier B.V., License Number: 4964651134268.

Table 1. Description of the variables used for the clustering process.

Variable Description Classification
i. Excellent
1 Current economic resources: the amount of money the family is willing to ii. Adequate
spend on energy improvements iii. Scarce
iv. Insufficient
i. Greatly improved
. e . . ii. Slightly improved
Economic resources variation: improvement in households expenditures
2 . L 1ii. Almost constant
related to energy consumption after substitution . .
iv. Slightly worsened
V. Greatly worsened
3 Absolute poverty: describes if the family is below the poverty line " Yes

ii. No
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The annual electric energy consumption obtained in the base case and all the different
scenarios can be converted into daily power profiles, to study the impact that electrification
pathways have on the national grid. The average daily profiles for electric consumption
must be defined for all the appliances involved in the electrification to perform this process.
Figure 2 provides the profiles used as a reference in this paper:
1.  The residential average daily load profile has been taken from Lazzeroni et al. [13];
2. The daily load curve for cooking appliances has been taken from Lombardi et al. [14];
3.  The daily load curve for heating has been taken from Love et al. [15], considering a
winter day with 0 °C external temperature as a reference;
4. The daily load curve for DHW has been taken from Kondoh et al. [16].
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Figure 2. Daily load profiles for electric consumption. (a) Residential daily load curve; (b) Cooking appliances daily load

curve; (c) Heating appliances daily load curve; (d) Water heating appliances daily load curve.

As the usage of heating appliances varies enormously during the year, the annual
heating duration curve, where the 8760 h in a year are sorted in descending order based
on their total heating power load, has been taken into consideration (Figure 3), using as a
reference the one provided by Calise et al. [17].

The following procedure has been applied to convert the yearly electric energy con-
sumptions of the four scenarios into daily load profiles. First, the total residential electricity
consumption in 2030 for the base case (EEjs.2030) is used to compute the maximum
residential power (Pmax,r) by using the following equation:

EEpase,2030 1)

24
365 * Z Ph,res
h=1

Pmax,r =



Electricity 2021, 2

53

12

10

08

Load [%]
(=]
N

04

02

0.0

0 1000 2000 3000 4000 5000 6000 7000 8000
Hour [-]

Figure 3. Annual heating duration curve.

The maximum power is then multiplied by the residential load profile’s per-unit
hourly powers () to obtain the total residential daily load in the base case. For Scenario 1
and Scenario 3, the following equations are applied to the difference between the annual
electric consumption in the scenario and the electric consumption in the base case (AEE 2030
for Scenario 1, AEE3 030 for Scenario 3), to compute the maximum additional power due
to the electrification process (Pmax1 for Scenario 1, Pyayx 2 for Scenario 3).

AEE1 2030
Pmax,l = (2)
365 * Z Ph,cook
h=1
AEE
P, max,3 — 52080 3)

2
365 * hzl Ph,DHW

The maximum powers obtained are then multiplied by the per-unit hourly powers
of the load profile of the substituted appliances (cooking for Scenario 1 (py, ¢ook), DHW for
Scenario 3 (p;, pw)- The resulting curve is combined with the base case’s load profile, thus
resulting in the total residential daily load in the scenario. For Scenario 2 the procedure is
slightly different: in this case, the maximum power (Ppax2) is computed from the additional
electric consumption (AEE; 2030) by considering the following equation, where the per-unit
powers of the annual heating duration curve (pj, is,y) are taken into account:

AEE
P, max,2 — 8760 22050 (4)

Z ph,risc,y
h=1

The resulting maximum power is then applied to the heating daily load curve, to
obtain the total electric load due to heating in the worst possible condition (i.e., coldest
day of the year). This profile is then combined with the Base Case load profile to produce
the total residential daily load profile for Scenario 2. As Scenario 4 is obtained from
the electrification of all the sectors studied in the other three scenarios, the different
contributions are disaggregated and modelled to receive the daily curves for cooking,
heating and DHW using their relative procedure, combining them in the end to get the
total residential daily load curve for Scenario 4.
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3. Results

The original paper from Besagni et al. [10] already studied the effects of electrification
in the four scenarios, both from an energetic and an economic point of view; the study’s
main findings can be summarised in Figure 4. The results are shown in terms of total
costs and primary energy consumptions, calculated considering electricity provided by the
national grid, in the actual Italian energy mix production.
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Figure 4. Electrification pathways under households’ budget constraints in the four scenarios. Reprinted with permission
from ref. [10]. Copyright © 2021 Elsevier B.V., License Number: 4964651134268. (a) Scenario 1; (b) Scenario 2; (c) Scenario 3;

(d) Scenario 4.

It has been observed that in Scenario 1 and Scenario 3, where thermal cooking and
DHW appliances are replaced with electric alternatives, there is no improvement in terms
of primary energy consumption reduction, whereas costs sustained by households increase
heavily; this means that the electrification of these sectors on their own is not convenient
and should be discarded. On the other hand, Scenario 2 and 4, related to the electrification
of heating and the whole household thermal appliances, lead to a remarkable reduction in
energy consumption and a decrease in total costs sustained by households; these scenarios
are thus more convenient to implement.

These results are in contrast with the work of Eguiarte et al. [18], where heating
decarbonization by use of heat pumps is considered to be an inefficient solution, both
economically and environmentally, concerning the implementation of other non-electric
heating systems, like district heating and oil boilers. On the other hand, Sheikh et al. [19]
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consider electrification the most effective way to tackle carbon reduction, as it allows
to achieve complete decarbonization with costs that are 25-90% lower concerning other
options. Additionally, Steinberg et al. [20] regard electrification as an effective way of
reducing greenhouse emissions, pointing out the necessity to combine it with additional
strategies to achieve complete decarbonization.

Starting from this point, it is possible to study the distribution of the electric energy
increase in different areas of the country in the 2020-2030 period, in all the other cases.
Figure 5 shows the increase in residential electric energy usage in the base case, where no
substitution has been performed, while Figure 6 shows the effects of the electrification in
the different electrification pathways considered.

If no electrification pathway is carried out (Figure 5), the variation in residential
electric energy consumption is influenced just by population changes over the years; in
particular, as in the next few years, migrations from rural to urban areas and from South to
North are expected, causing an increase in electric energy consumption in regions such as
Lombardy, Emilia-Romagna and Lazio, while other areas such as Campania, Apulia and
Sicily are expected to shrink their consumption. Nonetheless, variations in electric energy
consumption are relatively small, in the order of a few hundreds of GWhs.

In the electrification pathways, the substitution of thermal appliances with electrical al-
ternatives during the years causes a considerable increment in electric energy consumption;
it can be seen that, in every scenario, the increase is concentrated mostly in the Northern
part of the country, probably due to a higher population density, as supported by the fact
that in regions such as Aosta Valley and Trentino-South Tyrol this increment is mainly con-
tained. The increase in electric energy consumption also largely varies between scenarios:
excluding Scenario 4 (which is obtained by the combination of the other ones), Scenario 2
shows an increase in consumption much larger than the one observed in Scenario 1 and
Scenario 3.
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Figure 5. Residential electric energy increase (2020-2030 period, Base Case).
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Figure 6. Distribution of the electric energy consumption increase in the 2020-2030 period. (a) Scenario 1; (b) Scenario 2; (c)

Scenario 3; (d) Scenario 4.

Table 2 summarizes the variations in electric energy consumption in the three cases
for all Italian regions, also highlighting the relative increase concerning 2020. It is possible
to see how, in the base case, the increases in electric energy consumption are meagre if
compared to the values observed in 2020, with the highest growth being inferior to 5%
of the 2020 value. However, in Scenario 2 and Scenario 4, the consumption increases are
much larger, especially in the latter case, where for some regions (Veneto, Emilia-Romagna)
the electric energy consumption is almost doubled concerning 2020.
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Table 2. Electric energy consumption increase in the 2020-2030 period.

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4
Var. Var. Var. Var. Var.
. EE Cons. EE Cons. EE Cons. EE Cons. EE Cons. EE Cons.
Region 2020 [GWh] 2030 [GWH] 20200—2030 2030 [GWh] 2020-2030 2030 [GWh] 2020-2030 2030 [GWh] 2020-2030 2030 [GWh] 2020-2030
[%] [%] [%] [%] [%]

Piedmont 4301.74 4329.31 0.64% 4732.78 10.02% 4679.72 8.79% 4575.32 6.36% 5278.54 22.71%
Aosta Valley 135.98 137.85 1.38% 139.05 2.26% 144.75 6.45% 138.07 1.54% 146.51 7.75%
Lombardy 10,314.56 10,745.96 4.18% 12,192.41 18.21% 13,762.93 33.43% 12,161.84 17.91% 16,492.14 59.89%
Trentino-South Tyrol 1188.46 1262.05 6.19% 1273.66 7.17% 1554.67 30.81% 1306.57 9.94% 1681.91 41.52%
Veneto 5153.53 5260.18 2.07% 5766.99 11.90% 7210.06 39.91% 6997.91 35.79% 9456.12 83.49%
Friuli-Venezia Giulia 1275.68 1298.09 1.76% 1344.44 5.39% 1553.63 21.79% 1331.30 4.36% 1699.87 33.25%
Liguria 1755.79 1772.17 0.93% 1876.74 6.89% 1906.11 8.56% 1889.30 7.60% 2138.86 21.82%
Emilia- Romagna 4832.86 5029.51 4.07% 5580.35 15.47% 7255.90 50.14% 6358.31 31.56% 9420.35 94.92%
Tuscany 3879.52 3985.30 2.73% 4387.56 13.10% 4755.02 22.57% 4516.03 16.41% 5784.87 49.11%
Umbria 866.61 880.34 1.58% 910.34 5.05% 1004.83 15.95% 906.44 4.60% 1095.94 26.46%
Marche 1443.37 1431.98 —0.79% 1513.20 4.84% 1662.74 15.20% 1567.76 8.62% 1939.80 34.39%
Lazio 6220.44 6519.60 4.81% 7275.99 16.97% 7361.95 18.35% 6976.97 12.16% 8427.53 35.48%
Abruzzo 1340.60 1370.90 2.26% 1436.76 7.17% 1587.38 18.41% 1696.80 26.57% 2092.73 56.10%
Molise 277.53 276.87 —0.24% 278.48 0.34% 329.54 18.74% 278.95 0.51% 348.84 25.70%
Campania 5136.96 4970.24 —3.25% 5451.29 6.12% 5290.38 2.99% 5478.38 6.65% 5976.96 16.35%
Apulia 3593.29 3522.17 —1.98% 3775.87 5.08% 3897.49 8.47% 3739.12 4.06% 4371.04 21.64%
Basilicata 561.88 545.38 —2.94% 552.33 —1.70% 599.53 6.70% 577.69 2.81% 657.11 16.95%
Calabria 1874.35 1851.43 —1.22% 1908.59 1.83% 1943.32 3.68% 1889.50 0.81% 2059.46 9.88%
Sicily 5522.76 5450.98 —1.30% 5743.61 4.00% 5807.93 5.16% 5741.40 3.96% 6368.28 15.31%
Sardinia 2210.27 2163.99 —2.09% 2195.88 —0.65% 222891 0.84% 2207.97 —0.10% 2300.84 4.10%

Italy 61,886.17 62,804.29 1.48% 68,336.34 10.42% 74,536.80 20.44% 70,335.63 13.65% 87,737.71 41.77%
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The daily load profiles for all the electrification scenarios are shown in Figure 7. It
can be seen that the load increase with respects to 2020 in the base case is negligible, and
the two curves are almost overlapped; also, the load increase in Scenario 3 is minimal
despite a rise of 13.6% in annual energy consumption, due to the uniform distribution of
the load during the day. On the other hand, for Scenario 1, two spikes are visible in the
early afternoon and evening; that is because, despite the small increase in total energy
consumption, usage of cooking appliances is concentrated in the hours where most of the
people have lunch or dinner. The increase in electric load in Scenario 2 is more severe, with
an increment of several GWs of load throughout the day. As heating appliances’ usage is
higher in the morning hours, there is also a noticeable distortion of the residential load
profile between 6 a.m. and 10 a.m. Finally, Scenario 4 combines all the other pathways’
effects, severely altering the residential load profile and massively increasing the amount
of power needed to feed all the loads.

25
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Figure 7. Total residential daily consumption for the electrification pathways.

Table 3 shows the peak load increase in each scenario, summarizing the impact of the
national grid’s electrification pathways. It can be seen that the increment in peak power is
very low for the base case and Scenario 3, becoming more significant for Scenario 1 and
Scenario 2; in Scenario 4 the increment is enormous, more than doubling the peak power
demand.

Table 3. The peak power increase in the electrification pathways.

Case Peak Power (GW) Peak Hour 2020-2030 Variation (%)
2020 (Reference) 10.51 20-21h -
Base case 10.66 20-21h +1.43%
Scenario 1 14.52 1920 h +38.15%
Scenario 2 16.97 20-21h +61.47%
Scenario 3 11.09 20-21h +5.52%

Scenario 4 22.11 1920 h +110.37%
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4. Discussion

It has been found that the electrification pathways for the residential sector cause an
increment in the national electric load in the order of several GW; it is thus essential to
discuss the effect of these increases on the Italian national electric system. Terna, the Italian
TSO, provides information and statistics regarding the national electric grid [21]: the total
installed generation capacity in the country in 2020 is equal to 115.90 GW; nonetheless, just
a fraction of this power is used to satisfy the electric energy demand, as the highest power
recorded by Terna in the last six years was equal to 60.24 GW, with 10.5 and 8.4% of power
covered by foreign exchange and self-consumption, respectively. This means that, even
with Scenario 4, there is still enough spare capacity that can be used to sustain the peak
power increase. Nonetheless, the generation mix used to sustain the additional load should
be discussed: if the Italian electric generation in 2019 is considered, 57.33% of total energy
is produced utilizing thermal power plants; if the additional electric energy consumption
in 2030 for Scenario 4 is considered with the same energetic mix, and if the primary energy
conversion factors defined by “Decreto interministerial 26 giugno 2015” [22], the additional
primary energy consumption due to non-renewable energy will be equal to 4.34 Mtoe. As
the thermal energy consumption avoided due to substitution in Scenario 4 in 2030 is equal
to 9.34 Mtoe, the net reduction in primary energy consumption due to fossil fuel will be
around 5 Mtoe.

The previous results are valid if no changes to the generation mix are performed, and
if no improvements on energy efficiency are achieved, that is, in the worst-case scenario.
However, in the last few years, the amount of renewable energy sources installed in Italy
has hugely increased, going from 16% in 2007 to 33.9% in 2018 [23], mainly due to economic
incentives [24] and reduction in the cost of photovoltaic systems [25]. Furthermore, to
comply with the objectives of the European Green Deal [3], the Italian government, in the
“Integrated National Energy and Climate Plan” [4], recently set a target of 30% of gross
final energy consumption supplied by RES, even though some studies forecast that this
objective will not be reached due to a diminishing rate in renewable energy increase [26].
Additionally, in the same document, a 43% reduction in primary energy consumption with
respect to the PRIMES 2007 scenario due to efficiency improvements is set as an objective.

The Italian transmission network operation is characterized by an internal power flow
moving from southern to northern regions, due to the high generation capacity installed
in the South market zone and the enormous energy consumption of the northern part of
the country [27]. The electrification scenarios studied highlight an increase in residential
energy consumption, especially in regions such as Lombardy and Emilia-Romagna; thus,
the current power flow internal exchanges will most probably maintain the same structure
an increment in the power transferred from South to North. To tackle this situation,
investments on the transmission infrastructure will be needed to limit congestions on
high-voltage lines in the country’s central part. Additionally, the effects on distribution
networks in residential areas should be considered; as pointed out by Calderén [28], the
increase in electricity consumption due to electrification will cause additional stress on
secondary substations during peak hours ranging from 59 to 95%, making investments in
distribution networks necessary in the most critical areas. Investments in new generation
plants, especially in the North, could determine the increase in the internal power flux;
from this point of view, Northern Italy is currently characterized by a renewable supply
composed mainly by hydroelectric plants [29], due to the massive presence of waterways
along the Alps. Unfortunately, as most of the available sites for hydroelectric production
have already been exploited [30], attention should be directed toward alternative sources,
such as, for instance, photovoltaic generation, as prices for this technology are getting
progressively cheaper even without incentives [31] and rooftop installation would allow
limiting the amount of land needed for plant construction. Balezentis et al. [32] also
found, utilizing a questionnaire survey, a high willingness to pay for renewable energy
implementation, primarily due to growing environmental concerns. Regarding this type
of solution, Bellocchi et al. [33] point out the negative effects of heating electrification
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on renewable penetration, due to the mismatch in demand and generation peak hours,
even though the usage of thermal storage devices could limit this issue, as shown by
Gaur et al. [34] It is also possible to exploit the opportunities provided by the establishment
of energy communities [35], where self-produced energy is exchanged between a certain
number of users without passing from the national grid, thus relieving the stress on the
energy system.

5. Conclusions

This work analyzed the results of the Italian residential sector’s electrification path-
ways applying the MOIRAE model and extending the discussion carried out by Be-
sagni et al. [10] from the infrastructure point of view. In particular, the electric energy
and power increases, due to the substitution of the most common thermal appliances,
have been used to estimate the national electric system’s impact with a 2030 perspective.
Depending on the scenario considered, the effects on electricity consumption vary from
almost negligible to massive, especially when electrification of one or more technologies
is applied. The increase in power peaks, even in the least favourable conditions, can be
supplied without problems by the current generation capacity installed in the country and,
even without changes in the energetic mix, a sharp reduction in fossil fuels usage has been
achieved, that can be further enhanced by implementing policies focused on renewable
energy implementation and efficiency improvements. The most critical factor regarding
the implementation of the pathways regards the transmission grid’s impact; as substitution
is performed mainly in Northern Italy, the power flux from South to North is going to
rise, increasing the frequency of congestions between market zones. To limit this problem,
investments are needed both to increase the capacity of transmission lines in the central
part of the country and to build new generation plants in northern regions; this second
objective can be achieved with the extensive adoption of rooftop photovoltaic as a source
of energy for the residential sector, also by establishing local energy communities to better
exploit renewable production without jeopardizing network stability.
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