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Abstract: The use of renewable energy sources is one way to decarbonize current energy consumption.
In this context, photovoltaic (PV) technology plays a direct fundamental role since it can convert sun
irradiance into electricity to be used for supplying electric loads for households. Despite the huge
availability of the solar resource, the intermittence of PV production may reduce its exploitation. This
problem can be solved by the introduction of storage systems, such as batteries, storing electricity
when PV overproduction occurs and acting as a source when PV generation is absent. Consequently,
increase in self-sufficiency and self-consumption can be expected in residential end users, paving the
way for more sustainable energy systems. In this paper, an economic, energy, and environmental
analysis of PV systems (without and with batteries) for the household is performed for the whole of
Italy, by means of a Geographical Information Systems (GIS) approach. A model to simulate energy
balance and to manage batteries is defined for households to assess the profitability of such systems
under an Italian regulation framework. Concerning results, indicators are provided at a national
scale using GIS tools to highlight areas where investments are more profitable, boosting the CO2

emission reduction.

Keywords: PV; battery management; Italian household; GIS

1. Introduction
Presently, the spread of renewable energy sources is essential to decrease fossil fuel

consumption. Fossil fuels have been identified as one of the main factors responsible for
greenhouse gas emissions, thus putting climate change as a top-priority challenge to be
faced for the coming decades [1]. CO2 is the gas most associated with combustion for
energy purposes, and hence lots of effort and research has been put in place to develop
its significant reduction. Energy production through renewable sources (RES), such as
photovoltaic (PV) plants, represents one of technological solution to achieve CO2 savings [2].
In particular, the use of PV in residential applications can greatly contribute to reducing
the environmental impact of household consumption [3]. However, PV installation has
not always been profitable, especially for small plants, due to the high investment cost.
Nevertheless, the introduction of incentives and the progressive reduction of capital cost
for PV modules has promoted PV installation at the residential level in Italy [4]. In fact,
around 15% of national PV production is generated by domestic plants, and around 30% of
total PV capacity was installed in households in 2019.

However, the intermittence of PV production and its variability throughout the year
introduces mismatching between required end-user demand and the energy production
of the PV system. Consequently, PV overproduction must be injected into the grid, not
self-consumed. However, the energy delivered by a PV system could be further exploited
by the integration of a storage system. Batteries can optimize energy management, storing
PV overproduction and delivering electricity when PV production is not sufficient or
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absent, in order to cover electrical household demand [5,6]. In this way, self-consumed
energy increases while net demand decreases together with the electricity purchased from
the grid [7,8].

Within this context, the use of the Geographical Information System (GIS) allows the
provision of technical end economic feasibility studies about the exploitation of a renewable
source, to highlight areas where profitability in renewable investment are particularly
affordable. For instance, distributed storage potential for the south-west of England was
investigated in [9]: a GIS-based framework mapped the region into 1888 geographical
units, each with its own aggregated yearly energy demand and PV generation data on
half-hourly basis, considering domestic and non-domestic users for each geographical
unit. In that case, multiple benefits were observed in the use of PV battery systems: better
exploitation of PV, smoothing of the daily load profile, and an improvement to the balance
between generation and demand.

An hourly-based dataset for Switzerland was developed in [10] using a methodology
combining physical models, Machine Learning (ML) algorithms and GIS tools. The latter
was used to estimate shading effects in building rooftops, the Sky View Factor (visible
portion of the sky), and calculate the available roof area for PV installation. Geographic
map data was combined with ML and a physical model to obtain an hourly based national
dataset for PV potential with related uncertainty, showing how GIS could be used in
possible action plans by policy makers and investors to increase PV penetration.

A GIS method combined with Analytic Hierarchy Process (AHP) was used by [11] to
study optimal site selection for the installation of a PV system in Malatya, Turkey. Eleven
map layers were used, including maps describing solar energy potentials, transmission
lines, roads, lakes and dams, land cover, residential areas, etc. AHP was used to weight all
involved decision-criteria factors and produce a map with 20 m resolution data to show
the most appropriate areas for PV installation.

Similarly, a GIS-based model was applied by [12] to obtain possible candidate areas in
which PV systems could be installed in French Guyana, starting with sets of input data
(e.g., land use, road, grid and solar radiation maps). This was done through the subdivision
of the study area into polygons that had to be processed to exclude the ones not satisfying
pre-established geographical constraints (i.e., surface threshold, distance from roads and
grid, etc.). An energy conversion model was applied to estimate PV production in the
remaining areas. An optimization problem was then defined to mark out the area where
PV could be installed to cover local energy demand.

A techno-economic analysis for the residential sector was developed in [13] in Portugal,
by considering PV sizes from 0.5 to 4 kWp. Different scenarios were compared, assuming
no self-consumption as a reference. The others used combinations of self-consumption,
storage, and net-metering options to investigate and highlight their energy and economic
benefits. Results showed that lower PV sizes (0.5 and 1 kWp) with self-consumption were
the most cost-effective solutions. The introduction of storage is attractive only from an
energy point of view to increase PV self-consumption, but the high investment costs of
batteries still represents a barrier to a wide diffusion.

Similar results were observed in [14], where energy and economic analysis was per-
formed to compare residential storage systems with a net-metering scheme within Italy.
Three locations were investigated (Turin, Rome, and Palermo) to take into account a vari-
ation of solar radiation at different latitudes. The analysis was performed assuming PV
sizes from 3 to 6 kWp, and storage capacities up to 14 kWh. The results clearly show how
storage systems are still not a valuable option with respect to the net-metering scheme
from an economic point of view, due to the high investment cost of such systems. However,
the study does not analyze the whole country, since the GIS approach is not used.

Considering to this existing literature, the whole of Italy is analyzed in this paper
through a GIS approach with the aim of providing national evaluation of economic, energy,
and environmental indicators to highlight the areas in which PV potential could be better
exploited by households, taking into account the integration of storage solutions. In
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particular, the proposed approach is capable of performing analysis by considering the
variability of the solar resource on an hourly basis at different latitudes, PV sizes, household
energy demands, and the current Italian regulatory framework. A simplified control
strategy for storage systems is also defined to further evaluate the integration of battery
system within a residential installation of PV. As a result, this work provides a contribution
to energy-interested investors through a series of maps in which each elementary unit is
associated with proper values of economic, energy, and environmental indicators.

The study is performed considering two different scenarios:
• PV installations are investigated for different consumption and different PV sizes

without storage systems;
• PV and battery installations are investigated for different consumption and different

PV sizes, calculating the battery size on an energy basis.
This work is structured as follows:

• An energy model is defined to simulate household demand, PV production, and
storage management;

• Economic assumptions were described for the Italian context;
• The definition of energy, economic, and environmental indicators to measure the PV

impact in households are presented;
• Results of the study are reported and discussed for the whole of Italy.

2. Energy Model
The identification of an energy model is fundamental to evaluate the electricity ex-

change within an household. In particular, self-consumption of the PV production as well
as the energy exchanged with the grid and the battery need to be calculated. In fact, the eco-
nomic performances of a PV investment for residential end-users are based on these data.
Despite the potential of PV investment was already investigated in a previous study [15]
for Italian households, the present approach analyses more in detail this aspect including
the possible integration of storage solutions (i.e., battery) to increase PV self-consumption.

The improvements presented in this paper concern the use of hourly solar radiation
data to calculate an yearly PV production on hourly basis. In this way, if an yearly electricity
demand is also estimated on hourly basis, the match between costumer’s need and PV
production can be performed for households on hourly basis. Consequently, the energy
exchanged with the grid and the battery can be more easily and precisely evaluated taking
also into account the variation of the solar irradiance at different location and latitude.

In this paper, Italy was represented by a meshed grid with a raster resolution of
2.5 ⇥ 2.5 km. Thus, the hourly solar radiation data of Italy were extracted from the Eu-
ropean Joint Research Center database by means of the non-interactive services via web
API [16], with the same raster resolution. In particular, dowloaded data refer to PV plants
with optimal tilt angle (i.e., the tilt angle maximizing the PV production) and South fac-
ing. Data of solar radiation were further subdivided at NUTS 2 level in order to reduce
computational costs and to highlight differences at regional level.

2.1. Household Demand
The yearly electricity load profile for an Italian domestic end-user was estimated

considering an yearly electricity demands EL for households and a normalized load profile
derived by [17,18]. The normalized daily load profile (see Figure 1) was adapted by means
of an opportune scaling factor SF to ensure that the yearly household demand is kept.
Without loss of generality, all days of a year were assumed here with the same load profile,
so seasonal variations were substantially neglected, as follows [19]:

SF =
EL

Â12
i=1

⇣
NDMi Â24

j=1 HLF(j)
⌘ (1)
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where NDMi represents the number of days in a given i-th month, while HLF(j) is the
normalized load profile on hourly basis. Under this approximation, the resulting daily
load profile Ue,d was representative of an Italian residential end-user according to its yearly
energy consumption EL, as follows:

Ue,d(j) = SF · HLF(j) (2)

The simplified yearly load profile Ue was then identified by repeating the daily load
profile of Equation (2) along the whole year.

Figure 1. Normalized load profile for an Italian household [15].

2.2. PV Production
The yearly PV production profile was calculated as a function of the PV size, solar

irradiance and other factors (i.e., plant location, weather condition, etc.). As already
mentioned, hourly data of solar radiation were obtained from PVGIS database, by means
of API function [16], assuming PV modules with an optimal tilt angle and South facing. In
particular, data were extracted for each cells of the raster up to cover the whole Country,
by supposing the PV plants located in the centroids of the raster cells. Through the
methodology presented in [19], the PV production profile can be finally calculated on
hourly basis, as follows:

Ppv(ti) =
G(ti)
1000

· Pn · PL · PR (3)

where G(ti) is the hourly irradiance from PVGIS database, Pn is the rated power of the
PV plant, PL is the productivity loss factor to consider the yearly degradation of PV
modules and PR is the performance ratio of PV system. The simplified approach of
Equation (3) is derived by comparing the production of a PV module operating in real
condition with the maximum (peak) production obtained during standard conditions (i.e.,
where G = 1000 W/m2). Then, PR and PL were introduced to take into account PV module
degradation, DC/AC conversion losses, cable losses and external temperature effects in the
yearly production of PV plants. In particular, PL factor was assumed to increase linearly
along years, as presented in [15].

2.3. Battery Management and Replacement
The integration of storage solutions within a PV plant introduces more flexibility in the

system. Consequently, a management strategy for the battery must be identified in order
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to model how and when the storage should be used (i.e., how and when the battery should
be charged or discharged), according to the PV production and the electricity demand. In
this paper, the scheduling of the storage unit was implemented through an algorithm to
evaluate and to manage the energy exchange with the battery, according to its operational
limits. The proposed control strategy for the battery is based on the assumption that only a
charge/discharge cycle per day can be acted in order to increase battery lifetime [20]. The
following simplified scheduling was adopted:

• The battery is charged only with the PV overproduction. Otherwise, the battery can
not be charged with electricity from the grid.

• The battery is discharged only when PV production is zero (i.e., during nighttime) to
cover household demand. So, the discharge is avoided during daylight.

This simplified scheduling does not significantly affect the economic benefits of the
storage. In fact, a flat tariff is assumed here for the electricity purchased from the grid.
This is a common condition for residential end-users in Italy [21]. Under this assumption,
battery discharge during nighttime has the same economic effect of a discharge during
daytime. So, discharge during daylight can be potentially avoided increasing battery
lifetime without impact on economic revenues.

Finally, the algorithm for the battery management verifies the energy balance of the
storage at each time interval. Hence, the State of Charge (SOC) of the battery is calculated
taking into account the charge/discharge efficiencies (i.e., hc and hd) and the power flows
through the battery, as follows [22]:

SOC(ti + 1) = SOC(ti)


hcPsto,c(ti)�

Psto,d(ti)

hd

�
Dt (4)

where Psto,c and Psto,d are the electricity injected into the battery and released by the storage,
while hc and hd are the efficiency during charge and the discharge operation of the battery,
respectively. Then, the SOC is kept within an opportune operational interval, as follows:

SOCmin  SOC(ti)  SOCmax (5)

The constraint of Equation (5) is needed to limit the level of Depth of Discharge (DOD)
according to the battery technology [23]. In fact, it is worth noting that the minimum
SOC (i.e., SOCmin) and consequently the DOD adopted should prevent capacity loss and
degradation of battery lifetime due to high or unusual DOD. Additionally, the power
exchanged with the battery during the charge and the discharge were limited according to
the full charge/discharge time of the battery Tc and Td, as follows:

0  Psto,c(ti) 
SOCmax

Tc
(6)

0  Psto,d(ti) 
SOCmax

Td
(7)

However, battery is affected by a degradation of its rated capacity and performances
along the years. So, battery must be replaced when the number of discharge cycles reaches
the battery’s cycle life (i.e., when the battery lifetime is reached) according to the adopted
DOD. For this reason, the number of yearly discharge cycles nb,cycles was calculated, as
follows [24]:

nb,cycles =

R
Psto,d(t)dt

SOCmax · DOD
(8)

The battery was replaced when the cumulative sum of the yearly discharge cycles is
grater than the battery’s cycle life.
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2.4. Battery Sizing
After the identification of a strategy for the battery management, the size of the storage

system was also calculated on energy basis for different PV sizes and yearly household
demand. In particular, the daily load profile Ue,d was compared on hourly basis to the daily
profile of the PV production over the whole year. Consequently, the electricity sold to the
grid Es,d and the one purchased from the grid Ep,d can be easily calculated for each day of
the year and used to create two vectors:

Es = [Es,1; Es,1; Es,3; . . . ; Es,d; . . . ; Es,365] (9)
Ep = [Ep,1; Ep,1; Ep,3; . . . ; Ep,d; . . . ; Ep,365] (10)

where Es and Ep are the vectors of the daily electricity sold to the grid and purchased from
the grid, respectively. The battery size, or equivalently the maximum state of charge of the
battery, was calculated by comparing these two vectors, as follows:

SOCmax = min(min(Es), min(Ep)) (11)

Under the assumption that battery is used to cover nighttime load demand (as pre-
sented in Section 2.3), Equation (11) ensures the following conditions:
• battery size is not overestimated when the higher possible PV overproduction occurs

(i.e., battery is not underused during winter)
• battery size is not overestimated when the higher net electricity demand during

nighttime occurs (i.e., battery is not underused during summer)

2.5. Household Energy Balance
Once the load profile, the PV size and the storage capacity were set, the electricity sold

to the grid Ps and the one purchased from the grid Pp as well as the one self-consumed Psc
were calculated on hourly basis. This energy balance is fundamental, since the economic,
energy and environmental indicators (described in the next sections) depend on how
energy fluxes are exchanged within the household.

The hourly energy balance described by Equation (12) highlights that the storage unit
is not used (i.e., Psto,c and Psto,d are zeros) during daytime, if PV production Ppv is lower
than end-user demand Ue, according to the rules described in Section 2.3. Consequently,
the net load demand (i.e. the difference between demand and PV production) is covered
by the electricity purchased from the grid Pp.

Ppv(ti) < Ue(ti) and Ppv(ti) > 0 )

8
>>>>>><

>>>>>>:

Pp(ti) = Ue(ti)� Ppv(ti)

Ps(ti) = 0
Psc(ti) = Ppv(ti)

Psto,c(ti) = 0
Psto,d(ti) = 0

(12)

Instead, when PV overproduction occurs during daytime (see Equation (13)), electric-
ity is no longer purchased from the grid (i.e., Pp = 0) and the energy surplus is stored in
the battery (i.e., Psto,c > 0 and Psto,d = 0) until its maximum capacity SOCmax is reached.
Consequently, PV overproduction can be sold to the grid (i.e., Ps > 0) only when battery is
fully charged.
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Ppv(ti) > Ue(ti) and Ppv(ti) > 0 )

8
>>>>>>>>><

>>>>>>>>>:

Ps(ti) = Ppv(ti)� Ue(ti)� Psto,c(ti)

Pp(ti) = 0
Psc(ti) = Ue(ti)

Psto,c(ti) > 0 if SOC(ti) < SOCmax

Psto,c(ti) = 0 if SOC(ti) = SOCmax

Psto,d(ti) = 0

(13)

Finally, the battery can only be discharged (i.e., Psto,d > 0 and Psto,c = 0) when PV
does not operate during nighttime (see Equation (14)), to cover the end-user demand down
to its minimum SOC (i.e., SOCmin). When the storage is fully discharged (i.e., Psto,d = 0)
the load demand is totally covered by the electricity purchased from the grid.

Ppv(ti) < Ue(ti) and Ppv(ti) = 0 )

8
>>>>>>>>><

>>>>>>>>>:

Pp(ti) = Ue(ti)� Psto,d(ti)

Ps(ti) = 0
Psc(ti) = Psto,d(ti)

Psto,c(ti) = 0
Psto,d(ti) > 0 if SOC(ti) > 0
Psto,d(ti) = 0 if SOC(ti) = SOCmin

(14)

It can be noticed that the described energy balance is based only on real power, even if
reactive power can also be produced by the PV and battery inverter. However, the present
Italian regulatory framework strongly limits the power factor within household. In this
case, the production of reactive power is not taken into account, since the reactive power
is assumed to be within the limits. Thus, no penalty has to be payed and the economic
analysis is unaffected by reactive power production.

3. Economic Assumption
As already described, the energy model presented in Section 2 was used to identify

the electricity flows within the household. Later, economic values were identified for
each flow in order to perform the economic analysis of the PV and storage installation.
In particular, the current electricity costs and revenues potentially gained by an Italian
residential end-user were identified in this section.

3.1. Electricity Costs
The cost of the electricity purchased from the grid by a residential end-user is formed

by different components in the Italian billing system: the energy cost, the access/grid costs
and the taxes. The access and general system costs are formed by a fixed and a variable part.
In particular, the yearly fixed costs YF are related to the installed capacity Pic and to the
number of the end-user connection points to the national grid Ncp, calculated as follows:

YF = FaPic + FgsNcp (15)

where Fa and Fgs are the fixed access costs and the fixed general system costs. Differently,
the yearly variable part YV of access/grid costs are related to the end-user electricity
purchased from the grid Pp, as follows:

YV = Va
8760

Â
i=1

Pp(ti) + Vgs
8760

Â
i=1

Pp(ti) (16)

where Va and Vgs are the variable access costs and the variable general system costs, respec-
tively. Both fixed and variable parts of the access and general system costs are imposed
and periodically updated by the Italian Regulatory Authority for Energy, Networks and
Environment (ARERA).
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In this context, the variable part of access and general system costs can be integrated
into the energy cost cp to define an overall purchasing price which also includes the variable
grid charges, as follows:

Cp(ti) = Va + Vgs + cp(ti) (17)

Consequently, the yearly cost for purchasing electricity from the grid can be calculated,
as follows:

YC =
8760

Â
i=1

Pp(ti) Cp(ti) + YF + Taxes (18)

where taxes includes VAT and excises.

3.2. End-User Yearly Revenue
The installation of a PV system within an household converts the end-user into a

prosumer, where PV production can be self-consumed and PV overproduction can be sold
to the grid. Thus, the prosumer can gain an economic benefit from the PV production, that
is defined as the difference between the cost to cover household demand without PV and
the cost to cover the net household demand when PV is installed, as follows:

YR = YF +
8760

Â
i=1

Ue(ti)Cp(ti)� (YF +
8760

Â
i=1

Pp(ti)Cp(ti)� NMC + OPEX) (19)

where NMC is the net-metering contribution, while OPEX is the yearly operational and
maintenance cost of the PV plant. In the Italian context, the additional net-metering
contribution NMC is an economic compensation mechanism based on the economic values
of the energy injected into and purchased from the grid, which can be calculated as defined
in [25–27]:

NMC = min(OE, CEI) + [CUs f Eex] + S (20)

where OE is the economic value of the electricity taken from the grid to supply the house-
hold, CEI is the economic value of the electricity sold to the grid, Eex is the exchanged
energy to the grid and S is an additional income. The NMC is formed by three different
contributions. The first term compensates, in whole or in part, the costs OE of the energy
taken from the grid (see Equation (21)) with the economic value of the surplus energy
produced by the PV plant and injected into the grid CEI (see Equation (22)), where OE and
CEI are defined, as follows:

OE =
8760

Â
i=1

Pp(ti) · PUN(ti) (21)

CEI =
8760

Â
i=1

Ps(ti) · Cs(ti) (22)

where PUN is the reference national market price and Cs is the reference zonal market
price for energy injected into the grid. In this paper, a different Cs price is assumed for each
Italian region according to the six market zones of the National electricity market [28], as
follows:

• North: Valle D’Aosta, Piemonte, Liguria, Lombardia, Trentino, Veneto, Friuli Venezia
Giulia, Emilia Romagna.

• Northern-Central: Toscana, Umbria, Marche.
• Southern-Central: Lazio, Abruzzo, Campania.
• South: Molise, Puglia, Basilicata, Calabria.



Electronics 2021, 10, 146 9 of 49

• Sicily: Sicilia.
• Sardinia: Sardegna.

In particular:
• if OE < CEI net-metering refunds the value of the whole energy purchased from the

grid;
• if OE > CEI net-metering refunds the value of energy produced by PV and injected

into the grid (i.e., only a part of the energy purchased from the grid is refunded).
The second term of Equation (20) represents the contribution to refund the general

system cost and the access cost for the exchanged energy Eex, that is defined as follows:

Eex = min(Ep, Es) (23)

Ep =
8760

Â
i=1

Pp(ti) (24)

Es =
8760

Â
i=1

Ps(ti) (25)

where Ep and Es are the energy purchased from the grid and the energy injected into the
grid, respectively. The exchanged energy Eex in Equation (23) is the electricity produced by
PV plant and injected into the grid, which is subsequently taken from the grid to cover the
household demand. The exchanged energy has an economic value measured through the
coefficient CUs f , which is the weighted average value of the general system costs and the
access costs.

The last term of Equation (20) represents the additional income S that can be further
obtained if the economic value CEI of the electricity produced by PV and injected into
the grid is higher than the economic value OE of the electricity purchased from the grid.
Substantially, the net-metering recovers this economic surplus which otherwise would be
lost, as follows:

S = max(0, CEI � OE) (26)

4. Economic, Environmental and Energy Indicators
The performances of a PV plant installed within an household were analyzed from

the economic, energy and environmental point of view through different indicators. These
indicators were also used to perform a comparison of the performances when different PV
sizes and storage capacity were considered. In this section, the different indicators used in
the analysis are presented and described.

4.1. Economic Indicators
The economic profitability of a PV plant with or without storage unit was based here

on a cost-benefit analysis. In particular, the yearly costs and revenues, presented in the
previous section, were used to calculate economic indicators to highlight the benefits of
investing in PV plants with and without storage. Net Present Value (NPV), Internal Rate of
Return (IRR), Discounted Pay Back Time (DPBT) and Levelized Cost of Energy (LCOE) are
the economic indicators used here to evaluate the PV investment. The NPV is calculated
as follows:

NPV = �CAPEX +
N

Â
n=1

YRn + TDn
(1 + d)n (27)

where N is the technical lifetime of the PV plant, d is the discount rate and TD is the tax
deduction currently available in Italy for PV plant and storage unit. However, TD is a
further benefit available only for small size residential installations. In fact, natural person
(i.e., residential end-user) can recover 50% of the capital cost for installing a residential
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PV system, which can include a storage system, as tax deduction in a time span of ten
years [3]. Equation (27) is also used to calculate the Discounted Pay Back Time (DPBT)
for installing PV (with or without the integration of a battery system), since the DPBT is
the period required to recover the initial capital expenditure CAPEX. The Internal Rate
of Return (i.e., the discount rate for which the NPV is equal to zero) is also calculated to
evaluate the opportunity of the PV investment, as follows:

0 = �CAPEX +
N

Â
n=1

YRn + TDn
(1 + d)n (28)

An IRR higher than the discount rate d reveals that the PV investment has an interest
rate greater than an alternative investment, so it is potentially more attractive for investors.
In addition, LCOE is also used to evaluate investment opportunity, since it defines the costs
for RES electricity generation [29], as follows:

LCOE =
CAPEX + ÂN

n=1(OPEXn � TDn) · (1 + d)�n

ÂN
n=0 Epvn(1 + d)�n

(29)

Typically, LCOE is compared either to the cost of the electricity purchased from the
grid or to the generation cost of other alternative electricity sources. When LCOE is
lower than the cost of the electricity purchased from the grid the so called “grid parity”
is obtained.

Finally, an indicator of the cost saving PCR for an end-user installing a PV system
(with or without storage) is defined, as follows:

PCR =

"
1 �

N

Â
n=1

YCn
YCCn

#
100 (30)

where YCC is calculated as follows:

YCC =
8760

Â
I=1

Ue(ti)Cp(ti) + YF + Taxes (31)

This indicator compares the overall costs YC for the End-User to buy electricity when
PV system is installed with ones YCC that were necessary if the whole electricity demand
of end-user was taken from the grid (including VAT and excises).

4.2. Energy Indicators
The energy impact due to the installation of a PV system (with and without stor-

age unit) within an household was analyzed through two different indicators: the self-
consumption (SC) and the self-sufficiency (SS). The former identifies the self-consumed
PV production compared to the yearly PV production, while the latter identifies the self-
consumed PV production compared to the yearly end-user demand, as follows [30]:

SC =
Esc
Epv

=
Â8760

i=1 Psc(ti)

Â8760
i=1 Ppv(ti)

(32)

SS =
Esc
EL

=
Â8760

i=1 Psc(ti)

Â8760
i=1 Ue(ti)

(33)

The values of these indicators depend on the match between the PV generation profile
and the load profile of the household. In this paper, both hourly profiles were compared
to analyze how SC and SS change according to different PV sizes and to different annual
electricity household demand.
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4.3. Environmental Indicator
Finally, the environmental impact of the PV installation was measured through the

evaluation of the CO2 emission reduction (i.e., CO2 savings), calculated as follows:

DCO2 =
CO2,pv

CO2,re f
100 =

Epv · EFCO2

EL · EFCO2

100 (34)

where EFCO2 represents the national CO2 emission factor for the electricity purchased from
the grid, as defined in [31]. Equation (34) compares the CO2 emissions due to the electricity
purchased from the grid when PV is not installed (i.e., CO2,re f ), and the avoided emission
due to the production of renewable energy by the PV. This indicator assumes that PV
overproduction injected into the grid also contributes to the reduction of the CO2 emission,
according to a global emission balance. In fact, the electricity sold to the grid reduces the
need of producing electricity by the national thermoelectric power plants.

5. Results and Discussion
The aforementioned economic, energy and environmental analysis were performed

considering different household consumption. In this paper two different yearly household
electricity demand were assumed: 2700 kWp and 4000 kWh. The former represents
the average consumption of an Italian residential end-user, while the latter represents
the consumption of an household with an increased demand of 30% compared to the
average one.

Once the energy demand is fixed, different sizes of the PV system were considered in a
range from 1 kWp to 6 kWp, since the average size of PV installation for residential end-user
is close to 4 kWp [4]. This PV size variation was considered to exploit PV potential in all the
possible configurations taking also into account the integration of storage systems within
households. As already described, the study presented here was performed subdividing
the Italian territory at regional (i.e., NUTS2) level through a meshed grid with 2.5 ⇥ 2.5 km
of resolution. Thus, a GIS approach was used to create a map with the same resolution,
where hourly solar radiation data from JRC dataset [16] were assumed in each raster
cell. Then the economic, energy and environmental analysis were performed in each cell
within MATLAB environment by importing the raster map as a matrix. Table 1 highlights
the main energy, economic and environmental parameters used to perform the analysis
along the whole Italian context, while Table 2 summarizes the technical and operational
characteristics of the battery considered in this study.

Table 1. Energy economic and environmental parameters used for calculating indicators in each
raster cell [19,20,31–33].

CAPEXpv OPEXpv CAPEXbatt cp PL d PR EFCO2

(e/kWp) (e/kWp) (e/kWh) (e/MWh) (%/y) (%) (kgCO2/kWh)

2000 50 1000 70 0.4 5 0.75 0.4657

Table 2. Main characteristics of the storage system considered in the study [20].

Technology DOD Charge/Discharge Efficiency Tc, Td Cycles (@ 80% DOD)
(%) (%) (h)

Lithium-Ion 80 0.95 2 8000

Finally, the national single price (PUN) and the zonal prices Cs were extracted
from [34] to measure the economic value of the electricity injected into the grid on hourly
basis, as described in Section 3. In particular, a specific hourly zonal prices was considered
for each administrative region, according to the six zones of the Italian electricity market.

A first result concerning the LCOE is shown in Figure 2. It can be noticed how the
tax deduction supports the reduction of LCOE, since values lower than 200 e/MWh can
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be generally observed across Italy, making grid-parity closer also for residential end-user.
The integration of battery storage solutions introduce benefits from the energy point of
view. However, LCOE increases due to the still relevant unitary cost of storage system. In
particular, LCOE get worse when the PV installed capacity increases, since the battery size
and the corresponding investment costs increase as well.

Figure 2. Levelized Cost of Energy (LCOE) of photovoltaic (PV) sintallation, left side without battery
and right side with battery.

In the next sections, results of the economic, environmental and energy analysis are
presented and discussed for households with different yearly energy demand. Summary of
the results are also presented in different tables at regional level by means of average values
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(µ) and standard deviations (s). Graphical representations of the economic, environmental
and energy indicators are then reported in Appendix, through a series of colormaps.

5.1. Results EL = 2700 kWh without Battery
Results concerning the PV installation without battery are discussed in this section

for an household with an electricity consumption corresponding to an average Italian
residential end-user. As shown in Table 3 and Figure A2, CO2 savings in the range 40–60%
are achievable at the lowest PV size. A stronger reduction of CO2 emission is expected for
PV with an installed capacity of 6 kWp. In this case, savings up to 240–350% can be obtained
due to the higher overproduction by renewable energy injected into the grid as confirmed
by Tables 4 and 5, where an increasing PV size reflects lower SC and unchanged SS.

Similar trends can be observed for the cost savings in Table 6 and Figure A3, where
savings increase with the PV sizes. Typical costs saving ranges from 20–29% to 44–83%
for an installed capacity of PV from 1 kWp to 6 kWp, respectively. Of course, a significant
growth rate can be observed on cost saving for small PV size (i.e., 1–2 kWp), while a slightly
growth rate is observed for higher PV size. This effect is due to the marginal impact of PV
production with respect to the household energy demand, when PV sizes are higher (i.e.,
5–6 kWp). In that case, self-consumption does not increase, so more PV overproduction is
sold to the grid at selling price Cs lower than the purchasing one Cp.

The Self-Consumption parameter decreases with increasing PV size (see Table 4 and
Figure A7), showing how higher PV installed capacity increases the electricity injected into
the grid. In facts, SC drops from 65–80% to 13–18% or an installed capacity of PV from
1 kWp to 6 kWp, respectively. This effect is more relevant in southern Italian regions with
higher solar irradiance and higher PV production at fixed PV size.

Differently, an opposite trend occurs if Self-Sufficiency is considered (see Table 5 and
Figure A8). In fact, higher PV sizes can potentially cover a larger part of the electrical load
of the household. Thus, in the Italian territory, SS index can homogeneously range from
30–37% to 44–46% for PV sizes from 1 kWp to 6 kWp, respectively. However, the growth
rate of SS decreases at higher PV size, since more electricity overproduction is expected.

Table 7 and Figure A4 show how the IRR lowers from about 1–3% to �2.5/�6% for
PV sizes from 1 kWp to 6 kWp, respectively. The NPV shows a similar trend (see Table 8
and Figure A5), since it decreases from 154–470 e to �2044/�4580 e for PV sizes form
1 kWp to 6 kWp, respectively. Similarly, Table 9 and Figure A6 show that DPBT is also
affected by the PV size. The economic return on PV investment can be expected within the
range of 13–18 years at lower installed capacity of PV and in the southern Italian regions.
In particular, Southern regions with higher yearly solar irradiation show positive economic
profitability, since DPBT is lower than PV lifetime (i.e., 25 years) for installed capacity up
to 2 kWp, with Sicily that can be attractive for investors up to 3 kWp. Otherwise, DPBT
greater than PV lifetime (i.e., 25 years) can be observed in all the Italian regions for installed
capacity higher than 4 kWp.



Electronics 2021, 10, 146 14 of 49

Table 3. CO2 saving for EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 49.52 4.40 99.04 8.80 148.56 13.20 198.08 17.60 247.60 22.00 297.12 26.41
Basilicata 53.85 2.78 107.70 5.57 161.56 8.35 215.41 11.14 269.26 13.92 323.11 16.71
Calabria 55.31 4.12 110.62 8.25 165.92 12.37 221.23 16.50 276.54 20.62 331.85 24.74
Campania 53.39 3.85 106.78 7.70 160.17 11.55 213.57 15.40 266.96 19.25 320.35 23.10
Emilia Romagna 47.39 2.64 94.79 5.27 142.18 7.91 189.57 10.55 236.96 13.19 284.36 15.82
Friuli Venezia Giulia 43.22 5.40 86.44 10.80 129.66 16.21 172.88 21.61 216.10 27.01 259.32 32.41
Lazio 54.17 3.84 108.35 7.68 162.52 11.51 216.69 15.35 270.87 19.19 325.04 23.03
Liguria 47.90 3.91 95.79 7.83 143.69 11.74 191.59 15.65 239.49 19.56 287.38 23.48
Lombardia 45.65 4.79 91.31 9.58 136.96 14.37 182.61 19.16 228.27 23.95 273.92 28.74
Marche 48.63 3.41 97.26 6.81 145.89 10.22 194.52 13.63 243.15 17.03 291.79 20.44
Molise 52.10 3.03 104.20 6.06 156.30 9.09 208.41 12.11 260.51 15.14 312.61 18.17
Piemonte 45.90 5.18 91.80 10.36 137.70 15.55 183.60 20.73 229.49 25.91 275.39 31.09
Puglia 56.65 2.30 113.30 4.61 169.95 6.91 226.60 9.22 283.25 11.52 339.91 13.83
Sardegna 58.14 2.84 116.27 5.67 174.41 8.51 232.55 11.35 290.69 14.19 348.82 17.02
Sicilia 59.97 3.56 119.95 7.13 179.92 10.69 239.89 14.25 299.87 17.81 359.84 21.38
Toscana 50.53 3.88 101.06 7.76 151.58 11.65 202.11 15.53 252.64 19.41 303.17 23.29
Trentino Alto Adige 40.59 5.66 81.18 11.32 121.77 16.97 162.36 22.63 202.95 28.29 243.53 33.95
Umbria 51.11 2.44 102.22 4.88 153.33 7.33 204.44 9.77 255.56 12.21 306.67 14.65
Valle d’Aosta 42.08 6.36 84.16 12.72 126.24 19.08 168.32 25.44 210.40 31.80 252.48 38.16
Veneto 46.13 4.78 92.26 9.56 138.39 14.34 184.53 19.13 230.66 23.91 276.79 28.69

Table 4. Self-Consumption for EL = 2700 kWh without battery.

Region Pn = 1kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 72.78 3.34 42.12 2.84 29.58 2.33 22.90 1.97 18.74 1.70 15.88 1.49
Basilicata 69.39 1.99 39.41 1.63 27.45 1.25 21.09 1.03 17.16 0.87 14.51 0.76
Calabria 68.21 3.09 38.43 2.32 26.72 1.78 20.54 1.45 16.73 1.23 14.14 1.07
Campania 69.53 2.67 39.79 2.10 27.79 1.68 21.42 1.39 17.47 1.19 14.78 1.03
Emilia Romagna 74.66 2.58 44.47 1.77 31.38 1.36 24.33 1.15 19.87 1.00 16.80 0.89
Friuli Venezia Giulia 77.66 4.11 47.01 3.88 33.69 3.59 26.34 3.19 21.66 2.80 18.41 2.48
Lazio 69.40 2.51 39.58 1.90 27.62 1.54 21.31 1.31 17.38 1.13 14.69 0.99
Liguria 73.76 3.82 43.15 2.91 30.51 2.19 23.75 1.78 19.49 1.50 16.54 1.30
Lombardia 75.34 4.20 45.34 3.39 32.38 2.97 25.28 2.61 20.73 2.30 17.57 2.04
Marche 73.38 2.30 42.97 2.12 30.21 1.79 23.41 1.54 19.15 1.34 16.21 1.18
Molise 70.98 2.24 40.74 1.89 28.43 1.48 21.89 1.22 17.85 1.04 15.10 0.91
Piemonte 76.15 4.22 45.42 3.49 32.34 3.15 25.23 2.79 20.69 2.46 17.55 2.18
Puglia 67.75 1.78 38.26 1.35 26.56 1.00 20.34 0.80 16.50 0.68 13.90 0.59
Sardegna 66.76 1.82 37.78 1.42 26.28 1.08 20.21 0.87 16.43 0.72 13.86 0.63
Sicilia 65.22 2.19 36.37 1.61 25.11 1.25 19.26 1.03 15.67 0.87 13.22 0.75
Toscana 72.38 2.72 42.19 2.24 29.59 1.81 22.90 1.53 18.68 1.32 15.79 1.16
Trentino Alto Adige 79.73 5.58 48.41 5.13 35.04 4.38 27.63 3.73 22.84 3.19 19.49 2.78
Umbria 71.38 1.52 41.31 1.34 28.94 1.10 22.38 0.94 18.28 0.81 15.46 0.71
Valle d’Aosta 76.99 6.03 46.62 5.13 33.95 4.33 26.88 3.68 22.27 3.16 19.01 2.75
Veneto 75.31 4.20 45.20 3.55 32.15 3.10 25.03 2.68 20.50 2.33 17.36 2.05
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Table 5. Self-Sufficiency for EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 34.53 1.92 39.89 1.62 41.97 1.26 43.30 0.98 44.26 0.78 45.00 0.62
Basilicata 35.89 1.10 40.74 1.02 42.55 0.89 43.57 0.74 44.32 0.62 44.95 0.52
Calabria 36.17 1.51 40.71 1.39 42.43 1.13 43.46 0.88 44.24 0.70 44.88 0.58
Campania 35.61 1.60 40.72 1.44 42.63 1.15 43.78 0.92 44.63 0.76 45.29 0.64
Emilia Romagna 33.97 1.08 40.45 1.20 42.80 1.09 44.24 0.93 45.15 0.78 45.80 0.64
Friuli Venezia Giulia 32.09 2.79 38.70 2.56 41.47 1.90 43.15 1.43 44.31 1.12 45.15 0.89
Lazio 36.07 1.63 41.11 1.59 43.00 1.30 44.22 1.05 45.07 0.86 45.68 0.70
Liguria 33.86 1.69 39.56 1.74 41.92 1.40 43.51 1.08 44.59 0.84 45.41 0.65
Lombardia 32.91 2.33 39.53 2.29 42.26 1.79 43.93 1.38 44.99 1.06 45.73 0.81
Marche 34.25 1.69 40.06 1.54 42.22 1.23 43.60 0.99 44.55 0.80 45.25 0.65
Molise 35.50 1.26 40.72 1.11 42.60 0.93 43.73 0.77 44.55 0.63 45.22 0.53
Piemonte 33.43 2.56 39.77 2.43 42.38 1.83 44.00 1.35 45.06 1.02 45.83 0.76
Puglia 36.87 0.61 41.62 0.51 43.34 0.49 44.24 0.43 44.85 0.37 45.35 0.35
Sardegna 37.29 1.21 42.17 1.33 43.99 1.21 45.10 1.04 45.84 0.88 46.39 0.74
Sicilia 37.55 1.29 41.85 1.21 43.32 0.99 44.29 0.82 45.04 0.70 45.60 0.59
Toscana 35.07 1.63 40.85 1.50 42.94 1.23 44.27 1.00 45.14 0.81 45.78 0.65
Trentino Alto Adige 30.88 2.87 37.28 2.27 40.34 1.49 42.35 1.05 43.73 0.80 44.75 0.63
Umbria 35.06 1.27 40.56 1.34 42.61 1.13 43.92 0.93 44.83 0.77 45.49 0.64
Valle d’Aosta 30.85 2.94 37.15 2.29 40.46 1.55 42.64 1.11 44.11 0.83 45.18 0.65
Veneto 33.24 2.19 39.79 1.97 42.38 1.48 43.93 1.15 44.94 0.90 45.66 0.70

Table 6. Cost saving for EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 23.20 4.74 36.39 4.57 44.32 4.38 49.68 5.71 54.90 7.07 59.67 8.23
Basilicata 23.32 3.42 40.12 2.76 47.43 2.76 53.70 3.69 59.45 4.25 64.81 4.90
Calabria 24.24 3.52 41.25 3.82 48.87 4.20 55.41 5.33 61.51 6.24 67.36 7.26
Campania 23.61 3.58 40.33 3.75 48.23 3.92 54.83 5.19 61.20 6.22 67.12 7.24
Emilia Romagna 29.87 7.34 34.43 2.87 42.80 2.57 47.63 3.37 52.42 4.19 57.16 5.02
Friuli Venezia Giulia 24.39 6.75 30.71 4.89 38.31 6.22 42.15 7.09 45.62 8.78 49.06 10.53
Lazio 23.73 3.02 41.11 3.82 49.16 3.93 56.05 5.14 62.40 6.11 68.34 7.15
Liguria 24.68 5.75 34.93 4.31 43.26 3.97 48.30 5.30 53.21 6.52 58.02 7.68
Lombardia 26.94 7.01 33.00 4.58 40.83 5.20 45.24 6.15 49.43 7.65 53.55 9.14
Marche 24.52 6.32 35.83 3.56 44.08 3.57 49.42 4.62 54.65 5.72 59.53 6.65
Molise 22.86 3.93 38.23 3.10 45.32 2.80 50.83 3.72 56.29 4.62 61.20 5.38
Piemonte 23.46 6.92 33.30 5.08 41.37 5.60 46.02 6.80 50.33 8.41 54.48 9.97
Puglia 23.82 1.43 42.59 1.88 49.92 2.36 56.94 3.09 63.47 3.51 69.58 4.11
Sardegna 24.99 1.88 44.49 2.38 52.83 3.12 60.71 3.85 68.13 4.48 75.32 5.24
Sicilia 26.48 2.30 46.88 2.83 56.45 3.62 65.31 4.53 74.13 5.58 83.07 6.69
Toscana 23.36 4.73 37.78 4.15 45.94 4.01 51.85 5.35 57.67 6.59 63.24 7.69
Trentino Alto Adige 20.55 5.26 28.33 5.56 35.62 6.70 38.97 7.61 41.64 9.45 44.18 11.19
Umbria 23.46 4.78 38.48 2.76 46.69 2.62 52.88 3.49 58.87 4.21 64.50 4.83
Valle d’Aosta 20.75 4.60 29.82 6.14 37.30 7.07 40.93 8.50 44.07 10.54 47.10 12.52
Veneto 28.58 7.47 33.39 4.55 41.30 5.17 45.85 6.09 50.21 7.56 54.53 9.05
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Table 7. Internal Rate of Return (IRR) EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 1.85 3.03 �0.69 1.01 �2.44 0.72 �3.58 0.77 �4.33 0.83 �4.86 0.87
Basilicata 1.18 1.60 �0.03 0.45 �2.01 0.40 �3.14 0.44 �3.88 0.46 �4.40 0.48
Calabria 1.65 1.85 0.14 0.63 �1.81 0.59 �2.93 0.64 �3.65 0.67 �4.16 0.70
Campania 1.53 2.03 0.06 0.70 �1.82 0.58 �2.91 0.63 �3.62 0.67 �4.12 0.70
Emilia Romagna 1.37 3.49 �1.04 0.70 �2.62 0.45 �3.77 0.49 �4.52 0.52 �5.05 0.55
Friuli Venezia Giulia 2.73 4.06 �1.77 1.46 �3.40 1.13 �4.58 1.11 �5.39 1.20 �5.98 1.28
Lazio 1.64 1.89 0.16 0.69 �1.72 0.58 �2.81 0.63 �3.51 0.67 �4.00 0.69
Liguria 2.82 3.74 �0.99 0.91 �2.56 0.64 �3.70 0.70 �4.45 0.74 �4.97 0.77
Lombardia 2.46 4.17 �1.41 1.28 �2.97 0.92 �4.13 0.94 �4.91 1.01 �5.46 1.08
Marche 1.63 3.27 �0.77 0.84 �2.45 0.58 �3.59 0.63 �4.33 0.67 �4.85 0.70
Molise 0.97 1.77 �0.34 0.61 �2.29 0.45 �3.45 0.49 �4.21 0.52 �4.74 0.55
Piemonte 1.37 2.87 �1.34 1.37 �2.91 0.97 �4.08 1.00 �4.85 1.08 �5.40 1.14
Puglia 1.47 0.64 0.37 0.30 �1.61 0.33 �2.72 0.35 �3.44 0.37 �3.94 0.39
Sardegna 1.96 0.97 0.72 0.38 �1.17 0.41 �2.22 0.44 �2.90 0.46 �3.37 0.48
Sicilia 2.52 1.07 1.26 0.49 �0.51 0.51 �1.48 0.55 �2.10 0.57 �2.52 0.59
Toscana 1.45 2.65 �0.38 0.86 �2.14 0.63 �3.25 0.69 �3.97 0.73 �4.47 0.76
Trentino Alto Adige 2.60 2.98 �2.48 1.76 �3.90 1.18 �5.10 1.15 �5.96 1.25 �6.57 1.34
Umbria 1.37 2.63 �0.21 0.55 �2.04 0.40 �3.13 0.44 �3.84 0.46 �4.34 0.48
Valle d’Aosta 2.92 2.79 �2.02 1.86 �3.60 1.19 �4.80 1.22 �5.63 1.32 �6.23 1.40
Veneto 1.30 3.19 �1.29 1.28 �2.88 0.93 �4.03 0.94 �4.80 1.02 �5.35 1.08

Table 8. Net Present Value (NPV) for EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e)

Abruzzo 299.96 506.66 �189.55 270.81 �990.44 260.13 �1869.19 341.40 �2749.90 425.35 �3631.41 509.55
Basilicata 183.80 272.18 �6.54 130.33 �830.63 156.00 �1671.39 206.33 �2513.49 256.92 �3356.11 307.69
Calabria 261.57 317.39 45.77 182.51 �749.67 230.49 �1563.17 305.14 �2377.90 380.24 �3193.21 455.59
Campania 242.60 345.86 21.03 198.99 �754.50 227.66 �1556.72 301.78 �2360.20 376.25 �3164.31 450.87
Emilia Romagna 233.79 588.47 �290.27 186.05 �1064.92 161.85 �1961.53 214.44 �2860.08 267.22 �3759.55 320.03
Friuli Venezia
Giulia 463.81 702.44 �473.48 377.28 �1330.13 363.44 �2298.74 441.39 �3279.71 548.28 �4262.12 656.77

Lazio 258.74 320.47 52.20 197.15 �715.36 227.19 �1504.52 300.91 �2295.11 374.96 �3086.57 449.11
Liguria 466.19 628.20 �273.25 250.04 �1039.02 239.13 �1925.95 317.53 �2814.69 396.17 �3704.48 474.93
Lombardia 426.35 732.55 �381.11 326.38 �1181.35 307.07 �2109.50 386.19 �3044.37 480.91 �3980.39 576.02
Marche 270.99 552.11 �213.79 223.85 �999.21 210.24 �1874.26 275.97 �2751.25 343.89 �3629.06 411.95
Molise 153.92 300.99 �95.18 167.59 �938.28 167.68 �1814.46 221.69 �2692.06 276.02 �3570.34 330.55
Piemonte 225.32 478.10 �361.78 352.48 �1161.05 327.87 �2083.41 415.81 �3011.78 517.92 �3941.35 620.40
Puglia 225.13 104.44 109.87 89.67 �675.92 130.25 �1467.09 172.86 �2259.55 215.52 �3052.42 258.29
Sardegna 305.30 165.72 218.38 116.45 �498.08 167.63 �1217.70 222.26 �1938.65 277.01 �2660.51 331.79
Sicilia 397.49 182.62 385.93 150.85 �219.22 216.55 �827.42 288.09 �1436.11 359.73 �2044.72 431.41
Toscana 233.29 444.40 �102.73 240.21 �879.12 240.84 �1715.33 319.62 �2553.21 398.60 �3391.94 477.64
Trentino Alto
Adige 419.41 492.44 �646.46 448.63 �1497.59 379.26 �2512.57 459.58 �3545.81 572.07 �4580.60 685.88

Umbria 223.37 449.82 �57.21 154.75 �841.89 153.80 �1665.46 203.68 �2490.53 253.79 �3316.43 303.99
Valle d’Aosta 471.19 466.35 �526.72 493.73 �1395.42 406.65 �2385.01 513.81 �3386.71 640.98 �4389.80 768.45
Veneto 218.32 536.14 �349.16 322.99 �1147.92 308.96 �2065.02 386.56 �2988.86 481.65 �3913.74 577.10
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Table 9. Discounted Pay Back Time (DPBT) for EL = 2700 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years)

Abruzzo 16.30 4.67 23.67 5.82 >25 - >25 - >25 - >25 -
Basilicata 16.55 2.51 20.23 2.08 >25 - >25 - >25 - >25 -
Calabria 15.49 3.01 19.64 2.69 >25 - >25 - >25 - >25 -
Campania 15.96 3.15 20.04 3.24 >25 - >25 - >25 - >25 -
Emilia Romagna 18.46 5.55 >25 - >25 - >25 - >25 - >25 -
Friuli Venezia Giulia 15.81 6.44 >25 - >25 - >25 - >25 - >25 -
Lazio 15.52 2.88 19.61 3.18 >25 - >25 - >25 - >25 -
Liguria 15.17 5.96 >25 - >25 - >25 - >25 - >25 -
Lombardia 16.52 6.19 >25 - >25 - >25 - >25 - >25 -
Marche 17.25 5.03 23.88 4.95 >25 - >25 - >25 - >25 -
Molise 17.35 2.95 21.66 3.17 >25 - >25 - >25 - >25 -
Piemonte 17.60 5.11 >25 - >25 - >25 - >25 - >25 -
Puglia 15.26 1.35 18.62 1.12 >25 - >25 - >25 - >25 -
Sardegna 14.18 1.57 17.41 1.33 >25 - >25 - >25 - >25 -
Sicilia 13.05 1.70 15.85 1.49 22.36 2.47 >25 - >25 - >25 -
Toscana 16.90 4.16 22.03 4.37 >25 - >25 - >25 - >25 -
Trentino Alto Adige 14.63 5.33 >25 - >25 - >25 - >25 - >25 -
Umbria 16.97 3.72 21.03 2.59 >25 - >25 - >25 - >25 -
Valle d’Aosta 13.67 4.52 >25 - >25 - >25 - >25 - >25 -
Veneto 18.23 5.29 >25 - >25 - >25 - >25 - >25 -

5.2. Results EL = 2700 kWh with Battery
Results concerning the PV installation with battery are discussed in this section for an

household with an electricity consumption corresponding to an average Italian residential
end-user. As shown in Figure A1, the storage capacity calculated by adopting the sizing
proposed in Section 2.4, it is strongly influenced by the PV peak power. In fact, small PV
size can not have sufficient overproduction to be stored, hence bringing battery capacity to
be lower. In contrast, battery size increases up to 4 kWh when PV size is grater than 3 kWp
in Southern regions where higher solar irradiance is available.

Table 10 and Figure A2 show that the use of a storage system has a small influence
on CO2 saving, since ita can range from 38–56% to 235–333% for PV sizes from 1 kWp to
6 kWp, respectively. Instead, the cost savings (see Table 11 and Figure A3) increase with
respect to a configuration without storage. In fact, savings from 23–31% to 53–102% can be
obtained by increasing PV size from 1 kWp to 6 kWp. It can be noticed that the cost saving
can be greater than 100% in some cases, since PV overproduction can be sold to the grid
and net-metering option is available.

From the energy point of view, the results of Self-Consumption and Self-Sufficiency
factors (see Tables 12 and 13 and Figures A7 and A8) clearly show how battery use introduce
significant benefits. In fact, SC increases with respect to the configuration without storage.
This is due to the possibility to self-consume the stored PV overproduction instead of
selling it into the electric grid. For this reason, SC can range from 70–83% to 25–29% for
installed capacities of PV ranging from 1 kWp to 6 kWp, respectively. Conversely, SS
appears not influenced by the storage (i.e., SS ranges from 30% to 37%) for small PV size
(i.e., small battery size), while SS is almost double (i.e., SS ranges from 61% to 81%) at
higher PV size (i.e., at 6 kWp).

From an economic point of view, investment costs increase due to the capital cost of
the battery system to be integrated within the plant. Consequently, the IRR (see Table 14
and Figure A4) range from 1–7% to �4.6/�7%, showing an increase if compared to the
previous scenario without storage.

Moreover, results in Table 15 and Figure A5 indicate that the introduction of storage
increases the NPV for small PV sizes (i.e., 200–1240 e is obtained at 1 kWp). While NPV
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decreases for higher PV size and battery in all the Italian regions. In fact, NPV lower than
�4500 e can be observed in most of the cases where installed capacity of PV is greater
than 4 kWp.

Finally, if a storage unit is integrated within the PV plant, the DPBT decreases for
small PV size, due to higher self-consumed energy (see Table 16 and Figure A6). Otherwise
the economic profitability of the storage is lost when PV size is greater than 3 kWp, since
no regions seem to allow acceptable investment payback time.

Table 10. CO2 saving for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 46.43 4.13 92.60 8.11 138.13 12.02 183.53 15.90 229.02 19.88 275.32 24.27
Basilicata 50.49 2.61 100.49 5.02 149.77 7.42 198.94 9.82 248.73 12.69 299.09 15.48
Calabria 51.85 3.87 103.05 7.32 153.63 10.83 204.35 14.69 255.62 18.89 307.27 22.96
Campania 50.05 3.61 99.71 6.95 148.70 10.25 197.58 13.63 246.80 17.44 296.83 21.31
Emilia Romagna 44.43 2.47 88.85 4.95 132.88 7.50 176.66 9.99 220.41 12.49 264.21 14.94
Friuli Venezia Giulia 40.52 5.06 81.04 10.13 121.29 15.17 161.31 20.12 201.28 25.04 241.19 29.96
Lazio 50.79 3.60 100.91 6.94 150.39 10.23 199.90 13.70 250.20 17.57 301.28 21.35
Liguria 44.90 3.67 89.66 7.21 134.10 10.64 178.28 14.10 222.59 17.76 267.05 21.53
Lombardia 42.80 4.49 85.55 8.97 128.02 13.49 170.29 17.93 212.52 22.35 254.80 26.77
Marche 45.59 3.19 90.98 6.26 135.70 9.24 180.29 12.21 224.97 15.29 270.34 18.74
Molise 48.85 2.84 97.56 5.65 145.51 8.33 193.32 11.05 241.14 13.79 289.72 16.71
Piemonte 43.03 4.86 85.85 9.66 128.27 14.41 170.46 19.05 212.86 23.78 255.50 28.65
Puglia 53.11 2.16 105.67 4.11 157.58 6.04 209.37 8.12 261.77 10.58 314.80 12.82
Sardegna 54.50 2.66 108.22 4.93 161.30 7.28 214.67 10.07 268.71 13.04 323.14 15.85
Sicilia 56.21 3.32 111.03 6.16 165.47 9.27 221.09 13.00 277.19 16.56 333.38 19.98
Toscana 47.37 3.64 94.61 7.12 141.19 10.50 187.61 13.90 234.09 17.50 281.08 21.40
Trentino Alto Adige 38.05 5.30 76.04 10.52 113.57 15.49 151.02 20.48 188.48 25.55 226.14 30.90
Umbria 47.92 2.29 95.52 4.43 142.43 6.51 189.22 8.60 236.31 10.97 284.15 13.57
Valle d’Aosta 39.45 5.96 78.78 11.75 117.82 17.38 156.77 23.05 195.73 28.85 234.80 34.83
Veneto 43.25 4.48 86.48 8.98 129.50 13.55 172.25 18.02 214.94 22.49 257.60 26.95

Table 11. Cost saving for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 25.91 4.40 43.71 5.27 52.09 5.04 58.77 6.61 65.40 8.23 72.03 9.86
Basilicata 26.60 2.59 47.41 2.58 55.19 3.02 62.60 3.99 69.99 4.97 77.36 5.96
Calabria 27.75 3.24 48.42 3.59 56.76 4.46 64.69 5.91 72.61 7.36 80.51 8.82
Campania 26.98 3.21 47.91 3.89 56.66 4.41 64.81 5.84 72.95 7.28 81.07 8.73
Emilia Romagna 24.78 5.29 41.75 3.53 50.65 3.13 56.98 4.15 63.27 5.17 69.55 6.19
Friuli Venezia Giulia 25.10 7.65 37.09 6.18 45.50 7.07 50.45 8.55 55.15 10.61 59.82 12.71
Lazio 27.41 2.94 48.53 3.85 57.41 4.40 65.82 5.82 74.21 7.26 82.57 8.69
Liguria 26.62 5.59 42.13 4.88 51.15 4.63 57.66 6.15 64.15 7.67 70.61 9.19
Lombardia 25.79 7.58 39.62 5.93 48.38 5.97 54.11 7.48 59.70 9.31 65.27 11.15
Marche 25.43 4.89 43.21 4.32 51.92 4.07 58.67 5.34 65.38 6.66 72.07 7.97
Molise 25.66 2.70 45.66 3.30 53.10 3.25 59.83 4.29 66.53 5.34 73.21 6.40
Piemonte 23.91 4.54 40.03 6.47 48.78 6.37 54.62 8.05 60.33 10.02 66.03 12.01
Puglia 28.01 1.58 49.70 1.75 58.18 2.52 66.55 3.35 74.90 4.17 83.24 5.00
Sardegna 29.35 2.00 51.80 2.27 61.62 3.24 71.38 4.30 81.11 5.36 90.82 6.42
Sicilia 31.12 2.44 55.03 2.94 67.01 4.19 78.92 5.58 90.82 6.96 102.73 8.35
Toscana 25.89 3.90 45.43 4.60 54.24 4.66 61.74 6.19 69.21 7.71 76.66 9.24
Trentino Alto Adige 23.10 5.69 33.60 6.89 42.24 7.39 46.31 8.90 50.00 11.07 53.65 13.27
Umbria 26.02 3.82 46.34 2.98 54.96 2.98 62.71 3.94 70.42 4.91 78.12 5.88
Valle d’Aosta 23.89 5.54 35.70 7.50 44.23 7.90 48.78 9.94 53.08 12.41 57.35 14.87
Veneto 24.05 5.12 40.30 5.94 49.03 6.01 54.97 7.48 60.78 9.32 66.56 11.17
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Table 12. Self-Consumption for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 75.95 3.26 46.95 3.06 38.82 2.79 35.00 3.01 32.17 2.67 27.63 1.99
Basilicata 72.60 1.95 46.11 2.52 39.42 2.79 36.19 2.97 31.91 1.82 27.24 1.40
Calabria 71.45 3.07 46.33 2.99 39.64 3.59 35.37 2.99 30.84 2.29 26.56 1.95
Campania 72.70 2.63 45.69 2.29 38.37 2.66 34.82 2.87 31.40 2.45 26.55 1.87
Emilia Romagna 77.67 2.57 47.08 2.14 36.11 3.52 31.43 3.86 28.45 4.18 26.22 3.67
Friuli Venezia Giulia 80.67 4.04 49.48 3.91 37.59 4.31 32.18 4.02 28.91 3.99 26.75 3.83
Lazio 72.63 2.49 47.88 2.29 41.16 2.74 37.41 2.73 32.15 2.23 26.19 1.74
Liguria 76.91 3.77 47.03 2.98 36.33 4.24 31.91 4.72 28.52 4.05 25.70 3.16
Lombardia 78.34 4.15 48.31 3.64 36.98 4.71 31.72 5.13 28.46 5.10 25.90 4.45
Marche 76.47 2.22 47.35 2.62 39.17 2.07 35.26 2.45 32.42 2.36 28.12 1.68
Molise 74.15 2.18 44.29 2.78 36.60 2.89 33.04 3.06 30.71 2.61 26.71 1.50
Piemonte 79.21 4.18 50.09 4.25 40.02 5.26 35.54 5.52 31.71 4.78 28.20 3.63
Puglia 70.97 1.77 45.22 2.18 38.39 2.59 35.05 2.58 30.84 1.55 26.13 0.97
Sardegna 69.98 1.79 46.60 3.60 40.32 4.01 35.70 2.77 30.52 1.57 25.84 1.34
Sicilia 68.68 2.17 50.11 3.63 44.21 3.55 36.24 1.85 29.76 1.58 25.08 1.44
Toscana 75.50 2.66 45.73 2.07 37.21 2.19 33.30 2.49 30.54 2.31 27.02 1.83
Trentino Alto Adige 82.79 5.39 51.58 4.86 41.33 3.71 35.99 3.94 32.37 4.39 29.11 4.04
Umbria 74.54 1.48 46.64 2.50 39.13 2.78 35.55 3.06 32.09 2.14 27.31 1.35
Valle d’Aosta 80.05 5.90 50.17 4.40 39.48 3.73 33.94 3.98 30.21 4.05 27.21 3.84
Veneto 78.33 4.15 47.79 3.83 35.80 4.68 30.61 4.66 27.45 4.68 25.30 4.33

Table 13. Self-Sufficiency for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 33.79 1.94 41.81 3.60 51.95 5.71 62.56 8.18 71.92 9.16 73.84 6.62
Basilicata 35.20 1.11 44.78 3.52 57.48 5.74 70.40 7.92 77.44 5.45 79.21 3.65
Calabria 35.53 1.52 46.28 5.43 59.52 8.78 70.71 9.10 76.78 6.74 79.19 4.89
Campania 34.92 1.61 44.00 4.13 55.54 6.81 67.27 9.01 75.62 8.07 76.52 5.84
Emilia Romagna 33.13 1.08 40.14 1.46 46.14 3.77 53.53 5.82 60.56 8.07 66.97 8.41
Friuli Venezia Giulia 31.26 2.77 38.21 2.64 43.44 3.64 49.64 5.29 55.85 7.50 62.13 9.26
Lazio 35.40 1.64 46.79 4.29 60.44 7.02 73.23 8.40 78.44 6.61 76.52 4.68
Liguria 33.11 1.67 40.51 3.16 47.07 6.89 55.21 10.03 61.62 10.40 66.52 9.24
Lombardia 32.09 2.31 39.51 2.77 45.25 4.63 51.76 7.37 58.08 9.54 63.45 9.86
Marche 33.47 1.69 41.47 3.29 51.55 4.83 61.95 6.98 71.19 8.05 73.91 5.89
Molise 34.78 1.28 41.52 2.48 51.54 4.67 62.07 6.61 72.13 7.20 75.19 4.96
Piemonte 32.61 2.54 41.20 3.85 49.38 6.89 58.60 10.18 65.38 10.94 69.69 9.52
Puglia 36.21 0.64 46.20 3.14 58.88 5.50 71.68 6.86 78.70 4.24 79.97 2.53
Sardegna 36.64 1.21 48.95 5.51 63.60 8.64 74.94 7.73 79.92 4.71 81.13 3.45
Sicilia 37.08 1.65 54.34 6.40 71.92 8.71 78.32 5.31 80.24 3.13 81.12 2.15
Toscana 34.31 1.65 41.61 3.22 50.90 5.55 60.82 7.81 69.68 8.39 73.76 6.35
Trentino Alto Adige 30.08 2.87 37.35 3.30 45.14 6.08 52.65 9.28 59.36 12.13 63.92 12.25
Umbria 34.32 1.26 42.99 3.34 54.15 5.42 65.64 7.61 74.00 6.63 75.41 3.61
Valle d’Aosta 30.10 2.95 37.69 3.99 44.73 6.94 51.50 10.06 57.40 12.03 61.91 12.41
Veneto 32.42 2.19 39.45 2.11 44.16 3.26 50.32 5.13 56.41 7.06 62.38 7.89
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Table 14. IRR EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 2.46 3.36 �1.38 0.92 �3.59 0.49 �5.05 0.47 �5.91 0.50 �6.30 0.64
Basilicata 1.52 2.45 �0.99 0.47 �3.56 0.30 �4.99 0.26 �5.67 0.30 �6.02 0.37
Calabria 1.94 2.43 �1.03 0.50 �3.54 0.33 �4.83 0.31 �5.47 0.44 �5.82 0.54
Campania 1.85 2.61 �0.82 0.58 �3.28 0.29 �4.68 0.28 �5.43 0.40 �5.73 0.52
Emilia Romagna 7.45 4.31 �1.42 0.70 �3.16 0.60 �4.65 0.60 �5.58 0.61 �6.22 0.58
Friuli Venezia Giulia 5.18 3.85 �2.05 1.32 �3.82 1.16 �5.26 1.00 �6.24 1.03 �6.94 1.09
Lazio 1.80 2.25 �1.09 0.52 �3.55 0.27 �4.86 0.30 �5.42 0.44 �5.61 0.54
Liguria 4.01 3.79 �1.54 0.88 �3.27 0.56 �4.73 0.55 �5.60 0.55 �6.16 0.59
Lombardia 6.37 4.02 �1.69 1.26 �3.47 1.01 �4.89 0.95 �5.83 0.96 �6.48 0.98
Marche 3.49 4.27 �1.39 0.79 �3.57 0.36 �5.02 0.34 �5.88 0.39 �6.30 0.51
Molise 1.54 2.82 �0.79 0.75 �3.33 0.41 �4.84 0.38 �5.75 0.37 �6.18 0.40
Piemonte 3.25 4.26 �1.90 1.32 �3.78 0.96 �5.22 0.85 �6.08 0.86 �6.63 0.92
Puglia 1.33 0.74 �0.62 0.36 �3.27 0.27 �4.67 0.23 �5.33 0.26 �5.63 0.29
Sardegna 1.86 1.20 �0.61 0.60 �3.22 0.41 �4.41 0.28 �4.93 0.32 �5.18 0.38
Sicilia 2.37 1.35 �1.08 0.48 �3.48 0.31 �4.19 0.32 �4.47 0.43 �4.63 0.48
Toscana 2.22 3.37 �0.89 0.76 �3.16 0.36 �4.62 0.36 �5.49 0.42 �5.95 0.56
Trentino Alto Adige 2.77 2.85 �2.63 1.69 �4.58 0.95 �5.96 0.77 �6.92 0.86 �7.56 1.00
Umbria 2.16 3.46 �1.04 0.55 �3.37 0.32 �4.79 0.28 �5.56 0.28 �5.89 0.38
Valle d’Aosta 2.71 2.44 �2.38 1.63 �4.24 0.91 �5.60 0.80 �6.54 0.91 �7.17 1.05
Veneto 7.15 4.28 �1.59 1.17 �3.27 1.04 �4.72 0.96 �5.67 1.00 �6.34 1.03

Table 15. NPV for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e)

Abruzzo 401.65 568.17 �403.49 248.11 �1647.93 212.30 �3106.39 286.57 �4519.07 301.37 �5527.26 343.05
Basilicata 242.79 419.77 �315.50 149.45 �1755.33 223.00 �3314.87 310.55 �4570.83 235.84 �5542.75 260.33
Calabria 310.76 419.36 �340.49 171.44 �1798.44 295.92 �3238.32 304.61 �4413.77 310.33 �5394.38 380.88
Campania 297.38 443.11 �255.44 171.05 �1587.99 202.05 �3048.25 272.24 �4340.61 301.80 �5223.57 360.90
Emilia Romagna 1242.55 745.40 �395.78 187.17 �1344.13 286.53 �2632.33 412.57 �3932.65 553.27 �5216.04 591.68
Friuli Venezia Giulia 824.62 624.34 �550.41 335.81 �1532.33 384.15 �2795.58 427.75 �4112.12 520.13 �5453.52 594.32
Lazio 285.21 380.29 �353.47 152.30 �1804.01 193.59 �3307.59 252.68 �4410.26 300.64 �5125.59 367.28
Liguria 660.96 645.71 �436.42 246.79 �1425.65 306.07 �2739.34 448.14 �3985.98 479.56 �5165.23 473.06
Lombardia 1029.92 670.07 �465.88 335.15 �1443.64 401.38 �2690.36 541.38 �3974.83 663.44 �5227.65 706.07
Marche 578.89 726.61 �404.61 220.86 �1624.41 146.35 �3067.71 209.64 �4472.27 245.51 �5523.63 274.98
Molise 249.95 481.67 �232.38 217.03 �1523.88 228.93 �2979.94 312.59 �4429.27 326.25 �5502.48 249.16
Piemonte 542.09 727.74 �540.08 355.44 �1650.88 404.45 �3049.03 532.37 �4354.12 569.90 �5539.96 545.27
Puglia 203.48 123.13 �203.84 123.05 �1642.16 217.46 �3156.37 280.20 �4371.51 212.33 �5276.42 203.37
Sardegna 289.46 203.38 �221.69 217.49 �1714.29 350.36 �3076.73 307.14 �4109.33 238.65 �4940.58 301.78
Sicilia 375.12 235.25 �418.96 211.29 �2031.61 309.72 �3051.09 217.40 �3815.98 298.43 �4522.62 383.61
Toscana 363.61 572.38 �256.34 205.29 �1430.56 166.67 �2813.51 230.71 �4164.27 259.62 �5260.62 332.03
Trentino Alto Adige 446.32 474.22 �695.55 437.41 �1865.10 258.59 �3218.90 306.27 �4598.52 428.45 �5881.00 497.22
Umbria 355.65 590.41 �315.83 167.51 �1599.95 214.03 �3061.42 304.32 �4370.38 258.13 �5301.27 258.56
Valle d’Aosta 437.24 411.30 �639.23 425.86 �1736.94 270.40 �3017.16 337.55 �4314.99 435.83 �5561.26 527.18
Veneto 1170.30 720.96 �434.95 301.15 �1341.44 393.87 �2566.70 500.76 �3831.09 631.51 �5108.88 718.83
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Table 16. DPBT for EL = 2700 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(Years) (Years) (Years) (years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years)

Abruzzo 15.20 4.83 >25 - >25 - >25 - >25 - >25 -
Basilicata 16.28 3.20 24.70 2.43 >25 - >25 - >25 - >25 -
Calabria 15.23 3.34 24.88 2.59 >25 - >25 - >25 - >25 -
Campania 15.63 3.58 23.91 2.97 >25 - >25 - >25 - >25 -
Emilia Romagna 9.57 5.12 >25 - >25 - >25 - >25 - >25 -
Friuli Venezia Giulia 11.20 5.23 >25 - >25 - >25 - >25 - >25 -
Lazio 15.41 3.15 >25 - >25 - >25 - >25 - >25 -
Liguria 12.81 5.18 >25 - >25 - >25 - >25 - >25 -
Lombardia 10.12 4.89 >25 - >25 - >25 - >25 - >25 -
Marche 14.38 5.82 >25 - >25 - >25 - >25 - >25 -
Molise 16.68 3.80 23.87 3.91 >25 - >25 - >25 - >25 -
Piemonte 14.84 6.00 >25 - >25 - >25 - >25 - >25 -
Puglia 15.66 1.42 22.78 1.69 >25 - >25 - >25 - >25 -
Sardegna 14.50 1.73 22.84 2.76 >25 - >25 - >25 - >25 -
Sicilia 13.45 1.79 >25 - >25 - >25 - >25 - >25 -
Toscana 15.71 4.70 24.41 4.23 >25 - >25 - >25 - >25 -
Trentino Alto Adige 14.03 4.86 >25 - >25 - >25 - >25 - >25 -
Umbria 15.94 4.64 24.98 2.99 >25 - >25 - >25 - >25 -
Valle d’Aosta 13.76 4.22 >25 - >25 - >25 - >25 - >25 -
Veneto 9.71 5.03 >25 - >25 - >25 - >25 - >25 -

5.3. Results EL = 4000 kWh without Battery
Results concerning the PV installation without battery are discussed in this section for

an household with an electricity consumption increased with respect to an average Italian
residential end-user. This context was explored to consider also residential end-user with
an higher attitude in electricity consumption.

From the economic point of view, Table 17 and Figure A12 show that IRR lowers
from about 3–9% to �1% for PV sizes ranging from 1 kWp to 6 kWp, respectively. Sim-
ilarly, the NPV shows a trend (see Table 18 and Figure A13) where it can ranges from
560/1600 e down to around �1220/�1320 e for PV sizes from 1 kWp to 6 kWp, respec-
tively. Table 19 and Figure A14 finally show that DPBT is still influenced by the PV size
ranging from around 7 years to values grater than the PV lifetime. However, household
with an increased energy consumption can obtain more benefits from an economic per-
spective, since PV production can be largely self-consumed. In fact, the comparison of
these economic results with ones at lower yearly consumption (i.e., 2700 kWh), reveals that
economic performances are better for households with higher demand. These benefits are
even better for southern Italian regions with higher availability of solar radiation.

From the environmental point of view, CO2 savings range from 30% to 40% for small
PV size (i.e., 1 kWp), as shown in Table 20 and Figure A10. However, a strong increase up to
164–242% can be obtained for higher PV size (i.e., 6 kWp), due to the higher PV production.

Instead, Table 21 and Figure A11 show how cost savings can range from 15–24% to
49–67% for PV sizes ranging from 1 kWp to 6 kWp, respectively. Once again, higher costs
saving can be observed in southern regions due to higher availability of solar radiation. In
addition, as already pointed out for the other economic indicators, households with higher
yearly consumption (i.e., 4000 kWh) can also obtain higher cost savings compared to ones
with lower yearly consumption (i.e., 2700 kWh).

From the energy point of view, the Self-Consumption decreases with increasing PV
size. This trend shows how higher PV size increases the energy that can be injected into the
grid and not self-consumed (see Table 22 and Figure A15). In facts, SC drops from 84–95%
(at 1 kWp) to 19–27% (at 6 kWp). Finally, Self-Sufficiency shows an opposite trend with
respect to SC (see Table 23 and Figure A16). In fact, SS can range from 25–33% to 42–45%
when PV size ranges from 1 kWp to 6 kWp.
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Table 17. IRR for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 6.18 1.31 4.93 1.22 4.11 1.06 2.18 0.60 0.67 0.59 �0.42 0.62
Basilicata 7.40 0.77 5.97 0.71 4.79 0.41 2.54 0.33 1.02 0.34 �0.07 0.36
Calabria 7.77 1.11 6.30 1.03 4.92 0.56 2.69 0.47 1.19 0.50 0.11 0.52
Campania 7.26 1.08 5.94 1.01 4.84 0.65 2.68 0.47 1.19 0.50 0.13 0.52
Emilia Romagna 5.58 0.79 4.45 0.75 3.83 0.74 2.05 0.36 0.54 0.38 �0.55 0.40
Friuli Venezia Giulia 4.27 1.79 3.19 1.69 2.60 1.67 1.34 1.10 �0.08 0.86 �1.19 0.85
Lazio 7.49 1.07 6.14 1.01 4.94 0.65 2.76 0.48 1.28 0.50 0.22 0.52
Liguria 5.72 1.13 4.54 1.07 3.83 0.93 2.08 0.51 0.58 0.53 �0.51 0.56
Lombardia 5.01 1.53 3.90 1.45 3.30 1.43 1.73 0.87 0.27 0.71 �0.83 0.73
Marche 5.93 1.04 4.75 0.98 4.06 0.90 2.16 0.50 0.67 0.48 �0.42 0.50
Molise 6.91 0.87 5.52 0.79 4.52 0.59 2.32 0.36 0.79 0.38 �0.31 0.40
Piemonte 5.12 1.65 3.99 1.55 3.36 1.52 1.77 0.90 0.31 0.76 �0.79 0.78
Puglia 8.15 0.60 6.66 0.56 5.13 0.25 2.86 0.26 1.36 0.28 0.29 0.29
Sardegna 8.55 0.76 7.13 0.71 5.44 0.34 3.21 0.34 1.75 0.36 0.72 0.37
Sicilia 9.08 0.95 7.74 0.88 5.87 0.43 3.72 0.43 2.32 0.45 1.33 0.47
Toscana 6.49 1.13 5.27 1.06 4.45 0.85 2.43 0.51 0.94 0.54 �0.13 0.56
Trentino Alto Adige 3.43 1.87 2.39 1.74 1.78 1.68 0.87 1.17 �0.47 0.87 �1.61 0.88
Umbria 6.65 0.72 5.42 0.68 4.62 0.53 2.50 0.33 1.02 0.34 �0.05 0.36
Valle d’Aosta 3.86 2.00 2.80 1.87 2.17 1.73 1.14 1.13 �0.24 0.92 �1.37 0.95
Veneto 5.16 1.53 4.04 1.44 3.44 1.42 1.81 0.87 0.34 0.71 �0.75 0.73

Table 18. NPV for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e)

Abruzzo 1057.39 244.38 1643.74 434.08 2030.36 551.61 1369.60 387.19 513.35 441.72 �353.98 521.70
Basilicata 1290.39 152.38 2025.86 267.17 2396.07 226.26 1604.53 217.34 777.64 265.54 �54.27 314.25
Calabria 1366.71 221.56 2158.33 392.81 2471.58 309.65 1710.91 319.22 910.94 390.68 106.47 463.18
Campania 1264.92 210.51 2020.55 378.40 2425.94 356.87 1700.83 318.19 913.78 388.23 121.68 460.44
Emilia Romagna 940.02 144.29 1463.22 262.38 1867.03 382.74 1283.13 234.91 406.07 280.67 �478.08 331.89
Friuli Venezia Giulia 708.37 305.69 1039.91 553.58 1256.01 796.98 841.60 658.90 �42.92 603.26 �999.85 680.38
Lazio 1310.28 209.79 2096.67 379.95 2480.52 355.58 1758.64 320.77 984.71 390.64 206.49 462.21
Liguria 968.94 213.91 1499.58 386.82 1875.29 491.46 1304.28 333.06 437.58 406.83 �435.31 483.01
Lombardia 839.92 267.75 1277.91 485.13 1602.73 698.39 1083.71 533.55 211.85 512.41 �704.38 594.95
Marche 1006.95 192.14 1574.99 345.04 1996.52 463.35 1358.77 320.93 506.45 358.55 �356.71 423.64
Molise 1195.02 166.23 1858.61 291.02 2248.65 318.49 1461.24 235.04 599.87 286.19 �266.51 338.54
Piemonte 860.36 291.08 1312.52 525.26 1642.30 752.70 1113.61 556.56 245.76 551.24 �664.32 639.30
Puglia 1440.94 122.07 2292.92 215.68 2589.69 139.32 1823.90 177.36 1045.33 218.96 261.73 260.67
Sardegna 1521.81 154.90 2474.94 278.70 2760.70 190.49 2064.48 235.92 1359.55 288.58 649.37 341.61
Sicilia 1632.46 193.74 2717.41 349.08 3007.48 243.14 2419.87 300.20 1823.08 369.37 1223.93 439.35
Toscana 1114.24 214.81 1768.94 389.33 2206.74 455.33 1534.96 339.29 716.04 412.62 �108.45 489.36
Trentino Alto Adige 562.02 320.51 770.75 569.72 857.46 800.38 550.90 696.44 �326.90 611.10 �1332.14 697.86
Umbria 1143.92 137.78 1821.20 251.27 2299.24 291.20 1580.19 218.91 773.05 265.70 �38.76 313.53
Valle d’Aosta 639.25 354.64 909.32 634.00 1046.44 849.27 715.60 694.03 �161.16 669.53 �1136.05 779.79
Veneto 868.31 266.46 1330.21 481.36 1677.17 695.04 1133.78 532.26 267.77 513.34 �637.85 593.45
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Table 19. DPBT for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years)

Abruzzo 8.94 1.23 9.90 1.60 10.68 1.85 13.71 1.58 17.69 2.19 21.96 3.00
Basilicata 8.13 0.43 8.96 0.50 9.79 0.42 12.91 0.64 16.48 1.05 20.33 1.53
Calabria 7.95 0.59 8.77 0.67 9.71 0.52 12.65 0.89 16.06 1.45 19.68 2.12
Campania 8.22 0.64 9.01 0.79 9.80 0.74 12.68 0.92 16.05 1.48 19.61 2.12
Emilia Romagna 9.24 0.71 10.15 1.00 10.82 1.24 13.90 0.88 18.04 1.43 22.48 1.93
Friuli Venezia Giulia 11.02 3.44 12.48 4.23 13.61 4.83 16.15 4.41 20.70 4.25 >25 -
Lazio 8.10 0.63 8.89 0.78 9.73 0.73 12.52 0.92 15.80 1.48 19.25 2.13
Liguria 9.16 0.82 10.16 1.13 10.93 1.31 13.87 1.09 17.98 1.83 22.34 2.54
Lombardia 10.04 2.38 11.20 3.02 12.06 3.53 14.91 3.03 19.19 3.16 23.99 4.05
Marche 9.06 1.05 9.95 1.37 10.63 1.61 13.71 1.33 17.64 1.79 21.90 2.45
Molise 8.41 0.56 9.28 0.72 10.06 0.78 13.34 0.78 17.20 1.31 21.38 1.83
Piemonte 9.99 2.42 11.17 3.06 12.02 3.58 14.82 3.05 19.07 3.31 23.81 4.22
Puglia 7.73 0.30 8.52 0.32 9.52 0.17 12.31 0.46 15.51 0.73 18.89 1.10
Sardegna 7.55 0.37 8.27 0.40 9.32 0.24 11.73 0.56 14.55 0.87 17.43 1.26
Sicilia 7.31 0.45 7.95 0.48 9.04 0.28 10.98 0.64 13.34 0.96 15.65 1.36
Toscana 8.68 0.78 9.52 1.03 10.21 1.14 13.16 1.07 16.81 1.75 20.70 2.46
Trentino Alto Adige 12.17 3.64 14.03 4.40 15.45 5.04 17.59 4.70 22.41 4.27 >25 -
Umbria 8.54 0.46 9.32 0.58 9.94 0.62 12.98 0.67 16.50 1.09 20.25 1.56
Valle d’Aosta 11.54 3.12 13.25 3.88 14.52 4.43 16.69 3.97 21.44 3.98 >25 -
Veneto 9.91 2.43 11.02 3.06 11.84 3.55 14.73 3.09 18.92 3.21 23.61 4.04

Table 20. CO2 saving for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 33.43 2.97 66.85 5.94 100.28 8.91 133.70 11.88 167.13 14.85 200.56 17.82
Basilicata 36.35 1.88 72.70 3.76 109.05 5.64 145.40 7.52 181.75 9.40 218.10 11.28
Calabria 37.33 2.78 74.67 5.57 112.00 8.35 149.33 11.13 186.66 13.92 224.00 16.70
Campania 36.04 2.60 72.08 5.20 108.12 7.80 144.16 10.39 180.20 12.99 216.24 15.59
Emilia Romagna 31.99 1.78 63.98 3.56 95.97 5.34 127.96 7.12 159.95 8.90 191.94 10.68
Friuli Venezia Giulia 29.17 3.65 58.35 7.29 87.52 10.94 116.69 14.59 145.87 18.23 175.04 21.88
Lazio 36.57 2.59 73.13 5.18 109.70 7.77 146.27 10.36 182.84 12.95 219.40 15.54
Liguria 32.33 2.64 64.66 5.28 96.99 7.92 129.32 10.56 161.65 13.21 193.98 15.85
Lombardia 30.82 3.23 61.63 6.47 92.45 9.70 123.27 12.93 154.08 16.17 184.90 19.40
Marche 32.83 2.30 65.65 4.60 98.48 6.90 131.30 9.20 164.13 11.50 196.96 13.80
Molise 35.17 2.04 70.34 4.09 105.51 6.13 140.67 8.18 175.84 10.22 211.01 12.27
Piemonte 30.98 3.50 61.96 7.00 92.94 10.49 123.93 13.99 154.91 17.49 185.89 20.99
Puglia 38.24 1.56 76.48 3.11 114.72 4.67 152.96 6.22 191.20 7.78 229.44 9.33
Sardegna 39.24 1.92 78.49 3.83 117.73 5.75 156.97 7.66 196.21 9.58 235.46 11.49
Sicilia 40.48 2.40 80.96 4.81 121.45 7.21 161.93 9.62 202.41 12.02 242.89 14.43
Toscana 34.11 2.62 68.21 5.24 102.32 7.86 136.42 10.48 170.53 13.10 204.64 15.72
Trentino Alto Adige 27.40 3.82 54.80 7.64 82.19 11.46 109.59 15.28 136.99 19.09 164.39 22.91
Umbria 34.50 1.65 69.00 3.30 103.50 4.94 138.00 6.59 172.50 8.24 207.00 9.89
Valle d’Aosta 28.40 4.29 56.81 8.59 85.21 12.88 113.62 17.17 142.02 21.46 170.43 25.76
Veneto 31.14 3.23 62.28 6.46 93.42 9.68 124.55 12.91 155.69 16.14 186.83 19.37
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Table 21. Cost saving for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 19.57 2.12 34.67 3.67 48.73 5.35 54.99 4.11 54.61 3.63 56.48 4.57
Basilicata 21.59 1.32 37.92 2.26 53.17 3.03 54.98 3.10 56.07 2.93 59.80 3.74
Calabria 22.25 1.92 39.12 3.44 53.62 3.85 55.97 2.80 58.04 4.11 61.95 5.39
Campania 21.36 1.82 37.84 3.22 52.99 4.17 56.93 2.70 57.83 3.64 61.49 4.82
Emilia Romagna 18.55 1.25 33.14 2.20 46.46 3.21 54.23 2.18 56.61 3.33 57.32 4.90
Friuli Venezia Giulia 16.54 2.65 29.56 4.69 41.29 6.70 49.76 6.47 53.18 5.61 54.37 6.79
Lazio 21.75 1.81 38.53 3.27 53.95 4.17 55.13 2.98 57.91 3.83 62.43 5.10
Liguria 18.80 1.85 33.44 3.25 46.95 4.74 54.09 3.24 55.83 3.52 58.15 4.46
Lombardia 17.68 2.32 31.56 4.10 44.27 5.88 52.19 5.25 54.53 5.00 55.86 6.47
Marche 19.13 1.66 34.08 2.92 48.01 4.32 55.24 3.37 54.13 3.30 55.98 3.68
Molise 20.77 1.44 36.52 2.46 50.96 3.40 56.05 2.83 56.30 3.87 57.05 3.02
Piemonte 17.86 2.52 31.88 4.45 44.83 6.44 52.27 5.77 53.04 5.29 54.37 6.09
Puglia 22.90 1.06 40.19 1.86 55.61 1.93 56.39 2.93 58.64 2.70 63.29 3.35
Sardegna 23.58 1.34 41.82 2.51 56.18 2.61 58.18 2.74 62.03 3.35 67.41 4.03
Sicilia 24.51 1.67 43.99 3.15 55.56 3.03 59.97 2.76 66.20 4.03 72.53 4.96
Toscana 20.05 1.86 35.71 3.28 50.12 4.65 56.48 3.05 57.83 3.47 59.15 4.35
Trentino Alto Adige 15.27 2.78 27.29 4.83 38.07 6.91 47.17 7.16 49.63 5.32 49.36 5.41
Umbria 20.31 1.19 36.14 2.13 51.14 3.21 56.06 2.84 56.62 3.00 59.04 3.38
Valle d’Aosta 15.94 3.07 28.44 5.37 39.76 7.58 48.42 6.93 51.15 5.62 51.97 6.30
Veneto 17.93 2.31 32.01 4.06 44.85 5.83 52.52 5.11 55.54 4.81 57.36 6.34

Table 22. Self-Consumption for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 90.66 2.21 58.27 3.33 41.68 2.82 32.46 2.46 26.65 2.18 22.65 1.96
Basilicata 88.33 1.36 54.99 1.96 38.99 1.61 30.20 1.34 24.65 1.15 20.85 1.02
Calabria 87.46 2.36 53.79 2.90 38.02 2.30 29.40 1.91 24.00 1.64 20.30 1.44
Campania 88.08 2.02 55.31 2.55 39.37 2.09 30.55 1.78 24.99 1.56 21.18 1.38
Emilia Romagna 91.49 1.86 60.69 2.32 44.01 1.75 34.40 1.45 28.30 1.27 24.06 1.14
Friuli Venezia Giulia 93.83 2.57 63.49 4.08 46.55 3.87 36.79 3.69 30.49 3.45 26.06 3.17
Lazio 88.16 1.96 55.12 2.32 39.15 1.88 30.35 1.63 24.84 1.45 21.07 1.30
Liguria 91.38 2.79 59.34 3.61 42.70 2.89 33.40 2.36 27.55 2.01 23.50 1.76
Lombardia 91.99 2.82 61.39 3.95 44.89 3.37 35.39 3.09 29.29 2.83 25.01 2.59
Marche 90.71 1.44 59.15 2.39 42.52 2.11 33.14 1.88 27.23 1.69 23.15 1.53
Molise 89.33 1.50 56.59 2.27 40.30 1.88 31.26 1.58 25.55 1.37 21.64 1.21
Piemonte 92.77 2.82 61.80 3.98 44.96 3.48 35.37 3.25 29.24 3.02 24.95 2.77
Puglia 87.05 1.36 53.47 1.69 37.84 1.34 29.25 1.08 23.82 0.91 20.10 0.79
Sardegna 85.90 1.31 52.82 1.74 37.36 1.41 28.89 1.16 23.61 0.99 19.98 0.86
Sicilia 84.98 1.67 51.18 2.03 35.97 1.60 27.67 1.34 22.53 1.16 19.04 1.02
Toscana 90.08 1.94 58.20 2.65 41.75 2.22 32.48 1.91 26.66 1.69 22.64 1.51
Trentino Alto Adige 95.31 3.09 65.20 5.72 47.94 5.11 38.16 4.59 31.82 4.12 27.34 3.70
Umbria 89.41 1.02 57.17 1.56 40.87 1.33 31.78 1.15 26.06 1.03 22.14 0.93
Valle d’Aosta 93.41 3.95 62.70 5.89 46.17 5.10 36.90 4.55 30.89 4.07 26.60 3.65
Veneto 92.09 2.79 61.32 4.02 44.74 3.54 35.19 3.23 29.04 2.94 24.75 2.66
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Table 23. Self-Sufficiency for EL = 4000 kWh without battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 29.09 2.04 37.29 1.82 39.96 1.62 41.47 1.36 42.53 1.14 43.35 0.96
Basilicata 30.86 1.22 38.38 1.07 40.80 1.02 42.13 0.93 42.98 0.83 43.62 0.73
Calabria 31.35 1.65 38.48 1.47 40.77 1.38 42.03 1.22 42.87 1.03 43.51 0.87
Campania 30.49 1.65 38.22 1.56 40.78 1.43 42.17 1.24 43.12 1.05 43.83 0.91
Emilia Romagna 28.12 1.13 37.27 1.14 40.53 1.20 42.23 1.13 43.42 1.03 44.30 0.93
Friuli Venezia Giulia 26.25 2.72 35.37 2.83 38.80 2.55 40.80 2.09 42.19 1.70 43.22 1.41
Lazio 30.96 1.65 38.66 1.66 41.18 1.59 42.54 1.39 43.50 1.20 44.27 1.04
Liguria 28.36 1.67 36.75 1.77 39.64 1.74 41.32 1.51 42.59 1.27 43.57 1.07
Lombardia 27.19 2.28 36.17 2.41 39.62 2.28 41.59 1.93 42.98 1.62 44.00 1.36
Marche 28.61 1.69 37.25 1.65 40.13 1.53 41.69 1.32 42.80 1.13 43.65 0.98
Molise 30.19 1.36 38.19 1.19 40.79 1.11 42.16 0.99 43.08 0.86 43.77 0.76
Piemonte 27.56 2.52 36.59 2.60 39.86 2.41 41.73 2.00 43.07 1.63 44.06 1.34
Puglia 31.99 0.83 39.27 0.52 41.69 0.51 42.96 0.50 43.73 0.47 44.27 0.43
Sardegna 32.40 1.22 39.82 1.27 42.24 1.33 43.54 1.25 44.47 1.15 45.14 1.03
Sicilia 33.05 1.45 39.76 1.26 41.90 1.20 42.96 1.06 43.71 0.92 44.33 0.81
Toscana 29.50 1.72 38.05 1.59 40.92 1.50 42.43 1.32 43.50 1.14 44.33 0.99
Trentino Alto Adige 25.03 2.87 34.00 2.76 37.38 2.24 39.57 1.70 41.19 1.29 42.43 1.03
Umbria 29.65 1.20 37.89 1.34 40.63 1.33 42.10 1.20 43.16 1.05 43.98 0.93
Valle d’Aosta 25.39 2.98 33.83 2.79 37.25 2.27 39.60 1.73 41.38 1.36 42.73 1.10
Veneto 27.50 2.24 36.49 2.18 39.88 1.96 41.76 1.62 43.04 1.34 43.99 1.13

5.4. Results EL = 4000 kWh with Battery
Results concerning the PV installation with battery are discussed in this section for an

household with an electricity consumption (i.e., 4000 kWh) increased with respect to an
average Italian residential end-user. As shown in Figure A9, the storage capacity calculated
by adopting the sizing proposed in Section 2.4, it is strongly influenced by the PV peak
power. In fact, as already observed for the scenario with 2700 kWh of yearly demand, small
PV size can not have sufficient overproduction to be stored, hence bringing battery capacity
to be lower.

In this scenario, Self-Consumption still decreases with increasing PV sizes (see Table 24
and Figure A15). In particular, almost all the PV production can be self-consumed in
configurations with small PV sizes. Conversely, PV sizes above 3 kWp inject part of the
energy produced into the grid. However, benefits can be obtained from the energy point
of view, when a storage system is integrated. In fact, SC increases, if compared to the
configuration without storage, showing ranges from 88–96% to 30–36% for PV size from
1 kWp to 6 kWp, respectively. This is still due to the possibility to self-consume the stored
PV overproduction, which otherwise would be sold to the grid.

On the other hand, SS seems not influenced by the storage in configuration with small
PV sizes (see Table 25 and Figure A16), since it ranges from 23% to 32%. While battery can
almost double the SS at higher PV size. In fact, SS ranges from 50% to 78% for PV size of
6 kWp.

The environmental impact decreases with increasing PV size (i.e., the CO2 emission
decreases), as already observed for the scenario with 2700 kWh of yearly demand. However,
Table 26 and Figure A10 shows that the storage system has a limited influence on CO2
saving. Indeed, CO2 savings range from 25.69–37.95% to 152–223% for PV size from 1 kWp
to 6 kWp, respectively. But these results are close to ones observed for the scenario without
storage system.

Finally, the trends of the economic indicators appear similar to those obtained for
the scenario an yearly demand of 2700 kWh. Cost savings (see Table 27 and Figure
A11) are comparable with ones obtained for the scenario without storage: cost saving
ranges from 17–27% to 57–82% for PV size ranging from 1 kWp to 6 kWp. The IRR (see
Table 28 and Figure A12) ranges from 3–8% (at 1 kWp) to �1/�5% (at 6 kWp), showing
an increasing trend with respect to the scenario without battery system. Results in Table 29
and Figure A13 indicate that the integration of storage increases the NPV for small PV size
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(588–1561 e at 1 kWp), but economic benefits decreases with increasing PV and battery
size. Finally, DPBT increases for higher PV size, since battery size increase with increasing
PV size and higher investment cost are thus expected (see Table 30 and Figure A14). As a
result, the economic convenience of the storage is lost for configurations with an installed
PV capacity greater than 3 kWp. In fact, higher PV sizes show investment payback time
greater than the PV technical lifetime.

Table 24. Self-Consumption for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 92.96 1.89 61.29 3.38 46.77 2.69 40.57 2.63 37.12 2.79 34.87 2.96
Basilicata 90.94 1.19 58.01 1.99 45.93 2.15 40.81 2.57 37.98 2.85 35.90 2.77
Calabria 90.18 2.10 57.66 2.55 46.07 2.69 41.06 3.36 38.09 3.54 35.34 3.00
Campania 90.68 1.80 58.39 2.42 45.40 1.77 39.88 2.29 36.84 2.74 34.62 2.77
Emilia Romagna 93.67 1.57 63.62 2.41 46.80 2.26 38.53 3.08 33.94 3.67 31.18 3.84
Friuli Venezia Giulia 95.64 2.08 66.49 4.11 49.07 3.98 40.21 4.16 35.37 4.03 32.09 3.90
Lazio 90.78 1.74 58.56 2.24 47.61 2.14 42.56 2.46 39.72 2.81 36.96 2.58
Liguria 93.60 2.42 62.33 3.70 46.60 3.00 38.69 3.83 34.52 4.35 31.76 4.71
Lombardia 94.08 2.33 64.31 4.03 48.01 3.67 39.52 4.36 34.65 4.88 31.53 5.10
Marche 92.97 1.22 62.12 2.40 47.36 2.11 41.04 1.96 37.44 2.17 35.14 2.40
Molise 91.82 1.30 59.57 2.29 44.31 2.62 38.28 2.67 35.03 2.83 32.99 2.97
Piemonte 94.74 2.32 64.82 4.06 49.70 4.11 42.22 4.95 38.12 5.23 35.36 5.51
Puglia 89.81 1.21 56.63 1.56 45.03 1.94 39.86 2.37 36.99 2.65 35.00 2.59
Sardegna 88.70 1.17 57.19 1.96 46.43 3.38 41.72 3.92 38.63 3.62 35.17 2.50
Sicilia 87.94 1.48 58.47 2.53 49.94 3.53 45.96 3.92 41.86 2.90 35.78 1.72
Toscana 92.45 1.69 61.14 2.70 45.60 1.87 39.01 1.90 35.47 2.21 33.15 2.41
Trentino Alto Adige 96.85 2.47 68.30 5.71 51.44 4.61 43.63 3.72 39.00 3.64 35.77 3.90
Umbria 91.86 0.88 60.10 1.57 46.79 2.03 40.80 2.50 37.50 2.82 35.33 2.98
Valle d’Aosta 95.25 3.34 65.75 5.85 49.81 4.33 41.89 3.71 37.09 3.69 33.80 3.91
Veneto 94.18 2.30 64.25 4.09 47.39 3.88 38.45 4.43 33.48 4.62 30.42 4.66

Table 25. Self-Sufficiency for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 27.97 2.04 36.78 1.84 42.16 3.32 48.84 4.91 55.92 6.54 63.12 8.20
Basilicata 29.79 1.23 37.96 1.17 45.16 3.28 53.55 5.00 62.32 6.60 70.69 7.57
Calabria 30.31 1.68 38.74 2.49 46.59 5.26 55.46 7.77 64.36 9.61 71.55 9.42
Campania 29.43 1.66 37.85 1.78 44.27 3.89 51.94 5.86 60.04 7.82 67.69 8.79
Emilia Romagna 27.00 1.15 36.63 1.12 40.41 1.53 44.32 2.86 48.78 4.51 53.78 5.82
Friuli Venezia Giulia 25.10 2.70 34.73 2.84 38.36 2.65 41.84 3.05 46.02 4.09 50.14 5.36
Lazio 29.90 1.66 38.54 2.21 47.11 4.31 56.22 6.08 65.64 7.95 73.22 7.98
Liguria 27.24 1.69 36.19 1.76 40.65 3.19 45.09 5.69 50.35 7.92 55.64 10.15
Lombardia 26.08 2.28 35.53 2.40 39.74 2.65 43.54 3.70 47.69 5.57 52.09 7.45
Marche 27.50 1.67 36.68 1.66 42.00 3.01 48.58 4.25 55.45 5.62 62.51 7.02
Molise 29.09 1.37 37.70 1.20 42.07 2.53 48.49 3.84 55.50 5.13 62.75 6.50
Piemonte 26.40 2.52 35.98 2.60 41.38 3.73 46.87 5.77 52.96 7.97 59.04 10.31
Puglia 30.95 0.87 39.00 1.04 46.59 3.04 55.02 4.71 63.85 6.31 72.49 7.11
Sardegna 31.37 1.23 40.47 2.53 49.37 5.40 59.21 7.78 68.50 8.69 74.73 7.09
Sicilia 32.07 1.48 42.70 3.54 54.82 6.41 67.33 8.81 76.54 8.14 78.30 5.26
Toscana 28.39 1.73 37.48 1.60 42.01 3.13 48.00 4.70 54.62 6.34 61.31 7.77
Trentino Alto Adige 23.86 2.85 33.41 2.83 37.74 3.36 42.81 5.01 47.99 7.10 53.00 9.40
Umbria 28.57 1.18 37.35 1.32 43.68 3.15 50.81 4.63 58.40 6.14 66.05 7.51
Valle d’Aosta 24.30 2.98 33.30 2.94 37.89 3.96 42.65 5.96 47.36 8.08 51.94 10.17
Veneto 26.38 2.26 35.86 2.19 39.60 2.05 42.72 2.56 46.44 3.84 50.64 5.21
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Table 26. CO2 saving for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 31.34 2.78 62.67 5.57 93.72 8.22 124.49 10.85 155.16 13.47 185.79 16.10
Basilicata 34.08 1.76 68.15 3.52 101.71 5.09 135.01 6.69 168.22 8.31 201.44 9.98
Calabria 35.00 2.61 69.92 5.12 104.32 7.42 138.48 9.77 172.58 12.19 206.86 14.84
Campania 33.79 2.44 67.56 4.85 100.93 7.04 134.03 9.26 167.02 11.48 200.04 13.83
Emilia Romagna 29.99 1.67 59.98 3.34 89.94 5.02 119.69 6.73 149.32 8.44 178.86 10.12
Friuli Venezia Giulia 27.35 3.42 54.70 6.84 82.04 10.26 109.24 13.66 136.28 17.01 163.29 20.35
Lazio 34.28 2.43 68.52 4.81 102.15 7.01 135.57 9.24 168.92 11.47 202.44 13.93
Liguria 30.31 2.48 60.62 4.95 90.77 7.30 120.78 9.61 150.65 11.94 180.48 14.27
Lombardia 28.89 3.03 57.78 6.06 86.60 9.09 115.30 12.14 143.88 15.16 172.40 18.15
Marche 30.77 2.16 61.55 4.31 92.07 6.34 122.29 8.34 152.43 10.35 182.52 12.36
Molise 32.97 1.92 65.94 3.83 98.73 5.70 131.15 7.53 163.44 9.36 195.69 11.19
Piemonte 29.05 3.28 58.09 6.56 86.92 9.78 115.57 12.99 144.09 16.14 172.57 19.28
Puglia 35.85 1.46 71.68 2.88 106.97 4.15 142.03 5.46 176.99 6.77 211.94 8.19
Sardegna 36.79 1.80 73.45 3.47 109.54 4.99 145.39 6.56 181.25 8.28 217.43 10.27
Sicilia 37.95 2.25 75.53 4.29 112.39 6.24 149.08 8.24 186.09 10.58 223.91 13.15
Toscana 31.97 2.46 63.95 4.91 95.76 7.21 127.24 9.49 158.60 11.78 189.93 14.08
Trentino Alto Adige 25.69 3.58 51.37 7.15 76.96 10.63 102.33 14.01 127.62 17.37 152.89 20.73
Umbria 32.34 1.55 64.69 3.09 96.65 4.47 128.37 5.89 159.99 7.30 191.58 8.72
Valle d’Aosta 26.63 4.02 53.25 8.03 79.76 11.90 106.12 15.69 132.43 19.50 158.70 23.33
Veneto 29.19 3.03 58.39 6.05 87.56 9.09 116.62 12.18 145.54 15.22 174.38 18.24

Table 27. Cost saving for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 21.88 2.35 39.25 4.16 54.79 5.37 60.33 3.74 63.86 4.24 67.28 5.00
Basilicata 24.12 1.46 42.92 2.56 58.41 2.24 62.60 2.08 66.40 2.55 70.16 3.01
Calabria 24.85 2.13 44.19 3.77 59.13 3.04 63.62 3.06 67.68 3.75 71.70 4.44
Campania 23.87 2.02 42.86 3.63 58.67 3.50 63.51 3.05 67.70 3.72 71.84 4.41
Emilia Romagna 20.75 1.39 37.51 2.52 53.12 3.68 59.51 2.26 62.83 2.69 66.09 3.18
Friuli Venezia Giulia 18.53 2.93 33.45 5.31 47.26 7.64 55.22 6.40 58.52 5.81 61.08 6.53
Lazio 24.31 2.01 43.59 3.64 59.21 3.49 64.07 3.08 68.38 3.75 72.65 4.43
Liguria 21.03 2.05 37.86 3.71 53.25 4.78 59.71 3.20 63.13 3.90 66.50 4.63
Lombardia 19.79 2.57 35.74 4.65 50.59 6.70 57.57 5.19 60.97 4.92 63.92 5.70
Marche 21.39 1.84 38.59 3.31 54.41 4.49 60.23 3.10 63.79 3.44 67.25 4.06
Molise 23.20 1.60 41.31 2.79 56.96 3.13 61.22 2.26 64.70 2.74 68.12 3.25
Piemonte 19.99 2.79 36.07 5.04 50.98 7.23 57.85 5.40 61.29 5.30 64.30 6.13
Puglia 25.56 1.17 45.48 2.07 60.30 1.35 64.70 1.70 68.97 2.10 73.19 2.50
Sardegna 26.34 1.49 47.22 2.67 61.94 1.84 67.00 2.26 71.98 2.77 76.90 3.28
Sicilia 27.40 1.86 49.54 3.35 64.30 2.35 70.40 2.88 76.41 3.54 82.40 4.21
Toscana 22.42 2.06 40.45 3.73 56.49 4.45 61.92 3.26 65.80 3.96 69.63 4.69
Trentino Alto Adige 17.12 3.08 30.87 5.46 43.44 7.68 52.39 6.78 55.79 5.88 57.90 6.69
Umbria 22.71 1.32 40.95 2.41 57.39 2.88 62.36 2.10 66.35 2.55 70.30 3.01
Valle d’Aosta 17.87 3.40 32.20 6.08 45.27 8.18 53.99 6.75 57.39 6.43 59.78 7.48
Veneto 20.06 2.56 36.24 4.62 51.30 6.67 58.05 5.17 61.50 4.94 64.56 5.69
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Table 28. IRR for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Abruzzo 5.88 1.31 4.51 1.19 3.19 0.95 0.69 1.35 �2.81 1.74 �4.59 1.13
Basilicata 7.09 0.77 5.51 0.68 3.61 0.46 �0.72 2.14 �3.68 1.37 �4.91 0.69
Calabria 7.46 1.10 5.60 0.83 3.17 1.48 �0.91 2.16 �3.54 1.46 �4.70 0.87
Campania 6.95 1.06 5.45 0.93 3.76 0.61 0.21 1.86 �3.06 1.58 �4.45 0.95
Emilia Romagna 5.28 0.78 4.04 0.72 3.27 0.77 1.60 0.55 �0.45 1.35 �2.70 2.01
Friuli Venezia Giulia 3.98 1.78 2.82 1.66 2.11 1.63 0.94 1.21 �0.66 0.95 �2.35 1.56
Lazio 7.17 1.06 5.55 0.90 3.34 0.85 �1.46 1.97 �3.81 1.08 �4.76 0.70
Liguria 5.42 1.12 4.12 1.04 3.09 0.85 1.15 1.28 �1.23 1.86 �2.80 1.86
Lombardia 4.71 1.52 3.50 1.41 2.68 1.41 1.24 1.08 �0.76 1.63 �2.54 2.03
Marche 5.63 1.04 4.33 0.96 3.12 0.77 0.92 0.94 �2.85 1.74 �4.63 1.09
Molise 6.61 0.86 5.09 0.77 3.89 0.74 1.11 1.21 �2.20 1.94 �4.64 0.90
Piemonte 4.82 1.64 3.59 1.51 2.49 1.44 0.62 1.54 �2.16 2.13 �3.94 1.95
Puglia 7.84 0.60 6.13 0.48 3.92 0.51 �0.83 2.16 �3.57 1.15 �4.68 0.48
Sardegna 8.22 0.75 6.22 0.60 3.15 2.06 �1.27 2.21 �3.56 1.03 �4.37 0.51
Sicilia 8.74 0.94 5.95 0.64 0.82 2.59 �2.59 1.42 �3.82 0.69 �4.18 0.45
Toscana 6.18 1.11 4.84 1.03 3.74 0.77 1.28 1.03 �1.70 1.76 �4.01 1.25
Trentino Alto Adige 3.14 1.87 2.03 1.68 1.16 1.49 0.12 1.04 �1.92 1.43 �3.92 1.65
Umbria 6.34 0.71 4.98 0.67 3.52 0.53 0.39 1.80 �2.86 1.77 �4.68 0.77
Valle d’Aosta 3.57 1.99 2.40 1.78 1.48 1.48 0.29 1.14 �1.60 1.43 �3.32 1.58
Veneto 4.87 1.52 3.64 1.40 2.91 1.42 1.46 1.04 �0.28 1.18 �1.92 1.71

Table 29. NPV for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e)

Abruzzo 999.83 240.19 1491.34 416.45 1634.75 511.13 481.08 911.94 �2255.19 1406.31 �4341.45 1117.15
Basilicata 1229.73 149.79 1856.12 253.66 1942.94 230.35 �487.34 1482.10 �3095.85 1170.12 �4910.01 767.33
Calabria 1304.78 217.54 1935.35 325.52 1727.67 821.85 �680.00 1557.60 �3078.62 1306.97 �4777.43 942.32
Campania 1203.29 206.34 1841.30 349.91 1995.72 344.50 138.47 1300.06 �2558.50 1333.73 �4398.29 985.63
Emilia Romagna 884.29 141.93 1317.33 250.65 1580.39 378.67 1023.91 331.69 �356.07 1033.94 �2417.84 1778.19
Friuli Venezia Giulia 656.67 300.78 910.86 533.06 1015.37 763.98 611.06 717.56 �491.76 686.39 �2063.22 1307.20
Lazio 1248.19 205.79 1896.11 338.77 1854.07 487.36 �1022.76 1383.48 �3298.34 954.08 �4867.26 741.78
Liguria 912.72 209.95 1350.88 369.65 1535.98 458.21 733.41 840.77 �1007.46 1518.84 �2627.50 1808.07
Lombardia 786.02 263.36 1137.93 465.41 1303.94 673.84 794.89 660.42 �591.20 1258.51 �2268.51 1819.84
Marche 949.87 188.66 1424.01 331.83 1582.96 405.29 631.52 631.79 �2255.12 1370.14 �4323.87 1046.56
Molise 1136.24 163.55 1700.69 279.14 1968.72 371.51 755.45 810.72 �1761.40 1553.75 �4340.55 905.70
Piemonte 805.63 286.41 1173.36 504.57 1246.23 705.89 410.93 991.33 �1711.61 1696.43 �3633.56 1851.42
Puglia 1377.79 119.91 2101.78 186.97 2154.78 229.78 �569.97 1505.13 �3043.20 1006.42 �4763.41 602.24
Sardegna 1455.19 151.97 2201.88 213.72 1750.26 1136.93 �953.92 1615.57 �3178.37 983.15 �4557.27 606.08
Sicilia 1561.45 190.10 2251.52 224.96 455.83 1519.63 �2072.82 1123.41 �3693.91 710.27 �4546.40 456.05
Toscana 1055.18 210.71 1609.39 372.14 1889.24 423.54 859.52 708.90 �1370.47 1427.43 �3761.30 1190.94
Trentino Alto Adige 512.42 315.41 651.28 544.03 576.47 706.74 110.86 620.32 �1464.26 1099.79 �3464.64 1508.62
Umbria 1084.32 135.11 1658.61 241.65 1834.99 277.20 276.73 1227.61 �2339.28 1461.68 �4504.54 821.65
Valle d’Aosta 588.24 348.29 778.45 598.27 741.05 736.26 203.70 719.38 �1235.29 1150.14 �2966.23 1491.69
Veneto 814.01 262.27 1188.76 461.90 1407.85 677.46 929.41 632.16 �216.79 896.09 �1705.30 1487.08
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Table 30. DPBT for EL = 4000 kWh with battery.

Region Pn = 1 kWp Pn = 2 kWp Pn = 3 kWp Pn = 4 kWp Pn = 5 kWp Pn = 6 kWp

µ s µ s µ s µ s µ s µ s
(Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years)

Abruzzo 9.15 1.33 10.30 1.77 11.91 2.00 18.42 6.70 >25 - >25 -
Basilicata 8.29 0.45 9.26 0.53 11.11 0.67 >25 - >25 - >25 -
Calabria 8.11 0.60 9.22 0.63 12.47 4.54 >25 - >25 - >25 -
Campania 8.40 0.67 9.35 0.85 10.93 1.20 20.99 8.78 >25 - >25 -
Emilia Romagna 9.45 0.78 10.56 1.13 11.68 1.44 15.01 1.44 23.01 8.84 >25 -
Friuli Venezia Giulia 11.39 3.73 13.16 4.57 14.67 5.29 17.43 5.13 23.42 5.94 >25 -
Lazio 8.27 0.66 9.28 0.81 11.68 2.29 >25 - >25 - >25 -
Liguria 9.38 0.88 10.61 1.27 11.99 1.50 16.90 5.90 >25 - >25 -
Lombardia 10.33 2.59 11.73 3.30 13.18 3.92 16.38 4.10 >25 - >25 -
Marche 9.27 1.14 10.35 1.53 11.93 1.71 17.22 4.50 >25 - >25 -
Molise 8.58 0.60 9.60 0.80 10.78 1.10 16.94 5.91 >25 - >25 -
Piemonte 10.28 2.63 11.68 3.34 13.58 3.93 18.97 7.36 >25 - >25 -
Puglia 7.89 0.30 8.84 0.30 10.73 1.10 >25 - >25 - >25 -
Sardegna 7.71 0.38 8.79 0.38 13.18 5.90 >25 - >25 - >25 -
Sicilia 7.47 0.46 8.96 0.41 19.94 8.07 >25 - >25 - >25 -
Toscana 8.87 0.83 9.88 1.15 10.98 1.29 16.25 4.57 >25 - >25 -
Trentino Alto Adige 12.67 3.95 14.84 4.73 17.00 5.30 20.12 5.03 >25 - >25 -
Umbria 8.72 0.48 9.65 0.66 11.22 0.85 20.21 8.76 >25 - >25 -
Valle d’Aosta 11.98 3.38 14.02 4.19 16.03 4.65 19.56 5.30 >25 - >25 -
Veneto 10.19 2.64 11.51 3.33 12.77 3.96 15.75 3.89 22.01 7.66 >25 -

6. Conclusions
The study presented in this paper aiming at investigating how renewable solar energy

can be exploited by households, through a detailed economic, energy, and environmental
analysis for the whole of Italy, considering the current regulatory framework (i.e., including
tax deduction for renewable installation) and the integration of storage systems. The analy-
sis was performed through an hourly-based energy balance considering PV production
with different PV sizes and different household energy demands. The investigation was
implemented through a GIS (Geographical Information System) approach, where the whole
Italian territory is represented by a meshed grid with a resolution of 2.5 ⇥ 2.5 km (i.e.,
formed by raster cells).

This approach investigates investment profitability as well as energy and environ-
mental benefits for grid-connected PV systems with and without storage systems in large
areas, where the yearly amount of available solar energy resource changes according to the
plant location within the meshed grid. Results were measured by energy, economic and
environmental indicators for each raster cell, considering both 2700 kWh and 4000 kWh
yearly energy demand for Italian households.

The main outline of this paper is twofold:
• without storage, the DPBT in a scenario with a yearly demand of 2700 kWh seems to

be globally lower than PV lifetime just for PV size lower than 2 kWp. Furthermore,
the average IRR remains positive (i.e., around 1.85%) only for small PV sizes (i.e.,
1 kWp). On the other hand, for a yearly consumption of 4000 kWh, the DPBT can still
be within the range of 11–17 years for PV sizes up to 4 kWp. Besides, all Italian regions
show positive IRR for PV sizes up to 4 kWp, with a maximum (i.e. around 6.3%) for
the smallest one (i.e., 1 kWp). Hence, it can be concluded that scenarios with larger
energy demand are more suitable for PV installation from an economic point of view,
since an increase of IRRs and a decrease of DPBTs are observed. From the energy
point of view, the SC decreases with increasing PV size from 72% to 16% for 2700 kWh
yearly demand and from 90% to 23% for 4000 kWh yearly consumption. So, higher
SC are expected in households with higher demand due to a larger self-consumption
of PV production.

• with storage, the renewable energy self-consumed by the residential end-user can
be further increased. PV overproduction can be stored instead of selling it into the
grid and the battery can be discharged when PV production is absent (i.e., during
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nighttime). As a result, higher self-consumption can be obtained, if compared to the
scenarios without storage, since the SC ranges from 76% to 27% at 2700 kWh yearly
demand, while it ranges from 93% to 34% at 4000 kWh yearly consumption. The
storage systems also lead to an increase of SS, especially at high PV sizes. SS increases
from 45% to 73% in a scenario with a yearly consumption of 2700 kWh and a PV size
of 6 kWp. The same increase is observed in a scenario with a yearly consumption
of 4000 kWh where SS passes from 44% to 63%. On the other hand, installation of
a battery system raises investment costs, so that DPBT worsens due to the still high
battery cost and IRR lowered as well.
Environmental benefits were also investigated, showing that PV production reduces

greenhouse gas emissions up to 203% considering the self-consumption effect and the
injection of PV overproduction into the grid.

Additionally, it can be concluded that the integration of storage within a PV installation
improves the energy performance of the system due to the increased ability of the user to
be independent of the electric grid. On the other hand, the use of battery systems increases
system costs, so that only smaller PV sizes remain attractive to investors from an economic
point of view. A reduction in storage costs could further boost the installation of renewable
energy plants.

Future works may involve energy analysis with larger energy demands considering
the electrification of other energy vectors as a target to be combined with renewable energy
sources. According to this paper, huge energy consumption seems to make photovoltaic
and/or storage systems attractive from energy, economic and environmental points of view.
In this context, Renewable Energy Communities (REC) or Collective Self-Consumption
Communities, introduced by the EU Renewable Energy Directive 2018/2001 [35] (also
known as RED II), can represent an opportunity as a cluster of domestic users (for example,
a condominium) equipped with a PV plant to maximize global self-consumption.
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Abbreviations
The following abbreviations are used in this manuscript:

CEI economic value of the electricity produced and injected into the grid (e/year)
cp price of electricity bought from the grid excluding grid costs (e/kWh)
Cp price of electricity bought from the grid including grid costs (e/kWh)
Cs price of electricity sold to the grid (e/kWh)
CAPEXpv investment cost for PV plant

�
e/kWp

�

CAPEXbatt investment cost for battery (e/kWh)
CUS f weighted average value of the general system costs and access costs for the end-user

(e/kWh)
d discount rate
DOD depth of charge of the battery
DPBT discounted pay-back time of the investment (years)
Eex yearly electricity exchanged with the grid (kWh)
EL yearly end-user energy consumption (kWh)

https://ec.europa.eu/jrc/en/PVGIS/docs/noninteractive


Electronics 2021, 10, 146 31 of 49

Ep yearly energy bought from the grid (kWh)
Es yearly energy sold to the grid (kWh)
G(ti) hourly solar irradiance at optimum tilt and south facing

�
W/m2�

IRR internal rate of return (%)
LCOE levelized cost of energy (e/kWh)
N technical lifetime of PV modules (years)
NMC net-metering contribution (e/year)
NPV net present value

�
e/kWp

�

OE economic value of the electricity bought from the grid (e/year)
OPEXpv operational costs for PV plant ( e/year)
Ppv peak power of the PV plant ( kW)
PCR percentage of the energy cost reduction for the end-user (%)
PL productivity loss of PV module (%)
PR performance ratio of the PV plant
S additional net-metering income for PV energy surplus (e/year)
SC self-consumption
SOC state of charge of the battery
SS self-sufficiency
TD tax deduction of PV installation
YC yearly cost for the end-user ( e/year)
YCC yearly energy supply cost for the end-user( e/year)
YR yearly revenues ( e/year)

Appendix A
In this section, the results presented and discussed in Section 5 are graphically shown

as a series of colormaps, each one representing the investigated energy, economic and
environmental indicators for the whole Italian country. For each indicator, the compar-
ison between storage and no-storage configuration can be graphically observed from
Figures A1–A16 by considering different PV size and different yearly household electric-
ity demand.
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Figure A1. Battery size for EL = 2700 kWh.
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Figure A2. CO2 saving for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A3. Cost saving for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A4. IRR for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A5. NPV for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A6. DPBT for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A7. SC for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A8. SS for EL = 2700 kWh, left side without battery and right side with battery.
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Figure A9. Battery size for EL = 4000 kWh.
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Figure A10. CO2 saving for EL = 4000 kWh, left side without battery and right side with battery.
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Figure A11. Cost saving for EL = 4000 kWh, left side without battery and right side with battery.
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Figure A12. IRR for EL = 4000 kWh, left side without battery and right side with battery.



Electronics 2021, 10, 146 44 of 49

-7395.0

-4667.0

-1939.2

789.0

3516.3

NPV (€)

-7395.0

-4667.0

-1939.2

789.0

3516.3

NPV (€)

1kWp

2kWp

3kWp

4kWp

5kWp

6kWp

Figure A13. NPV for EL = 4000 kWh, left side without battery and right side with battery.
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Figure A14. DPBT for EL = 4000 kWh, left side without battery and right side with battery.
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Figure A15. SC for EL = 4000 kWh, left side without battery and right side with battery.
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