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Abstract: The limitation of fossil fuel uses and GHG (greenhouse gases) emissions reduction are
two of the main objectives of the European energy policy and global agreements that aim to contain
climate changes. To this end, the building sector, responsible for important energy consumption rates,
requires a significant improvement of its energetic performance, an obtainable increase of its energy
efficiency and the use of renewable sources. Within this framework, in this study, we analysed the
economic feasibility of a stand-alone photovoltaic (PV) plant, dimensioned in two configurations with
decreasing autonomy. Their Net Present Value at the end of their life span was compared with that of
the same plant in both grid-connected and storage-on-grid configurations, as well as being compared
with a grid connection without PV. The analysis confirms that currently, for short distances from the
grid, the most suitable PV configuration is the grid-connected one, but also that the additional use of
a battery with a limited capacity (storage on grid configuration) would provide interesting savings to
the user, guaranteeing a fairly energetic autonomy. Stand-alone PV systems are only convenient for
the analysed site from distances of the order of 5 km, and it is worth noting that such a configuration
is neither energetically nor economically sustainable due to the necessary over-dimensioning of both
its generators and batteries, which generates a surplus of energy production that cannot be used
elsewhere and implies a dramatic cost increase and no corresponding benefits. The results have been
tested for different latitudes, confirming what we found. A future drop of both batteries’ and PV
generators’ prices would let the economic side of PV stand-alone systems be reconsidered, but not
their energetic one, so that their use, allowing energy exchanges, results in being more appropriate
for district networks. For all PV systems, avoided emissions of both local and GHG gases (CO2) have
been estimated.

Keywords: renewable energy sources; PV systems configurations; energy storage; net present value;
emission reduction

1. Introduction

Today, the limitation of fossil fuel use, a major cause of the present day climate change, along with
greenhouse gas emission reduction [1–3], represent the main energy challenges that must be faced, being
fundamental aspects of international agreements (COP 2015) and EU (European Union) Directives [4,5],
which are particularly addressed in order to reduce primary energy consumption and increase the
share of renewable energy sources (RES) [6–9].

A significant rate of primary energy (with the associated greenhouse gas emissions) is consumed
in buildings: with reference to Italy, potential savings are about 40% in energy end-use and 36%
in greenhouse gases (GHG). They could be significantly reduced by adopting sustainable design,
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increasing energy efficiency [10–14] and making wider RES use [15–19]. Regional RES implementation
examples are reported in [20,21].

Nowadays, the construction sector is in fact required to guarantee high levels of living comfort [22–26]
with low primary energy consumption and greenhouse gases emissions, in a cost-optimal vision [27,28]:
in the EU, this has allowed for the legislative implementation of the ambitious nZEB (nearly Zero Energy
Building) [29,30], with a particularly high energy performance. Recent progress, future challenges and
a roadmap on this matter are reported in [31–33].

Thanks to such increasingly challenging energy targets, the energy requalification of the building
stock currently offers important opportunities for innovation [34–36], both concerning the envelope [37,38]
and the plants. In Italy, in particular, the Italian National Energy Strategy [39,40] adopts both challenging
thermal characteristics for the envelope (such as minimum transmittances) and the use of RES.

The integration of renewable energy systems with storage systems, both electrical [41–43]
and thermal [44–46], would completely satisfy the energy demand, so that storage techniques,
including innovative ones [47–51], currently represent a peculiar interest for both researchers and
technicians. Anyway, the present cost of energy storage and other critical issues within the systems
(over-dimensioning and energy surplus) currently make them neither energetically nor economically
sustainable, unless the cost of grid connection is higher for elevated distances [52–55].

Consequently, the new energy paradigm to be established in the future would mainly be based on
energy districts, nZEBs, grid-connected RES [56–59] endowed with energy storage, smart grids [60–62]
and electric mobility [63,64], rather than on completely autonomous renewable systems.

To this end, in this paper we analysed different configurations of PV plants in a residential
building (grid-connected, storage-on-grid and stand-alone) in terms of energy rates, costs and emission
reductions, as a function of the distance from the grid.

The main aim of the study is the evaluation of the current cost of building energetic self-sufficiency
and thus of user independency in the national electric network. As mentioned above, the use of
stand-alone PV systems is not in fact sustainable, as both their generators and batteries must be
dimensioned so as to guarantee an energy load in the worst condition, which is to say on the day
of the year with the least daylight and energy production (i.e., winter solstice), which requires PV
generators and batteries with an overflowing power and capacity: this implies a dramatic cost increase
and no corresponding benefits for most months of the year, as it is not possible to use the respective
surplus of energy production elsewhere. This means that PV stand-alone configurations are, in general,
not advisable, apart from in isolated areas where the cost of a grid connection would result in being
greater that of an autonomous system.

The most suitable system is, on the contrary, a grid-connected configuration [65], also using
a battery of limited capacity, with no PV generator over-dimensioning, which therefore markedly
reduces the system cost, allowing an energy surplus sale and its purchase within only months,
with minimum irradiation. This concern about PV systems is not markedly underlined in the literature.

Within this field, the case study compares the energy rates, costs and avoided emissions of
a stand-alone PV system located in the Italian city of Reggio Calabria, dimensioned in two different
configurations with decreasing autonomy (and the consequent power and cost), guaranteeing a load
for one or two days respectively, with those of both a grid-connected configuration of the same plant,
also endowed with a small battery (storage on grid), and a simple connection to the grid (Figure 1) as
a function of the distance from the grid.

To compare the five configurations, their Net Present Value was evaluated at the end of the plant
life, identifying the relative cost/benefit items (the latter assessed on the basis of the Italian Government
incentivizing fares), and the drawn vs. distance from the grid.

The analysis has been conducted by setting the same case study in three Italian areas with different
latitudes (and therefore different irradiations), showing the same results.

Moreover, for all PV configurations, the avoided emissions of both GHG (CO2) and local pollutants
(NOx, SO2, PM10) have been estimated.
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2. PV System Sizing

2.1. Daily Load Assessment

The electric energy daily demand (D), simulated using the software PVSol (PV*Sol 2020 R7,
Valentine Software GmbH, Stralauer Platz 34, 10243 Berlin, Germany) (by Valentine Software German
company), was assessed in order to determine the yearly load, in order to size up both the nominal
power of the PV array and, when present, the battery capacity. Further information required in order
to dimension the stand-alone generator was the daily maximum load in the year.

2.2. Solar Irradiance on the Panels

The purpose of this step is the maximization of solar irradiance striking the panels’ surfaces,
corresponding to an optimal orientation and tilt angle at the site’s latitude. Starting from the values of
solar irradiation on the horizontal surface of the site (UNI 10349 [66]), the corresponding values on
panel’s surface, I, have been derived.

2.3. Nominal Power Assessment–Grid-Connected and Storage-on-Grid PV plant

The peak power of the grid-connected PV systems was estimated on the basis of the user
consumption and solar irradiation in the site. It has been assessed by referring to the peak solar hours
teq, the equivalent period of time with a constant irradiance Is = 1 kW/m2 providing the same actual
radiation I (kWh/m2) striking the module’s surface [67]:

teq =
I
IS

(1)

The nominal power delivered by the PV array in the absence of power losses Pid is calculated as:

Pid =
D
teq

(2)

where D is the yearly energy demand.
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The nominal power under the real condition P, considering power losses in the PV system
(depending on cell temperatures, shading effects, solar radiation reflections, dirt on module surfaces,
etc.) and in its electronic devices (inverter, batteries, charge regulator, link cables, etc.) is then calculated
as:

P =
Pid
η

(3)

where η is the system’s overall efficiency.

2.4. Nominal Power Assessment–Stand-Alone PV Plant

Stand-alone systems must provide power to loads, even when solar irradiance is insufficient or
during night time: during such periods, batteries must support the generation system, so their proper
capacity must be sized up.

The power of the PV array must consequently be determined so that during sunshine periods it
can allow both load feeding and battery charging. The energy that is to be delivered daily and stored
in batteries is a function of the number N of autonomy days of the system and of the load to satisfy.

Two different configurations, with increasing autonomy (referred to as case a and case b), have been
considered. The maximum user’s daily demand, Dmax, is to be guaranteed for one day (N = 1) in case
a and for two days (N = 2) in case b.

The nominal power of the PV array in the absence of power losses Pid that is able to generate the
energy required to meet the load and completely charge the battery is given by:

Pid =
Dmax + NDmax

t∗eq
=

(1 + N)Dmax

t∗eq
(4)

where t*eq are the equivalent hours of the minimum irradiance day (21st December). The nominal
power under the real condition P is subsequently obtained from Equation (3).

2.5. Battery Sizing

The battery capacity Ca is:

Ca =
NDd

V(1− Lc)
(5)

where:

Dd is the design load,
V is the rated voltage of the array (V),
Lc is the minimum allowed depth of the battery discharge (%).

2.6. Charge Controller Dimensioning

In stand-alone and storage-on-grid systems, an essential component for their operation and lifetime
is the charge controller, which adjusts the energy flow and protects batteries from an insufficient or
excessive charge, increasing their life. Its selection depends on the maximum producible current from
the PV field:

Imax = nIcc,modulemax (6)

with n being the number of strings and Icc,module the short circuit current.

2.7. Shadows Pattern

The shadow patterns of the installation site are fundamental for the sizing procedure; they can
both reduce solar irradiance on panels and produce dissymmetry within their operation, modifying
the solar irradiance profiles and strictly affecting the system arrangement. To this end, knowledge of
the yearly sun paths at the site’s latitude is required.
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The string distance d, minimizing reciprocal shadows, has been determined assuming that it
avoids shadows in the worst case, that is on 21 December (winter solstice) at 12 a.m. [68]:

d = L cos δ
(
1 +

tan δ
tanα

)
(7)

where:

L module installation height (m),
δ module tilt (◦),
α sun altitude at 12 a.m. on 21 December (◦).

3. Energy Production

The energy production E has been determined with an hourly step through PVSol software using
the following equation:

E = ηSI (8)

where

η panel efficiency,
S panels surface (m2),
I solar irradiance on the panel (kWh/m2),
η is a function of the temperature (it decreases as the temperature increases):

η = ηr[1− β(tc − tr)] (9)

where

ηr panel efficiency at reference temperature,
β panel temperature coefficient (%/◦C),
tc cell temperature (◦C),
tr reference temperature (25 ◦C).

The cell temperature is estimated using the expression:

tc = ta +
NOCT − 20

800
Is (10)

where
ta air temperature (◦C),
NOCT Nominal Operating Cell Temperature (◦C),
Is solar radiation power on the panel (W/m2).

4. Case Study

The described methodology has been applied to a residential user, placed in Reggio Calabria
(38◦06’ N, 15◦39’ E) in the South of Italy. The generator lies facing south, inclined at 28◦ (optimal
inclination for the site). No shadows are present over the PV system in order to consider the most
general case.

The load profile is reported in Figure 2; the total yearly demand is 3035 kWh.
For the presence of an energy-consuming air conditioning system, the maximum load is observed

in summer, whereas the lower demand in winter is due to the use of a gas boiler for heating purposes.
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4.1. PV System Sizing

The UNI 10349 standard provides the values of the monthly average solar irradiation on a horizontal
surface for the city of Reggio Calabria; from these, the corresponding values on the generator surface
facing south, inclined at 28◦, have been derived (Figure 3).

The selected PV modules are in monocrystalline silicon, with an efficiency of 0.205, and have
a module power Pm = 280 Wp.
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4.1.1. Case 1: Grid-Connected PV System

Using Equation (3), the value of the peak power of the plant has been obtained (2.1 kWp).
The minimum number of modules is:

n =
P

Pm
=

2.1 kWp

0.28 kWp
� 8 (11)
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For the conversion DC/AC, an inverter has been inserted, selecting a pure sine wave one; it has
a 2.8 kW power, assessed on the basis of the maximum absorption.

In Figure 4, a schematic representation of the PV systems is reported. The panels are arranged
in two strings of four modules each; the distance between the modules is 3.38 m, calculated by
Equation (7).
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4.1.2. Case 2: Storage-on-Grid PV System

This represents an intermediate case, realised with a grid-connected plant equipped with a battery
pack dimensioned only so as to satisfy the average night load (4 kWh/day), without the necessity of
returning to the national grid. Consequently, the generator power, the number of panels and their
arrangement in strings, together with the inverter characteristics, are the same as the grid-connected
configuration. In Figure 5, a schematic representation of the configuration is reported.
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The batteries have a gel electrolyte, 12 V voltage and a capacity of 4.8 kWh, considering a minimum
discharge level of 20%. From (5), the capacity in Ah results in:

Ca =
NDmax

V(1− Lc)
= 406 Ah (12)

An acid control valve allows for a long duration (average lifetime over 10 years),
with no maintenance.

4.1.3. Case 3: Stand-Alone System

In the case of stand-alone systems with no grid support, a failure of energy occurring particularly
in winter due to insufficient sunlight must be avoided by increasing the plant power in order to store
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part of the energy production. To this end, the determinations of both the daily maximum consumption
in the year Dmax (13.1 kWh) and the minimum number of peak solar hours (2.7 h) are necessary.

If only a day’s autonomy is to be guaranteed (N = 1, case a), Equation (4) provides:

Pid,a =
(1 + N)Dmax

teq
=

(1 + 1)13.1 kWh
2.7 h

= 9.7 kWp (13)

Assuming an overall plant efficiency equal to 0.8, its peak power P results in:

Pa =
Pid,a

η
=

9.7 kWp

0.8
= 12.1 kWp (14)

and the minimum number of modules to be installed is:

n =
P

Pm
=

12.13 kWp

0.28 kWp
� 44 (15)

Two arrays of 22 modules each connected in parallel have been chosen. The distance between
the modules is unvaried with respect to the grid-connected configuration. The load being unvaried,
the same inverter as for the grid-connected case has been adopted.

The batteries for energy storage have a 7.6 kWh capacity. In order to guarantee the demand,
two batteries with a capacity of 1365 Ah are required.

As for the charge controller, given that Icc,modulemax = 8.33 A, we have Imax = 4× 8.33 A = 33 A
from (6). Four charge controllers, connected in parallel, have been adopted, allowing a 40 A input
current each.

When considering two days of autonomy (N = 2, case b), we have a peak power of 18.2 kWp,
and the number of panels to install is 66, arranged in six arrays of 11 that are connected in parallel and
are spaced as in previous configurations.

The storage capacity is higher, requiring four batteries. As for the charge controllers, for 66 modules,
a maximum producible current of 50 A is obtained: six controllers have been used, allowing a 50 A
input current each.

In Figure 6, a scheme of the configured stand-alone system is represented.
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4.1.4. Case 4: Connection to the Grid

In order to evaluate the economic convenience of the configured systems, a comparison of their
cost with that resulting from a simple connection to the electric grid has been conducted.
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5. Energetic Analysis

The energetic behaviour of the plant typologies has been simulated with an hourly step using
PV-Sol software.

In Figure 7, referring to the grid-connected configuration, the energy production and energy shares
(directly used energy, grid intake and energy provided by the grid) are reported. Further information
that can be drawn from the figure are the load and energy production:

load = direct use + from grid
produced energy = direct use + to grid
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Similarly, in Figure 8, referring to the storage-on-grid configuration, the energy production and
energy shares (directly used energy, energy stock in batteries, grid intake of surplus and energy
provided by the grid) are reported.
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Further information that can be drawn from the figure are the load and energy production:

load = direct use + battery withdrawal + from grid
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produced energy = direct use + battery income + to grid

From an energetic point of view, the presence of the battery leads to a reduction of the energy
withdrawn from the grid and at the same time a lower energy exported to the grid.

Finally, in Figures 9 and 10, the energy production shares (load, battery recharge and
over-production) are reported with reference to the two stand-alone configurations. From the
figures, it is possible to draw the following information:

produced energy = load + battery charge + over production

As one can note, in stand-alone configurations, the production amply satisfies both the load
and battery recharge needs; obviously, such sizing conditions markedly increase the system cost and
over-production, which is equal to 21,496 kWh in case a and appreciably higher, at 33,762 kWh, in case b.
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6. Economic Analysis

In order to assess the financial viability of the alternative configurations, an economic analysis
was carried out through the assessment of the indicator Net Present Value (NPV), defined as:

NPV =
n∑

k=0

Ck − Bk

(1 + r)k
+ Ik (16)

where:

k year,
C annual operating costs,
B annual benefits,
I investment costs,
r annual return rate.

which has been calculated vs. grid distance and is the particular parameter used in order to determine
the economic convenience of the different choices.

For each case, the main cost/benefit items [69] have been identified, referring to both investment
and annual operating costs (Table 1) and to income tax deduction and on-site exchange benefits
provided by the Italian Government [70] (Table 2).

Generally, the investment cost is entirely supported at the beginning of the plant life, but PV plants
also include inverters and other components (the stand-alone also includes batteries), whose economic
life is usually smaller.

Given that an inverter’s average life is about five years, it needs to be replaced three times during
the plant’s life (25 years); batteries, being a long-lasting type, are supposed to be replaced once.

Table 1. Investment and operating costs.

Design Configuration Investment Costs Annual Operating Costs
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Table 2. Benefits.

Design Configuration Investment Benefit Energy Benefit
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The benefits refer to both the investment cost, with an income tax deduction equal to 50% of
the initial cost, and to the energy purchase, for which an on-site exchange mechanism allows for
an in-taken energy surplus to be drawn from the grid in periods of PV production lack. The cost items
are reported in Tables 3 and 4 [72,73], whereas the benefits are shown in Table 5.

As concerns the interest rate provided by the Bank of Italy, in accordance with the methods
specified by the Special Data Dissemination Standard (SDDS) and promoted by the International Monetary
Fund [74], a value of 0.69% has been assumed [75].
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Table 3. Investment costs.

Configuration Investment Item Unit Quantity Unit Cost (€/unit) Total Cost (€)
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The diagram in Figure 12 reports NPV vs. grid distance.
It can be seen that, relative to the five configurations, NPV functions show intersection points,

for given distances from the grid, at which their total cost is equal.
In particular, the analysis points out the existence of two critical distances (4 km and 5.7 km):

below 5.7 km, the cheapest PV configurations result in being both of the grid-connected ones, which
show almost the same trend, whereas over such a distance the stand-alone with a lower autonomy
(case a) becomes the most convenient; in contrast, the stand-alone case b is never convenient due to the
high cost of its batteries.

A further result is that the two grid-connected plants are cheaper than the grid connection for any
distance from the grid, which, starting from 4 km, becomes even more expensive than the stand-alone
case a.

Table 4. Annual operating costs.

Configuration Annual Cost Item Unit Quantity Unit Cost (€/unit) Total Cost (€)
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7. Environmental Analysis

An environmental analysis was conducted considering the pollutant emissions that, on the basis
of the adopted RES plants, can be avoided, with respect to an equivalent energy production provided
by traditional fossil fuels.

The energy amount that is referred to is only the used part (load) of the whole PV production
in the case of stand-alone plants and the shares that are directly used plus the grid in-taken shares
in the case of the grid-connected ones.

Tables 6 and 7 show, respectively, the emission factors of the main pollutants generated during
the combustion of fossil fuels both with global and local effects, and the avoided emissions by
analysed plant.

Table 6. Emission factors, reproduced from [76], ISPRA 2018.

Pollutant Emission Factor
(g/kWh)

CO2 303.5

NOx 0.2376

SO2 0.0716

PM10 0.0057
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Particularly concerning CO2 emissions, it can be observed that stand alone configuration allows
to avoid 0.92 t/year, whereas the two grid connected ones 1.36 t/year.

Table 7. Avoided emissions.

Design Configuration PV Energy
(kWh/year)

Avoided Emission (kg/year)

CO2 NOx SO2 PM
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9. Conclusions 
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In order to evaluate the current cost of energetic self-sufficiency in buildings, in this paper a case 
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8. Discussion of Main Results and Achievements

The analysis has shown that the use of stand-alone PV systems is only convenient for the analysed
site (it has also been verified for different latitudes) from distances of the order of 5.7 km, confirming that
such a configuration is neither energetically nor economically sustainable, requiring both its generator
and batteries to be over-dimensioned (with an overflowing power and capacity, respectively) in order
to satisfy the worst conditions, which occur on the winter solstice on the day of the year with the least
daylight and energy production.

This implies a dramatic cost increase and no corresponding benefits during most months of the
year: the surplus of energy production present during these months cannot, in fact, be used elsewhere,
but must be dispersed; moreover, batteries are only filled to their maximum level during a few months
of the year.

The result, according to which PV stand-alone configurations are in general not advisable,
apart from in isolated areas where the cost of a grid connection would result in being greater that of
an autonomous system, can be extended to other geographical areas, but the peculiarity of the critical
distances which make PV stand-alone configurations convenient should be further analysed.

On the contrary, the most suitable system, at the moment, would use a grid-connected configuration,
allowing for an energy surplus sale and its purchase within only months, with minimum irradiation;
it is even endowed with a battery with a limited capacity, markedly reducing the system cost. Moreover,
for any distance from the grid, it always results in being cheaper than the grid connection without PV.

A future drop of both battery and PV generator prices, indispensable for a RES market extension,
would allow for the economic aspect of PV stand-alone systems to be reconsidered, but not their
energetic aspect, so that their use could be preferably evaluated in district networks, allowing for
energy exchanges.

9. Conclusions

The integration of RES plants with energy storage systems allows for the satisfactory guarantee of
energy demands in buildings, with different costs depending on the presence of a grid connection or
batteries so as to satisfy production lacks.
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In order to evaluate the current cost of energetic self-sufficiency in buildings, in this paper a case
study analyses the economic feasibility, as a function of the distance from the grid, of a stand-alone
photovoltaic plant located in the Italian site of Reggio Calabria, and which is designed through two
configurations with different autonomies (guaranteeing, respectively, a load for one or two days);
this is compared to the same plant in a grid-connected configuration, which is also endowed with
a small battery (storage on grid), and to a grid connection in the absence of PV. In fact, stand-alone
configurations, due to high investment costs, are currently disadvantaged; nevertheless, they can
become convenient as the distance from the grid increases.

The energetic behaviour of the plant typologies has been simulated with an hourly step, allowing
for an energetic, environmental and economic assessment, the latter being evaluated through the
Net Present Value, which previously identified the respective main cost/benefit items.

The analysis has shown that the use of stand-alone PV systems is only convenient for the
analysed site (and was confirmed for two different Italian latitudes) from distances higher than 5 km
(5.7 km) and with a one-day autonomy, confirming that such a configuration is neither energetically nor
economically sustainable (given that both its generator and batteries are over-dimensioned, respectively,
with an overflowing power and capacity) for satisfying loads during the worst conditions, which occur
on the winter solstice on the day of the year with the least daylight and energy production. This implies
a dramatic cost increase and no corresponding benefits during most months of the year: the surplus
of energy production present during these months cannot, in fact, be used elsewhere, but must be
dispersed; moreover, batteries are only filled to their maximum level during a few months of the year.

A future drop of both battery and PV generator prices, indispensable for a RES market extension,
would allow the economic aspect of PV stand-alone systems to be reconsidered, but not their
energetic aspect, so that their use could be preferably evaluated in district networks, allowing for
energy exchanges.

On the contrary, the most suitable system, at the moment, would use a grid-connected configuration
only allowing for an energy surplus sale and its purchase during months with a minimum irradiation
and also endowed with a low-capacity battery to reduce the grid dependence (storage on grid),
thus markedly reducing the system cost. Such a configuration is also more convenient than a grid
connection without PV for any distance, as from a 4-km distance the latter also becomes more expensive
than the previous stand-alone configuration.

A further result of the analysis is the environmental benefit provided by all of the plants, which
in particular allow one to avoid more than 15 tCO2/year.
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Nomenclature

teq equivalent period of time with constant irradiance
I irradiance
Is solar radiation power on the panel
Pid nominal power delivered by the PV array in the absence of power losses
D yearly energy demand
P nominal power under real condition
η system overall efficiency
Dmax maximum daily load
N autonomy days of the system
t*eq equivalent hours of the minimum irradiance day

https://bandi.miur.it/bandi.php/public/fellowship/id_fellow/143962
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D’max maximum evening load
C battery capacity
V rated voltage of the array
Lc minimum allowed depth of battery discharge
Imax maximum producible current from the PV field
n number of modules
Icc,module max short circuit current
d string distance minimizing reciprocal shadows
L module installation height
δ module tilt
α sun altitude at 12 a.m. on 21 December
E energy production
S panels surface
ηr panel efficiency at reference temperature
β panel temperature coefficient
tc cell temperature
tr reference temperature
ta air temperature
NOCT Nominal Operating Cell Temperature
Pm module power
NPV Net Present Value
k year
C annual operating costs
B annual benefits
I investment costs
r an
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