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I. I NTRODUCTION

I

NFLUENCED by recent developments in the oil market
and greater sensitivity in terms of pollutants, the last
decade has seen a growing interest in electric mobility. Despite
major technological developments in various areas of research,
there are still many issues to be addressed. Among these, the
need for a reliable and diverse charging infrastructure which
meets different user needs is placed at the forefront. In its
directive on introduction of renewable energy, the European
Parliament states that 20% of the energy use within the union
should be covered by renewable energy sources by 2020 [1],
[2]. Today, there are several suggested alternatives to fossil
fuels that are being well investigated in order to replace fossil
fuels in many aspects of human life and industries. Several
economical, ecological, and political ambitions lie behind this
replacement, one of which is greenhouse gas pollution leading
to global warming. A sector mostly involved from this issue is
the transportation sector that sees the replacing of a number of
conventional internal combustion engine (ICE) vehicles with
electric vehicles (EVs) [3].
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Through an intelligent integrating of vehicles, electricity,
free renewable fuel, and market opportunities, it is possible to
make a zero-carbon future. Renewable energy such as photovoltaic (PV) integrated in a vehicle-to-grid (V2G) concept
could be a solution to alleviate carbon footprint. An effective
way to maximize the utilization of space and capacity of the
V2G parking lot (VPL) is the integration of PV rooftops as a
micro-resource in the VPL facility [4]. A plug-in hybrid EV
(PHEV) is essentially a hybrid vehicle with a larger battery
pack [5], [6]. Therefore, it runs on electricity when its battery
state-of-charge (SOC) is high. Otherwise, the ICE takes over
and the vehicle consumes gasoline similar to a hybrid vehicle.
The battery pack can be recharged through a charging station
connected to an electric power grid. PHEVs are characterized
by their all-electric range (AER). The quantity of electricity
demanded by PHEVs raises concerns about their potential
negative impacts on the grid. Therefore, it is important to
analyze possible alternative solutions to supply the EVs.
Considering the wide diffusion of renewable sources, it comes
to mind the idea to exploit these energies to help the EVs
charging [7], [8]. Other sources can also be considered for
charging EVs. For example, in the metropolitan areas, braking
energy coming from the urban transportation systems can be
exploited for the EVs charge [9].
These studies often refer to scenarios in which renewable
solutions benefit of national economical incentives. Recently,
due to the economical crisis, these funds have been
dramatically reduced, especially in Europe, and therefore,
it is important to reach an economical sustainability of the
so-called green solutions. A further step is therefore thinking
about applications to increase the self-consumption in order
to improve the profitability of renewable energy power plants
also in the absence of economical incentives. Considering the
scientific background, this idea is already under study and
development in building applications where the PV production
can directly supply building devices as heat pumps or can be
stored in dedicated batteries to reach a self-sustainability of
the system [10], [11].
This paper addresses to this concern and it analyzes the
benefits of integrating a PV carport in the charging station
and how to better exploit the available energy. Since most
cars used for work purposes remain parked during the day,
a common scenario could be to charge PEVs during work
hours. The paper focuses on those charging infrastructures
dedicated to commuters with access to reserved parking areas
at their workplace. Considering an installation having a good

TABLE I
PARAMETERS U SED FOR A NALYSIS

availability of space, a good exposure to solar radiation,
and a reduced presence of shading [12], an outdoor parking
justifies the development of a PV carport in replacement
of the traditional shelter. However, the overall efficiency of
renewable energy systems requires a high level of optimization
of their components [13]. The efficient exploitation of nonprogrammable renewable sources is also related to the accuracy
in the forecasting of their production [14]. Finally, the load
profile depends on several variables that can be assumed to be
stochastically distributed, including actual SOC of the battery,
parking duration, parking type, and vehicle powertrain [15]. A
statistical approach based on measurements campaign is useful
to improve the accuracy in load profile predictions [16].
In this study, a PV charging system has been analyzed. In
Section II, a mathematical law that estimates the production
from PV shelter as a function of different parameters based
on a statistical approach is defined. Section III presents the
mathematical model of the system that considers the power
flows related to the PV generator, the charging station, and
electric grid. Section IV contains details of the proposed charging system, whereas Section V applies the previous analysis.
II. E NERGY P RODUCTION F ROM PV S YSTEM
This section presents an energy production estimation of
PV systems, considering different factors such as localization,
technology, orientation, and period. In particular, three geographical locations in Italy representing different solar radiation
levels (north Italy—low solar radiation, center Italy—medium
solar radiation, and south Italy—high solar radiation), different
orientations of the PV generator (in terms of tilt and azimuth
angles), and various PV technologies have been considered.
Table I summarizes the values used in this analysis.
The goal of this analysis is to define a mathematical law that
allows assessing the production of a PV system as a function
of the month and the orientation of the PV generator. In this
paper, the regression approach is applied.
The data used to assess the production of the PV systems have been extracted from the database of the software
Photovoltaic Geographical Information System (PVGIS) [17],
developed by the Joint Research Center, a Directorate General
of the European Commission. The outputs provided by the
program are based on a climatic database that considers
measured data from 2000 to 2009.

Fig. 1. Daily energy production in different regions of Italy. The horizontal
lines represent the average values.

The inputs required by the program are the following.
1) The geographical coordinates of the site.
2) Peak power of PV plant. In this work, a base power of
1 kWp is considered to easily extend the results to PV
systems of any peak power.
3) Installation: free-standing.
4) Estimated system losses: 14%.
5) PV technology, azimuth, and tilt angles as reported in
Table I.
The outputs of the program are the following.
1) Ed : Average daily electricity production from the given
system (kWh).
2) Em : Average monthly electricity production from the
given system (kWh).
3) Hd : Average daily sum of global irradiation per square
meter received by the modules of the given system
2
(kWh/m ).
4) Hm : Average sum of global irradiation per square meter
2
received by the modules of the given system (kWh/m ).
In particular, in this work only Ed has been considered.
Fig. 1 shows the variation of the daily electricity production
Ed as a function of azimuth and tilt angles and installation
region.
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It is possible to observe that the pairs of tilt and azimuth
angles that maximize the energy production are around 30◦
and 0◦ , respectively, for all regions. In terms of average value
over a year, north of Italy is characterized by the lower value,
2.94 kWh/(kWp·day), whereas south of Italy is characterized
by the highest value, 3.45 kWh/(kWp·day), highlighting that
the energy production in Italy increases from the North to the
South. The PV technologies do not considerably influence the
production and the applied method. Therefore, the choice of
the crystalline silicon PV technology is based on its diffusion
in the installed PV plants.
A general mathematical law to estimate the daily production
can be obtained from the analysis of the curves represented in
Fig. 1
Ed (m, T, A) = k1 · T 2 + k2 · A2 + k3 · m2
+ k4 · T + k5 · m + k6 · T · m + k7 (1)
where m is month, T is the tilt in degrees, A is the azimuth
in degrees, and k1 , k2 , k3 , k4 , k5 , k6 , and k7 are weight
coefficients. In Table II, the values of the coefficients for
the different regions using Minitab software are reported. It
is possible to observe that the values of the coefficient of
determination (R2 ), that indicates how the mathematical model
fits the data provided by PVGIS, are quite high.
III. M ATHEMATICAL M ODEL OF THE P OWER F LOWS
The assessment of the energy flows within the charging
system requires the knowledge of the daily production curves
of the PV system and the demand curves of the EVs.
A first analysis could be based on the annual energy balance.
In this case, the average daily energy produced by the PV
system could be evaluated by applying the method presented
in Section II to PV systems dedicated to the EVs charging
systems installed on carports. Usually, these parking areas
have a footprint between 10 and 15 m2 available for each
vehicle. Therefore, it is possible to install on their roofs
a PV generator that has a peak power between 1.5 and
2.5 kWp/car.
Considering the typical roof pitches of the carports and considering that the average distance travelled annually in urban
and suburban areas by the commuters is about 10 000 km and

Fig. 2. Example of the noncoordinability of the production curve and load
curve.

the average energy consumption of an electric vehicle is about
0.2 kWh/km, the annual energy production estimated starting
from (1) is comparable to the energy required by EVs. In
the worst condition (north of Italy, winter months and both
vehicles in charge), it is possible to estimate that 30% of
the recharge energy have to be absorbed from the grid. For
these reasons, the solar energy can be suitably exploited for
charging EVs.
However, there is a limit in the annual analysis, because
the PV production curve (strongly related to the weather
conditions) and the load curve (that depends by EV charging
and working conditions) do not match.
In this work, the production curve of a PV carport sized for
two EVs has been considered. As per load curves, combinations of two different EV typologies are considered: a car (C)
with battery capacity of 24 kWh and a quadricycle (Q) with
battery capacity of 9 kWh. Charging power has been assumed
constant throughout the charging period.
To assess in detail the potential of PV charging stations, it
is necessary to carry out the comparison between these two
power curves. Fig. 2 shows an example of the comparison
between the charging power curves and the PV production
curve in the case of two cars charged sequentially—the first
one in the morning and the second one in the afternoon—with
the same amount of energy but with different charging powers.
The matching between the two curves cannot be generalized
by an equation, but it has to be done analyzing case by case.

For this reason, the following two main scenarios are
analyzed as follows.
1) Contemporary charging of two vehicles: Charging begins on arrival at work, at 9:00 A . M.
2) Sequential charging of vehicles: The company organizes
shifts for charging EVs, one that starts at 9:00 A . M. and
one at 1:30 P. M.
Each scenario considers:
1) Three combinations of EVs: two cars (C1 and C2), a car
(C) and a quadricycle (Q), and two quadricycles (Q1 and
Q2).
2) Different values of charging power: 3.7, 7, 11, and
22 kW. However, current market available quadricycles
cannot be charged with power exceeding 3.7 kW; therefore, the number of scenarios that contain one or two
quads is reduced.
3) The energy that must be provided to the vehicles will
depend on the difference between the initial and final
states of charge of the battery (ΔSOC). Three values of
ΔSOC (0.6, 0.4, and 0.2) will be considered in C1–C2
and C–Q combinations. Instead, considering that there
is only one available charging power for the quadricycles, five values of ΔSOC (0.6, 0.5, 0.4, 0.3, and
0.2) will be taken in account for the two quadricycles
combination in order to increase the number of the
cases.
The different combinations give rise to more than 9000
different cases here analyzed.
The evaluation of the energy flows shall be according to the
following scheme.
Starting from the combination of vehicles and the difference
between the initial and final state of charge ΔSOC and their
battery capacity Cbatt , the energy Erech required in a day to
recharge both vehicles v1 and v2 is obtained
Erech = Erech,v1 + Erech,v2 =

2


Cbatt,v · ΔSOCv .

(2)

v=1

Charging time is calculated considering the charging power
Prech , the energy required Erech , and the efficiency of the
charging process ηrech . In case of contemporary charge, charging time Δt and consequently the initial (ti ) and final (tf )
charging instants are
Δt =

Erech
;
Prech · ηrech

tf = ti + Δt.

(3)

In case of sequential charge, charging time for each
vehicle is
Δt1 =

Erech,v1
;
Prech,v1 · ηrech

tf,1 = ti,1 + Δt1

Δt2 =

Erech,v2
;
Prech,v2 · ηrech

tf,2 = ti,2 + Δt2 .

(4)

It is important to note that the charging time of each
vehicle has to be always lower than the time slot assigned
for its recharge. As a consequence, the vehicle that starts its
recharge at 9:00 A . M. reaches the state of full charge before the
beginning of the recharge of the second vehicle at 1:30 P. M.

The energy produced by the PV plants during the charging
process, called “self-consumption” Eself -cons , has been estimated for each month considering the daily average production
curve
 tf
PPV (t)dt
(5)
Eself -cons =
ti

where PPV (t) is the power produced by the PV system. It can
be evaluated by using the monthly average curve to determine
the sun–rise and the sun–set and the average daily electricity
production from (1).
Equation (5) is applied in all scenarios because the PV
generator peak power is always lower than the minimum power
required for the recharge. The condition where the energy
produced by the PV systems is at the same time supplied to
vehicles and to the electric grid never occurs.
Consequently, for every month and every case, the energy to
withdraw from the grid Egrid to complete the recharge process
can be estimated as follows:
Erech
− Eself -cons .
(6)
Egrid =
ηrech
Finally, the amount of energy produced by the PV system
and injected into the grid can be calculated as the difference
between the estimated energy produced by the PV system
given in (1) and the estimated self-consumption for EVs
recharging
(7)
EPV−>grid = Ed − Eself -cons .
The values so obtained are calculated for each day. The
following equations are used for the monthly value:
Erech,m = F · nday,month · Erech
Eself -cons,m = F · nday,month · Eself -cons
Egrid,m = (Erech,m − Eself -cons,m ) · F · nday,month

(8)

EPV−>grid,m = (Ed − Eself -cons ) · F · nday,month .
where nday, month is the number of days in the considered
month.
IV. D ETAILS OF PV C HARGING S YSTEMS
In this work, the charging system analyzed consists of a
charge point for two PEVs that can be supplied from the
grid and/or from the PV generator installed on the roof of
the carport. In particular, it has been considered as a PV
shelter installed in a company car park area where the EVs
are available for recharge from 9:00 A . M. to 5:00 P. M.
The PV shelter is designed for two EVs and takes up an
area of about 25 m2 . The PV generator is made up by 15
monocrystalline PV modules, for a total power of 3675 Wp.
It is assumed that the tilt angle is equal to 20◦ and azimuth is
equal to 0◦ .
Fig. 3 shows the PV system, the elements of the charging
station, and the energy flows. The red arrows represent the
flows of energy produced by the PV system, whereas the blue
arrows represent the flows of energy drawn from the electric
grid. When the energy demand from the user is nil, the energy
produced from the PV system is injected into the grid. When
one or two EVs are connected to the recharge station, the
energy produced by the PV system is completely supplied to

Fig. 3. Power flows of the proposed charging system.

Fig. 5. (a) ΔSOC = 0.6. (b) ΔSOC = 0.4. (c) ΔSOC = 0.2. Contemporary charging of a car (C) and a quadricycle (Q) as a function of ΔSOC.
The recharge power of the car (C) and quadricycle (Q) are reported on the
category axis, starting from the top.

Fig. 4. (a) ΔSOC = 0.6. (b) ΔSOC = 0.4. (c) ΔSOC = 0.2. Contemporary charging of two cars (C1 and C2). The recharge power of car 1 and car
2 are reported on the category axis, starting from the top.

the onboard batteries. This operating condition is related to the
size of PV generator. In fact, its peak power is lower than the
minimum power required for the recharge; therefore, it is not
possible that the PV system supplies both vehicles and grid.
V. R ESULTS AND D ISCUSSION
This section presents the main results of the analysis in term
of the quantification of energy flows into the PV charging
stations. Among of the energy flows, the self-consumption
Eself -cons is the most important flow; it represents the amount
of energy that is produced by the PV charging station that is
directly stored in the PEVs batteries.

Fig. 6. Contemporary charging of two quadricycles (Q1 and Q2). The ΔSOC
of each quadricycle are reported on the category axis.

The evaluation of self-consumption has been made considering several values of ΔSOC, recharge power, combinations
of cars (C) and quadricycles (Q), and several sites. Charging
powers are chosen as a function of ΔSOC. Taking into account
that high charging powers reduces the batteries life they have
to be avoided if there is not the need to provide significant
amounts of energy. Therefore, the maximum charging power
(22 kW) is considered only when the energy that has to
be supplied to the batteries is maximum (ΔSOC = 0.6).
Charging power of 11 kW is excluded when the energy that has
to be supplied to the batteries is the minimum (ΔSOC = 0.2).
The ainnual value of Eself -cons is calculated starting from the
monthly Eself -cons .

Fig. 7. (a) ΔSOC = 0.6. (b) ΔSOC = 0.4. (c) ΔSOC = 0.2. Sequential charging of two cars. The recharge power of car 1 (C1) and car 2 (C2) are
reported on the category axis, starting from the top.

In the following, the annual average, minimum, and maximum value of self-consumed energy are reported. These values
are expressed as a percentage of the recharge energy Erech and
they are grouped in histograms where the bars indicate the
annual value, whereas the error bars indicate the minimum
and maximum values achieved in the months of December
and June, respectively.
A. Scenario 1: Contemporary Charging
The first set of graphs (Figs. 4–6) shows the results obtained
for the contemporary charging scenario. Fig. 4 shows the selfconsumption in case of contemporary charge of two cars,
considering the values of ΔSOC of 0.6 (case a), 0.4 (case b),
and 0.2 (case c) for each car; charge powers taken into account
for each car are shown on the category axis.
Fig. 5 shows the self-consumption in case of contemporary
charge of a car and a quadricycle, considering the values of
ΔSOC of 0.6 (case a), 0.4 (case b), and 0.2 (case c); car and
quadricycle charge powers taken into account are shown in the
first and in the second row on the category axis, respectively.
Fig. 6 shows the self-consumption in case of contemporary
charge of two quadricycles, considering the values of ΔSOC
form 0.2 to 0.6 as reported on the category axis.
B. Scenario 2: Sequential Charging
The second set of graphs (Figs. 7–9) shows the results
obtained for the sequential charging scenario. The same combinations of vehicles, charging power, and ΔSOC considered
in the scenario 1 are taken into account. In the case of sequential charging with different recharging power or with different
energy demand, each case has to be considered twice because
the order of recharge has to be taken into account. Fig. 7
shows the self-consumption in case of sequential charge of
two cars, considering the values of ΔSOC of 0.6 (case a), 0.4
(case b), and 0.2 (case c). Fig. 8 shows the self-consumption

Fig. 8. (a) ΔSOC = 0.6. (b) ΔSOC = 0.4. (c) ΔSOC = 0.2. Sequential
charging of a cars and a quadricycle. The recharge power of the car (C) and
quadricycle (Q) are reported on the category axis.

in case of contemporary charge of a car and a quadricycle,
considering the values of ΔSOC of 0.6 (case a), 0.4 (case b),
and 0.2 (case c). Fig. 9 shows the self-consumption in case

VI. C ONCLUSION

Fig. 9. Sequential charging of two quadricycles. The ΔSOC of each quadricylce are reported on the category axis.

of contemporary charge of two quadricycles, considering the
values of ΔSOC form 0.2 to 0.6.

C. Comments on the Results
A first analysis of these values shows that only a small
proportion of energy produced from PV can be supplied
directly into the electric vehicle batteries. The sequential
charging allows a self-consumption higher than the simultaneous charging. This increase steps around 10%–15% points
and is far from taking a double absorption value (except
in the case of the two quadricycle). This effect penalizes,
especially in the winter months. For both types of recharging,
the combination of car and quadricycle, with maximum ΔSOC
and minimum charging power presents the most favorable
case. The combination of two cars with a maximum charging
power of 22 kW is the most unfavorable case regarding.
For both types of recharging, the combination of car and
quadricycle with maximum ΔSOC and minimum charging
power presents the most favorable case. The combination of
two cars, with a maximum charging power of 22 kW is the
most unfavorable case regarding. In fact, because the peak
power of the PV shelter is equal to 3.7 kW and the maximum
average power is slightly higher than 2.6 kW, it is evident
that, by requiring more charging power, most of the energy is
drawn from the grid.
The combination of two quadricycles is the case that takes
greater advantage in moving from simultaneous to sequential
charging. In fact, the sequential recharge shifts the second
vehicle in the time slot that starts at 13.30, when the PV
production is higher; therefore, it is possible to have a better
exploitation of the renewable source. In the case of simultaneous charging, there are groups of different scenarios that
lead to the same results. In particular, the self-consumption
(at equal ΔSOC) depends only on the lower charging power
considered for the particular scenario. Since the power from
PV generator is always lower than the minimum power required for charging one EV, the charging time depends only
on the lower power considered for charging one EV.
It can be concluded that the most important aspect to maximize the self-consumption, useful to maximize the payback
time of the PV shelter, is to spread the EVs recharge during the
maximum production periods of PV system. This is possible
only if there are no time constraints, such as in a situation of
working periods.

This paper aims to examine the potential and the technical
benefits of using PV systems as energy supplier for charging
PHEV. For this purpose, first, suitable mathematical functions
have been developed to estimate the energy production from
PV systems in different geographical locations in Italy as a
function of tilt, azimuth, and month.
Successively, to determine the strategy that maximizes the
self-consumption recharging with the lowest power, a PV
carport combined with a charging system for two electric cars
has been analyzed. The aspects linked to the energy flows,
considering the production of PV system, the absorption by
charging EVs, and the absorbed and injected energy to the
utility grid are evaluated, highlighting the technical sustainability of the project. The comparability between the values
of the energy produced by PV and the one demanded by the
PHEVs is difficult to obtain due to the noncoordination of the
solar source and the load.
Different scenarios and more than 9000 cases are analyzed
in terms of absorption profiles and energy. The most significant
results of this work is the percentage of energy coming from
the PV system to the EVs with respect to the energy required
by the charging point, that ranges from 1%–3% to 56%–72%.
Moreover, the energy flows strongly depend on month. The
maximization of the energy flow from PV system to electric
vehicle requires quite long and low power charges that allow
exploiting the hours when production of the PV shelter is high.
However, an energy storage system is necessary.
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