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Abstract: The performance of electric vehicles and their abilities to reduce fossil fuel consumption
and air pollution on one hand and the use of photovoltaic (PV) panels in energy production, on the
other hand, has encouraged parking lot operators (PLO) to participate in the energy market to gain
more profit. However, there are several challenges such as different technologies of photovoltaic
panels that make the problem complex in terms of installation cost, efficiency, available output power
and dependency on environmental temperature. Therefore, the aim of this study is to maximize the
PLO’s operational profit under the time of use energy pricing scheme by investigating the effects
of different PV panel technologies on energy production and finding the best strategy for optimal
operation of PVs and electric vehicle (EV) parking lots which is achieved by means of market and
EV owners’ interaction. For the accurate investigation, four different PV panel technologies are
considered in different seasons, with significant differences in daylight times, in Helsinki, Finland.

Keywords: solar-powered electric vehicle parking lots; different PV technologies; PLO’s profit; uncertainties

1. Introduction

In the last few years using renewable energy resources and the new generation of
transportation systems has increased enormously due to the issues like lack of fossil fuel
resources, carbon emission and environmental issues in a way that their role in the future
of power systems is very important and undeniable. Thus progression pace and finding
potentials in resources are crucial points for the energy issue. Among all other renewable
resources, solar energy is the most plentiful resource on the planet earth and there is a high
possibility to utilize its sources by means of photovoltaic panels. On the other hand, the
arrival of electric vehicles in the transportation system has made the market of this product
very competitive due to the many environmental advantages they have and their role in
transportation in the near future. However, using these sources all together brings forth
the necessity of facing challenges like stability and reliability of the grid, which requires
fundamental preparations such as control managements, cooperation agencies, etc. On
the other hand, using PV and EV simultaneously can be very useful and beneficial for the
grid in the field of energy supplement and economic opportunities and this exploitation
can be taken into action through electric vehicles parking lots. Since electric vehicles are
mostly parked in the parking lots during the day, employing rooftop photovoltaic for the
parking lots makes great sense. However, there are several challenges such as different
technologies of photovoltaic panels that make the problem complex in terms of installation
cost, efficiency, available output power and dependency on environmental temperature.

Since changing weather conditions can affect the output current and voltage, the
response of the PV system to these changes needs to be characterized [1,2]. In order to
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estimate the amount of energy a solar panel can generate in a lifetime, weather data and
solar irradiation information are utilized. Most solar panels do not operate in an ideal
condition, because the weather is always changing. By knowing the reaction of solar panels
to different weather conditions, it is possible to improve their efficiency in non-optimal
conditions [3]. In some situations, for example, in hot climates, a cooling system is needed
to keep the panels in certain temperatures. In addition to the temperature situation, the
PV panel material is also important to predict the output power, because the efficiency of
different materials has different levels of dependency on temperature. The temperature
coefficient describes the material temperature dependency [4].

Due to the fact that EV parking lots are magnificently useful for EVs, they can be
combined with PV as a source of independent energy supply that can eventually decrease
environmental damage such as greenhouse gas emission and even bring more benefit to
suppliers and consumers. Besides, this breeds a condition in which there are financial and
technical advantages in EV parked time and also makes it easier to interact with the supply
and demand market.

According to the mentioned points, the goal of this study is to maximize the benefit
for the parking lot operators by finding the best strategy for the optimal operation of PVs
and EV parking lots which is achieved by means of market and EV owner interaction,
considering the fact that the distribution network, uncertain behavior of different PV
technologies and EV owners can have an impact on the behavior of PEV parking lots.

1.1. Literature Review

EVs reaching the number of 5 million in 2018 is a clear fact indicating that the future
of the automobile industry belongs to EVs. It is also expected that this number will reach
250 million by 2030. According to the EV 30@30 scenario, 44 million EVs will be sold each
year [5]. The enormous growth in EV production logically brings forth the need of building
charging stations (CS) and parking lots (PLs). According to [5], as of 2018, 5.2 million
charging stations are available and almost all of them (about 90%) are private.

Seeking the highest economic efficiency, PL operators (PLO) must try to satisfy EV
owners (EVO) through some strategies. EVs parked time is the key to the goal, and it
brings the opportunity for EVOs to cooperate with parking lot operators to sell their EV’s
discharging power to distribution network operators or even other parking lot operators.
To satisfy EVO’s, parking lot operators should dedicate a reasonable percentage of the
benefit to them by means of a written contract so that they are motivated to sell even more
of this discharging energy to parking lot operators. This however brings out the necessity
of a smart energy management system (EMS) in the PL so that maximum profit is gained by
an optimized charge/discharge program. Additionally, using renewable energy resources
is a way to increase profit. According to distribution system operator’s (DSO) tariff, some
of the studies on EV charge/discharge programs in solar-powered and non-solar-powered
EVPL’s will be reviewed accordingly.

In Ref. [6], a mathematical model for estimating the electricity capacity of a PV parking
lot is described, and new formulas are proposed to investigate the effect of batteries and
inverters on the power demand during battery charging and discharging. The results show
that the use of PV panels in the parking lot can reduce the load of the distribution grid by
reducing the effective load during peak charging.

In Ref. [7], to reach the highest profit for an EVPL using solar panels and distributed
generators a self-scheduling model considering spinning reserve is investigated. Ref. [8]
works on large-scale wind integration and operational flexibility of parking lots by intro-
ducing a two-stage stochastic model. Due to the lack of enough flexible resources, a lot
of wind energy is wasted. The use of parking lots, not only reduces the cost of operation
but also using the potential flexibility and participating in the energy and reserve markets
can reduce wind spillage. Ref. [9] tries to reduce EV charging costs to the lowest level
by producing a Convexfiel model (the model is obtained from the conventional model
by using convex relaxation techniques) in which EVs uncertainty and V2G ability are
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considered. In Ref. [10], to reduce the daily cost in an EVPL that uses solar energy to the
lowest level, for EV charging, mixed-integer linear programming (MILP) is proposed.

Ref. [11] worked on the potential of solar energy for charging EVs and reducing the
payback time. Hence, a Genetic algorithm is used to increase the production of solar energy,
energy storage and smart charging is utilized to investigate different charging methods.
By applying the proposed model, the payback time is reduced from 14 years to 7 years.
Ref. [12] is about EVPL operational scheduling in the energy and reserve market. In this
study, a bi-level model is estimated in which the upper level’s goal is to bring down the
operation cost to the lowest amount and the lower level’s goal is to lessen PL cost. Ref. [13]
considers maximizing parking lot operators’ profit by controlling EV charging and offers a
dynamic charging program in order to achieve the goal.

Ref. [14] worked on a solar-powered charging station using a fixed battery, providing
an algorithm consisting of four stages to minimize operation cost on EV charge/discharge
by most optimization and customer satisfaction. In [15], as in [16], a multi-objective model
is proposed with the aim of EVPL cost minimization considering climate effects. This
model shows that an appropriate charge/discharge program for EVs can result in less total
emission and operation costs. In Ref. [17] the goal is to decrease electricity tariff through
optimized EV power charge/discharge in a solar electric vehicle parking lot (EVPL) (in an
EVPL using SE). In [18], an EV charge model based on EVO satisfaction, cost minimization
in an integrated EVPL using solar energy and an energy storage system is proposed.

In Ref. [19], considering environmental and economic targets, a model giving a sched-
ule for EV charge/discharge is proposed with two main objects consisting of emission
reduction and cost operation minimization. In Ref. [20] an energy management strategy
is suggested for a solar energy EVPL to analyze its effects on loss reduction and power
consumption of distribution network. In Ref. [21], regarding the reduction of charging
costs optimized with a photovoltaic system in an EVPL, two-stage stochastic mixed-integer
linear programming (MILP) is proposed. A stochastic optimized energy management
program considering both parking lots’ operators and EVO’s benefits is offered in Ref. [22].
In order to lower the cost for various grid purposes and regarding EV’s uncertainty, an
optimized program for EVs is designed in Ref. [23]. In Ref. [24] two cases are studied. The
first one refers to a risk-based model that analyzes the efficiency of EVPLs using hydrogen
storage systems, solar energy, etc. The second is dedicated to the charge/discharge program
for EVs in risk-averse and risk-neutral performance. Ref. [25] refers to charge/discharge
energy trading with DSO and also cooperation between parking lot operators and EVOs to
offer a program to EV aggregators considering the highest benefit for both sides.

Ref. [26] studied the relationship between the amount of output energy and variation
of temperature. In order to show the influence of temperature on photovoltaic systems,
two models were used. Model A ignored temperature and Model B considered it. These
two models were carried out for 236 cities in America. In the Northeast and the Midwest
regions, Model B power outputs were higher in comparison with Model A (16–20%),
from November to February, whereas there was a reduction from May to August (−4%).
Instead, in the South and Southwest of America, power outputs reduced significantly
from May to August (−12–15%), whereas there was a slight increase from December
to February (5%). In Ref. [7], the effect of temperature on the performance of different
photovoltaic technologies was evaluated in Amman, Jordan. Three photovoltaic systems
(Poly-crystalline, Mono-crystalline and Thin-film) with the same design parameters were
chosen. It was shown that the temperature has less effect on the thin-film solar cells.
Ref. [27] evaluated the temperature coefficient for some different types of commercially
accessible solar panels. The tests were done at the PV test facility of the Solar Energy Centre,
New Delhi, India. The panels were chosen randomly from different manufactures. The
study showed that the temperature coefficient for the monocrystalline silicon module is
higher than the other types.
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1.2. Contributions

According to the literature, several studies have been conducted on energy exchange
between PL and DS and the performance of different PV technologies has been studied
separately in which the effect of different PV technologies and their performance on
the possibility of energy exchange and profit of the parking lot operators are not taken
into account.

The goal of this study is to maximize the benefit to parking lot operators in the
energy market between DSO and EVOs in the rooftop PV parking lot with different PV
technologies. To meet this goal, different scenarios are considered in detail to evaluate and
analyze operations under various circumstances. Also, the model considers all the impacts
of the behavior of different PV technologies.

To the best of the authors’ knowledge, the impact of the PV technologies on the
optimal operation of rooftop PV parking lots has not been reported in the literature, which
is the main contribution of the paper. In order to investigate the impact of PV technologies
and their level of sensitivity to temperature and solar radiation, different PV technologies
such as Monocrystalline silicon, Polycrystalline silicon, Amorphous silicon and Cadmium
Telluride based solar modules were considered in four different months. Another applicable
contribution of the paper is that due to very different daylight times in Finland in different
months of a year, there are huge changes on the operation of rooftop PV parking lots.

In Section 2, the mathematical model of a PEV parking lot is formulated. The case
study is described in Section 3. In Section 4, the results of the study are analyzed. The
conclusion is presented in Section 5.

2. Problem Formulation

The objective function of this study is to maximize the profit for parking lot operators
by using four different PV technologies including Monocrystalline silicon, Polycrystalline
silicon, Amorphous silicon and Cadmium Telluride to evaluate which one is the best.
Considering that the uncertain behaviors of solar irradiation and EVO have a direct effect
on the profit of the parking lot operators, the influence of these factors was investigated
in order to get the optimum result. Hence, by using the Beta function, the uncertainty of
solar radiation was modeled and the truncated Gaussian distribution, that is, Normal PDF
was applied for the other uncertainties that all the required equations were taken from [23].
Also, the complexity of the calculations caused a reduction in the scenarios. Therefore, in
this study, by using a scenario reduction method, similar scenarios were deleted.

2.1. Objective Function

The objective function, presented in (1), represents different income terms that maxi-
mize the profit from the parking lot operator’s point of view. These terms show cooperation
between the DSO, EVOs and parking lot operators. Therefore, the objective function of
parking lot operators includes the revenue such as selling the power generated by PV
rooftops to EVOs and DSO and selling EVs discharging energy to DSO. Also, purchasing
energy from DSO and depreciation of the battery because of selling energy to DSO are the
cost terms of the objective function. To encourage EVOs, some money is given to them for
several discharges in one day and they can also receive a portion of the revenue gained
from the sale of energy to the DSO. Also, based on the energy price, parking lot operators
can sell the power generated by PV to DSO and EVOs.

ProfitPL = ∑
n

∑
h

((
Pch−Solar

n,h Prch
h

)
+
(

PSolar
h Prdch

h

))
∆h

+∑
w

ρw∑
n

∑
h

 (
Pch−Grid

n,h,w Prch
h

)
+
(
(1− α)Pdch−Grid

n,h,w Prdch
h

)
−
(

Pch−Grid
n,h,w PrGrid

h

)
−
(

Pdch−Grid
n,h,w Ccd

) ∆h
(1)
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In (1), Pch-Solar is Charging power of each EV from solar energy’s output, PSolar is Solar
energy’s output of PL to DSO, Pch-Grid is Charging power of each EV from DSO and Pdch-Grid

is Discharging power of PL to DSO.

2.2. Constraints

Arrival/departure times of EVs to/from the PL and their duration of presence in PL
are presented in (2) to (4).

SOEn,h,w = SOEarv
n,harv ,w −

(
Pdch

n,h,w

ηdch

)
+
(

Pch
n,h,w

)
ηch : ∀PL, v, h = harv, w (2)

SOEn,h,w = SOEn,h−1,w −
(

Pdch
n,h,w

ηdch

)
+
(

Pch
n,h,w

)
ηch : ∀PL, v, h � harv, w (3)

SOEn,h,w ≥ SOEdep
n,hdep : ∀n, h = hdep, w (4)

It is impossible for a battery to charge and discharge, simultaneously:

Xch
n,h,w + Xdch

n,h,w ≤ 1; ∀n, h, w (5)

According to the rate of charge and discharge of EV batteries, the value of SOE is
shown in (6).

SOEmin
n,h,w ≤ SOEn,h,w ≤ SOEmax

n,h,w : ∀n, h, w (6)

EVs can purchase their required energy at the mid-peak and off-peak periods from
DSO and the rate of charging/discharging is restricted between zero and nominal rate.
Also, the EV charging/discharging time is not the same. The mentioned constraints are
shown in (7) and (8).

0 ≤ Pch
PL,v,h,w = Pch−Grid

n,h,w + Pch−Solar
n,h ≤ Xch

n,h,w × Rch,max : ∀n, h, w (7)

0 ≤ Pdch
n,h,w = Pdch−Grid

n,h,w ≤ Xdch
n,h,w × Rdch,max : ∀n, h, w (8)

Based on (9), the parking lot operator sells energy to DSO after 24-h periods. Equation (10)
also guarantees that the amount of EV charging through PV generation and the amount
of PV generation sold to the DSO is equal to the output of the PV panel in PL. Each EV’s
charging and discharging power is restricted to four times the nominal rate and is shown
in (11) and (12).

0 ≤ PSolar
h ≤ Psolar,h : ∀solar, h (9)

PSolar
h +

100

∑
n=1

Pch−Solar
n,h = Psolar,h : ∀solar, h (10)

24

∑
h=1

Pch−Grid
n,h,w ≤ 4× Rch,max : ∀n, w (11)

24

∑
h=1

Pdch−Grid
n,h,w ≤ 4× Rdch,max : ∀n, w (12)

2.3. Equations for PV Generation

Considering the change of solar radiation and temperature under outdoor conditions,
the short-circuit current (ISC) and open-circuit voltage (VOC) of silicon-based solar cells
are expressed as follows [28]:

ISC =

(
G

GSTC

)
ISC_STC[1 + a(TC − TSTC)] (13)
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VOC = VOC_STC[1 + β(GSTC)(TC − TSTC)][1 + δ(T) ln
(

G
GSTC

)
] (14)

where G is the solar radiation of PV solar cell under operating conditions ( W
m2 ); GSTC is

the solar radiation under standard test conditions (( W
m2 ) and GSTC = 1000 W

m2 ); TSTC is the
temperature under standard conditions (TSTC = 25 ◦C); a is the temperature coefficient of
short-circuit current, usually provided by the manufacturer; ISC_STC is the short-circuit
current of solar cell under standard test conditions; VOC_STC is the open-circuit voltage of
solar cell under the standard test conditions; β is the temperature coefficient of open-circuit
voltage; and δ is the correction factor of solar radiation. As a result, as the temperature
increases, the open-circuit voltage becomes smaller and the short-circuit current becomes
larger, which leads to a decrease in efficiency. The specific relationship can be expressed
as follows:

η = ηre f [1− βre f (TC − TSTC)] + γ log10 G (15)

where ηre f is the power generation efficiency of solar cells under standard test conditions;
γ is the solar radiation coefficient; and βre f is the temperature coefficient (K−1) at reference
conditions. In engineering applications, the relationship between the output power of PV
and the temperature can be described as follows [29]:

PTC = ηre f [1− βre f (TC − TSTC)]GA (16)

where, A is the surface area of the PV module.

3. Case Study

In order to evaluate the different PV technologies a PEV parking lot with a capacity of
80 EVs was considered. Figure 1 illustrates the interaction between all three components
which result from energy exchange and individual contracts with EVOs. In this evaluation,
three different scenarios were studied. Scenario I represents the base case with no PV
panels in four different months including February, May, August and November. In
scenario II, the PV rooftop (area of panels is approximately 558 m2) with four different PV
technologies including Monocrystalline silicon, Polycrystalline silicon, Amorphous silicon
and Cadmium Telluride was analyzed in two cold periods (February and November).
Similarly, in scenario III, a PV rooftop with four different PV technologies was investigated
in two warm periods (May and August).
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and November). To calculate the output power of PV, the real solar radiation data of
Helsinki, Finland was used [30]. Figure 2 shows the expected value of PV generation for
each technology in each month.
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The main specifications of each technology are represented in Table 1.

Table 1. The specifications of each technology.

Cell Type Structure Efficiency [1–3] Thermal Coefficient (C−1)

Monocrystalline silicon

• manufactured from pure
semiconducting material with no defects
or impurities in the silicon crystalline
structure

• production procedure is complicated
• higher-priced than some other

technologies

17–22% 0.0044

Polycrystalline silicon

• manufacturing process is simpler than
the monocrystalline ones

• more cost-effective
• more defects in the crystalline structures

15–17% 0.0038

Thin film solar panels:
Amorphous silicon
Cadmium Telluride

• completely different from crystalline
solar panels

• lightweight and, in some cases, flexible
10–13% 0.0023

0.0017

It is worth mentioning that the efficiency considered in the calculation for Monocrys-
talline silicon, Polycrystalline silicon, Amorphous silicon and Cadmium Telluride is 18%,
16%, 10% and 13% respectively. Also, the EVs’ probability distribution and their specifica-
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tion are presented in Tables 2 and 3 respectively. The rate of charge and discharge of each
EV is up to 40 kWh, and they were charged and discharged four times with maximum
rates (10 kWh).

Table 2. The modified probability distribution of EVs [31].

Mean Standard Deviation Minimum Maximum

Initial SOC (%) 54.85 8.92 40 70
The time of Arrival (h) 8 3 5 23
The time of Departure (h) 16 3 6 24
Cap (kW) 62.79 28.60 18 95

Table 3. EVs specification.

Capacity of Battery 32 kWh Efficiency of Charge 90%
The rate of Charging/discharging 10 kW Efficiency of Discharge 95%
SOE min 4.8 kWh Desired SOE 28.8 kWh
SOE max 28.8 kWh Ccd 20 €/MWh

The price of energy data was drawn from the Finnish electricity market [32,33]. The
price of energy exchange is presented in Table 4. Also, the price of selling energy to DSO is
shown in Figure 3.

Table 4. The price of energy exchanged between DSO and PLO (cent/kWh).

Price/Time Off-Peak Periods
(01:00–06:00)

Mid-Peak Periods
(07:00–11:00, 18:00–19:00)

On-Peak Periods
(12:00–17:00)

Energy purchased from DSO by the PLOs 4.19 4.19 4.19
Energy sold to EVO by the PLO 4.67 5.53 5.53
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Figure 3. Price of selling energy to DSO.

4. Results and Discussion
4.1. PLO’s Profit without PV Generation

In this scenario, the energy exchange is between DSO and EVOs and each EV makes
revenue for the PV parking lot operators by selling energy to DSO. On the other hand,
based on the EVO’s contract, each EV can gain benefit from battery depreciation cost
and half of the selling energies’ revenue to DSO. Figure 4 shows the required energy for
charging EVs every hour of each month. Based on Figure 4, the entrance time of EVs to PL
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starts at 8:00 approximately. Between 8:00 and 20:00 more EVs enter the PL which increases
the energy exchange between PL and DSO.
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The charging/discharging energy of all EVs in four months and the profit of the
parking lot operator are presented in Table 5. According to Table 5, in August, the energy
interaction between the parking lot operator and DSO is more than that in the other months
which brings more profit to the parking lot operator.

Table 5. Charging/discharging energy of EVs and PLO’s profit.

Month February May August November

Charging (kWh) 3636.94 3636.94 3608.85 3620.89
Discharging (kWh) 1123.22 1128.01 1311.24 1285.6

PLO’s profit (€) 44.70 40.25 47.33 42.65

4.2. PLO’s Profit with PV Generation

In this scenario, for evaluating the effect of the PV panel technology on parking lot
operator profit, four different technologies including Monocrystalline silicon, Polycrys-
talline silicon, Amorphous silicon and Cadmium Telluride were considered. Due to the
uncertainty of solar energy, four months were considered for a more accurate evaluation.
In this regard, trading energy between PL and DSO is shown in Table 6.

Table 6. Energy exchange between PL and DSO (kWh).

February May August November

Pch from
DSO Pch to DSO Pch from

DSO Pch to DSO Pch from
DSO Pch to DSO Pch from

DSO Pch to DSO

Without PV 3636.94 1123.22 3636.94 1128.01 3608.85 1311.24 3620.89 1285.60
Mono crystalline 3628.06 1118.80 3625.13 1267.40 3598.09 1340.39 3600.57 1283.05
Poly crystalline 3628.13 1118.44 3627.21 1246.91 3598.1 1313.35 3600.52 1279.27

Amorphous silicon 3628.84 1117.95 3632.94 1192.80 3598.9 1239.24 3602.47 1277
Cadmium Telluride 3628.44 1118.09 3627.70 1212.60 3595.93 1272.83 3602.98 1281.32

For better understanding the effect of PV rooftops on EV parking lots and parking lot
operator profit, Figures 5–8 are given. These figures show how much energy in a day is
supplied by DSO and PV panels. Before 7:00, the PV generation is at its lowest level and
EVs can only be charged by purchasing energy from the DSO. Between 8:00 to 14:00, due to
the production of more energy by the PV rooftops, EVs are charged by the DSO and solar
energy. During this time the amount of energy purchased from the DSO is reduced. The
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amount of reduction in energy purchases from the DSO depends on the power generated
by PV and the decision to sell solar energy based on the price of energy. After 14:00 by
reducing the energy of PV, the DSO can charge EVs. As can be seen in February and
November, the highest amount of energy is supplied through the DSO because in these
two months, the solar radiation is very low, and the PV panels are not able to produce
energy. While the energy generated by PV panels with the four PV technologies in May
and August is quite clear.

Clean Technol. 2021, 3, FOR PEER REVIEW  11 
 

 

 

Figure 5. Power supplied by DSO and PV panel in February. 

 

Figure 6. Power supplied by DSO and PV panel in May. 

Figure 5. Power supplied by DSO and PV panel in February.

Clean Technol. 2021, 3, FOR PEER REVIEW  11 
 

 

 

Figure 5. Power supplied by DSO and PV panel in February. 

 

Figure 6. Power supplied by DSO and PV panel in May. Figure 6. Power supplied by DSO and PV panel in May.



Clean Technol. 2021, 3 513Clean Technol. 2021, 3, FOR PEER REVIEW  12 
 

 

 

Figure 7. Power supplied by DSO and PV panel in August. 

 

Figure 8. Power supplied by DSO and PV panel in November. 

Discharging energy of PL to DSO is presented in Figures 9–12. According to these 
Figures and Figure 3, the energy exchange between PL and DSO depends on PV genera-
tion, number of EVs and the price of selling the energy to DSO. In February at 7:00 and 
16:00 and in November at 8:00 and 17:00, the number of EVs in the PL is less and the price 
of selling energy is at the highest amount, therefore the energy sold to DSO by the parking 
lot operator is a significant amount. In May at 8:00 and 10:00 and in August at 11:00 and 
17:00, by reducing the number of EVs, increasing PV generation and because of the selling 
energy price, a lot of energy is traded between the parking lot operator and DSO. 

Figure 7. Power supplied by DSO and PV panel in August.

Clean Technol. 2021, 3, FOR PEER REVIEW  12 
 

 

 

Figure 7. Power supplied by DSO and PV panel in August. 

 

Figure 8. Power supplied by DSO and PV panel in November. 

Discharging energy of PL to DSO is presented in Figures 9–12. According to these 
Figures and Figure 3, the energy exchange between PL and DSO depends on PV genera-
tion, number of EVs and the price of selling the energy to DSO. In February at 7:00 and 
16:00 and in November at 8:00 and 17:00, the number of EVs in the PL is less and the price 
of selling energy is at the highest amount, therefore the energy sold to DSO by the parking 
lot operator is a significant amount. In May at 8:00 and 10:00 and in August at 11:00 and 
17:00, by reducing the number of EVs, increasing PV generation and because of the selling 
energy price, a lot of energy is traded between the parking lot operator and DSO. 

Figure 8. Power supplied by DSO and PV panel in November.

Discharging energy of PL to DSO is presented in Figures 9–12. According to these
Figures and Figure 3, the energy exchange between PL and DSO depends on PV generation,
number of EVs and the price of selling the energy to DSO. In February at 7:00 and 16:00
and in November at 8:00 and 17:00, the number of EVs in the PL is less and the price of
selling energy is at the highest amount, therefore the energy sold to DSO by the parking
lot operator is a significant amount. In May at 8:00 and 10:00 and in August at 11:00 and
17:00, by reducing the number of EVs, increasing PV generation and because of the selling
energy price, a lot of energy is traded between the parking lot operator and DSO.
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As it can be seen, installing PV rooftops on EV parking lots reduces the energy
purchased from DSO to PL but the performance of the PV technology can change the
amount of energy exchanged. Table 7 presents the profit of the parking lot operator in all
scenarios. Based on the results, the least profitable scenario is scenario I because all the
required energy is supplied by DSO due to the lack of other energy sources to support the
EV charging energy. Thus the parking lot operator gains less profit.

Table 7. PLO’s profit (€) by using different PV technologies.

PV Technology/Month February May August November

Without PV 44.70 40.25 47.33 42.65
Mono crystalline 45.06 63.26 72.73 48.85
Poly crystalline 45.01 60.52 69.82 48.11

Amorphous silicon 44.87 52.72 61.25 45.89
Cadmium Telluride 44.93 56.26 65.36 46.86

According to Table 7, PV generation helps parking lot operators to participate more in
the energy exchange and increase their profit but because of the weather conditions, solar
radiation and the type of PV technology the amount of income is different each month.
In February and November, due to the low value of solar radiation, the energy produced
by PV panels is less than that in May and August. However, the Monocrystalline silicon
technology performance is better in all the months compared to the other technologies, be-
cause there are no defects or impurities in the silicon crystalline structure and consequently
the efficiency is high. As can be observed, increasing the output power of PV allows the
parking lot operator to purchase and sell energy to/from DSO at a more reasonable price
and gain more profit.

The next most appropriate technology is Polycrystalline silicon. The performance
of this technology is similar to Monocrystalline silicon, but there are more defects in the
crystalline structures and the efficiency is slightly less than Monocrystalline cells. Thin-film
solar panels like Amorphous silicon and Cadmium Telluride are completely different from
crystalline solar cells and they have less efficiency. As can be seen, because of the lower
performance and the lower benefits, they are not suitable for Finnish weather conditions.

Moreover, comparing profits in different months shows that the energy exchange in
August is much more profitable than in other months.
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5. Conclusions

The goal of this study is to maximize the benefit to parking lot operators in the energy
market between DSO and EVOs for rooftop PV parking lots with different PV technologies.
To analyze the impacts of different PV technologies’ output power on the parking lot’s
profits in several weather conditions, various scenarios were considered.

Hence, by considering solar radiation uncertainty and different behaviors of EV own-
ers, studies were performed on four different PV technologies including Monocrystalline
silicon, Polycrystalline silicon, Amorphous silicon and Cadmium Telluride in February,
May, August and November. Moreover, for accurate investigation, the output power
curve of the PV, energy purchase and sales curve and power supplied by PV by each PV
technology in 4 months were shown.

Based on the results, the parking lot’s profit in February and November was lower than
the other two months due to lack of solar radiation and August is the most profitable month
due to suitable weather conditions, which consequently results in more PV generation.
Also, a review of each technology in different months indicates that Monocrystalline
silicon, every 4 months, has a better performance than other technologies, which creates
a better opportunity for energy exchange and consequently a higher profit compared to
the other technologies. Moreover, according to the estimated climate in the experiments,
the most efficient technologies for parking lot operators are Monocrystalline silicon and
Polycrystalline silicon, and the other two, Amorphous silicon and Cadmium Telluride, are
not quite suitable based on the experimented circumstances. Based on the evaluation of
the efficiency and performance of different technologies in Finland’s weather conditions
and in different scenarios, the Monocrystalline silicon technology is a more suitable option
for use in parking lots. In future work, the application of these technologies in EVPLs can
be compared based on the payback time and lifespan.
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Nomenclature
The Main Parameters and Variables are Presented Here.

Indices
n Index for EV number
w Index for scenarios
h Index for time (hour)
Parameters
Ccd Cost of equipment depreciation (€/kWh)
Rmax Maximum charging/discharging rate (kWh)
SOEarv Initial SOE of EVs at the arrival time to PL (kWh)
SOEdep Desired SOE of EVs at the departure time from PL (kWh)
SOEmax Maximum rate of SOE (kWh)
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SOEmin Minimum rate of SOE (kWh)
tarv Arrival time of EVs to the PL
tdep Departure time of Evs
Prch Charging tariff of EVs (€/kWh)
PrGrid Price of purchasing energy from DSO by PL (€/kWh)
Prdch Price of selling energy to DSO by PL (€/kWh)
ηch Charging efficiency (%)
ηdch Discharging efficiency (%)
ρv probability of each scenario
Variables
Pch-Grid Charging power of each EV from DSO (kW)
Pch-Solar Charging power of each EV from solar energy’s output (kW)
Pdch-Grid Discharging power of PL to DSO (kW)
PSolar Solar energy’s output of PL to DSO (kW)
SOE EVs’ state of energy (kWh)
Xch Binary variable which shows the charge status of each EV
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