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ABSTRACT

The world is on a course toward total electrification of vehicles. In the near future, most vehicles will run on electric power.
One of the main reasons for users' dissatisfaction with electric vehicles is the lack of public direct current charging stations. Since
electric vehicles charging can cause an additional increase in peak load on the grid, the optimal solution is direct current charging
stations with photovoltaic generation with a micro grid architecture. If the charging station has a connection to the public grid, then,
provided that the solar energy and storage system are optimally utilized, the station aggregator's profit can be increased by selling
excess energy to the grid. This paper analyzes the charging habits of customers at direct current charging stations. It was found that
the peak demand for charging is observed around 9:00 and 14:00-17:00, the same time as the general peak load on the grid. Thus, the
peak charging demand coincides with the peak grid load and increases the net peak of the system. However, this excess demand on
the system in the form of charging load can be met by the installed solar photovoltaic system, as the output power of the photovoltaic
system is sufficient to meet the charging demand during the peak hours of solar radiation. Thus, for the considered direct current
charging station, the optimization problem of dynamic economic dispatch was formulated, since the generation and load schedules
change over time. The goal of optimization is to minimize the cost of primary energy. This problem, formalized as a mixed integer
linear programming problem, was solved using the interior-point solver of the GEKKO library in Python. Four scenarios for the
operation of the station were worked out, in summer and winter, with a fixed and dynamic electricity tariff. According to the results
of the study, it was found that in the conditions of a fixed tariff in the summer, the cost of primary energy can be reduced 2.5 times,
in fact, increase profits, thanks to the sale of electricity to the public grid. In winter, the use of the optimization algorithm of the
station will provide an insignificant cost savings due to low photovoltaic generation. Under the conditions of a dynamic tariff that
corresponds to the prices on the day-ahead market, using the optimization algorithm, it was found that for this experimental variant of
the station's operation, the maximum profit in summer will be 207.60 UAH, while in winter the cost of primary energy will be 177.47
UAH. The results obtained indicate that the operation of a charging station under dynamic tariffs in the day-ahead market in Ukraine
is a promising direction for the development of charging infrastructure in the country and proves the possibility of efficient use of
renewable energy sources. Thus, this paper analyzes the global experience of developing charging stations based on micro grids, the
integration of renewable energy sources into them, and approaches to building electricity dispatch schedules. The financial feasibility
of the station's operation in the context of the electricity market in Ukraine was also investigated.
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INTRODUCTION increase the peak load. This can be prevented by
developing charging stations based on micro grids
with renewable energy sources. Photovoltaic
systems can be installed on carports or on the
rooftops of buildings and connected to a charging
station, which in turn can operate in island mode or
in grid-connected mode. Since the nature of solar
radiation is intermittent and highly dependent on the
season and time of day, which can cause both excess
and shortage of solar generation, it is important that
charging stations are equipped with an energy
storage system. This will allow storing excess
energy and using the accumulated energy when
generation is low. Due to the volatility of renewable
energy sources (RES), the stable operation of the

The widespread adoption of electric vehicles
(EV) is a major development trend in the automotive
industry worldwide. With zero emissions and low
noise levels, EVs are an ideal solution to
environmental problems and the shortage of fossil
fuels. The main obstacles to the spread of EVs are
the lack of charging infrastructure [1], charging
time, and limited range [2, 3].

Charging EVs can become a serious problem
and increase the load on the national grid, as
charging electric vehicles throughout the day will
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charging station is ensured by the micro grid
architecture with a connection to the public grid. If
EVs are charged with green energy, the market for
EVs will be encouraged, as EVs will help minimize
the environmental footprint of transportation.

A random or uncoordinated approach to EV
charging has a negative impact on the distribution
network, including increased real power losses,
sharp voltage fluctuations, network overload, the
need to increase grid capacity, and expensive
charging. Coordinated charging can improve the
operational performance of a power company by
intelligently managing the charging load of EVs and
minimize the cost of charging by adopting a
dynamic price policy [4]. Charging is managed by
an agent called an aggregator [5].

The charging station aggregator can also benefit
by participating in the energy market and selling
extra energy back to the grid through the
photovoltaic to grid (PV2G) concept. Using the
available data on load demand, photovoltaic power,
and storage capacity available at the charging
station, the optimal charging algorithm can be
calculated to maximize profits.

ANALYSIS OF LITERARY DATA

Approaches to solving the problem of
minimizing the cost of primary energy for a
charging station are very well covered in the
literature. The paper [6] found that the use of
batteries and renewable energy sources at fast
charging stations can reduce the operating costs of
the charging station, and also has a positive impact
on the power system. In order to determine the
optimum power of the generating unit and the type
of battery, taking into account the number of charge
cycles, the discharge depth and the battery life, the
problem was formulated in terms of mixed-integer
linear programming (MILP). The optimal solution
shows that the energy storage system (ESS) and
renewable energy sources can reduce costs by 35%,
and the peak load can be reduced by almost 8%. In
the paper [7] profit maximization in an electricity
market with dynamic prices where the charging
station is directly connected to the grid is
considered. In [8] an algorithm for reducing
operating costs taking into account customer
satisfaction is proposed. Customers are to respond to
changing electricity prices, decide whether they
prefer to charge or discharge, and actively regulate
charging rates and times [9]. So the authors
proposed an intelligent method of controlling
charging loads of electric vehicles in response to the
price of time of use (TOU) in the regulated market.
The goal is to minimize charging costs and

maximize discharge profits. To minimize the cost of
charging, taking into account the ratio between the
acceptable charging capacity of the electric vehicle
battery and the state of charge (SOC), a heuristic
method is implemented. Also [10] presents an EV
charging model based on real-time price
information, considering the preferences of
individual vehicles as well. If we take into account
the computational time of large optimization
problems, heuristic algorithms are superior to direct
optimization. The solution found by heuristic
algorithms may not be the best, but should not
deviate significantly from the solution obtained by
direct optimization. In the work [11] the forecast of
solar photovoltaic energy and the probability of the
appearance of electric vehicles is considered to
optimize the operation of an autonomous
commercial charging station based on a solar
photovoltaic system with a battery energy storage
system (BESS) for maximum profit. The method of
MILP is used to determine the optimal solution. The
authors of [12] investigate the problem of optimizing
energy costs taking into account the periodic arrival
and departure of electric vehicles. MILP is
formulated as a real-time optimization problem to
minimize the total energy cost while taking into
account the physical constraints of the system.

THE PURPOSE AND OBJECTIVES OF THE
RESEARCH

The purpose of this work is to develop a power
dispatching schedule of a charging station based on
a micro grid with a photovoltaic module in such a
way as to minimize the cost of primary energy for
the charging station.

The research tasks are to analyze the charging
habits of EV owners and schedule day-ahead power
dispatch according to PV-generation forecast.

DIRECT CURRENT MICROGRID
ARCHITECTURE

The electric vehicle charging station is based on
direct current (DC) micro grid and under limited
power conditions, it consists of photovoltaic (PV)
module, public grid, electrochemical storage system
(ESS) and electric vehicles. DC micro grid sources
are connected to a common DC bus. Fig. 1 shows
the DC micro grid architecture of the charging
station. When the EV arrives, the driver selects the
charging mode. Electricity produced by photovoltaic
sources is mainly intended for charging EVs. The
storage system is an additional source of energy for
charging electric vehicles or for absorbing excess
energy produced by photovoltaic sources. The public
grid is used as a back-up source, allowing PV to sell
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excess energy, or buy in shortages. If the PV power
is lower than the power required by the EVs, the
additional power needed to charge the EVs is
provided first by the storage and then by the public
grid. On the contrary, excess energy is primarily fed
to the storage device, and then fed into the public
grid. Vehicles are the only load.

pv%@ —) Ji ~
nv&_ T —) % Fublic erd

Fig. 1. Direct current micro grid for electric
vehicle charging station

Source: compiled by the authors

Energy
storage

Photoelectric module. The proposed charging
station for electric vehicles is based on 86
photovoltaic panels (Risen RSM110-8-550M Mono
PERC Half-Cell), the power of one module is 550W
under standard conditions of solar radiation of 1000
W/m2 and ambient temperature of 25°C. PV power
is calculated in the MPPT mode as given by (1)
and (2):

9(t)
Ppy mppr (ti) = Ppy stc * m *

YTy —25)] s D
* Npy; _
Toy (t)) = Tamp (t) + g(t;) * o Tairtest oy

Gtest

where Ppy grc IS PV power under standard test
conditions (STC); g is insolation level; y =
—0,29%/°C is temperature coefficient of power;
Tpy is temperature of the photovoltaic cell; Npy
isnumber of photovoltaic panels; T,,,, is ambient

Pre-charge Constant Current
mode regulation mode

temperature; NOCT = 41,5°C is the nominal
operating temperature of the cell; Ty tose = 20°C
is fixed air temperature; G, = 800 Bt/m? is
fixed solar radiation for testing.

The energy storage system is a battery. Due to
its high energy density, high discharge capacity,
long life cycle, fast charge/discharge, Li-ion battery
dominates the portable electronic sector and has
become the best choice in the automotive sector. In
addition, in micro grid they are used as ESS, which
plays an important role in the integration of
renewable energy sources. In addition, acting as a
buffer system to mitigate grid congestion, the
efficiency of the power system is improved [13].
The lithium-ion battery model is based on the
Tremblay battery model [14].

Lithium-ion batteries (in the storage system and
electric vehicles) are charged according to the
constant current / constant voltage (CC/CV) rule
with three charging modes (Fig. 2).

In CC mode, the charging current remains
constant until the voltage rises to the cut-off voltage.
When the battery starts charging, the voltage is
relatively low. If the charging current is not
constant, the life cycle of the battery and the charger
will be shortened. When the battery is almost fully
charged, the process enters the constant voltage
(CV) phase, which aims to prevent the battery from
overcharging. In CV mode, the voltage remains
constant and the current drops. This CC/CV
procedure is assumed to be controlled by a battery
management system already integrated into the PEV
battery system [16, 17]. Although usually electrical
circuit models for individual cells are studied, in this
survey battery packs consisting of multiple cells
connected in series are considered based on the
Nissan Leaf’s battery pack [18, 19].

Constant Voltage Charge Re-charge
regulation mode  termination mode

Regulation
voltage

Battery
voltage

Recharge ™

-
Regu\ationcurren(["'

voltage

Pre-charge

Battery
current

threshold
voltage

Pre-¢ arge_current :cﬁarge tefmination current ]

Fig. 2. Change in current and voltage when charging a lithium-ion battery according to the constant

current / constant voltage rule
Source: compiled by the [15]
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The voltage v¢pqrge and current icpqyge during
the CC phase is calculated according to formulas

(3)-(4)

vcharge(t) = Voc(SoC(t)) — Ricc; 3)
icharge(t) = lcc 4)
t <ts,

where R is resistance of the battery (assumed to be
constant); t; — denotes the moment when the
terminal voltage is equal to the predetermined
maximum voltage V.

Open-circuit voltage and current during the CC
stage, Voc and i. respectively, are expressed in
equations (5) and (6):

Vor(SoC(t)) = Eg —————
oc(SoC (1)) 0 SoC(D) + )
+Ae(-Bo(1-50C(D)):

3 Vo— /V§—4PB(0)R (6)

lcc = — g

where E, is constant voltage of the battery, K —
polarization constant; Q is nominal capacity of the
battery.

The parameters A and B represent the amplitude
and the time constant, which are inverse in the
exponential zone of the curve Vepqrge = f(S0C).

Finally, Vo = Vy(SoC(0)) and Pz(0) is the
battery power profile. When the voltage reaches the
predetermined maximum voltage level V., equation
(7), the charging phase switches from CC to CV.

Vey = Voc(SoC(t)) — R-3600-Q - @
SoC(t).

The voltage vepqrge and current icpgyge during
the CV phase is calculated according to equations

(8)-(9)

Vcharge(£) = Vevs (8)

icharge(t) = 3600 Q- SoC(t)
t > t,.

)

Battery charging and discharging must be
monitored to ensure proper operation, avoiding
overcharging or deep discharging. To do this, a
battery management system is used to regulate the
SOC, which is between 20 % and 80 %, as shown
in (10):

SoC(%) = SoCy(%) — 100 %

Public grid. The considered public grid is a
low-voltage network characterized by an phase-to-

(10)

phase voltage of 400 V and a frequency of 50 Hz.
The modeling of the connection to the public grid is
based on the inverter model.

The micro grid energy management system
monitors and controls the operation of each DC
micro grid module. Based on the monitoring data,
the energy management system controls the
charging power of the electric vehicle and the power
supplied by the photovoltaic system, the energy
storage system or the distribution network. The
micro grid energy management system helps to
achieve distributed photovoltaic energy, EV
charging optimization and micro grid balance.

To plan the load dispatching schedule of the
charging station, it is necessary to have a forecast for
the day in advance regarding the generation of
electricity by photovoltaic modules. It is assumed
that there are day-ahead forecasts for PV generation.

A typical charging demand profile for a fast
charging station for one day was studied in [20] and
is shown in Fig. 3. As can be seen from the charging
demand curve, the peak charging demand is
observed at the same time when the peak load on the
grid occurs. In this way, the peak charging demand
coincides with the peak load of the grid and
increases the net peak of the system. This excess
demand in the system in the form of a charging load
can be met by an installed solar PV system, as the
output power of the solar PV is sufficient to meet the
charging needs during peak hours of solar radiation.
This will eliminate the conversion losses that occur
when EVs are charged from the grid. If the charging
demand is not too high, the energy available from
the solar PV system can be fed into the grid.
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Fig. 3. Expected charging demand of a fast

charging station on a weekday
Source: compiled by the [20]

OPTIMIZATION PROBLEM

The total cost of energy takes into account the
cost of electricity supplied from the grid, the profit
from electricity injected into the grid, the cost of
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wear of the electrochemical storage battery during

operation. Thus, the objective function is to
minimize, given by equation (11):
min = Ciorqr = Cg + Cs;
Ce = Zif:to[cc (t:) - At (pe.s(ti) —
e (t))]; (11)
tr
Cs = Doy les(t) - At~ (ps o () +
ps_p ()],

where Cg, Cs is the cost of energy from the grid and
the cost of wear and tear of stationary storage; cg, cs
are the corresponding tariffs.

The cost minimization problem is subject to the
following restrictions:

The physical law of power balancing, equation
(12):

Ppy (t;) = Ps(t;) + Pe(ty) +
Py (t;).t; = {to,to +At, ty +
+2At,...,tg}.

(12)

Equation (13) indicates that the output power of
the photovoltaic module is calculated according to
equation (1).

ppv(t) = ppv_mppr (D). (13)

Stationary storage, represented by lithium-ion
batteries, must be protected from overcharging and
overdischarging; thus, the maximum capacity of the
storage device, eq. (14), and the maximum and
minimum charge levels (state-of-charge, SOC) of
the storage device, eqg. (15), must be observed to
extend the storage life.

_PS_max < Ps(t) < PS_max; (14)

SOCS_miTL < SOCS(t) < SOCS_max- (15)
The power sold and purchased from the public
grid must be within the established limits, eq. (16):

_PG_max < Pc (t) < PG_max- (16)

Electric vehicle charging mode, expressed by
equation (17), should be observed as well:

0 < Pev (t) < PEV_Mode_max vVt €

[tarr' tdep]’ (17)

where Mode is the selected charging mode: slow,
medium, fast.

The charging level of the electric vehicle when
sent must be no more than the one chosen by the
client and no more than the maximum permissible,
which is expressed by the equation (18),

SOCEV_min < SOCEV_arr < SOCEV_dep <
< SOCEV_des < SOCEV_max;
(18)

pev ()AL
+ L= V€ [ty taep|.

The formulated optimization problem is called
dynamic economic dispatch, since the generation
and load schedules change over time. Considering
the formulation from the equations with given
constraints/limits, it can be seen that the problem has
the form of MILP. The goal is to minimize the plant
operation cost (primary energy cost) given in
equation (11), subject to given constraints.

As a software tool for optimization, GEKKO
was chosen — an object-oriented Python library that
offers model building, analysis tools and
visualization of simulation and optimization.
GEKKO specializes in dynamic optimization
problems for mixed-integer, nonlinear, and
differential algebraic equation (DAE) problems. By
combining the approaches of typical algebraic
modeling languages (AML) and optimal control
packages, GEKKO greatly facilitates the
development and application of tools such as
nonlinear model predicative control (NMPC), real-
time optimization (RTO), moving horizon
estimation (MHE), and dynamic simulation. The
interior-point solver (IPOPT), which is very often
used in similar problems, was chosen as the
solver [21].

EXPERIMENT AND RESULTS

Current case study was conducted as a
theoretical possibility of developing a fast electric
vehicle charging station for the city of Odessa. The
meteorological data on solar insolation were taken
considering the region.

The Fig. 4 shows the randomly generated
options: five electric cars arrive for charging. Peak
hours are conventionally accepted as 12:00-13:00
and 15:00-16:00. Energy tariffs are chosen
arbitrarily to prioritize the sources used to charge
electric vehicles. The cost of operating ESS is 1
UAH/kWh, which is lower than the tariff for
electricity from the grid, 6 UAH/KWh, therefore ESS
is prioritized over GRID, input data is given in Table
1. For models with TOU, the tariff is shown in Fig.
11, energy tariffs only consider operation and do not
take maintenance or levelized cost of energy into
account, as the life cycle of the sources is not taken
into account. Once the aggregator doesn't satisfy
client’'s demand penalty is paid, which is 50
UAH/kWh for an unsupplied energy.
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=)

EV Load, kW

Time, hour

Fig. 4. Estimated car load schedule
Source: compiled by the authors

A total of 4 models were tested: with high and
low generation (summer/winter) and under static and
dynamic electricity tariff conditions.

Charging station operation in the non-optimized
mode means that the grid is used only when the PV
and ESS capabilities are exhausted.

Table 1. Input data

SOCs min | 20% | Pgmax 50 kW
SOCs max | 80% | Psmax 34.5 kW
S0Csq 50% | Ppy mppr 30 kW
Pgy_fast max | 50 KW Ce 6 UAH/kWh
Pgv aver max | 22KW | cgy, | 50 UAH/KWh
Pgy_siow max | 7KW Cs 1 UAH/KWh

Source: compiled by the authors

Photovoltaic generation data from [22] for July
10, 2020 (Fig. 5) were taken to simulate the scenario
of operation of the charging station in the summer.

80
60

40

25
20
15
10

NoTywHicTb, KBT

5
0

P P P DD PP DD DS P
P PFEL PP P PP E P LS
R T DR SRR SR . Lt

Yac, roa

Fig. 5. Graph of electricity generation by

photovoltaic module in summer
Source: compiled by the authors

In the mode of operation without optimization,
power dispatch is shown in Fig. 6, the excess energy
generated in the morning hours charges the
stationary storage until the maximum SOC level is
reached. After that, at approximately 8:29, the
excess energy is sold to the grid. The first car is
charged entirely from PV. Shortage of PV power is
observed when EV1 and EV2 are on the charger at
the same time, so the deficit power is supplied from
the storage. At 10:56, when EV2 leaves the station,
EV1's needs are again met entirely from PV, the
excess charging the ESS. Significant power deficit is
observed at 14:30 when charging in fast mode
becomes EV5. At this time, the predominant power
is supplied from the electrochemical storage device,
within the maximum permissible power of 34.5 kW.
The rest is supplied by the grid and PV, EV3 and
EV4 are charged mainly from ESS.

Power, kW

o

0 C |

-20

-40

5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time, hour
EV ESS GRID

Fig. 6. Power dispatch in operating mode without optimization (summer)
Source: compiled by the authors
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Fig. 7. Power dispatch in operating mode with optimization (summer)
Source: compiled by the authors

In the operating mode with optimization, power
dispatch is shown in Fig. 7, excess energy from PV,
which is generated in the morning hours, is sold to
the grid. ESS is used to charge EV1 and EV2. From
10:56 AM to 12:23 PM., the excess energy from the
PV is sold back to the grid. At the end of the day, the
state-of-charge ESS is not enough to charge the
EV4, so it is charged by the public grid.

Fig. 8 shows the evolution of state-of-charge
ESS for models without and with optimization in
summer.

120,00%

100,00%

80,00%
60,00%
40,00%
20,00%

0,00%
5:00 6:00 7:00 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

e N ON-0ptimized e O ptimized

Fig. 8. Comparison of state-of-charge for

modes with and without optimization in summer
Source: compiled by the authors

In the case of operation of the charging station
in non-optimization mode, when the goal is to
maximize autonomy — using the grid only in case of
exhaustion of PV and ESS capabilities, the charging
station will sell 48.63 kWh to the grid and purchase

8.55 kWh. 53.46 kWh will be loaded into the
battery, 51.87 kWh will be taken from the battery.
Taking into account the tariff for operating the
storage device, a total of UAH 105.34 will be spent
on working with the battery. As a result, the net cost
of primary energy for the charging station will be -
135.15 UAH. That is, thanks to the sale of electricity
to the public grid, the station will earn UAH 135.15.

100
90
80
70

40

30

20

10 l
0 [

ESS (Charging) GRID (Sale) GRID (Purchase)

Energy, kWh
@
o

ESS (Discharging)

B Non-optimized M Optimized

Fig. 9. Comparison of energy dispatch for

modes with and without optimization in summer
Source: compiled by the authors

In the operating mode of the charging station
with optimization, optimal values of the variables of
the optimization problem are given in Table 2 and
the energy dispatch is in Fig. 9, the purpose of which
is to minimize the cost of primary energy, 86.95
kWh will be sold to the public grid, and 18.46 kWh
will be purchased. Taken from ESS — 41.96 kWh,
loaded 15.14 kWh. Taking into account the tariffs,
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the cost of primary energy for the charging station
will be equal to UAH 353.87. The profit of the
station compared to the mode of operation without
optimization will increase by 2.62 times.

Table 2. Optimal values of the variables of the
optimization problem in summer

Variable V_Vlt_hou_t Optimized
optimization
ESS (Charging),

KWh 53.47 15.14
ESS (Discharging),

KWh 51.87 41.96
GRID (Sell), kwWh 48.63 86.95
GRID (Purchase),

KWh 8.55 18.46

Cost, UAH -135.15 -353.87

Source: compiled by the authors

To simulate PV generation in winter, data was
taken from [22] for December 26, 2020, Fig. 10.

Since solar generation in winter is not enough
to charge electric cars, the station will mainly use
energy bought from the public grid. In the mode of
operation without optimization, the amount of
energy sold to the grid is 0, while with optimization,
4.71 kWh can be sold to the public grid.

80
60
40

20

) 11:00 12:00 13:00 14:00 1500 16:00 17:00
Time, hour

Fig. 10. Graph of electricity generation by

photovoltaic module in winter
Source: compiled by the authors

In the mode of operation without optimization,
power dispatch is shown in Fig. 11, the excess
energy generated in the morning charges the
stationary storage device. There is not enough PV
power to charge EV1 and EV2, so the deficit power
is supplied from the battery. At 10:53 SOC ESS
reaches its minimum, after which the deficit capacity
is purchased from the grid. At 11:00, PV generation
increases and the excess charges the ESS. After
14:00, PV generation stops and the remaining EVs
are fully charged by the public grid.

In the mode of operation with optimization,
power dispatch is shown in Fig. 12 excess energy in
the morning hours is sold to the grid. EV1 and EV2
due to PV generation deficit are mainly charged
from the ESS until it reaches minimum SOC. After
that, GRID is used. Excess energy is stored in the
ESS between 11 and 12 AM.
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Fig. 11. Power dispatch in operating mode without optimization (winter)
Source: compiled by the authors
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Fig. 12. Power dispatch in operating mode with optimization (winter)
Source: compiled by the authors

Fig. 13 shows the evolution of SOC ESS for
models without and with optimization in winter.
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Fig. 13. Comparison of state-of-charge for

modes with and without optimization in winter
Source: compiled by the authors

In the operation mode of the charging station
without optimization, 0 kWh will be sold to the
public grid and 80.7 kWh will be bought. Taken
from ESS — 31.93 kWh loaded 4.95 kWh. Taking
into account the tariffs, the cost of primary energy
for the charging station will be equal to UAH
521.03. In the operating mode of the charging
station with optimization, the purpose of which is to
minimize the cost of primary energy, 4.71 kwWh will
be sold to the public grid, and 86 kWh will be
purchased. Taken from ESS — 26.61 kWh loaded
0.24 kWh. Taking into account the tariffs, the cost of

primary energy for the charging station will be equal
to UAH 514.62. The costs of the station will
decrease by UAH 6.41 compared to the mode of
operation without optimization.

Optimal values of the variables of the optimiza-
tion problem in winter is given in Table 3 and
energy dispatch in Fig. 14.

Table 3. Optimal values of the variables of the
optimization problem in winter

Variable V.V't.h ou_t Optimized
optimization
ESS (Charging),
KWh 4.95 0.24
ESS (Discharging),
KWh 31.93 26.61
GRID (Sell), kwh 0 4.71
GRID (Purchase),
KWh 80.69 86
Cost, UAH 521.03 514.62

Source: compiled by the authors

In 2019, Ukraine introduced a liberalized model
of the electricity market. This model allows charging
station aggregators to participate in auctions and sell
green energy at market prices. Therefore, a dispatch
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schedule was generated under TOU conditions. The
model of the station operating under conditions of
dynamic changes in the tariff on the day-ahead
market is built using data on the cost of electricity at
the day-ahead market in Ukraine [23] for
10.07.2023, Fig 15.

80
70
60
40
30
20
10

0

ESS (Charging) ESS (Discharging) GRID (Sale) GRID (Purchase)

Energy, kWh
n
o

W Non-optimized B Optimized

Fig. 14. Comparison of energy dispatch for
modes with and without optimization in winter
Source: compiled by the authors

In the operating mode of the charging station
with optimization in the summer, 81.70 kwh will be
sold to the grid, 13.85 kWh will be purchased. 20.39
kWh will be accumulated to ESS, 47.39 kWh will be
taken from ESS. In winter, under the conditions of
the same TOU, 4.71 kWh will be sold to the grid,
80.60 kwh will be purchased, 0.24 kWh will be
accumulated to the ESS, 27 kWh will be taken from
the ESS. Considering TOU, operation of the station

Cost, UAH/kWh
Lo B T L N R L A I = A T (R

O O &
S %@%@bq (OQ b@,\@ & Q\Qg\y

RPN
s S
Q\%\\\\\%\%%Q%%%{JQ

in summer will bring a profit of UAH 207.60, in
winter the cost of primary energy will be
UAH 177.47.

4. CONCLUSIONS

The operation of a DC charging station in
summer and winter was simulated. The load
schedule (parking) of electric vehicles was chosen
randomly, taking into account possible peak hours.
In the TOU model, the electricity tariff was taken
from the historical data of day-ahead market
auctions. Having formulated the problem of
minimizing the cost of primary energy for a
charging station in the form of a MILP problem, it
was solved using the IPOPT algorithm using the
GEKKO, Python library.

The optimization results showed that using this
objective function in the summer, the cost of
primary energy can be reduced by 2.5 times, actually
increasing the profit, thanks to the sale of electricity
to the public grid. In winter, the use of the
optimization algorithm of the station's operation will
provide an insignificant cost savings due to low
photovoltaic generation. Under the conditions of a
dynamic tariff that corresponds to the prices on the
day-ahead market, using the optimization algorithm,
it was found that for this experimental variant of the
station's operation, the maximum profit in summer
will be 207.60 UAH, while in winter the cost of
primary energy will be 177.47 UAH

(_9'6@,\.@ P PP PP PP

Time, hour

Fig. 15. Electricity tariffs at the day-ahead market in Ukraine on 10.07.2023

Source: compiled by the authors
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VYV CBIiTI B3STO KypCc Ha TOTajbHY enekTpudikaiiro aBToMoO0imiB. Y Hemanrekomy MailOyTHBOMY OiNbIIICTH aBTO OYAYyTh
MpaIfoBaTH Ha enekTpo3apsai. OnHi€I0 3 TONOBHMX IPHYMH HEBJOBOJICHOCTI KOPHCTYBAadiB ENEKTPOMOOIISIMU € HecTada
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IPOMAJICEKUX 3apsSIHMX CTAHIIH MocTiHHOro cTtpymy. OCKiNBKH 3apsiKa eIeKTPOMOOiTIB MOXKE CHPHUYHHUTH JTOAATKOBE 3POCTAHHS
MIIKOBOTO HABAaHTAXCHHS HAa MEpPEeXy, ONTUMAJIBHHM pIMIEHHSIM € 3apsaHi CTaHMii MOCTIHHOTO CTpyMy 3 (OTOEIEKTPUIHOIO
TEHEPALi€I0 3 apXiTEKTYpOI MiKpoMepeki. SIKIIo 3apsiHa CTaHIisS Mae MiAKIIOYEHHS 10 TPOMAJIChKOI MEpeXi, TOMlI 32 YMOBH
ONTHMAJIBHOI'O BUKOPHCTAHHS COHSYHOI €Heprii Ta CHCTeMH 30epiranHs MoXKHa 301IbIIeHHS] IPHOYTOK arperaropa CTaHIil, 3aBIIKN
POy HaJUIAIIKOBOI €HEeprii B Mepexxy. B 1l poGoTi mpoaHalli30BaHO 3BUYKHU KIIEHTIB JIO 3apsi/DKaHHS Ha CTaHIIISAX ITOCTIHHOTO
cTpyMy. Bymo BusBIeHO, mI0 IiK MONMTY HA 3apsiaKy crocrepiraeTbes Oim3pko 9 Ta 14-17 rogmHamu, B TOM caMuii yac, KOJH
MIPUITaJae MiKOBE HABAHTAKCHHS HAa MepeXKy. TaKuM YHHOM, MiK IONHTY Ha 3aps/Ky 30ira€Thcs 3 MKOBUM HABAHTAKEHHSIM MEpexi
Ta 30UIpIIye YucTHH MK cucreMd. OIHAK IF0 HA/UIMIIKOBY NOTpeOy B chcTeMi y (opMi 3apsgHOrO HaBaHTa)KCHHS MOXKHA
3aJJ0BOJIBHUTH 3a JIONIOMOTI'OI0 BCTAHOBJICHOI COHSYHOI (DOTOETIEKTPUYHOI YCTAHOBKH, OCKUIBKM BHUXIJHOI MOTYXHOCTI COHSYHOI
(OTOENEKTPHYHOI €HEePrii JOCTaTHBO IS 3aJJ0BOJICHHS ITOTPE0 y 3apsALll B TOAWHM MK COHSYHOTO BHIIPOMIHIOBAaHHS. TaKMM YMHOM
JUISL pO3TIISIHYTOI 3apsiHoi cTaHMii HocTiifHOTO cTpyMy Oyilo copMyIbOBaHO ONTHUMI3aliiiHy 3amady dynamic economic dispatch,
OCKLTBbKHU Tpadiky reHeparii Ta HaBaHTa)KeHHSI 3MIHIOIOTECS B Yaci. MeToro onTuMizanii € MiHiMi3amist BApTOCTI IEPBUHHOI €Heprii.
Hany 3amaqy, GopmanizoBaHy SK 3aiady 3MIIIAHOTO IIJOYHCEIFHOrO JIIHIHHOTO MpOorpaMyBaHHs OyJI0 po3B’s3aHO 3a JOMOMOTO0
po3B’s3yBaua interior-point solver 6i6miorekn GEKKO, na moBi Python. Byno ompamsoBano dormpum crenapii poOoTH craHIii,
BITKY Ta B3WMKY, 3 (DiKCOBaHMM Ta THHAMIYHHM Tapu(poM Ha eIeKTPOSHEprito. 3a pe3ylbTaTaMH JOCIIIKEHHS BUSBIEHO, IO B
yMoBax (hikcoBaHOTO Tapr@y BIITKY BapTiCTh IIEPBUHHOI €HEprii MOXKHa 3MEHIINTH B 2.5 pa3u, (akTHYHO 30UTHIIUTH NMPUOYTOK,
3aBISIKH TIPOJIAXKY EJIEKTPOEHeprii y IpoMajCcbKy Mepexy. B3nMKy BHKOpHCTaHHS ONTHMI3aIlifHOTO alrOpUTMY POOOTH CTaHIii
3a0e3reunTs He3HauHy €KOHOMIIO KOIITIB, IO OOYMOBJIEHO HHM3BKOIO (DOTOENIEKTPHYHOIO0 IeHepamieo. B ymoBax amHamMidHOrO
Tapudy, KU BiINOBiTae IiHAM Ha PUHKY Ha 700y Harepes, 3acTOCYBaBINHM ONTHUMIi3allifHUN anroput™ Oyio 3HAWIEHO, IO IS
JTAHOTO EKCIIEPUMEHTAJIBHOTO BapiaHTy pOOOTH CTaHIii MakCHMalbHHH NpHOYTOK BIITKY ckiane 207,60 TpH, B3MMKYy BapTiCTh
TIepBUHHOI eHeprii ckimane 177,47 rpa. OTpuMaHi pe3ynbTaTi CBi4aTh Ipo Te, II0 poOOTa 3apsAHOI CTaHIii 32 YMOBH AWHAMITHUX
Tapu(iB Ha PUHKY Ha 100y Hamepen B YKpaiHi € IEpCIeKTHBHUM HANpsMOM PO3BHUTKY 3apsIHOi iHPPACTPYyKTYpH B KpaiHi i
JOBOIUTH MOXKJIMBOCTI €(EKTHBHOIO BHKOPHCTAaHHS BIiJHOBIIIOBAHUX €HepropecypciB. TakuM 4YwHOM B Wi poOoTi Oyio
MIPOaHAJIi30BaHO CBITOBHMI JOCBiI po30yJOBH 3apsAHUX CTaHIIH Ha OCHOBI MikpoMmepex, iHterpauis B Hux BJIE Ta migxomm no
nmoOynoBu rpagikiB aucnerdepusanii exekrpoeHeprii. Takox Oymo mociipkeHo GiHaHCOBY CIPOMOXKHICTH POOOTH CTaHIIl B yMOBax
(bYHKIIOHYBaHHSI pUHKY €JICKTPUYHOI eHeprii B YKpaiHi.

Kirouosi ciioBa: enextpomoOini; 3apsiHa CTaHIis HOCTIHHOro cTpyMy; ()OTOENEKTPUYHA TeHepallist; Mikpomepexka; rpadik
JMCTIETYEPHU3aLlii elIeKTPOSHEPTil; aNrOPUTM 3MIIIAHOTO LiIOYHUCENIBHOTO JIIHIHHOTO IPOrpaMyBaHHs
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