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Abstract: Croatia aims to achieve 10% of its energy production from the renewable energy sources
in the total energy consumption in the transport sector. One of the ways to achieve this goal is
by the use of electric vehicles. This work comparatively analyses the financial and social aspects
of vehicle-to-grid charging in standard and fast charging mode, their impact on the renewable
electricity production and the total electricity consumption regulated through variable electricity
prices. Data were taken for the wider urban area of the Dubrovnik region. The assumption is that the
Dubrovnik region will be self-sufficient by the year 2050 with 100% renewable electricity production
and that all conventional vehicles will be replaced by electric vehicles. This work aims to show that
the fast charging based on 10 min time steps offers more opportunities for flexibility and utilization of
renewable generation in the energy system than the standard charging based on hourly time step.
The results of this work showed the opposite, where in most of the scenarios standard charging
provided better results. Replacement of the existing two tariff model in electricity prices with variable
electricity prices contributes to the stability of the energy system, providing better regulation of
charging and higher opportunities for renewable electricity utilization in standard and fast charging
and reduction of charging costs. According to the financial aspects, fast charging is shown to be more
expensive, but for the social aspects, it provides electric vehicles with more opportunities for better
competition in the market.
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1. Introduction

The usage of conventional fuels is causing an increase in greenhouse gas emissions (GHG) in the
atmosphere which in recent years has been causing an increase in a global air temperature (global
warming). The energy production and transport sectors use large amounts of conventional fuels. In the
European Union, the transport sector has 20% a share of the total greenhouse gas emissions and a
31.7% share in final energy consumption [1]. The world is seeking sustainable solutions that will result
in a decrease in GHG emissions by replacing conventional fuels with alternative fuels. One way to
achieve that goal is the replacement of conventional fuels in transport and energy production, using
electric vehicles (EV) and renewable energy sources (RES). EVs can affect the decrease of the global
GHG emissions from 10% to 24% when compared with conventional vehicles (CV) [2]. The Republic
of Croatia has a great potential in usage of RES in energy production. Being part of the European
Union (EU), Croatia has accepted the Directive 2009/30/EC of the European Parliament and of the
Council which requires that each member state achieve a minimum share of RES in the final energy
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consumption in transport by 10% by the year 2020 [3]. Croatia has published its own energy strategy
according to the EU Directive. A strategy goal is to achieve the increase in usage of RES in energy
production in order to decrease the usage of conventional fuels and air pollution. The share of energy
sectors in Croatia in the total GHG emissions is approximately 75%. Energy consumption projections
show a global increase of about 50% until 2030, which indicates the need for new sources of energy in
the future and sustainable development. According to those facts, Croatia has set a goal in achieving
20% of RES in the final energy consumption and maintaining the level of 35% of a share of electricity
generation from RES in overall electricity consumption until 2020, both including large hydropower
plants [4].

Encouraging the production of electricity from RES leads to an increasing share of RES in energy
production. It is possible to expect very high shares of the RES in the future, for example up to 100%
share in 2050. However, such systems have high demands for flexibility due to the intermittent nature
of energy production from RES which depends on the weather conditions. For example, wind and sun
potential, can suffer from an excess or a lack of production, resulting in overloading of the power grid
system. Such energy systems can be sustainable only by using advanced planning and smart energy
system approach. Study [5] done for Croatia suggests that, with assumed future costs of fuels and
technology, a certain level of conventional energy sources will have to remain in the energy system
to take into the account unfavorable weather conditions and to cover heating demand. A study done
for the Dubrovnik region in Croatia analyzed such a system. The future projections till 2050 included
100% RES share in energy production and replacement of all CVs with EVs [1]. The calculations of the
study indicated a high critical excess of electricity production (CEEP) amount. Although EVs are shown
to encourage integration of RES into the power system, the results showed that additional sources of
flexibility in the system are required. Some of the solutions could be additional thermal storage through
heating and cooling, integration of the electricity market and the use of information and communication
technology (ICT) tools. Integration of the electricity market can be used to regulate electricity flows
using electricity prices and ICT tools can ensure communication between all the participants of the
energy system. The calculations for this study have been done in a 1 h time step through the whole year.
Charging and discharging of EVs is considered to require 5 h to charge the full battery.

Since the science is progressing rapidly, today we have the examples of EV fast charging in
10 min time steps and energy markets working on a short-term scale. Examples are the Brazilian
short-term electricity market [6] and the Central Western European region, including the Belgian,
French, German, and Dutch market zones [7]. According to that progress, a short-term scale analyses
should be applied in future energy planning studies. Studies [8] and [9] analyzed short-term electricity
markets in order to enhance RES integration into the power system. Many studies are done dealing
with energy planning on 1 h time scales for different energy systems. Examples are the studies done
for the Dubrovnik region [1], Croatia [10], Serbia [11], Macedonia [12] and Portugal [13], but not
much is done on a short-term scale. Maybe there is a possibility for energy planning, based on a
short-term scale, to provide the additional flexibility needed to ensure the stability of future energy
systems. The assumption is based on the fact that fast EV charging requires a 30 time higher power
density from the grid in 10 min than 1 h of the standard EV charging, which takes 5 h to charge the
whole battery. We assume that the fast EV charging will provide better integration of intermittent RES
electricity production, utilizing higher power density from the grid as well as providing higher power
density to the grid when required. In this way, fast EV charging could provide better flexibility to
the power system in comparison to standard EV charging. This possibility is analyzed within this
work and a comparison is done between standard and fast EV charging on hourly and 10 min term
scales, respectively. When doing our literature search, we haven’t found any previous study analyzing
this possibility and using a similar approach as used in this study. Previous studies did comparisons
according to the battery characteristics, battery life cycle, time needed to recharge the battery and
financial aspects like installation costs for charging stations. Further analyses are needed to investigate
this possibility and one of them will be presented within this work as well as in our future work.
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Our previous study [14] provided results of the comparison of statistically processed data on 1 h
and 10 min time scales. The study performed correlation analyses of the wind speed, solar radiation,
electricity demand and air temperature data for the selected Dubrovnik region. Correlations are done
in between the selected parameters for the long and short-term period, analyzing the complementarity
of the potential of RES with the electricity demand and air temperature as well as the complementarity
between the RES potentials. Correlation results of the linear regression and correlation between the
selected parameters for the 10 min time step indicate a decrease in the correlation coefficient values
according to the long-term time step. The study indicated the need for future work. In order to ensure
the stability of power systems with a high share of RES in the system, a short-term forecasting of wind
and solar energy resources and generation will be needed, as shown in the literature [15,16].

This work analyses the impact of fast and standard EV charging on RES production and electricity
demand. The comparison was done in the field of financial and social aspects and regulation of
EV charging through electricity pricing. The prices are based on the RES production. We observed
different scenarios with projections till 2030 and 2050 for the Dubrovnik region based on 2014 as a
reference year. The calculations are done in 1 h and 10 min time steps. We provided two set of results
in two approaches. The first approach included EV charging only and its impact on the electricity
demand, RES production and charging costs. We compared unregulated (URC) and regulated charging
(RC) through the electricity prices between standard (SC) and fast charging (FC) options. The other
approach included a comparison of vehicle-to-grid (V2G) technology between the EV SC and FC
scenarios. We assumed that the FC will provide higher opportunities for flexibility in the power system
but the results showed the opposite. According to the results, FC showed weaker results in the ability
of RES electricity utilization.

1.1. EV Adaption

Although the powertrain of EVs is shown to be more efficient than that of CVs [17] and the
operation costs are lower, they have been very expensive to purchase until now [18]. EV SC takes
several hours to recharge the battery which, together with the price of the EV, has a negative impact
on the adoption of EVs in the transport sector. More recent technology, known as FC, can recharge a
battery in less than 15 min [17]. FC can improve EV adoption and make them competitive with CVs.
Today’s current 50 kW fast charging stations (FCS) can charge a battery to 70% of its capacity in less
than 30 min [19]. The lower state of charge (SOC) limit, 10%, is assumed to avoid consumer range
anxiety, and the higher one, 80%, is assumed to mitigate accelerated aging and safety concerns during
fast charging. There are examples of FC lasting 8 to 10 min, also known as extremely fast charging
(XFC) [20]. Today’s EV charging technology distinguishes three levels of EV battery charging. Levels 1
and 2 use alternating current (AC) chargers, which are mostly used at home and can take 6 to 8 h
to recharge the battery. Level 3 uses direct current (DC) chargers and they are used for FC lasting
less than 30 min with the ability to charge a battery to 80% SOC [21]. One study [22] analyzed the
relationship between daily driving distance and SC and FC. The results showed that fast chargers are
more influential. They enable usage of EVs on journeys above their single-charge range which can
make EVs more attractive to future users. The results show that there is a vital need for policy support
to accelerate the development of FC networks.

EV charging has environmental and economic benefits. A negative impact on the existing network
operation can occur if EVs are fast charged in low voltage distribution network during peak load
conditions. Some studies provide solutions for this problem. One of them is a bi-directional DC
FCS. It has a novel control topology proposed to solve the voltage drop problem. DC FCS maintains
the DC-link voltage at 800 V. It provides reactive power compensation to regulate the network bus
voltage at the steady-state voltage or rated voltage (one per unit) [23]. Other studies propose a solution
in the form of energy storage technologies. They aim to perform a peak shaving process, enabling
the simultaneous charging of several EVs without having to incur into excessive power availability
charges [2]. The evaluation of the size and the location of fast chargers is also analyzed [22]. In order
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to enable and encourage the adoption of EVs and FCS, a comprehensive study have to be done in the
field of planning a fast charging infrastructure. Some of the studies provide the analyses of the future
infrastructure. They identify preferable charging places such as public authority buildings, medical
centers, or recreational facilities, workplaces and gas stations. Study [24] provided information about
desired locations for charging stations doing questionnaire for vehicle owners. Analyzes are done
for FCS infrastructure for a case study of South Carolina [25], the island of Ireland [26] and the road
network around Washington, D.C., New York City and Boston [27].

Reference [28] provides the results of the comparison of business model costs for CVs and EVs.
The results show that the total costs for installing one private home CS are about 84.5% lower than the
ones for CVs, as shown in Table 1. Values of vehicle purchase price for three countries has been examined:
Spain, Germany and The Netherlands, and a results show that the price for EVs is 16.4% to 45.5%
higher than the price for comparable CVs, as shown in Table 1. When comparing costs for fast charging
infrastructure and standard home charging, there is advantage for the latter, as shown in Table 1 [29].
Investment cost of the FCS can increase the existing network cost up to 15% to provide sufficient
power supply if high penetration level of EVs are included into the power grid [23]. The minimum
charger power, needed to achieve 80% of SOC, non-linearly increases from 77 kW for a 60 min charge
to 461 kW for a 10 min charge. As a result, the cell cost is shown to increase sharply to 196 USD/kWh.
The incremental cost of reducing the charging time from 55 to 10 min is 126 USD/kWh [20]. Table 1
also provides details of DCFC costs and charging characteristics and their comparison to XFC given in
study [30]. Comparison shows that the cost for XFC are much higher. This analysis also shows that
both XFC vehicle and fuel costs will have to decrease in order for them to be competitive to CVs or
HEVs. Value of travel time (VTTS) saving also has to be taken into a consideration, since XFC takes less
time to charge the vehicle in comparison to BEV-DCFC. The weighted average VTTS is estimated to be
16.00 USD per hour. The XFC-BEV would spend about a 900 h less for EV charging than the BEV-DCFC,
accounting for about 15,000 USD in VTTS [30]. Study [31] provides a comparison between different levels
of EV charging going from home charging station to ‘super-fast’ DC public charging. Results show that
a home charging station has lowest total investment cost, but a highest charging time, while ‘super-fast’
DC public charging station has the highest investment costs, but the lowest charging time.

Table 1. Comparison of CV and different types of EV charging based on the financial and technical
aspects according to the previous studies.

Financial and Technical Aspects CV EV

Installation cost for CS 30,225 EUR 4675 EUR (home CS)

Vehicle price 12,000–18,550 EUR 16,500–27,150 EUR

FCS Home CS

Investment cost 1370–1800 EUR/kW

Charging ability 75 EVs/day (1500 kWh) 4 EVs/day (86 kWh)

‘Super-fast’ DC public CS Home CS

20 kWh; 20–80% SOC

Investment cost 125,000 EUR 1000 EUR

Charging time 5 min 5.6 h

DCFC

Cost for 111 DCFC installations 22,600 USD

Transformer installation and purchase cost 18,000 USD

Dual-port hardware for 50–60 kW charger 20,000–36,000 USD

Charging power 145 kW (Tesla)–225 kW (Porsche)

DCFC XFC

Installation cost 32,600–34,700 USD 40,300–42,000 USD

Equipment cost 30,000 USD 245,000 USD

Fuel cost 6000 USD less than CV; 1000 USD less than HEV 3000 USD more than CV
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The one of the problems with FC and XFC is their effect on durability, reliability, and safety of
FC and XFC-enabled battery packs because of the temperature increase that occurs during charging.
Studies [20,32] have investigated the performance of different EV batteries during the FC and XCF
process. Lithium-ion batteries are shown to have the best performance according to their higher
energy efficiency of up to 99.5% [32], power density, compact and lighter weight [33] and are used
in applications that need high energy or power densities [20]. Lithium-ion batteries for EVs have
achieved significant reductions in costs in the past 10 years with some 2016 battery pack costs near or
below 200 USD/kWh [30].

Other different solutions are also provided in literature to encourage EV adaption. Some of them
are different energy storage technologies. Study [2] assesses the use of FCS for EVs in conjunction
with Vanadium Redox Flow Batteries (VRFBs) and study [18] analyzes a microgrid system with FCS
composed of a photovoltaic (PV) system and a Li-ion battery energy storage system. Additional studies
with battery storage systems are provided in [34] for EV charging and in [35] for electric bus FC.
Results in [36] and [37] showed that the battery storage system can enhance peak-load shifting.
Other technologies are also provided like EV charging while driving [38,39], substitution of empty EV
batteries [40] and EV charging through vehicle-to-vehicle (V2V) technology [33].

1.2. RES integration through EV Fast Charging

Intermittent RES, like wind and solar energy sources, demand additional flexibility in the power
system in order to encourage their integration. Results of some studies [17,33,41,42] have showed that
the EV FC can encourage integration of RES using additional energy storage facilities. These studies
analyzed small energy systems like microgrids [18] and buildings [43,44], but there are no studies done
for the larger energy systems.

This study analyses the integration of RES through EV FC and their comparison with SC, as well
as using V2G model. The study is done for the wider urban region of the selected Dubrovnik region,
but it can be used for other regions, too. Regulation of the V2G and EV SC and FC is done through
electricity prices that vary according to the RES electricity production. The study shows that the EV
charging, regulated through electricity prices, provides more and better ways for RES integration in to
the power system, as well as lower charging costs. We assumed that the EV and V2G FC will provide
better results according to the RES utilization when compared to SC, but results gained within this
study showed the opposite. Previous study [45] showed that drivers’ behavior can be regulated by
electricity prices in a way that drivers will chose to charge their EVs during a period of lower electricity
prices. Future energy planning and development of such systems will have to be supported using ICT
tools [17,36] and smart grids [33] in order to provide communication in between all the participants of
the energy system [31].

2. Methods

Alternative sources of energy production have been proposed in order to replace conventional
fuels and reduce GHG emissions. According to that, future power systems will utilize a high share
of RES in energy production and a high share of EVs in transport sector. Such systems have higher
requirements for flexibility in the system due to the intermittent nature of energy production from RES.
Figure 1 shows that the needs for flexibility in the power system come from variable RES and a high
share of EVs with a variable demand. Flexibility can be provided through dispatchable RES power
plants, ICT tools, different storage technologies, interconnection with adjacent markets and electricity
prices and energy plan model based on a short-term scale. This work is aiming to provide results
showing that energy planning in time step of 10 min can achieve better integration of RES and decrease
EV charging costs in compare to a SC and URC. This could be achieved with the adoption of EV FC
and V2G technology regulated through variable electricity prices set according to the production of
RES and connected to electricity market. An energy plan model done for the Dubrovnik region in 1 h
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time step till the year 2050, showed that even slight variability in electricity prices of the existing two
tariff model can affect the decrease in CEEP and impact of EV charging on maximum peak demand [1].

Energies 2020, 13, x FOR PEER REVIEW 6 of 23 

Energies 2020, 13, x; doi: FOR PEER REVIEW www.mdpi.com/journal/energies 

 

 

till the year 2050, showed that even slight variability in electricity prices of the existing two tariff model 

can affect the decrease in CEEP and impact of EV charging on maximum peak demand [1]. 

Results of this work are based on energy plan calculations aiming to show the benefits of EV FC 

for the integration of RES into the power system of a wider urban area in comparison to the SC. Based 

case scenario is taken for the year 2014 as a reference year according to which are done the projections 

till 2030 and 2050. Input data included electricity demand, wind and solar potential and a number of 

personal vehicles. Electricity demand, RES production and EV penetration and charging demand 

projections are derived based on the input data. Comparison of SC and FC model of future scenarios is 

done base on RES utilization, increase in maximum peak demand and EV charging cost. EV SC and FC 

and V2G are regulated through variable electricity prices depending on the RES production. The results 

are based on two models. The first model included only EV charging and the second V2G technology. 

Specific days of the summer and winter period are selected to do the calculations for each scenario for 

the first model. Study [46] analyzed the difference in charging rates in different seasons (winter and 

summer) to measure the effect of electric vehicle battery temperature (influenced by surrounding 

temperature) on the charging rate. Results showed that the charging rate during summer was higher 

than that during winter. Our study did not take into a consideration the impact of temperature to the 

charging rate. The third Wednesday and Sunday in January and third Wednesday and Sunday in July 

were selected as an example of one working day and one weekend day. The second model included 

calculations through the whole year. SC is done in 1 h time steps and FC in 10 min time steps. 

 

Figure 1. Flexibility in the power system. 

2.1. Input Data 

Input data are selected for the base case scenario for the year 2014. The data of electricity demand, 

wind and solar potential and number of personal vehicles are collected for the year 2014. Based on the 

initial data we modelled distribution curves of electricity production and demand and their projections 

till 2030 and 2050 on the hourly and 10 min time steps. 

2.1.1. Electricity demand, 𝐸𝐷, [kWh; kW ∙ 10 min].   

Input data of electricity demand were obtained from the distribution system operator Elektrojug 

Dubrovnik – HEP ODS d.o.o. in 15 min time steps measured for the year 2014. Demand distribution 

based on 1 h time steps was obtained as a mean value of 15 min data for each hour. Demand distribution 

based on 10 min time steps was obtained by interpolation between 15 min data through the whole year. 

Table 2 shows the data validation of the electricity demand based on the maximum demand and the 

total demand for 10 min time steps and 1 h time steps according to the originally measured 15 min time 

step data. 

Figure 1. Flexibility in the power system.

Results of this work are based on energy plan calculations aiming to show the benefits of EV FC for
the integration of RES into the power system of a wider urban area in comparison to the SC. Based case
scenario is taken for the year 2014 as a reference year according to which are done the projections
till 2030 and 2050. Input data included electricity demand, wind and solar potential and a number
of personal vehicles. Electricity demand, RES production and EV penetration and charging demand
projections are derived based on the input data. Comparison of SC and FC model of future scenarios
is done base on RES utilization, increase in maximum peak demand and EV charging cost. EV SC
and FC and V2G are regulated through variable electricity prices depending on the RES production.
The results are based on two models. The first model included only EV charging and the second
V2G technology. Specific days of the summer and winter period are selected to do the calculations
for each scenario for the first model. Study [46] analyzed the difference in charging rates in different
seasons (winter and summer) to measure the effect of electric vehicle battery temperature (influenced
by surrounding temperature) on the charging rate. Results showed that the charging rate during
summer was higher than that during winter. Our study did not take into a consideration the impact of
temperature to the charging rate. The third Wednesday and Sunday in January and third Wednesday
and Sunday in July were selected as an example of one working day and one weekend day. The second
model included calculations through the whole year. SC is done in 1 h time steps and FC in 10 min
time steps.

2.1. Input Data

Input data are selected for the base case scenario for the year 2014. The data of electricity demand,
wind and solar potential and number of personal vehicles are collected for the year 2014. Based on the
initial data we modelled distribution curves of electricity production and demand and their projections
till 2030 and 2050 on the hourly and 10 min time steps.

2.1.1. Electricity Demand, ED, [kWh; kW·10 min]

Input data of electricity demand were obtained from the distribution system operator Elektrojug
Dubrovnik – HEP ODS d.o.o. in 15 min time steps measured for the year 2014. Demand distribution
based on 1 h time steps was obtained as a mean value of 15 min data for each hour. Demand distribution
based on 10 min time steps was obtained by interpolation between 15 min data through the whole year.
Table 2 shows the data validation of the electricity demand based on the maximum demand and the
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total demand for 10 min time steps and 1 h time steps according to the originally measured 15 min
time step data.

Table 2. Electricity demand data validation.

Electricity Demand, 2014

Time step 10 min 15 min 1 h

Maximum demand, kWh/h 54,086.6667 54,096 53,984
Data validation 0.017% 0.207%

Total demand, MWh 249,433.7673 249,432.610 249,432.610
Data validation 0.00046% 0%

2.1.2. Electricity Production from RES, ERES, [kWh; kW·10 min]

Measured data of solar radiation and wind speed for every 10 min were taken from the Croatian
Meteorological and Hydrological Service for the year 2014 for the Dubrovnik region. Missing data
were filled in by combining with data from the year 2013. Electricity production from wind and Sun
was derived from the measured data in 10 min time steps. The projections are done till 2030 and 2050
based on the previous study done for the Dubrovnik region [1] and shown in Table 3. An hourly
distribution curve of electricity production was obtained as the mean value of 10 min data for each
hour. Maximum solar radiation for 2014 was 703 J/cm2 and maximum wind speed was 21.3 m/s.

Table 3. Projections of future RES electricity production capacity, data from [1].

Wind Production Solar Production

Time step 10 min 1 h 10 min 1 h

Maximum production in 2030, MWh/h 160 160 21.2 18.7
Data validation 0% 11.37%

Installed capacity for 2030, MW 160 18
Installed capacity for 2050, MW 320 32

2.1.3. EV Charging Demand, EEV, [kWh; kW·10 min]

The number of personal vehicles on the Dubrovnik region territory are taken for the year 2014
and provided by the Ministry of the Interior, Dubrovnik. EV penetration for the Dubrovnik region by
2050 was obtained from the previous study done for the Dubrovnik region [1]. The data for that study
were taken for the year 2010 which does not differ much from number of vehicles in 2014, as shown
in Table 4. The number of EVs in 2030 is assumed to be 7922 and in 2050 18,635. It is assumed that
by 2050, all of the CVs will be replaced with EVs. Three different sizes of EV battery are considered
to be equally represented in the total number of EVs. Batteries of EVs are assumed to be lithium ion
batteries since they are shown to have best performances during FC, as mentioned in the previous text.
Their characteristics are given in the Table 5 for SC and FC [1,47]. Average daily driving range of an EV
is taken to be 45 km/h [1]. Number of charges per day for each size of EV is given in Table 6. Daily EV
charging demand is obtained according to the average daily driving range, number of EVs of each
size and their battery characteristics for SC and FC as shown in Equation (1). Index s stands for three
different sizes of EVs. Daily EV charging demand was distributed based on the hourly inverted curve
of the known data of the hourly traffic load curve for 2010. Daily EV charging demand based on the
10 min time steps was obtained using interpolation between the hourly data of the inverted curve and
calculated according to Equation (2). One specific day of SC and FC distribution curve is assumed to
be the same through the whole year. Time to charge the whole battery for SC is tSC = 5 h and for FC is
tFC = 10 min:

EEV = NCh,s · PSC,s · tSC (1)

EEV = NCh,s · PFC,s · tFC (2)
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Table 4. Number of personal vehicles for the based case scenario, data from [1].

Number of Personal Vehicles

2010 2014 Data validation
16,617 16,747 0.78%

Table 5. EV battery characteristics, data from [47].

Power Required to the Grid (kW)

Cars Capacity
(kWh)

Range
(km)

Consumption
(kWh/100 km)

Standard Charging
(5 h), PSC,s

Fast Charging
(10 min), PFC,s

Small 10 100 10 2.2 66.7
Mid-size 20 130 15.38 4.4 133.3

Large 35 180 19.44 7.8 233.3

Table 6. Number of charges per day, data from [1].

Number of EVs Number of EVs for
Charging per Day, NEV

Number of Charging
per Day, NCh

Scenarios 2030 2050 2030 2050
Small 2641 6212 1188 2795 0.450

Mid-size 2641 6212 914 2150 0.346
Large 2641 6212 660 1553 0.250

According to the literature review, current fast chargers are able to charge a battery to 80% SOC in
10 min. This study assumes that the performance of fast chargers will improve in the future and that
they will be able to charge a battery to 100% SOC in 10 min. Reference [20] mentions a supercharge ion
battery (SCiB) that uses Toshibas’ proprietary lithium titanate oxide to make long-life cells. This battery
can go through 6000 charging cycles which is about 2.5 times more than regular lithium ion batteries.
The battery pack can do a rapid 80% recharge in just 15 min and is capable of operating at temperatures
as low as minus 30 ◦C. A SCiB 20Ah cell charged with an 80 A current will reach 80% of its capacity in
15 min and 95% in an additional 3 min.

2.1.4. Electricity Prices, PE, [EUR/kWh; EUR/kW·10 min]

Electricity prices for households in Croatia and the Dubrovnik region are based on the two tariff
model. A higher tariff is set during the daytime hours when electricity demand is high, and a lower
tariff during the night when electricity demand is low. Electricity prices in this study are set according
to the production from RES. When the production from RES is the highest the electricity price is the
lowest and when the production is the lowest the price is the highest. The prices are set as shown in
the Table 7, and for SC and FC they are assumed to be the same. The values of the electricity prices
are assumed by authors according to the current electricity prices in Croatia and Europe [29,39,44].
Study [44] used a similar approach in price setting. The results of [31] showed that a difference in
profits between time of use (TOU) and flat rate pricing which indicates that pricing with temporal
price discrimination should be preferred over flat tariffs by a charging system operator. On the other
hand, simpler tariff structures are likely to be better understood and elicit more positive reactions
from consumers than variable prices such as TOU. A satisfying option would be to offer at least
two tariff model with a sufficient spread as it is shown in previous study done for the Dubrovnik
region [1]. Several level II public charging stations in Germany in 2011 used night rates at below
0.2 EUR/kWh and daytime rates at around 0.24 EUR/kWh, which appear too low and not sufficiently
differentiated [31]. Electricity prices in this work are set to four tariff levels for the final consumers.
They are obtained according to the RES electricity production and are not formatted according to
the prices on the wholesale market. First model of this study considered only EV charging which is
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regulated through a set of electricity prices according to Table 7. Comparison is done between RC
and URC of EV SC and FC on daily basis. Second model considered V2G technology regulated by the
same electricity prices from Table 7, but the system is connected to electricity market and comparison
is done between SC and FC on the yearly basis. Croatia is connected to the western European market
through Slovenia and the future work could consider possible connection to the regional wholesale
electricity market of the Central Easter Europe along with Czech Republic, Hungary, Poland, Romania,
Slovakia together with Slovenia [48].

Table 7. Electricity prices set according to the RES electricity production.

Electricity Production from RES, (kWh) ERES,max–ERES,0.75 ERES,0.75–ERES,0.5 ERES,0.5–ERES,0.25 ERES,0.25–ERES,min

Electricity prices for SC, (EUR/kWh) 0.1 0.15 0.2 0.25
Electricity prices for FC, (EUR/kW·10 min) 0.017 0.025 0.033 0.042

Calculations for this work are done based on two models, EV charging only and V2G. In the
first model we analyzed the difference in total daily EV charging cost, RES utilization and impact in
maximum peak demand for different scenarios. Scenarios are based on SC and FC when EV charging
is unregulated and regulated according to the electricity price. URC means that EVs are charged
according to the daily distribution curve of EV charging demand which is based on the known data of
traffic load curve. RC is obtained by electricity prices in order to charge EVs when the price is low and
the total daily charging cost is set to minimum. The assumption for RC is that the drivers’ behavior
will change according to the electricity price and that the drivers will aim to charge their EVs when the
price is low. This concept is assumed to be applied in the future energy systems with a high penetration
of RES and EVs in the energy system. The system will be controlled and supported by ICT tools in
order to ensure communication in between all the participants of the power system. Results of the
previous study [49] showed that regulated charging and discharging have better operation economics
than the autonomous charging mode. The second model considers V2G technology comparing SC and
FC based on RES utilization, import, export and charging costs with results on the yearly basis.

3. Calculations

3.1. EV Charging

Input data for future scenarios for the year 2030 and 2050 are arranged in hourly time steps for
SC and 10 min time steps for FC. Results of SC and FC are compared according to CEEP, ECEEP,i ,
[kWh; kW·10 min], Equation (3), impact on maximum peak demand EMAX PEAK,i , [kWh; kW·10 min],
Equation (4), and total EV charging cost, CE, [EUR/day], Equation (5). Index i stands for the hourly
time step or 10 min time step for one day.

24;144∑
i=1

ECEEP,i = ERES,i − EEV,i (3)

EMAX PEAK,i = (EEV,i + ED,i)max − ED,i,max (4)

24;144∑
i=1

CE,i = PE,i · EEV,i (5)

The regulation of EV charging is done in order that the total daily charging cost, CE, is set to a
minimum. Distribution of regulated daily EV charging is obtained for SC and FC according to the
set electricity prices. Some constraints have to be satisfied in order to do the calculations. Equations
(6)–(9) are written for SC, but the same thing can be done for FC just in time steps of 10 min.

EEV,i ≥ 0 (6)
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EEV,i ≤ EEVmax,tSC
(7)

EEVmax,tSC
=
∑

NEV,s · PSC,s (8)

24∑
i=1

EEV,i = const. (9)

3.2. Vehicle-to-Grid

The model is done using Visual Basic for Applications on a microgrid on an hourly and intra-hour
level. A mathematical model of the interaction between electricity production units, electricity demand,
electricity storage and electricity imports is described with the boundaries of system keeping the
variable RES production and storage units “inside” the system. The model is created for two time
frames: with 1 h as the basic unit of time and with 10 min period as a basic unit of time. The model
aims to cover the electricity demand and the demand for electricity for transport (as separate values)
from solar PV and wind power (variable RES) and using the batteries of EVs. In principle, the main
division of the modelled conditions addresses the circumstances of the weather or not the variable
RES produce more in a unit of time compared to electricity demand in the same time frame. Available
batteries of EVs are being charged in case the production surpasses the demand. After EV batteries are
charged to the maximum of available capacity in particular time frame, the remainder of the energy
is exported. In the case where RES production is lower than electricity demand, EV batteries are
employed first, to cover the remaining portion of demand. If they are insufficient, energy is imported.
Import needed by the system is calculated as sum of electricity demand (ELdem), EV demand (EVdem)
and EV charge (EVcharge) as positive values and production from wind (W), production from solar PV
(S) and EV discharge (EVdisch) as negative values, in the following equation:

Import = ELdem + EVdem −W − S − EVdisch + EVcharge [MWh] (10)

For SC, with time frame of 1 h, it is taken into account that the EV battery cannot be fully charged
during a single time unit, so the equation for SC is given as:

EVcharge =
EVbatt_max

5
(11)

For FC, chargers are assumed to be available and of significantly higher connecting power then
needed to charge the EV batteries up to 100% SOC. In 2030 and 2050, chargers have 6 times higher
charging power then needed in the respective time unit:

• 2030 battery storage capacity: 171 MWh, charging power 1030 MW
• 2050 battery storage capacity: 403 MWh, charging power 2423 MW

For this reason, in all time steps, it is possible to fill the battery up to 100% SOC. The algorithm is
provided in Appendix A.

4. Results and Discussion

The results of this work present a comparison of two models, EV charging and V2G, for SC and FC
of EVs and URC and RC obtained through electricity prices. Calculations are done for future scenarios
till 2030 and 2050. The comparison is done according to the impact of EV charging demand on RES
production (CEEP), maximum peak in electricity demand and total charging cost. Calculations for the
EV charging model are done for one working day and a weekend day for the summer and winter period
and for V2G calculations they are done on the yearly basis. Previous studies also analyzed different
ways in which SC and FC are compared, but approach in this study is a novelty. The comparison
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in this study provides results based on which we can see what type of EV charging provides better
flexibility to the power system and better utilization of RES electricity production.

4.1. EV Charging

Table 8 provides total daily EV charging demand for 2030 and 2050 and maximum demand for SC
and FC if all the vehicles are connected to the grid at the same time. Results of the calculations for
future scenarios are given in the table in Appendix B and shown in Figures 2–4.

Table 8. Total and maximum daily EV charging demand for SC and FC model of 2030 and 2050.

Year Total Daily EV Charging
Demand [MWh/day]

Maximum Daily
Demand for SC [MWh]

Maximum Daily Demand
for FC [MW·10 min]

2030 58.93 11.78 355.14
2050 138.61 27.72 835.34

RES production is higher in the winter period than in the summer period. The reason is the
installed capacity of wind turbines which is assumed to be much higher than the one for PV. Since the
Dubrovnik region has a higher demand during the summer period, it would probably be better to
focus its production on PV, as solar potential is higher during summer period and wind potential is
lower. The percentage of RES utilization is given in Figure 2 and it presents the amount of daily EV
demand for charging, given in the Table 8, which has been supplied with the electricity produced by
RES. The amount of total daily EV charging demand is the maximum amount of energy that can be
utilized by EVs, rest of it goes to CEEP. Regulation of EV charging leads to a higher RES utilization in all
scenarios, when compared to URC, although, in scenarios FC-AWS, -ASS, -BSW, -BSS, RES utilization
did not reach 100%, meaning that the rest of the EV demand should be supplied by imported electricity.
This can mean that the RC FC has less opportunities to utilize electricity from RES, when compared to
RC SC, but we can see that this happens in summertime when RES electricity production is lower and
most of it comes from the Sun which intermittency is not that high as the one from wind. The diagrams
in Figure 5 show the comparison of URC and RC for FC scenario. The results also show that in the
scenarios SC-AWS and SC-BWS the entire EV charging demand is supplied by RES in the case of URC
and RC. There is also little difference in the scenarios for FC. The reason for that is a high and constant
production from RES during the day. This leads to a mostly constant electricity price during the day
resulting in no difference between URC and RC, as shown in Figure 6.
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Even though the RES utilization is the same for URC and RC, the charging cost is reduced almost
by half in RC in comparison to the URC, not only in these scenarios but in all of them, as shown in
Figure 3. It can be concluded that a regulation of EV charging, according to the electricity prices,
provides better opportunities for the integration of intermittent RES into the energy system. It also
provides more possibilities for EV owners to reduce their charging costs in the system with variable
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electricity prices and save a higher amount of money if charging their vehicles during the time of low
electricity prices.
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RC for FC shows a high increase in the maximum peak demand for all scenarios, as seen in
Figure 4. We can say that these results were expected because of the high variability of RES production
causing variability of electricity prices as shown in Figure 7. The impact on the maximum peak demand
for SC and FC does not show any significant difference between the models in the case where there is
no regulation of EV charging in the system.
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Figure 4. Results of the scenarios [A—2030, B—2050, period of the year (W—Winter, S—Summer), day
(W—Wednesday, S—Sunday)]; Impact in maximum peak demand.

RC of the FC model results in a higher total cost for EV charging, when compared to the SC model,
in all scenarios except for AWW RC and BWW RC. The reason for such a result is a high production
from RES during the night causing high EV charging demand during the night when the electricity
price is low, as shown in Figure 7. The highest difference in total costs between FC and SC can be seen
in the BSW scenario, where FC has much higher total cost. The reason for that is lower RES electricity
production which is mostly constant during the day due to the higher production from PV, as shown
in Figure 5. The rest of the scenarios do not differ much between total costs.
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4.2. Vehicle-to-Grid

The V2G model aims to cover the electricity demand and the demand for electricity for transport
(as separate values) from electricity produced by RES, using the batteries of EVs. The results of the
calculations are given in Table 9. We assumed that the results will go in favor of FC, the same as for
model of EV charge. Our assumption is based on the ability of EV batteries to utilize higher amount of
energy produced by RES in just 10 min, but the results obtained in this study showed the opposite.
As we can see from Table 9, FC scenarios have lower amounts of EV charging and discharging than the
SC scenario ones. This means that the vehicles have lower ability to utilize RES electricity production.
Export and import for FC is also increased. Charging costs are slightly reduced. EV discharge for FC
in 2030 is reduced by 30.8% and in 2050 by 46.03%. Export for FC is increased due to lower amount of
RES production utilized by EV batteries through EV charging. Charging cost for FC are reduced in
2030 by 3.6% and in 2050 by 15.6%, but since the EV charging is also reduced, in 2030 by 11.27% and
in 2050 by 24.03%, we cannot say that FC provides lower charging costs since it is obvious from the
results of EV charging demand.

Table 9. Results of V2G model of SC and FC for 2030 and 2050.

2030_SC 2030_FC 2050_SC 2050_FC

RES production, [MWh/y] 167,236.18 334,472.6
EV demand, [MWh/y] 21,509.81 50,593.44

EV Demand MAX, [MWh/h] 34.2 137.096 80.6 293.36
EV charge, [MWh/y] 43,938.86 38,985.55 122,115.43 92,775.46

EV discharge, [MWh/y] 13,597.09 9410.55 30,973.64 16,715.73
Import, [MWh/y] 267,359.6 279,127.4 328,884.8 343,978
Export, [MWh/y] 55,414.23 67,852.42 140,838.92 170,789,46

EV charging cost, [EUR/y] 7,511,444.21 7,241,969.26 20,560,930.54 17,353,776.83
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The most relevant parameter for the sensitivity analysis is the battery storage capacity, which is
described by elaboration of Equations (10) and (11). Battery storage capacity is chosen because the
model response is more complex than in the case of electricity price, where the model response is
proportional. Changes in the storage capacity are analyzed for the range of −50% storage capacity
(smaller batteries or less availability) to +50% of storage capacities. Results of the analysis regarding
the cost of EV charging is given in Figure 8. It can be noted that in 2050 the cost of EV charging diverges
more sharply between SC and FC in comparison to the scenarios for 2030, due to the higher share of
RES in more time frames.
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Imports and exports are also analyzed in a relation to the same parameter, but the results, given in
Figure 9, suggest that there is only slightly higher divergence between SC and FC scenarios in 2050
than in 2030 in the case of export, with the SC reaching lower values as the battery storage capacity
is increased.
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Figure 9. Import/Export in relation to the EV battery size for: (a) 2030 and (b) 2050.

In the case of charging and discharging, the results given in Figure 10 show that the charge in
2050 diverges more significantly than the discharge between the SC and FC scenarios, while in 2030
this difference is less emphasized.
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Figure 10. EV battery charge/discharge in relation to the battery size for: (a) 2030 and (b) 2050. 

5. Conclusions 

This study analyzed V2G in SC and FC of EVs according to the integration of a high share of RES 

electricity production in the energy system of a wider urban area for the selected Dubrovnik region. The 

Dubrovnik region was selected because of its’ high Sun and wind power potential. The authors assumed 

a much higher amount of the installed wind capacity than the one for Sun. Since Dubrovnik is a well 

known tourist destination, mostly during summer period, it has a higher electricity demand during 

summer. The results of the study showed a higher RES production during winter that doesn’t match 

the requirements of the demand. This is why the Dubrovnik region should consider in focusing its’ RES 

production on Sun potential. 

Comparison of SC and FC with URC and RC for EV charging model resulted in higher utilization 

of RES for RC. This means that RC provides more opportunities for better integration of a high share of 

intermittent RES in the energy system as well as reduction of CEEP. Although we expected that the RC 

for FC will provide better utilization of RES in the system based on short-term time step, the results 

showed the opposite. This happens only in the summer period scenarios. In this period electricity 

production from the Sun is higher than the one from wind and the total daily RES electricity production 

is lower than in the winter. This can lead to a conclusion that the regulation of FC provides better results 

in RES utilization when there is higher amount of wind electricity production in the system. This 

possibility will be analyzed in our future work. 

Combination of FC and RC resulted in expected high impact in maximum peak demand because 

of the high variability of RES production leading to a high variability in electricity prices. This could 

cause problems in the form of grid overloading in the future energy system. Recent studies have dealt 

with this issue presenting fast chargers voltages as high as 1000 V. FC is aiming for higher cost in order 

to ensure the stability of the grid. FCs are shown to have higher total costs than the ones for SC, but for 

the same amount of time they are able to charge a higher number of EVs providing much more power 

from the grid. FC can enable longer trips because of low time needed to recharge the battery what can 

have good effect on users and their anxiety to buy and use EVs. Decreases in the prices of EV equipment 

in the future and the use of FC is needed in order to enhance EVs’ competitiveness in the market 

according to CVs. This study showed that, for the same tariff models in electricity prices, FC results in 

a higher total EV charging cost when compared to SC in most of the scenarios. When applying 
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5. Conclusions

This study analyzed V2G in SC and FC of EVs according to the integration of a high share of RES
electricity production in the energy system of a wider urban area for the selected Dubrovnik region.
The Dubrovnik region was selected because of its’ high Sun and wind power potential. The authors
assumed a much higher amount of the installed wind capacity than the one for Sun. Since Dubrovnik
is a well known tourist destination, mostly during summer period, it has a higher electricity demand
during summer. The results of the study showed a higher RES production during winter that doesn’t
match the requirements of the demand. This is why the Dubrovnik region should consider in focusing
its’ RES production on Sun potential.

Comparison of SC and FC with URC and RC for EV charging model resulted in higher utilization
of RES for RC. This means that RC provides more opportunities for better integration of a high share of
intermittent RES in the energy system as well as reduction of CEEP. Although we expected that the RC
for FC will provide better utilization of RES in the system based on short-term time step, the results
showed the opposite. This happens only in the summer period scenarios. In this period electricity
production from the Sun is higher than the one from wind and the total daily RES electricity production
is lower than in the winter. This can lead to a conclusion that the regulation of FC provides better
results in RES utilization when there is higher amount of wind electricity production in the system.
This possibility will be analyzed in our future work.

Combination of FC and RC resulted in expected high impact in maximum peak demand because
of the high variability of RES production leading to a high variability in electricity prices. This could
cause problems in the form of grid overloading in the future energy system. Recent studies have dealt
with this issue presenting fast chargers voltages as high as 1000 V. FC is aiming for higher cost in order
to ensure the stability of the grid. FCs are shown to have higher total costs than the ones for SC, but
for the same amount of time they are able to charge a higher number of EVs providing much more
power from the grid. FC can enable longer trips because of low time needed to recharge the battery
what can have good effect on users and their anxiety to buy and use EVs. Decreases in the prices of
EV equipment in the future and the use of FC is needed in order to enhance EVs’ competitiveness
in the market according to CVs. This study showed that, for the same tariff models in electricity
prices, FC results in a higher total EV charging cost when compared to SC in most of the scenarios.
When applying regulation of EV charging in the system, costs for SC and FC model are cut in half.
The assumption of this study, what some previous studies have already confirmed, is that drivers are
about to change their charging behavior if stimulated by favorable electricity prices. This also leads
to drivers’ high cost savings in the system with variable electricity prices. This study assumed that
all the EVs are charged when empty till they are full. In the reality, drivers could choose to charge
their EVs on different levels of SOC in order to save money. The only question here is, how it would
affect battery performances and lifetime. Besides personal vehicles, future studies could consider the
replacement of conventional fuels in public transport, like buses, taxis and ships in order to enhance
the integration of RES and reduce CEEP.



Energies 2020, 13, 1510 17 of 22

According to the results from V2G model of four different scenarios, we can conclude that the
total RES utilization is lower for FC scenarios. FC has higher export and import levels as well as lower
EV charging and discharging in comparison to SC scenarios. Due to the lower EV charging demand
for FC, it is obvious that the costs will be lower, which is why we cannot conclude that FC is effecting a
charging cost reduction. Sensitivity analysis done for the battery storage capacity showed that in 2050
the cost of EV charging diverges more sharply between SC and FC in comparison to the scenarios for
2030, due to the higher share of RES in more time frames. Results for exports and imports showed that
there is only a slightly higher divergence between SC and FC scenarios in 2050 than in 2030 in the case
of exports, with the SC reaching lower values as the battery storage capacity is increased. In the case of
charging and discharging, the charge in 2050 diverges more significantly than the discharge between
the SC and FC scenarios, while in 2030 this difference is less emphasized.

A wider urban region has higher requirements for flexibility in the system than the energy system
of a state or connected systems of several regions or states. This is why future studies should consider
different flexibility sources like connection to adjacent markets, additional storages, dispatchable power
plants and combination of different charging models with different tariffs in order to regulate energy
flows. Future energy system will be able to function only with the application of ICT tools in order to
provide needed communication in between all the participants of the energy system.

Author Contributions: Conceptualization, A.F.; Data curation, A.F. and A.P.; Formal analysis, A.F. and A.P.;
Methodology, A.F. and A.P.; Software, A.P.; Supervision, G.K.; Validation, A.F.; Visualization, A.F.; Writing—original
draft, A.F. and A.P.; Writing—review & editing, A.F. All authors have read and agreed to the published version of
the manuscript.

Funding: The publication of this research was funded by the Process and Energy Engineering doctoral study
module, Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Croatia.

Acknowledgments: Authors would like to thank Croatian Meteorological and Hydrological Service and Elektrojug
Dubrovnik—HEP ODS d.o.o. for providing data for this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A

Algorithm:
Function MeritOrder()
′Dim demand As Integer
′Dim wind As Integer
′Dim solar As Integer

i = 3
j = 3

demand = 0
wind = 0
solar = 0
EV = 0
EV_next = 0
EV_battery = 0
EV_battery_max = 171
EV_charge = 0
EV_discharge = 0
Import = 0
k = 2
l = 0
El_price = 0
Storage_price = 0
Charge_price = 0
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Sheets (“1h_2030”).Select
EV_battery = Cells(1, 14)
El_price = Cells(1, 10)
Storage_price = Cells(1, 12)
For i = 3 To 52562
′Sheets (“1h_2030”).Select
Sheets (“10min_2050”).Select
demand = Cells (i, j)
wind = Cells (i, j + 1)
solar = Cells (i, j + 2)
EV = Cells (i, j + 3)
EV_next = Cells(i + 1, j + 3)
EV_battery = EV_battery - EV
′If EV_battery < EV_battery_max Then

If (wind + solar) > (demand + EV) Then
If (wind + solar - demand + EV_battery) < EV_battery_max Then

EV_charge = wind + solar - demand
′If EV_charge < (EV_battery_max / 5) Then
′EV_battery = EV_battery + EV_charge
′Else: EV_charge = EV_battery_max / 5
EV_battery = EV_battery + EV_charge
′End If
EV_discharge = 0
Else
EV_charge = EV_battery_max - EV_battery
′If EV_charge < (EV_battery_max / 5) Then
′EV_battery = EV_battery + EV_charge
′Else: EV_charge = (EV_battery_max / 5)
EV_battery = EV_battery + EV_charge
′End If
EV_discharge = 0
End If

Else
If EV_battery > (demand - wind - solar - EV_next) Then
EV_discharge = (demand - wind - solar - EV - EV_next)
EV_battery = EV_battery - EV_discharge
Else
If EV_battery > EV_next Then
EV_discharge = EV_battery - EV_next
EV_charge = 0
EV_battery = EV_battery - EV_discharge + EV_charge
Else
EV_discharge = 0
EV_charge = EV_next - EV_battery
′If EV_charge < (EV_battery_max / 5) Then
′EV_battery = EV_battery + EV_charge
′Else: EV_charge = (EV_battery_max / 5)

EV_battery = EV_battery + EV_charge
′End If

End If
End If
End If
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If EV_battery > EV_battery_max Then
EV_battery = EV_battery_max
Else
End If
If EV_discharge < 0 Then
EV_discharge = 0
Else
End If
If EV_charge < 0 Then
EV_charge = 0
Else
End If
Import = demand + EV - wind - solar - EV_discharge + EV_charge
If (wind + solar) ≥0.75 * demand Then
Charge_price = 17
Else
If (wind + solar) ≥ 0.5 * demand Then
Charge_price = 25
Else
If (wind + solar) ≥ 0.25 * demand Then
Charge_price = 33
Else
Charge_price = 42
End If
End If
End If
Sheets ("2050 10 min rez").Select

Cells (k, l + 10) = Import
Cells (k, l + 11) = demand
Cells (k, l + 12) = wind + solar
If Import > 0 Then
Cells (k, 1 + 13) = (Import * El_price + EV_discharge * Storage_price) / (demand + EV)
′Cells (k, 1 + 13) = (Import * El_price) / (demand + EV)
Else:
Cells (k, 1 + 13) = (EV_discharge * Storage_price) / (demand + EV)
End If
Cells (k, l + 14) = EV_charge
Cells (k, l + 15) = Charge_price
Cells (k, l + 16) = EV_discharge
Cells (k, l + 17) = EV_battery
Cells (k, l + 18) = EV
k = k + 1
Next
End Function

Appendix B

Results of the scenarios [A—2030, B—2050, period of the year (W—Winter, S—Summer), day
(W—Wednesday, S—Sunday)].
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Scenarios
RES

Production,
(MWh/day)

RES
Utilization,

(%)
URC

RES
Utilization,

(%)
RC

Impact in
Maximum Peak
Demand, (MWh)

URC

Impact in
Maximum Peak
Demand, (MWh)

RC

Charging
Cost,

EUR/day
URC

Charging
Cost,

EUR/day
RC

SC-AWW
1114.42

62.36 100 3.40 0 11,438.12 6482.26
FC-AWW 58.61 100 3.36 138.48 11,452.69 5919.00

SC-AWS
3445.55

100 100 2.97 10.74 8345.86 5893.00
FC-AWS 96.22 100 2.71 36.64 6813.88 5919.00

SC-ASW
171.41

35.31 100 3.08 7.85 12,536.33 5893.00
FC-ASW 35.55 67.25 3.09 44.00 14,195.78 9398.50

SC-ASS
162.73

48.12 100 2.68 0 12,452.68 5893.00
FC-ASS 43.03 89.68 3.09 14.93 12,857.02 5919.00

SC-BWW
2228.83

62.28 100 8.00 5.08 26,903.71 15,247.01
FC-BWW 58.3 100 7.92 294.97 26,937.97 13,922.33

SC-BWS
6891.1

100 100 7.67 26.5 19,630.38 13,861.00
FC-BWS 96.2 100 7.24 107.06 16,027.00 13,922.33

SC-BSW
342.82

35.26 100 7.25 23.15 29,486.82 13,861,00
FC-BSW 35.2 73.31 7.27 92.01 33,390.03 22,965.67

SC-BSS
325.46

47.37 100 8.00 21.6 29,290.07 13,861.00
FC-BSS 42.11 84.17 7.27 34.92 30,241.12 13,922.33
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