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LIFE CYCLE ANALYSIS OF PV-ASSISTED CHARGING STATION

SUMMARY

Due to increasing population and technological developments, the demand for energy
continues to increase in the developing countries. Strong rising trends have been also
recorded in Turkey and Asian countries. In response to this demand, hydrocarbon-
based fossil fuels have always had a larger share than other primary energy sources.
This causes problems such as environmental pollution, high emissions and global
warming. Transportation sector forms large portion of this problem. But electric
vehicles can be a solution to this problem.

Increasing penetration of electric vehicles into daily transportation system can bring
new opportunities not only to reduce environmental emissions and grid impacts but
also more profit for vehicle owners and vehicle charging station owners. This study
proposes a hybrid model of optimization for scheduling of a charging station using
battery storage. Electric vehicle charging station offers bi-directional energy transfer
both from grid to vehicle and from vehicle to grid.

Vehicle-to-Grid (V2G) technology enables the electricity stored in the batteries of
electric cars to be made available to the grid at times of high demand. When demand
is low vehicles can perform regular charging. With this technology EV drivers will
have opportunity to earn money depending upon their contribution to grid. On the
other hand, this storage capacity can be used by grid operators to balance peaks and
troughs of energy demand and supply.

Because of environment friendly solution for the charging process of electric
vehicles is one of the most important issues, the designed station is also intended to
make use of solar energy source.

This model has an electric vehicle station with ten vehicle-size, an external storage
battery, solar panels and grid connection. In the charging station part, the hourly
power demands of the vehicles and the possible energy amounts that they could
transfer to the other vehicle or network were calculated on an hourly basis. Hourly
solar power production was also calculated. Then system checks the relation between
EV demand, possible supply and solar power which is called operational scenarios.
According to the operation scenarios, decisions such as electricity purchase from
grid, storing excess energy in battery or transferring excess energy of vehicles from
one to another are taken.

Then objective function and the basic technical and economic constraints and
parameters of the four main parts of the system were established. As a result, a model
that evaluates economic benefits to calculate potential operator revenue was
developed with MATLAB.

XiX



Then, the states of these variables were studied according to scenarios. Two
scenarios were created at this stage.

In the first part of the first scenario; the system was operated with the actual price
and demand and market prices in accordance with the regulations in Turkey. In the
second part, the conclusions that will arise when the prices fall below the European
Union prices have been examined.

In the second scenario; price parameters affecting the system are calculated based on
future prices. In this scenario; changes in market prices that occurred in Europe was
examined and prices may occur in Turkey was added as an input to the system.

The results of two key case studies were compared to examine the impact on the
system of changing prices such as different electricity sales prices, parking fees and
charge service fees.
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PV-DESTEKLI SARJ ISTASYONUN MALIYET ANALIZi

OZET

Artan niifus ve teknolojik gelismeler nedeniyle enerji talebi gelismekte olan
iilkelerde artis gostermeye devam ediyor. Giiglii yilikselis trendleri de Tiirkiye ve
Asya iilkelerinde kaydediliyor. Bu talebin karsilanmasinda hidrokarbon bazli fosil
yakitlar her zaman diger birincil enerji kaynaklarindan daha biiyiik bir paya sahip
olmuslardir. Bu durum da ¢evre kirliligi, yiiksek emisyon ve kiiresel 1sinma gibi
sorunlarin ortaya c¢ikmasina neden olmaktadir. Ulastirma sektorii de bu olusan
durumun biiyik bolimiini olusturmaktadir. Giinlik hayatimizda kullandigimiz
araclarin neredeyse tamami icten yanmali motorlar ile kimyasal enerjiyi hareket
enerjsine cevirir. Bu durum da hava ve giiriiltii kirliliginin yaninda zararli gazlarin
dogaya salinmasina sebep olur. Ancak elektrikli araglar bu soruna bir ¢6ztim olabilir.

Elektrikli araglar; dogas1 geregi diisiik direkt emisyon degerine sahiptir. Caligsmalar1
daha sessizdir ve iclerinde bulunan elektrik motoru ¢ok yiiksek bir verimle calisir.
Tekerleklere iletilen mekanik gug; konvansiyonel araglardaki gibi fosil yakittan
degil, giinlimiizde erisim olanag yiiksek olan elektrik giiciinden karsilanir.

Bunlarim yaninda sonlu fosil yakitlar, potansiyel petrol krizleri ve bu durumlarin
uluslarasi alanda ortaya ¢ikardigi siyasi anlagsmazliklar, bu kaynaklara olan ilgi ve
yatirimlarin daha c¢evreye duyarli olan yenilebilir enerji kaynaklarma kaymasini
saglamaktadir.

Giines ve riizgar gibi mevcut yenilenebilir enerji kaynaklarm siireksiz bir yapida
olmalari, biiylik 6lgekte enerji iiretim olanaklar1 igin yiiksek maliyet gerektirmeleri,
emre amadelikleri yani anlik ihtiyag aninda kisa siirede talebi karsilama
kapasitelerinin diisiik olmalari, bu kaynaklar i¢in dezavantaj olarak goziikiiyor. Bu
sebeple son yillarda genelde bu kaynaklarin mevcut sistemlere entegre edilerek diger
enerji kaynaklari ile hibrit bir yap1 olusturmalar1 saglandi.

Elektrikli araclarin giinliik ulasim sistemine katiliminin artirilmasi, sadece cevresel
emisyonlar1 ve sebeke etkilerini azaltmak icin degil, ayn1 zamanda ara¢ sahipleri ve
arag sarj istasyonu sahipleri i¢in daha fazla kar saglamak icin yeni firsatlar getirebilir.

Bu ¢aligmada da elektrikli araclarin sarj islemi i¢in ¢evre dostu ¢dziim, en dnemli
konulardan biri oldugu i¢in, tasarlanan istasyon da sebeke baglantisinin yaninda
giines enerjisi kaynagini kullanacak sekilde tasarlanmigtir.

Bu alanda son yillarda, hem istasyon operatorii kisminda hem de elektrikli arag
sahipligi kisminda maliyetleri minimize etme veya karin maksimize edilmesi
amactyla bir ¢cok farkli sehir ve arag verisi ile bir ¢ok calisma ortaya konuldu. Bu
calismada da Istanbul’da 6ngériilen halka agik bir sarj istasyonun kullamm mrii
boyunca olusacak gelir, gider ve net bugiinkii degerleri incelenerek operator
acisindan karm maksimize edilmesi amaglandi.
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Bahsedilen elektrikli arag sarj istasyonu; harici depolama bataryasi da igererek sarj
istasyonunun planlanmasi i¢in hibrid bir optimizasyon modeli 6nermektedir. Bu arag
sarj istasyonu, hem sebekeden araca hem de aragtan sebekeye iki yonlii enerji
transferi saglar.

Bu teknoloji, Vehicle-to-Grid (Aragtan-Sebekeye), V2G teknolojisi, elektrikli
araglarin  akiilerinde depolanan elektrigin yiiksek talep aninda sebekeye
verilebilmesini saglar. Talep diisiikk oldugunda araglar normal sarj yapabilirler. Bu
teknoloji ile EV siiriiciileri sebekeye katkilarina bagl olarak para kazanma firsatina
sahip olurlar. Diger taraftan, bu depolama kapasitesi, sebeke operatorleri tarafindan
enerji talebi ve arzin1 dengelemek i¢in kullanilabilir.

Elektrikli araglarin sarj islemi igin ¢evre dostu ¢dziim, en 6nemli konulardan biri
oldugu icin, tasarlanan istasyon da giines enerjisi kaynagini kullanacak sekilde
tasarlanmistir.

Bu modelde on ara¢ kapasiteli bir elektrikli ara¢ istasyonu, harici bir depolama
bataryasi, giines panelleri ve sebeke baglantis1 bulunmakta. Sarj istasyonu kisminda;
oncelikle Tiirkiye’deki sarj istasyonu kurulum ve isletmesi yapan E-sarj firmasindan
elektrikli araglarin ortalama sarjlanma siireleri, sarj istasyonu gii¢c degerleri, araclarin
batarya kapasiteleri ve istasyondaki araglarin mevcut sarj seviyeleri ile temel bir veri
seti olusturuldu. Daha sonra bu veriler ile araglarin saatlik gii¢ talepleri ve diger arac
veya sebekeye aktarabilecekleri muhtemel enerji miktarlar1 saatlik olarak hesaplandi.
Ayni1 adimda; istasyonu kurulu oldugu 6ngoriilen konum igin ortalama saatlik 1s1m1m
ve hava sicaklig1 degerleri ile saatlik giines enerjisi liretimi de ayrica hesaplandi.

Bir sonraki operasyonel senaryo adiminda sistem; elektrikli araclarmn saatlik giic
talebi, olasi arz kapasitesi ve giines enerjisinden Uretilen gili¢ arasindaki iliskiyi
kontrol ederek, bu sartlar altinda sebekeden elektrik alimi, bataryada fazla enerjinin
depolanmasi veya araglarin fazla enerjisinin birinden digerine aktarilmasi gibi
kararlar1 alir.

Bu asamada sistemde talep fazla oldugunda; gerekli enerji sebekeden veya harici
bataryadan saglanabilir. Ayn1 sekilde araglardan desarj edilebilecek enerji miktarinda
gore arz fazlasi yasandiginda, bu enerji anlik elektrik fiyatina ve harici batarya
kapasitesine gore sebekeye satilabilir veya depo edilebilir. Ayrica elektrik fiyati
diigsiikse ekstra enerji sebekeden satin alinip takip eden saatlerde olusabilecek
muhtemel talep icin depo edilebilir.

Sistemde temel olarak dort ana bilesen bulunur. Bunlar elektrikli araclarin bulundugu
sarj istasyonu, elektrik sebekesi, giines enerjisini elektrik enerjisine ¢eviren giines
panelleri ve harici depo amagl batarya. Daha sonra sistem i¢indeki dort ana kismin
temel teknik ve ekonomik kisit ve parametreleri olusturuldu. Sonug olarak potansiyel
operator gelirini hesaplayabilmek i¢in ekonomik faydalar1 degerlendiren bir model
MATLAB ile gelistirildi.

Daha sonra bu degiskenlerin birbirleri olan durumu farkl senaryolara gore incelendi.

Bu asamada iki adet senaryo olusturuldu.

Birinci senaryonun ilk kisminda; Tirkiye’deki yonetmelik ve piyasa fiyatlarma
uygun bir sekilde gercek fiyat ve talep ile sistem calistirildi. Ikinci kisimda ise
fiyatlarin Avrupa Birligi fiyatlarmm altina diistiigli durumda olusacak sonuglar
incelendi.
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Ikinci senaryoda; sisteme etki eden fiyat parametreleri gelecekte olusabilecek fiyatlar
iizerinden hesaplandi. Bu senaryoda; daha 6nce Avrupa Orneginde olusan piyasa
fiyatlarmin zaman igerisinde degisimi incelenerek, Tiirkiye’de olusabilecek fiyatlar
sisteme girdi olarak eklendi.

Iki senaryonun sonuglar1 karsilastirilarak farkli elektrik satis fiyatlari, park iicretleri
ve sarj servis ticretleri gibi fiyatlarmin degisiminin sistem tizerindeki etkileri
incelenmistir.
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1. INTRODUCTION

1.1 Motivation

Global warming threatens our earth. Due to increasing population and technological
advancements energy consumption goes up day by day. World still needs fossil fuel
to meet its needs. And it is clearly known that this process causes greenhouse gases
to be emitted. Excessive increase of these gases damages our earth. This is a problem
of transportation sector at the same time. 76% of total CO2 emissions comes from
road transport [1]. Now 98.8% of total cars work with conventional fuel and this
situation drives us to an environmental disaster. Therefore, some steps must be taken
to change the course of events. With the help of technology use of renewable sources

became widespread and that presents us an alternative solution.

Electric vehicles were developed to change this situation. These vehicles despite
Internal Combustion Engine (ICE) vehicles have an electric motor and battery Kit.
They are more robust and require less maintenance. Since the widespread acceptance
of EVs usage rates are increasing each year. According to International Energy
Agency Report 750.000 EVs were sold in year 2016 [2]. These vehicles should be
fueled by electric via charging stations which can be done also through our homes,
private or public charging stations. With development of this technology total
number of publicly accessible charging stations surpassed 330.000 unit all over the

world.

These stations can not only transmit energy to vehicles but also to produce
environment friendly solar energy, to store energy for vehicles and to provide
frequency regulation by feeding grid in times of need. Thus, air quality of cities will
increase, usage of fossil fuels will decrease and money that spent on fuels will be

utilized for public welfare.

This study is about an electric vehicle charge station. This station has connection to
grid and allows to flow energy from vehicle to grid (V2G) and grid to vehicle. This

concept is supported with external storage battery and solar panels. According to



demand of vehicle's need, electricity prices and storage battery condition, charging
station will buy energy when electricity prices are lower and sell energy when
electricity prices are higher.

In the literature, there are some studies about storing electricity in external batteries
to buy and sell electricity to grid according to prices. And there are also studies on
electric vehicle charge station design. Some commercial applications of these
stations are also available mostly in USA and Europe.

In our case PV-assisted charging station will be optimized with objective of
maximization of operator’s income. And due to working system of station such as
deciding whether charging or discharging storage battery and whether selling or
buying electricity from grid, Mixed-Integer Optimization Model that includes binary

system will be used.

Objective function and other system constraints which may be useful for this study

will be stated at Mathematical Modelling section.

1.2 Background

High penetration of EVs into the electricity market is expected in the near future, and
with their complex charging behavior, their charging load models need be
investigated. In order to investigate operational profit of EVCS some uncertain
factors which affect charging behavior should be taken into consideration. Several
earlier studies have considered modelling of EV charging demand considering

uncertainty.

In a study [3], possible power demand of two charging station is estimated based on
Markov-Chain traffic model and teleportation approach. Arrival rates of vehicles
were calculated based on average trip duration, turning ratio of vehicles and average
velocity. Then two hours of durations from morning, afternoon and evening are
chosen. SOC of vehicles estimated between 0.2 and 0.3 with PDF. It is considered in
both stations that there are two different charging station charger capacity of 50 kW
and 120 kW. 90% with 120 kW charger. According to created scenarios vehicles will
be charged fully or charged partially with different charger rating equipment. As

result, charging demand varies according to different charging sequence.



In another study [4], profitability of a PVCS is assessed with four main parameters of
service quality, economic benefit, environmental benefit and grid effect. Then these
parameters are also divided in their own sections such as renewable share, yearly net
profit, PVCS effect on energy obtained from grid etc. Parking durations and arrival
times of vehicles are estimated with PDF and daily driving distances of vehicles
calculated with a survey. With objective function of self-consumption of PV modules
and meeting vehicles’ charging demand, one-year effectiveness analysis is assessed

in two scenarios with actual data.

In another study [5], a PVCS with V2G technology is designed and built. Also, fast
and high efficient MPPT system is used in this 24 kW station. Solar panels produce
more energy than needed and sells excess energy to grid. In a cloudy day PVCS is
supported by grid between 5-10 am. Since this interval has generally low energy
consumption rate this situation also balances extra load supply of the grid. It is also
stated that between 20-23 hours EV batteries can be discharged and energy can be

transferred to grid thus load demand can be balanced.

In another study [6], energy management of a PVCS is realized with offline
optimization, online learning and Rule-based decision making. Daily data measured
as offline from vehicles is used in online learning. And Rule-based method and
online learning creates a real-time algorithm. When electricity prices are lower
online learning algorithm stores daily weather, driving conditions etc. data and when
electricity prices are higher Rule-based algorithm decides whether to charge or not.
Obijective function of offline optimization is to maximize the daily profit and since
the problem is discrete and non-linear, PSO method is used. With nine month of
irradiation data and vehicle arrival and departure data 200 kW PV system is designed

and different effect of different optimization methods were examined.

In another study [7], an optimal charging strategy is developed. Simulation is done
for China and for 32640 EV with Dijkstra’s road planning optimization which
assigns weights to the roads used. Charging strategy that is done with multi-objective
programming decreases traffic congestion and increases vehicle velocity while
increasing offset values of node voltages and decreasing power losses at the same

time.



In another study [8], cost analysis of EV charging station is performed based on
environmental emission, economics and performance. Six scenarios which include
on-grid and off-grid and also diesel generator, PV and BESS and both of these
components are considered. Data for EVs are taken from Drive4Data foundation in
Ontario. Inputs such as EV load demand, radiation data and component costs are
given to HOMER program and optimum size of components and energy plan is
obtained as output. System calculates minimum cost according to six different

scenarios.

In another study [9], uncertainties such as domestic load type, EV charger rating,
charging times and charging durations are modelled with probabilistic approach.
Effects on distribution transformer, cable loading and voltage and power losses are
evaluated according to variation of uncertainties. Two different EV penetration level
are tested with data taken by England Ministry of Transportation.

In another study [10], maximizing of vehicle owners’ profit through frequency
regulation stated with considering LMP (Local Marginal Price), RMCP (Regional
Marginal Price) and SOC variables. According to different SOC, charge and
discharge ratings different numbers of charging sequence combination is found for
same EV plug-in duration. These combinations increase when plug-in durations

increase thus minimum and maximum profit results are obtained.

In another study [11], an aggregator that provides frequency regulation is designed.
Aggregator manages energy transfer between EV and grid with its own algorithm
therefore acts as an EMS (Energy Management System). Three variables of
aggregator are charging sequence, charging time and charger rating. A profit function
and its constraints are defined and a simulator which works with dynamic

programming is formed.

In another study [12], sizing of on-grid PV-biomass system with objective of annual
cost minimization is done by comparing ABC (Artificial Bee Colonization) and
HOMER. A mathematical model is designed for PV module, biomass gasifier,
inverter and grid. Model is simulated with pre-defined operation strategy and as
result ABC algorithm gives better results than HOMER.

In another study [13], EV fleet includes 100 taxis in Shenzen region of China is

evaluated according to total cost, cost of energy and carbon emissions with four



different scenarios. EV load demand is predicted and inserted into HOMER. PV-
battery-EV scenario has the highest cost of energy while having the least emission
per kWh.

In another study [14], a method which calculates EV performance and compares it
with ICEs (Internal Combustion Engine) in a multi-objective optimization problem
with providing the cheapest charging and minimizing the emissions is proposed.
Mixed-Integer Bi-Criteria model that evaluates different levels of EV penetration is
used with real data obtained from TEIAS.






2. LITERATURE REVIEW

2.1 Electric Vehicles

An electric vehicle, uses one or more electric motors or traction motors for
propulsion. An electric vehicle may be powered through a collector system by
electricity from off-vehicle sources, or may be self-contained with a battery, solar

panels or an electric generator to convert fuel to electricity [15].

There are two main types of electric vehicles that are used in daily life.

2.1.1 Plug-in hybrid electric vehicles

Plug-in Hybrid Electric Vehicles (PHEVS) are electric vehicles contain batteries
which can be charged by plugging them into an electrical outlet. These vehicles also
have an on-board internal combustion engine that may charge batteries through a
generator. PHEVs use about 40 to 60 percent less petroleum than conventional
vehicles [16]. Examples of PHEVs are Mitsubishi Outlander, Opel Ampera,
Volkswagen Golf GTE and BMW i8.

2.1.2 Battery electric vehicles

A battery electric vehicle (BEV) is a type of electric vehicle that uses chemical
energy stored in rechargeable battery packs. There is no internal combustion engine
or fuel tank. Battery electric vehicle must be plugged in to get required energy to
drive and its range is limited by its battery pack. Since there is no combustion engine
there is no direct emission of battery electric vehicle. Examples of BEVs are Nissan
Leaf, Tesla Model S, BMW i3 and Renault Zoe.

2.2 Electric Vehicle Market

Abundance of EVs rise year by year in the most part of the world. Europe is one of
the presider area in this market. According to ‘Electric Vehicles in Europe’ report of

European Environment Agency, around 700 BEVs were sold across the EU in 2010.



In 2013 when range of plug-in hybrid models increased and became significantly
more popular more than 49 000 EVs of which 50 percent were BEVs sold in
European region. Latest 2015 data shows that around 150 000 EVs were purchased

by customers. And almost 40 % percent of EVs were battery electric vehicles [17].

The EU Commission wants to reduce carbon dioxide emissions by 30 percent from
cars by 2030 [18]. And Germany is preparing this type of radical change in its
excessive automobile sector. As of January 2018, about 25,000 all-electric and
130,000 hybrids cars were registered on German roads. On the other hand, 14.5
million diesels and 30 million gasoline cars were registered, according to the KBA
vehicle registration authority [19].

And every new produced vehicle in Germany should be emission free by 2030 in
order to meet pollution reduction goals [19].

Globally, the number of global electric cars have surpassed 2 million in 2017 after
passing 1 million trains in 2016 [20].

2.3 Charging Station and Charging Techniques

An electric vehicle charging station also called EV charging station, is an element in
an infrastructure that supplies electric energy for the recharging of electric vehicles,

such as plug-in electric vehicles, battery electric vehicles, and plug-in hybrids [16].
There are two charging options for an electric vehicle; AC and DC charging.

AC is alternating current which is available on power grid. It is transmitted from
generation plant to consumption point in this form. When power reaches to EV, it is
converted by vehicle to DC to store it in battery. AC charging is the most common
method of charging due to its lower costs thus being cheaper charging option for
drivers. This method is suitable for parking spots where vehicle will be parked more

than 20 minutes such as home, workplace and parking lot charging.

DC is direct current which is available on charging station when it is converted by
station itself. This charging method has high installation and operation costs thus is a
more expensive option for EV drivers. DC charging offers much faster charging
which allows quick recharge during long-distance trips. This method is suitable for

on the go charging such as highways.



According to SAE standards, charging equipment are classified into three main
levels. Level 1, Level 2 and Level 3. Usually Level 1 and Level 2 are used for AC

charging and Level 3 is used for DC charging.

Level 1 (AC) or also called as Opportunity Charger supports up to 120 volts single
phase AC, 16 amps, and 1.9 KW charging rate. Generally, ampere rate is limited to
20 amps.

Level 2 (AC) or also called as Normal Charger supports up to 240 volts single phase
AC, 80 amps, and 19.2 KW charging rate.

Level 3 (AC) or also called Fast Charger supports up to 43 kW charging rate.
Generally, ampere rate is limited to 100 amps. Even though there is a classification
called Level 3, usually Level 3 phrase refers to DC Fast Charge. DC Fast Charge
(DCFC) or DC Quick Charge (DCQC) or Supercharger describes the fast charging
stations. And Level 3 can be splitted into three parts. DC Level 1, DC Level 2 and
DC Level 3.

DC Level 1 supports up to 200-450 volts DC, 80 amps and 36 kW.
DC Level 2 supports up to 200-450 volts DC, 200 amps and 90 kW.
DC Level 3 supports up to 200-600 volts DC, 400 amps and 240 kW.

It can be seen from Figure 2.1 that Level 1 and Level 2 are AC chargers and Level 3
is DC chargers [21].

Level 1 Level 2 Level 3
120V 240V 480V
N

0,0

Level 1 chargers Level 2 chargers Level 3 direct

use standard 120V use 240V electrical current fast chargers
electrical outlets. circuits. 240V circuits use ultra high-power
120V circuits are are also used by 480V circuits at

also used by most electric dryers & public charging
home electronics. electric stovetops. stations.

Figure 2.1 : Basic comparison of main charging levels.



There are main charging protocols that is used for charging electric vehicles.

CHAdeMO is a DC charging protocol and enables charging up to 150 kW. There are
about 350 members, 50 charger manufacturers and 230 certified chargers under this
e-mobility collaboration platform. Automobile manufactures that support CHAdeMO
include: Nissan, Mitsubishi, Subaru, Toyota.

SAE Combo or The Combined Charging System (CCS) is a quick charging method
for electric vehicles with DC charging protocol up to 350 kW. Automobile
manufactures that support Combined Charging System include: BMW, Volkswagen,
General Motors, Audi, Ford and Mercedes, Ford.

Tesla Supercharger network is a system of 480-volt DC fast-charging stations
enables charging up to 120 kW and built by Tesla Inc. to serve company’s

manufactured all-electric vehicles.

IONITY is the joint venture of BMW Group, Daimler AG, Ford Motor Company and
the Volkswagen Group with Audi and Porsche [22]. Company was established to
build charging stations across Europe. These stations will be open to public usage

and allow fast charging with capacity up to 350 kW.

It can be said that depending upon conditions there are three charging behavior for
EVs.

Charging at home, requires standard residential electric supply and a 3.5 kW charger
which charges an average small car in 8 hours. For example, it takes 16 hours for a

Tesla Model S to make full charge with that outlet.

Charging on the go, offers EV charging all over the city with different charger
ratings. For example, when it takes 75 minutes for a Tesla Model S to make full
charge with a 120 kW Tesla Supercharger it varies with very common 22 kW and 50

kW outlets that can be found all over the world.

Charging at work, which may include standard residential outlet or equipment with
different power ratings give opportunity to workers to charge their parked vehicles
while they work and to operator to use parked vehicles for vehicle-to-grid purpose
with the help of charging system which allows bi-directional energy transfer that was
developed by Japanese motor company Honda [23] or Dutch EV charging station

company New Motion [24].
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According to survey [20] 63% of PHEV charging was done at home, 16% at work
and 21% at public locations. And same survey shows that 55% of PHEV charging
was done at home, 15% at work and 30% at public locations.

Total number of publicly accessible charging stations surpassed 330.000 unit all over
the world. And in Turkey there are nearly 400 charging points in public places and

total 1500 charging points when houses and personal ones are included.

2.4 Solar Energy in City Use

According to analysis published by Sandbag [25] electricity generation by solar,
wind and biomass in Europe rose by 12 % and surpassed coal based generation for
the first time with 679 terawatt hour energy in 2017. Electricity production from coal
was 669 terawatt hours.

According to Turkey Ministry of Energy and Natural Resources, by the end of July
2017, electricity generation percentages were 34% natural gas, 31% coal, 24%

hydraulic power, 6% wind, 2% geothermal energy and 3% other sources [26].

Renewable energy transition moves beyond traditional city energy landscape, from
buildings to transport, to industry and power. Great benefits can be provided to cities
such as better living spaces and cleaner air. It means integrating energy supply and
demand across the board, through smart technologies, rigorous planning and holistic

decision-making.

In addition, cities are vital for the world's low carbon economy transition. This

amounts to 65% of global energy use and 70% of man-made carbon emissions [27].

According to [28], more than 90% of people living in urban areas, cope with air

quality levels exceeding the World Health Organization limits.

In April 2016, San Francisco became the first major US city to require all new
buildings to install rooftop solar PV. The rule builds on a California requirement for

new buildings to set aside 15% of the roof area to be “solar ready” [29].

The City of Adelaide has launched a solar leasing initiative to reduce the upfront cost

of installing solar systems, targeted at lower income households [30].
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Tokyo city is planning to install 1 GW of rooftop systems by 2024, including 22 MW
of PV on metropolis-owned buildings and facilities by 2020. City aims for increasing
the share of renewables to 20% of total power generation by the time of the Summer
Olympics in 2020 [31].

Penetration of renewable energy sources into distribution systems are gradually
being recognized as important alternatives and has been attracting the attention of
policy makers and researchers because of their friendliness to the environment and
potential to reduce dependence on fossil fuels [32].

Environmental emissions and high fossil fuel costs are an important motivation to
increase the penetration of solar PV in power generation. Incentives, positive state
policies and support mechanisms have made this source the fastest growing

alternative energy source [33].

With V2G technology effective usage of renewable energy can be increased.
Inherently electric vehicles can soak up the solar power when solar output is high

and can return power to grid thus reduce evening ramp-up.

2.5 V2G System with Storage and PV Panels

Vehicle-to-Grid (V2G) technology enables the EV to both charge and discharge
electricity back to the grid. This is done by using a special type of charge point
capable of AC / DC power conversion and the discharge functionality of the car.
Both the direction and speed of the charging power can be remotely controlled. The
main difference of V2G in comparison to regular smart charging (‘VIG’,
unidirectional, from grid to EV) is the discharge functionality. By having the option
to discharge it is possible to avoid a situation where the full battery limit is reached
and the car just sits there idle. This creates a significant increase in flexibility per EV

and a better integration with the local grid.

This delivery of grid services supports the overall adoption of renewable energy
sources such as solar and wind. Since these are intermittent and thus more volatile
than traditional energy resources (such as gas-fired power plants) they need to be
complemented with backup capacity. V2G power control effectively turns an EV
into a stationary battery, which can provide this service during the time the EV is

parked and connected to the charge point. By aggregating or pooling together
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multiple EVs we can create a ‘virtual battery’ which can deliver these grid services

on a larger, nationwide scale.

Components of Vehicle-to-Grid system can be seen in Figure 2.2 below.
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Figure 2.2 : General overview of Vehicle-to-Grid system.

V2G system also has ancillary services such as operating reserve, peak shaving and

frequency regulation stated below.

In the case of an electricity network, a generator failure or a shortage of supply, the
demand must be met again in a short time. In such a case, the production capacity

that the system operator can use in a short time is called the operating reserve.

Peak shaving is the process of reducing the amount of energy purchased from the

utility company during peak demand hours.

The result of the intermittent power generation made from renewable energy sources
is the frequency deviation in the network. In this case, the energy storage system will
charge or discharge depending on the increase and decrease of the grid frequency.

Thus, the network frequency remains within the specified limits.
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V2G technology enables the electricity stored in the batteries of electric cars to be
made available to the grid at times of high demand [24]. When demand is low
vehicles can perform regular charging. With this technology EV drivers will have
opportunity to earn money depending upon their contribution to grid. On the other
hand, this storage capacity can be used by grid operators to balance peaks and

troughs of energy demand and supply.

NewMotion, Dutch EV charging company has installed the world’s first public
charging points which can transfer electricity both to vehicles and to grid by using
Vehicle to Grid (V2G) technology. The company launched the pilot in Amsterdam
alongside grid company Alliander, technology company Enervalis and innovation
platform Amsterdam Smart City.
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3. METHODOLOGY & MODEL

3.1 Mixed Integer Programming

An integer programming problem is a mathematical optimization or feasibility
program in which some or all of the variables are restricted to be integers. In many
settings, the term refers to integer linear programming (ILP), in which the objective

function and the constraints (other than the integer constraints) are linear [34].

Mixed-Integer Programming is a special case of 0-1 integer linear programming, and

in this programming unknowns are binary and the constraints must be satisfied.

Decision variables must be either 1 or 0. Such variables are called binary variables
and are used to model yes/no decisions. With this method, a decision can be made
about building a power plant or buying a product. But these integer variables make a
problem non-convex, and therefore more difficult to solve. When more integer

variables are added solution and memory time will rise exponentially.

An important special case is a decision variable that must be either 0 or 1 at the
solution. Such variables are called 0-1 or binary integer variables and can be used to
model yes/no decisions, such as whether to build a plant or buy a piece of equipment.
However, integer variables make an optimization problem non-convex, and therefore
far more difficult to solve. Memory and solution time may rise exponentially as you

add more integer variables.

When integer variables are used different types of problems can be defined and
solved. Mixed Integer Programming is used in scheduling, production planning and

telecommunication networks.
In order to solve constrained optimization problem;

Main inputs such as; a set of variables, an objective function and a set of constraints

should be given.

Best solution for the objective function in the set of solution that satisfy the

constraints such as equations, inequalities which can be linear or non-linear.
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A linear mixed-integer linear programming problem is stated in Equation 3.1 [34].

min cx
subject to Ax< b (3.1)
where x € Z"xRP

In this case objective function and all constraints are linear and some variables are

integers, some variables are continuous.

3.2 Problem Statement

In our work, we present an electric vehicle charging station with ten vehicles. The
vehicle owners leave their vehicles at this station at the time they want, and then take
their vehicles as a full battery. In the meantime, it is not necessary to transfer only
one-way energy to the vehicles in the parking lot. This means that the vehicle can be
both charged and discharged. This presents different opportunities for the station
operator and vehicle owners. The operator can discharge vehicles to a level and can
transfer the energy to the vehicles with which the demand is being made. It can also
store this energy in an external battery. Or it can use the energy generated from the

solar panels to meet the demand and the energy from the grid at the same time.

In addition, according to the current purchase price of electricity from the grid, it can

supply all the needs of the vehicles from the external battery.

Variations like this can also happen when charging the car. In our system, the
operator decides the conditions that will occur depending on the different price and

system parameters.

In our problem, a charging station model with ten vehicles is put forward first. On an
hourly basis, the presence of each vehicle on this station, the SOC values and the
battery capacities are generated in accordance with the source of the data received.
On this EV Demand and Supply Side section, hourly demand and possible supply
quantities are determined according to SOC values of existing vehicles. At the same
time, the amount of supply generated as a result of solar power generation is also

determined.
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Then relation between the EV demand, the possible EV supply and the solar supply
are examined in accordance with the rules set out in the Operational Flowchart
section. These rules determine how energy transfers in the system will be made in

case of demand or supply is surplus.

In the next section, Operational Scenarios, the relation between the previously
mentioned EV demand, the possible EV supply and the solar power supply will show
how energy transfers will be done as a result. The three main operational scenarios
show how much transfer to the storage battery, network and vehicles, in some cases
extra purchases from the network, and how these changes with hourly energy prices.

Then all the indices, variables and parameters involved in the model will be
explained alphabetically in the Nomenclature section. In the following section, the
objective function of the system and its constraints will be described with

explanations.

Then some assumptions are made for the technical capacity and economic value of

the foreseen system.

Finally, two main case studies are being developed with goal of maximizing operator
profit. First of; the system is operated with the actual price and demand and market
prices in accordance with the regulations in Turkey. Second case study; if the prices

fall below the prices of the European Union.

The results of two key case studies are compared to examine the impact of changes
in prices, such as different electricity sales prices, parking fees and charge service

fees, on the system.

3.3 Proposed Model for Charging Electric Vehicles

3.3.1 EV demand and supply side

Basic parking lot scheme is stated in Figure 3.1 below.

EV Number EV Number EV Number
NoEV 8

S0C, =02 S0C, =035 SOC, =075 S0C, =0.85 S0C, =09 S0C, =0 S0C, =045 S0C =092 S0C, =065 S0C, =0
0=2 Q=30 0 =40 0 =40 0 =60 0=35 Q=50 0.=30 0=0

Figure 3.1 : Parking lot scheme consisting of 10 EVs.
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Where a; is binary variable takes a value of ‘1’ if the SOC value at the time t of the
vehicle it? is less than 80% and ;, is also binary variable takes a value of ‘1’ if the
SOC value at the time t of the vehicle i*" is more than 80%. Both these variables
were stated in Equation 3.2a and 3.2b. If SOC;(t) of i*h car is zero then o;; and B,

values become zero. This means that there is no vehicle at i*" parking lot.

wo={l 050G =80 (3.2a)
Lt 0 else

. = {1 SOC;(t) > 80 (3.2b)
Lt 0 else

Then, matrices a;; and B;; form D, and EVS; which are hourly EV demand and

possible excess EV energy supply, respectively. And E, .- (t) is photovoltaic power
generation at each time t. These three variables were stated in Equation 3.3a, 3.3b
and 3.3c.

24

Dy = ) V1 (3.32)
t=1
24
EVS, = Z B VI (3.30)
t=1
Rpy (1)

Esolar (t) < PSTC * 0 * R * [1 + ktemp (Tc(t) - TSTC)] (3-3C)

STC
According to the relationship between these three basic variables, the system decides
what to do. This is indicated in the following operational flowchart, Figure 3.2

below.

Managing energy transfer between PV modules, storage battery, electric vehicles and
grid can be done via these rules which will eventually serve to reach general
objective of the system. These rules form a characteristic regulation for each part of

the system and they will be established in order to apply dispatch strategy.
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There are basically three scenarios in the operational flow chart section. These
scenarios are based on the relationships between Egg.-(t), EVS, and D;. These
scenarios decide whether the demand will be met from the grid or storage battery
when there is too much power demand, or if the electricity sale price is cheap, what
is to be done for excess supply. The sub-scenarios are also shown with detail in the

flowchart.

These detailed sub-scenarios or also called operational scenarios will be described at

operational scenarios below.

3.3.2 Operational scenarios
At time t;

In the first case, vehicle demand is higher than vehicle supply and solar power

combined as shown in the Equation 3.4a.

Esorar(t) + EVS; < D (3.4a)

It means that produced solar energy and surplus vehicle energy will be used for
system demand as shown in Equation 3.4b and Equation 3.4c. But still extra energy
is needed. Then according to Equation 3.4d missing energy will be met either from
grid purchase or storage battery discharge depending electricity purchase price and

SOC of storage battery.

Esolar(t) = Est(t) (3.4b)
EVSt = EVZV(t) (34C)

(Egy (), Pouy < a&& SOCpae(t) > 20

Eppy (1), Phuy < @ && SOCy 4 (1) < 20

Dt - Esolar(t) - EVSt = 4 Eg ' (t) v > 2 && SOC ) 20
| ®#b2v\t) pbuy a bat(t) >

\Eg2v (), Ppuy > a && SOCp,(t) < 20

(3.4d)

In this case, if system meets unmet demand by grid purchase according to Equation
3.4e it can also purchase extra energy for storage battery as in shown in Equation

3.4f. a value is stated in the assumption section that prepared for scenarios.

If;

Pbuy < @ && SOCh4(t) < 20 (3.4¢)
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Then;

Egp = 5VI (3.4)
In the second case, vehicle demand equals to vehicle supply and solar power
combined as shown in the Equation 3.5a.
Egotar () + EVS, = D, (3.5a)
It means that there is no need for extra source.
e If vehicle demand is higher than vehicle supply;
Demand is met by solar power and vehicle supply together demand as shown in
Equation 3.5b and Equation 3.5c.
Es2v (D) = Esolar (V) (3.5b)
Ey2y (1) = EVS(t) (3.5¢)
e If vehicle demand equals to vehicle supply;
Demand is met only by vehicle supply as shown in Equation 3.5d and Equation
(3.5e).
Egv(t) =0 (3.5d)
E,,y (t) = EVS(t) (3.5€)
In the third case, vehicle demand is lower than vehicle supply and solar power
combined as shown in the Equation 3.6a.
E¢o1ar(t) + EVS, > D; (3.6a)

It means that excess energy will be sold to grid or transferred to battery depending on

electricity sale price.

In this case, when system sells or store surplus energy of solar generation and vehicle
supply, system can also discharge and sell storage battery energy if storage battery

SOC is high enough and electricity sell price is high.

e If vehicle demand is higher than vehicle supply;
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Demand is met by solar power and vehicle supply together as shown in Equation
3.6b and Equation 3.6c. And excess solar energy is either sold to the grid or
transferred to storage battery according to Equation 3.6d. Storage battery can also
transfer energy to the grid depending electricity prices and its SOC as shown in
Equation 3.6e and Equation 3.6f. b value is stated in the assumption section that
prepared for scenarios.

By, (1) = EVS, (3.6b)

ESZV (t) = Dt - EVSt (36C)

(Es2g (D, Poenl = b && SOChar(t) < 80

Eq,o (1), >b && SOCy,.(t) > 80
Esolar(t) _ Eszv(t) — 4 sZg( ) psell bat( ) (36d)
| Es2b(t), Dsenl < b && SOCp,(t) < 80
| Es2g(D), Psen < b && SOCpq(t) > 80
If;
DPsen = b && SOCbat(t) > 80 (3.66)
Then;
Epzg = 5VI (3.6)

e If vehicle demand equals to vehicle supply;

Demand is met only by vehicle supply as shown in Equation 3.7a. And produced
solar energy is either sold to the grid or transferred to storage battery according to
Equation 3.7b. Storage battery can also transfer energy to the grid depending
electricity prices and its SOC as shown in Equation 3.7c and Equation 3.7d. b value

is stated in the assumption section that prepared for scenarios.

Eyzy (t) = EVS, (3.7a)
fESzg(t), Psenn = b && SOCy () < 80
E (t) — JESZg(t): Psell = b && SOCbat(t) > 80 (3.7b)
R ] Esap (D), Peen < b && SOCpae(t) < 80
kESZg(t): Psenn < b && SOCbat(t) > 80
If;
Psent = b && SOCp,:(t) > 80 (3.7¢)

22



Then;

Epzg = 5VI (3.7d)
e If vehicle demand is lower than vehicle supply;

Demand is met only by vehicle supply as shown in Equation 3.8a. Excess vehicle
supply and produced solar energy is either sold to the grid or transferred to storage
battery according to Equation 3.8b and Equation 3.8c. Storage battery can also
transfer energy to the grid depending electricity prices and its SOC as shown in
Equation 3.8d and Equation 3.8e. b value is stated in the assumption section that
prepared for scenarios.

Eyay () = D¢ (3.8a)

(Ey2(t), Psen = b && SOCp,(t) < 80
EVZg(t)J Psell =b && SOCbat(t) > 80

EVS, — E,,, (1) = (3.8b)
¢ 7 v (O { Evz(0), Pt < b && SOCoe(t) < 80
| Evzg(), Psen < b && SOCp,(t) > 80
Ir Es2¢(t), Psenn = b && SOCp,e(t) < 80
Es26(t), Psen = b && SOCp,e(t) > 80 38
Esolar = (3.8¢)
I ESZb(t)J psell < b && SOCbat(t) < 80
| Es2g(©), Psen < b && SOCp,e(t) > 80
If;
Psenl = b && SOC, (1) > 80 (3.8d)
Then;
Epzg = 5VI (3.8¢)

3.3.3 Mathematical Model

Obijective function of general mathematical model was stated in Equation 3.9 below.

25

IN, — OUT, — OM, 3.9

MaXZZZ[ (1+d)" ~ Cini &)
n=

In EV constraints;
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Equation 3.10a represents the satisfaction of EV demand is met by solar, grid and
battery. Equation 3.10b represents total energy charged to vehicles comes from solar,
battery or grid. Equation 3.10c represents total energy discharged from vehicles goes
to other vehicles, battery or grid. Equation 3.10d represents SOC change after every

time interval.
Egv(D) + EgZV(t) + Epoy (1) + Eypy (t) = Dy (3.10a)
Ezv () = Egzy () + Egay (0 + Epgy (8) + Eqpy (1) (3.10b)
Ey2 () = Eypg(t) + Eypp (8) + Eypy () (3.10c)
Epv(6) * €cha — (EL(O) (3.10d)

€dis

SOC;(t + 1) = SOC;(t) +
n* Q;

In battery constraints;

Equation 3.11a represents charged energy to battery comes from solar, grid or
vehicles. Equation 3.11b represents discharged energy from battery goes to grid or
vehicles. Equation 3.11c represents total energy transferred to storage battery should
be lower than battery capacity. Equation 3.11d represents SOC change of storage
battery after every time interval. Equation 3.1le represents cost of battery
depreciation. Equation 3.11f represents maintenance cost of storage battery.
Maintenance cost of the battery depends totally on the amount of energy charged or

discharged to the battery.

Ep(t) = Eg2p (1) + Egap () + Eypp (1) (3.11a)
Epo(t) = Eppg (D) + Eppy () (3.11b)
24
Z Eop (1) < Qpat (3.11c)
t=1
Ey, (t
[Ezb(t) *€cha — 22—() * (1 - kself) (3.11d)
SOCpae(t + 1) = SOC, 4 (1) + dis
Qbat
[1 - SOCbat(t)] * kdep * Cbat

(3.11e)

Gdep L= N
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Ep2 (1) i

dis

Gmain (t) = Ezb(t) * €cha + Cmain (t) (3110

In PV constraints;

Equation 3.12a represents photovoltaic power production that depends on power,
incident radiation and temperature under standard test conditions. Equation 3.12b

represents generated PV energy is used by either battery, vehicle and grid.

Egotar(t) < Psr¢ * 0 * [Rl;:T(Ct)] * [1 + Keemp * (T (D) — TSTC)] (3.123)
Esolar(t) = Eszb(t) + ESZV(t) + EsZg(t) (3.12b)

In grid constraints;

Equation 3.13a represents that purchased grid energy should be below an upper limit
due to CO2 restrictions. Equation 3.13b represents that total energy transferred to the
grid consists of energy from solar, battery and vehicle to grid. Equation 3.13c

represents that total energy transferred from grid goes to battery and vehicle.

Ega(t) + Eng(t) = Eupper (t) (3-133-)
Ezg(t) = Egpq(t) + Eypg (1) + Epag(t) (3.13b)
Ega(D) = Egay (D) + Egop (D) (3.13c)

In economic constraints;

Equation 3.14a represents that cost of total purchasing energy is found by energy
from grid to battery and vehicles. Equation 3.14b represents that revenue of total sold
energy is found by total energy to grid and its price. Equation 3.14c represents that
parking fee revenue depends on hourly parking fee. Equation 3.14d represents that

service revenue depends on service price and energy charged to vehicles.

Gbuy () = Ega () * ppuy (D) (3.14a)
Gsen (1) = Ezg() * psen(t) (3.14b)
Gpark(t) = Npark (t) * Ppark (1) (3.14c)
Gserv(t) = Ezy (1) * psery (1) (3.14d)
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Equation 3.15a represents yearly total income of station. Equation 3.15b represents
yearly total expense of station. Equation 3.15c represents yearly total operation and
maintenance costs of system. Equation 3.15d represents that initial investment of
system consists of initial cost of storage battery, PV modules and charging station

units. Equation 3.15e represents annualization of initial investment cost.

8760
IN = Z [Gsell (t) + Gserv(t) + Gpark(t)] (315a)
8760
OUT = Z [Gouy (© + Gais (D] (3.15b)
t=1
8760
t=1
Cini = Cpat + Cpy + Csta (3.15d)
_ Cini
ANN_INV = (3.15¢)

Zr215=1(1 +d)™"

Total Annualized Cost (TAC) includes annualized investment cost, income, expense
and O&M costs is calculated for each year and was stated in Equation 3.16a. Income
and expense are multiplied by yearly increase ratio (x,) and O&M costs are
considered constant. Then all costs of 25 years are brought to today. And it gives
total value of all cash flows at time=0 which is the NPV of the system. Equation

3.16Db represents Net Present Value of project.

Cini

2 (1+d)™

TAC, = OUT * (x,) + OM — IN * (x,) (3.16a)

~TAC,
(3.16b)
NPV'= Z (1+d)n
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4. CASE STUDY

4.1 Data

There are nearly 400 charging points in public places in Turkey. Charging sessions in
these stations are not enough for generating a meaningful data set. Source of data that
was used in this work is based on E-sarj Company. This company has 109 charging
stations with a total capacity of 176 vehicles [35]. Company has stated that specific
hourly charging information is not open to public due to privacy concerns. And it is a
challenge to estimate demand of electric vehicles because of the lack of historical
data. Calculating energy demand is linked uncertainties such as EV arrival times,
departure times and travelled distances. Nevertheless, according to data that was
provided from E-sarj Company an approximate data set on the basis of average

values were formed.

This data set of charging station includes 10 vehicles. In this data set, the situation of
vehicles that they are either at station or not for 24 hours were stated. Then SOC
values of each vehicle for 24 hours are also listed as table. With these two tables,
new two o;, and f;, tables that show whether vehicles to be charged or discharged
are formed. Then demand and possible EV supply are prepared according to these
initial data D, and EVS,.

Solar radiation data used in this study are obtained NASA Surface Meteorology and

Solar Energy database [36].

Temperature data which affects solar PV output in proposed region is obtained by

Turkish State Meteorological Service [37].

Price of grid electricity, py,,(t), was taken from EPDK Tariff Table that is valid
from April 1, 2018 [38].

Price of selling electricity to grid, psen (t), was taken from EPDK [39] and Distribution

System Monthly Usage Fee was added to base prices.

Price of parking service for vehicles, ppari(t), was formed based on actual prices of

27



ISPARK which is an Istanbul Municipality company for car park service [40].

Price of charging service to vehicles, pgery (t), was taken form E-sarj company that
supplies charging stations that allows electric vehicle charging [41]. According to
Turkish regulation, per kWh electricity sale can’t be made therefore companies’

pricing is hourly basis. This situation is considered in this study.
Since pgis(t) is not currently available, a value is set according to the current market.

Goper Is calculated in a study ‘Right Sized Parking - Parking Costs and Operating

Expense Estimates’ [42] by Kidder Matthews Company. In this case monthly
operational cost of a parking lot is estimated in assumption section.

4.2 Assumptions

In this study, the below technical and economical values that were stated in Table 4.1

and Table 4.2 were assumed for operation of the system.

Table 4.1 : Main technical and economical parameters of case study.

Parameter
Parking lot capacity 10 Vehicles
Installed solar capacity 5 kW
Storage battery capacity 54 kW
Charging equipment power rating 2,2 KW
a 0,05
b 0,01
Psen (t) 0,111691285 €
Pnark (t) 0,407331976 €
Pserv(t) 0,025921181 €
Goner 506,7413442 €
Pais (V) 0,090909091 €
Table 4.2 : Hourly electricity prices of Turkey.
Hour Price
22-06 0,043993 €
Pbuy () 06-17 0,071776375 €
17-22 0,110823422 €
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4.3 Scenarios

4.3.1 Scenario 1

Electric car transformation is taking place slowly in Turkey. Therefore, the number
of electric vehicles in Turkey is low, and this makes realistic forecasting difficult. In
this situation, two different case studies were formed in this study.

In the first case, it is predicted that the total income will increase by 10% each year.
And costs will increase with same percentage and operation and maintenance costs

will stay same.

In the second case, the effect of the electricity sales price to grid, the parking fee and
the charging service fee on the network profit is examined. Then the first and second

scenario results will be compared.

4.3.2 Scenario 2

There is an energy transformation in the world. The amount of energy generated
from renewable energy sources is increasing, and environmental technologies are
developing. Costs of power generation plants are falling. In addition, carbon taxes
are being created through political decisions. This restricts the use of fossil-based

resources and opens up space for different renewable energy technologies.

Under these circumstances, countries are making some radical decisions over the
next 20 to 30 years. For example, some countries shut down nuclear reactors or stop

producing gasoline vehicles.

In Turkey, such decisions have to be taken after a while. As in the case of Germany;

support for renewable energy generation will be reduced by kWh per hour.

According to the results of large-scale YEKA tender held in Turkey, the state's
electricity purchase price was 6.99 dolar cent per kwh [43]. In addition, in the next

high-scale wind bid, a lower price has also come into play.

In Europe, wholesale electricity prices in the last five years have fallen by almost
half due to excess supply. However, domestic and industrial electricity prices have
not been affected by this drop. Prices continue to rise in European countries. The
residential and industrial electricity prices in Turkey continues to grow. In the last 5

years, the price of the industry electricity has increased by more than 100% [44].
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Under these circumstances, a situation will be set up in the second scenario

according to the different prices that may occur in 2030.

For both scenarios, the net present value of the final year is derived by summing the
annual present value of all cash flows, including capital investment, O & M cost, and
revenue generated by the system throughout its life cycle. A project is considered
financially feasible only if the resulting NPV is positive. The mathematical model
used with different scenarios are operated with MATLAB.

4.4 Optimization of Annual Cost

The aim of the system is the optimization of net present value that will be incurred
during the life time. Total Annualized Cost for one year is modelled depending
annualization of investment cost, yearly income, expense and O&M costs. Then this

value is rendered to present value with a given discount rate.

4.5 Results & Discussions

In this work, the effects of different parameters on income and expense over the total
life of the system have been studied. At the same time, it was observed how NPV, an
important criterion for the system, changed. Since some prices are not exactly real,
they have been rounded or assumed to be real. As a result, the results in the below

section have been reached.
4.5.1 Scenario 1 Results

45.1.1 First case results

In the first case, income is estimated to increase 10% every year. Therefore x;
variable is formed in system constraints. Then this value increases each year and

enters to income and expense equation as a multiplier.

All energy transactions made in the system are specified in the table below. As can
be seen, the energy purchased from the grid is more than four times the energy sold
to the grid. In terms of the energy transferred to the vehicles, the amounts of energy
produced from the PV panels and purchased from the grid are close to each other.
This leads to a considerable decline in the amount to be paid to the grid. In addition,

the energy discharged from the vehicles also ensures that the vehicles with high
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battery are able to direct the energy to the place where the demand is generated, so
that the system can meet its own needs. All the income and expense items in the
system are listed in the Table 4.3 below.

Table 4.3 : Daily energy transactions through the system.

Per day kWh
Total energy charged to vehicles 180,4
Total energy discharged from vehicles 41,4
Total energy charged to storage battery 22
Total energy discharged from storage battery 9,01
Total energy transferred to grid 20,41
Total energy transferred from grid 88,32
Total solar power output 84,08

Income includes energy that is sold to the grid, parking fees and charging service
fees. Cost includes energy cost purchased from the grid, battery depreciation and

maintenance cost, operation cost of the station and initial investment.

The cost of energy purchased from the grid is three times that of the energy sold to
the grid. The parking fee from vehicles is the highest amount of items in income.
Battery depreciation and maintenance costs are also caused by the use of the battery
as a backup storage in the system. Investment cost include storage battery, solar
panels and charging stations. The system's 25-year simulation resulted in income,

expense, O&M costs, and annualized investment costs are specified in the Table 4.4

below.
Table 4.4 : Yearly system incomes and expenses.

Per year €
Energy sale to grid income 832
Charging service income 1707
Parking fee income 10556
Energy purchase cost from grid 2591
Battery depreciation cost 77
Battery maintenance cost 509
Operation cost of the station 6081
Initial investment 24790
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The values are calculated as a result of a specific increase rate as previously stated.
The initial investment cost was also annualized to include the account. As a result,

the Net Present VValue was reached and shown in Table 4.5 below.

Table 4.5 : Lifetime system incomes and expenses.

Lifetime Value €
Income 739310,3
Expense 223851,3
O&M Cost 166674,6
Annualized Investment Cost 3606,9
Net Present Value 32625,79

4.5.1.2 Second case results

An average ppark(t) based on the value obtained from ISPARK. This value is valid
in Istanbul. According to [45] the average cost of parking in the 32 European cities is
3 euros per hour. The effect of this price change, which will be taken as the average

of the European Union, on the system will be examined.

The revenue generated from the electricity sold to the grid was determined according
to the renewable energy law, announced in 2011. This amount has fallen below the
pre-determined average of some European countries, and in some cases the states
have even initiated retrospective taxation. In addition, with the increase in renewable
energy production, the price that governments are paying for selling electricity to the
grid is also falling. For this reason, the situation that the electricity sale price to the

grid has been lowered to below the EU average is examined.

In the first case, the cheapest tariff was selected among the hourly charging service
fees determined by the E-sarj company. In Europe, according to [46] charging
service fee varies across cities and countries. Accordingly, the prices have been

examined and an appropriate and average price has been selected.

In below Table 4.6, the hourly parking fee for vehicles and the total annual income
from this fee are stated. The third and fourth lines show the total income the system

will have over the lifetime and the NPV of the system.
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Table 4.6 : Effect of changing hourly parking fee.

Value €
Hourly parking fee 3
Yearly parking fee income 77745
Lifetime Total Income 4532688,8
Net Present Value 792373,69

There is a significant increase in Net Present Value and Lifetime Total Income when

the charge service fee goes higher to the current price in the EU average.

In below Table 4.7, the electricity sale price to grid and the total annual income from
this sale are stated. The third and fourth lines show the total income the system will

have over the lifetime and the NPV of the system.

Table 4.7 : Effect of changing electricity sale price to grid.

Value €
Electricity sale price to grid 0,043
Yearly energy sale to grid income 320,3
Lifetime Total Income 710421,8
Net Present Value 26839,9

According to the Renewable Energy Law published in Germany in 2000, the solar
energy costs were determined every year and the prices were determined again.
Depending on the fall in costs, the price for electricity supplied to the grid has

dropped to around 40 cents per kilowatt-hour in 2006 and around 30 cents in 2010.

When we arrive in 2018, electricity produced from solar energy can now be
considered the cheapest electricity. For this year's productions, the producers gave a
price of 4.3 cents / kwWh for electricity from the sun [47]. This price is cheaper than
electricity produced by coal producers, and even below the price given for wind

energy. For this reason, this price was selected in this case.

In Table 4.8 below, the charging service fee of vehicles and the total annual income
from this service are stated. The third and fourth lines show the total income the

system will have over the lifetime and the NPV of the system.
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Table 4.8 : Effect of changing charging service fee.

Value €
Charging service fee 0,3
Yearly charging service income 19753,8
Lifetime Total Income 1758213,5
Net Present Value 236694,42

There are many different station operators and many different types of charging
equipment in Europe. And charging service fee varies according to countries,
depending on charging power rating. In this case, according to [46], the average
charging price of the Dutch-based NewMotion company is chosen.

In Table 4.9 below, grid electricity price and the yearly total cost from this service
are stated. The third and fourth lines show the total expense the system will have

over the lifetime and the NPV of the system.

Table 4.9 : Effect of changing grid electricity price.

Value €
Grid electricity price 0,114
Yearly energy purchase cost 3592,21
Lifetime Total Expense 280368,8
Net Present Value 22268,9

Pbuy (), price of grid electricity, is determined by EPDK. There are three types of
prices in Turkey's electricity market, which during the day, night and peak rates. In
the first scenario, the average of the three types of prices was taken. However, in the
second scenario, according to the Electricity Price Statistics [48], averages of the

prices in 28 European countries in 2017 were taken.

4.5.1.3 Comparison of two cases

The data used in Scenario 1, Case 1, is derived from actual demand and prices. Only
because the rate of electric vehicle usage is low, the annual increase in income varies

according to a certain increase rate.

In the Scenario 1, Case 2, we examine the economic effects of hourly parking fee,

electricity sales price, charge service fee and grid electricity price in our system.
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Comparison of two cases were stated in Table 4.10 below.

Table 4.10 : Comparison of two cases.

Parameter Case 1 Case 2 Change (%)
Hourly parking fee 0,41 3 631,7
Yearly parking fee income 10556 77745 631,7
Lifetime Total Income 739310,27 4532688,8 513,1
Net Present Value 32625,79 792373,69 2328,67
Electricity sale price to grid 0,112 0,043 -61,61
Yearly energy sale to grid income 831,98 320,3 -61,61
Lifetime Total Income 739310,27 710421,8 -3,9
Net Present Value 32625,79 26839,9 -17,73
Charging service fee 0,026 0,3 1053,84
Yearly charging service income 1706,8 19753,8 1053,84
Lifetime Total Income 739310,27 1758213,5 137,82
Net Present VValue 32625,79 236694,42 625,48
Grid electricity price 0,0755 0,114 50,99
Yearly energy purchase cost 2591,17 3592,21 38,63
Lifetime Total Expense 223851,34 280368,8 25,25
Net Present Value 32625,79 22268,9 -31,74

The average hourly parking fee is determined according to ISPARK data and is
accepted as 0,4073 €. The increase in this value leads to very high increase in

Lifetime Total Income and Net Present Value.

Even if the sales price of electricity to the grid dropped below the half price, there
was a great decrease in yearly total energy sale to grid, but there was not much

decrease in Lifetime Total Income and NPV.

When the charging service fee for vehicles rises more than 10 times, the yearly
charging service income is almost 20 times higher than the Scenario 1 value. This
increase is also reflected in the Lifetime Total Income and NPV in the positive

direction.

When the grid electricity price doubles to the average of 28 European countries, the

yearly energy purchase cost increases by nearly 40%. In this case, there is a 25%
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increase in lifetime total expense. As a result, Net Present Value is dropping more
than 30%.

4.5.2 Scenario 2 results

In this scenario, average price of grid electricity is thought to increase by 15% per
year. The electricity sale price for the grid was accepted as 6.99 dollars per kwh, as
mentioned earlier. The hourly parking fee in Istanbul has transferred to 2030 in a
way that matches previous increases. Also, an increase of 10% per year was done for
charging service. There is no reference to the energy discharging price from the
vehicles. Both the increase in electricity prices and the reduction in the price of
electricity sold to the grid have kept this price constant in this scenario. Battery
maintenance and depreciation costs were kept constant. The operating cost of the
station has increased due to the inflation rate.

Yearly system incomes and expenses are stated in Table 4.11 below

Table 4.11: Yearly system incomes and expenses.

Per year €
Energy sale to grid income 454
Charging service income 5357
Parking fee income 18957
Energy purchase cost from grid 13863
Battery depreciation cost 77
Battery maintenance cost 509
Operation cost of the station 19084

The basic income and cost items on the system are shown at the top. There is a

decline in electricity sales to the mains according to one scenario.

In this scenario and Table 4.12 below, a negative NPV is reached with a further
increase in expenditure and O & M costs, despite the increase in income over 25
years. The biggest reason for this is the high increase in the price of electricity from
the grid. In this scenario, the rate of increase is assumed to be 15% per year. The
variation of the NPV value with respect to this increase is examined below according

to the different rates of increase.
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Table 4.12: Lifetime system incomes and expenses.

Lifetime Value €
Income 1398346
Expense 857881,5
O&M Cost 491763,9
Annualized Investment Cost 3606,9
Net Present VValue -51738,6

As it is seen in the table, the increase in NPV value is negative in the Scenario 2 with
rate of 15%. According to the analysis made, if this percentage is lower, the NPV
value tends to increase after a certain rate. It can be seen from the Figure 4.1 that this

ratio is around 11% on average.

I 29090
B 2027.5
-9594.2 =
-22458

Increase Rate

-36590 I
-51738.6 | ———

Net Present Value

Figure 4.1 : Relation between electricity price increase and Net Present Value.
4.5.3 Comparison of two scenarios

The data used in Scenario 1, Case 1, is derived from actual demand and prices. Only
because the rate of electric vehicle usage is low, the annual increase in income varies

according to a certain increase rate.

In the Scenario 1, Case 2, we examine the economic effects of hourly parking fee,

electricity sales price, charging service fee and grid electricity price in our system.

In Scenario 2, an estimate is made based on prices that can be fully realized in the

future, taking into account past increases.

In the Table 4.13 below, the actual prices in the first scenario and the estimated

prices in the second scenario are specified. Change rates are listed.
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Table 4.13: Price comparison of two scenarios.

Scenario 1 Scenario 2  Change

(%)
Parameter Case 1
Hourly parking fee 0,41 0,732 78,5
Electricity sale price to grid 0,112 0,061 -45,5
Charging service fee 0,026 0,081 2115
Grid electricity price 0,0755 0,404 435,1

*grid electricity prices of Scenario 1, Case 1 and Scenario 2 are average prices of day, night and peak
values.

The effect of price changes on Scenario 1 and Scenario 2 on changes in income,
expense and O & M costs over the lifetime of the system are shown in the Table 4.14
below. Higher rates of grid electricity price and charging service fees increase
lifetime income by nearly 90%. However, the high increase in the electricity sales
price to the network causes the total expenses to increase by almost 300%. At the
same time, with the increase in O & M costs, this situation causes the NPV of the

system to fall to the negative side.

Table 4.14: Effect of prices on lifetime values and Net Present Value.

Scenario 1 Change
. (%)

Lifetime Value Case 1 Scenario 2
Income 739310,3 1398346 89,1
Expense 223851,3 857881,5 283,2
O&M Cost 166674,6 491763,9 195
Net Present Value 32625,79 -51738,6 -258,6
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5. CONCLUSION

This thesis focuses on the effect of different economic parameters on an electric
vehicle charging station. In the study, a system with 10 vehicle capacities, solar panel
support and external battery was modeled.

Firstly, a data set is created for the vehicles in the station. Later, according to this set
hourly electric vehicle demand and possible electric vehicle supply, and according to
the solar radiation values hourly solar production is created. According to the
situation of these three variables relative to each other, operational scenarios are
formed. In this section, it is decided where and how much energy transfer between
the components of the system will be done. The objective function and constraints of

the system are also indicated in the proposed model section.

In the first scenario, simulation results are obtained with real demand, prices and also
EU prices. In the second scenario, the price parameters are determined with past

behavior and possible future values.

This research can be extended in several directions. Environmental factors can be
included in the model and a choice of minimizing environmental damage can be

made. Alternatively, different renewable energy sources can be added or removed.

39






REFERENCES

[1] International Energy Agency (2017). Global EV Outlook 2017. Date retrieved:
12.11.2017, address: https://bit.ly/2HaBWED

[2] International Energy Agency (2017). Tracking Clean Energy Progress 2017.
Date retrieved: 27.04.2018, address: https://bit.ly/2xymmmb

[3] Arias, M. B., Kim M., and Bae S. (2017). Prediction of electric vehicle
charging-power demand in realistic urban traffic networks. Applied
Energy, Vol. 195, pp. 738-753.

[4] Liu, N., and Cheng M. (2017). Effectiveness Evaluation for a Commercialized
PV-Assisted Charging Station. Sustainability, Vol. 9, 323.

[5] Fathabadi, H. (2017). Novel solar powered electric vehicle charging station with
the capability of vehicle-to-grid. Solar Energy, Vol. 142, pp. 136-143.

[6] Liu, N., Zou F., Wang L. Wang C., Chen Z., and Chen Q. (2016). Online
energy management of PV-assisted charging station under time-of-use
pricing. Electric Power Systems Research, Vol. 137, pp. 76-85.

[7] Luo, Y., Zhu T., Wan S. Zhang S., and Li K. (2016). Optimal charging
scheduling for large-scale EV (electric vehicle) deployment based on
the interaction of the smart-grid and intelligent-transport systems.
Energy, Vol. 97, pp. 359-368.

[8] Hafez, O., and Bhattacharya K. (2017). Optimal design of electric vehicle
charging stations considering various energy resources. Energy, Vol.
107, pp. 576-589.

[9] Papadopoulos, P., Skarvelis-Kazakos S., Grau I., Awad B., Cipcigan L. M.,
and Jenkins N. (2010). Impact of Residential Charging of Electric
Vehicles on Distribution Networks, a Probabilistic Approach. 45th
International Universities Power Engineering Conference UPEC2010.

[10] Ahmad, M. R., Musirin I., and Othman M. M. (2013). Profit Determination
Vehicle-to-Grid (V2G) Operation in Smart Grid Environment. 2013
IEEE 7th 2013 IEEE 7th International Power Engineering and
Optimization Conference (PEOC02013).

[11] Han, S., Han S., and Sezaki K. (2010). Development of an Optimal Vehicle-
to-Grid Aggregator for Frequency Regulation. IEEE Transactions on
Smart Grid, Vol. 1, No. 1.

[12] Singh, S., and Kaushik S. C. (2016). Optimal sizing of grid integrated hybrid
PV-biomass energy system using artificial bee colony algorithm. IET
Renewable Power Generation, pp. 1-9.

41



[13] Tang, J., Ye, B., Lu, Q., Wang, D., and Li J. (2014). Economic Analysis of
Photovoltaic Electricity Supply for an Electric Vehicle Fleet in
Shenzhen,  China.  International Journal of  Sustainable
Transportation, Vol 8, pp. 202-224.

[14] Bora, K. (2012). A methodology to analyze short term impacts of electric
vehicles on costs, emissions and energy consumption: Case of Turkey,
Master Thesis, Ko¢ University, Istanbul, Turkey.

[15] Url-1 < https://bit.ly/1Pk7WSW >, accessed at 3.05.2018.
[16] Url-2 < https://bit.ly/1PgJltt >, accessed at 11.11.2017.

[17] European Environment Agency (2016). Electric vehicles in Europe.
Date retrieved: 12.03.2018, address: https://bit.ly/2ts3Us9
[18] Url-3 < https://bit.ly/2snQrjD>, accessed at 28.03.2018.

[19] Url-4 < https://tgam.ca/2xzRim4>, accessed at 2.04.2018.

[20] newmotion Company (2018). Industry Outlook Europe 2018. Date retrieved:
1.04.2018, address: https://bit.ly/2kJcxsF

[21] Url-5 < https://bit.ly/2sogDDU>, accessed at 16.05.2018.
[22] Url-6 < https://bit.ly/2J446G1 >, accessed at 28.02.2018.
[23] Url-7 < https://bit.ly/2xuOSol>, accessed at 7.1.2018.
[24] Url-8 < https://bit.ly/2kG3041 >, accessed at 5.3.2018.

[25] Agora Energiewende (2017). The European Power Sector in 2017. Date
retrieved: 3.04.2018, address: https://bit.ly/2E71hkP

[26] Url-9 < https://bit.ly/2kDVasZ >, accessed at 5.4.2018.

[27] International Renewable Energy Agency (2016). Renewable Energy in Cities.
Date retrieved: 1.1.2018, address: https://bit.ly/2kJ3rM9

[28] European Environment Agency (2013). Air Quality in Europe. Date retrieved:
3.2.2018, address: https://bit.ly/2su7ks0

[29] Url-10 < https://n.pr/2sn2VYr >, accessed at 11.10.2017.
[30] Url-11 < https://bit.ly/2kGyh8w>, accessed at 10.19.2017.
[31] Url-12 < https://bit.ly/2xAlluc >, accessed at 5.9.2017.

[32] Hafez, O. (2016). Smart PEV Charging Station Operation and Design
Considering Distribution System Impact, PhD Thesis, University of
Waterloo, Ontario, Canada.

[33] Pashajavid, E., and Golkar M. A. (2013). Optimal placement and sizing of
plug in electric vehicles charging stations within distribution networks
with high penetration of photovoltaic panels. Journal of Renewable
and Sustainable Energy, Vol 5, 053126.

[34] Url-13 < https://bit.ly/2xynSVD >, accessed at 2.04.2018.

[35] Url-14 < https://bit.ly/2HadToS >, accessed at 11.03.2018.

[36] Url-15 < https://go.nasa.gov/2kCZMiW>, accessed at 15.03.2018.
[37] Url-16 < https://bit.ly/2HaEUIP >, accessed at 17.02.2018.

42



[38] Url-17 < https://bit.ly/2L8Kn5p >, accessed at 4.04.2018.
[39] Url-18 < https://bit.ly/2suNQDy >, accessed at 5.04.2018.
[40] Url-19 < https://bit.ly/2H7IsNb >, accessed at 1.01.2018.
[41] Url-20 < https://bit.ly/2J3DMIK >, accessed at 2.03.2018.
[42] Url-21 < https://bit.ly/2JmIW7b >, accessed at 11.11.2017.
[43] Url-22 < https://bit.ly/2J3qobN>, accessed at 3.04.2018.
[44] Url-23 < https://bit.ly/2xy1TOs>, accessed at 30.04.2018.
[45] Url-24 < https://bit.ly/2AP1RIm >, accessed at 15.04.2018.
[46] NewMotion Application < https://bit.ly/1kOdwCs >, accessed at 3.05.2018.
[47] Url-25 < https://bit.ly/2jUioe0>, accessed at 16.04.2018.
[48] Url-26 < https://bit.ly/ITQUK77 >, accessed at 17.03.2018

43






APPENDICES

APPENDIX A: MATLAB Code

clc;
clear;

a i t=xlsread('vehicl .xlsx',"'B3:K2 ;
b i t=xlsread('veh a.xlsx','B30:K53");
SOC_i=xlsread('vehicledata.xlsx', "B58:K81")

$parking lot data
V=xlsread('stationdata.xlsx','03:03");

eff cha=xlsread( C ','03:03");
eff dis=xlsread('stationds .xlsx',"R3:R3");
n=10;

k_self=xlsread('st
Q bat=xlsread('
Q i=xlsread('s

iondata.xlsx','L3:L3");
xlsx','K3:K3");
.x1lsx','D3:D12"');

%24 saatlik D t tablosunu olusturur
D=zeros (24,10) ;
for t=1:24
for i=1:10
D(t,i)=(a_i_t(t,1i)*V*1/1000);
end
end
D_t=(sum(D")");

%24 saatlik EVS t tablosunu olusturur
for t=1:24;
for i=1:10
EVS(t,i)=b_i_t(t,i).*(SOC_i(t,1i)-0.8)*Q i(i);
end
end
EVS_t=sum(EVS')"';

R _pv=xlsread('
T _c=xlsread('st
P_stc=xlsread(' t t
%24 saatlik E solar tablosunu olusturur

E_solar:P_stc*O.77*(R_pv/lOOO).*(1—0.45*(T_c—25));¥ <= yapilacak

;
iondata.xlsx', 3:I3");

E_s2b=zeros(24,1);
E_v2b=zeros (24,1
E_s2g=zeros (24,1

E _s2v=zeros(24,1);

)
)
)
)
E g2v=zeros(24,1);
)
)
)
)
)

7

7

E b2v=zeros(24,1);
E _b2g=zeros (24,1
E_g2b=zeros (24,1
E _v2g=zeros (24,1
E v2v=zeros (24,1
E 2v=zeros(24,1);
E v2=zeros(24,1)
E 2b=zeros(24,1);
E_b2=zeros (24,1);
)
)

7

7

7

7

7

7

E_g2=zeros (24,1
E_2g=zeros (24,1

7

a=xlsread('pric
b=xlsread('pric
p_buy=xlsread('
SOC_bat=xlsread/(
p_sell=xlsread('p
for k=1:24

Figure A.1 : MATLAB Code of station model.
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$first case
if E_solar(k,1)+EVS_t(k,1)<D_t(k,1);
E_s2v(k,1)=E_solar(k,1);
E v2v(k,1)=EVS_t(k,1);
if p_buy(k,1)<=a && SOC_bat (k,1)>0.2;
E g2v(k,1)=D _t(k,1)-E_solar(k,1)-EVS_t(k,1);
elseif p buy(k,1)<=a && SOC_bat (k,1)<=0.2;
E g2v(k,1)=D _t(k,1)-E_solar(k,1)-EVS_t(k,1);
E g2b(k,1)= =5%V*1/1000;
elseif p buy(k,1)>a && SOC_bat(k,1)>0.2;
E b2v(k,1)=D_t(k,1)-E_solar(k,1)-EVS_t(k,1);
elseif p buy(k,1)>a && SOC_bat(k,1)<=0.2;
E g2v(k,1)=D _t(k,1)-E_solar(k,1)-EVS_t(k,1);
end

$second case
elseif E_solar(k,1)+EVS_t(k,1)==D_t (k,1);
if D t(k,1)>EVS_t(k,1);
E s2v(k,1)=E_solar(k,1);
E v2v(k,1)=EVS_t(k,1);
elseif D t(k,1)==EVS_t(k,1);
E v2v(k,1)=EVS_t(k,1);
end

$third case
elseif E_solar(k,1)+EVS_t(k,1)>D_t(k,1);
if D t(k,1)>EVS_t(k,1);
E v2v(k,1)=EVS t(k,1);
E s2v(k,1)=D_t(k,1)-EVS t(k,1);
if p_sell(k,1)>=b && SOC_bat (k,1)<=0.8;
E s2g(k,1)=E_solar(k,1)-E_s2v(k,1);
elseif p sell(k,1)>=b && SOC_bat (k,1)>0.8;
E s2g(k,1) E _solar(k,1)-E_s2v(k,1);
E b2g(k, 1)=5*V*I/1000;
1

selseif p sell(k,1)<0.6 && SOC bat(k,1)<=0.8;
$E_s2b(k ):E solar (k,1)-E s2v(k,1);

Selseif P_ sell(k 1)<0.6 && SOC bat(k,1)>0.8;
%E_s2g(k,1)=E _solar(k,1)-E s2v(k,1);

’
end

elseif D t(k,1)==EVS t(k,1);
E v2v(k,1)=EVS t(k,1);
if p sell(k,1)>=b && SOC bat (k,1)<=0.8;

E s2g(k,1)=E_solar(k,1);

elseif p sell(k,1)>=b && SOC bat (k,1)>0.8;
E s2g(k,1)=E_solar(k,1);
E b2g(k,1)= =5*V*1/1000;

selseif p sell(k,1)<0.2 && SOC bat(k,1)<=0.8;
%E_s2b(k,1)=E_solar(k,1);

selseif p sell(k,1)<0.2 && SOC bat(k,1)>0.8;
$E_s2g(k,1)=E_solar(k,1);

end
elseif D t(k,1)<EVS t(k,1);
E v2v(k,1)=D t(k,1);
if p sell(k,1)>=b && SOC_bat (k,1)<=0.8;
E v2g(k,1)=EVS t(k,1)-E v2v(k,1);
E s2g(k,1)=E solar(k,1);
elseif p sell 1)>=b && SOC bat(k,1)>0.8;

)
)
):
(k
E v2g(k,1)=
)
)
1

’

EVS t(k,1)-E v2v(k,1);

E s2g(k,1)=E solar(k,1);
E b2g(k,1)=5
selseif p sell(k
$E_v2b(k =

=5*V*1/1000;
(
1)
$E_s2b(k, 1)
(
)
)

, )<O 2 && SOC bat(k,1)<=0.8;

EVS t(k,1)-E v2v(k,1);

E_ olar(< 1);

%elseif P sell
$E v2g(k,1
$E s2g(k,1

s
,1)<0.2 && SOC bat(k,1)>0.8;
EVS t(k,1)-E v2v(k,1);

=E solar(k,1);

o=l

s2
\%

k,1)+E v2v
k,1)+E v2b

v ( (k +E b2v(k,1)+E g2v(k,1);
g ( - (k
b(k,1)+E g2b(k,
g ( (k
v ( (k
g k

)

)+E _v2v (k 1);

)+E v2b(k,1);
k,1)+E b2v ) ;
k,1)+E g2b ) ;
(k,1)+E_v2g( )

2
2
b2
2
= 2
+1)=s0cC bat (k)+[[E 2

+E_b2g (k, 1) ;
k

)*eff cha-E b2 (k)/eff dis]*(1-k self)]/Q bat;
end

Figure A.1 (continues): MATLAB Code of station model.
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C_bat=xlsread('pricedata','G2:G2");
C_pv=xlsread('pricedata', "H2:H2");
C_sta=xlsread('pricedata','12:12");
C_ini=C_bat+C_pv+C_sta;
k_dep=xlsread('stationdata', 'M3:M3");
[N]=StoBatCycle (E_2b, E_Db2);

N=sum (N) ;
$daily battery depreciation cost
for k=1:24
G _dep(k,1)=((1-S0C_bat(k,1))*k dep*C_bat) /N;
end

C main=0.05;
$battery maintenance cost calculation 1
for k=1:24;
G main(k,1)=(E _2b(k,1)*eff cha+E b2 (k,1)*eff dis)*C_main;
end

$monthly operation cost is estimated 2488,1 TL
G_oper=1590.372;

$24 saatteki bataryaya giden toplam enerji Q bat'i gecemez
for k=1:24 B
AAA(k,1)=E 2b(k,1);
end
sum (AAA)<=Q bat;

de de de oe

renewable share must be bigger than 0.6
for k=1:24
RS(k,l):(Eis2v(k,l)/E72v(k,1))>:O.6;
end

de o o o

$cost of total purchasing energy
for k=1:24

G buy(k,1)=E g2 (k,1)*p _buy(k,1);
end

p_dis=xlsread('pricedata', 'F2:F25");
$cost of discharged energy from vehicles
for k=1:24

G dis(k,1)=E v2(k,1)*p dis(k,1);
end

Srevenue of total sold energy
for k=1:24

G sell(k,1)=E 2g(k,1)*p sell(k,1);
end

%N_park=istasyonda mevcut park halinde arac sayisi

Syani x i t veya y i t 'nin ikisinden birinin bire esit oldugu durum
$veya n-(x i t=0 and y i t=0)

N park=xlsread('vehicledata','03:X26");

p_park=xlsread('pricedata', 'D2:D25");

$revenue of total parking fee

for k=1:24
for 1=1:10
G park(k,1)=N park(k,1)*p park(k,1);
end

end

G_park=sum(G_park')';

p_serv=xlsread('pricedata',6 "E2:E25");
$revenue of total transferred energy to vehicles
for k=1:24
G serv(k,1)=E 2v(k,1)*p serv(k,1);
end

$yearly total income of station
IN=G sell+G serv+G park;

IN=sum (IN) ;

IN=IN*365;

$yearly total expense of station
OUT=sum (G_buy+G_dis) ;
OUT=0UT*365;

Figure A.1 (continues): MATLAB Code of station model.

47




$yearly total operation and maintenance costs of the system
OM=sum(G_main+G_dep) *365;
OM=0M+ (G_oper*12) ;

$annualization of initial investment cost
d=0.14;
for y=1:25
A(y)=(1+d)"-y;
end
A=sum (&) ;
Ann_InvC=C_ini/A;

$net present value of project
TAC (1)=Ann_InvC + OUT*x (1)
TAC (2)=Ann_InvC + OUT*x(2)

+ OM - IN*x(1);
+ OM - IN*x(2);
TAC (25)=AnnInvC + OUT*x(25) 4+ OM -IN*x(25);
TAC (y)=Ann_InvC + OUT*x(y) + OM - IN*x(y);

90 A0 oo oo oo o

x=xlsread('pricedata','K2:K26");

for y=1:25
TAC(y):Ann_InvC + OUT*x(y) + OM - IN*x(y);
end
TAC=TAC';
% for y=1:25

% NPV (y) =TAC (y) * (1+d) “y;
% end

% NPV=sum (NPV (y)) ;

for y=1:25

NPV (y,1)=[IN*x(y) -OUT*x (y)-OM]/ (1+d) "y;
end
NPV=sum (NPV) -C_ini;

lifetimeIN=sum (IN*x(:));
lifetimeOUT=sum (OUT*x(:)) ;
lifetimeOM=0M*25;

Figure A.1 (continues): MATLAB Code of station model.
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Table A.1: Scenario 1, Case 1 prices.

time  ppuy (6/kWh)  peen (E/kWh)  ppark (€/h)  pserv (E/kWh)  pais (E/kWh)
1 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
2 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
3 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
4 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
3 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
6 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
7 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
8 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
9 0071776375 0,111691285 0,407331976 0,025921181 0,090909091
10 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
11  0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
12 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
13 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
14 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
15 0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
16  0,071776375 0,111691285 0,407331976 0,025921181 0,090909091
17 0,110823422 0,111691285 0,407331976 0,025921181 0,090909091
18 0,110823422 0,111691285 0,407331976 0,025921181 0,090909091
19 0,110823422 0,111691285 0,407331976 0,025921181 0,090909091
20 0,110823422 0,111691285 0,407331976 0,025921181 0,090909091
21 0,110823422 0,111691285 0,407331976 0,025921181 0,090909091
22 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
23 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
24 0,043993 0,111691285 0,407331976 0,025921181 0,090909091
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Table A.2 : Scenario 1, Case 2 prices.

time  ppuy (E/kWh)  psen (€/kWh)  ppark (€/h)  pserv (€/kWh)  pgis (€/kWh)
1 0,114000 0,043 3 0,3 0,090909091
2 0,114000 0,043 3 0,3 0,090909091
3 0,114000 0,043 3 0,3 0,090909091
4 0,114000 0,043 3 0,3 0,090909091
5 0,114000 0,043 3 0,3 0,090909091
6 0,114000 0,043 3 0,3 0,090909091
7 0,114000 0,043 3 0,3 0,090909091
8 0,114000 0,043 3 0,3 0,090909091
9 0,114000 0,043 3 0,3 0,090909091
10 0,114000 0,043 3 0,3 0,090909091
11 0,114000 0,043 3 0,3 0,090909091
12 0,114000 0,043 3 0,3 0,090909091
13 0,114000 0,043 3 0,3 0,090909091
14 0,114000 0,043 3 0,3 0,090909091
15 0,114000 0,043 3 0,3 0,090909091
16 0,114000 0,043 3 0,3 0,090909091
17 0,114000 0,043 3 0,3 0,090909091
18 0,114000 0,043 3 0,3 0,090909091
19 0,114000 0,043 3 0,3 0,090909091
20 0,114000 0,043 3 0,3 0,090909091
21 0,114000 0,043 3 0,3 0,090909091
22 0,114000 0,043 3 0,3 0,090909091
23 0,114000 0,043 3 0,3 0,090909091
24 0,114000 0,043 3 0,3 0,090909091
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Table A.3 : Scenario 2 prices.

time  ppuy (EkWh)  psen (EkWh)  ppari (€/h)  Pserv (EkWh)  pais (E/kWh)
1 0,235374 0,06094307 0,731511 0,0813517  0,090909091
2 0,235374 0,06094307 0,731511 0,0813517  0,090909091
3 0,235374 0,06094307 0,731511 0,0813517  0,090909091
4 0,235374 0,06094307 0,731511 0,0813517  0,090909091
5 0,235374 0,06094307 0,731511 0,0813517  0,090909091
6 0,384021 0,06094307 0,731511 0,0813517  0,090909091
7 0,384021 0,06094307 0,731511 0,0813517  0,090909091
8 0,384021 0,06094307 0,731511 0,0813517  0,090909091
9 0,384021 0,06094307 0,731511 0,0813517  0,090909091
10 0,384021 0,06094307 0,731511 0,0813517  0,090909091
11 0,384021 0,06094307 0,731511 0,0813517  0,090909091
12 0,384021 0,06094307 0,731511 0,0813517  0,090909091
13 0,384021 0,06094307 0,731511 0,0813517  0,090909091
14 0,384021 0,06094307 0,731511 0,0813517  0,090909091
15 0,384021 0,06094307 0,731511 0,0813517  0,090909091
16 0,384021 0,06094307 0,731511 0,0813517  0,090909091
17 0,592935 0,06094307 0,731511 0,0813517  0,090909091
18 0,592935 0,06094307 0,731511 0,0813517  0,090909091
19 0,592935 0,06094307 0,731511 0,0813517  0,090909091
20 0,592935 0,06094307 0,731511 0,0813517  0,090909091
21 0,592935 0,06094307 0,731511 0,0813517  0,090909091
22 0,235374 0,06094307 0,731511 0,0813517  0,090909091
23 0,235374 0,06094307 0,731511 0,0813517  0,090909091
24 0,235374 0,06094307 0,731511 0,0813517  0,090909091
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Table A.4 : Initial Investment Cost.

Equipment €
Storage Battery 4582,5
Solar Equipment 2583,9
Charging Equipment 17623,5
Total 24789,9
Table A.5 : Average hourly radiation and temperature.

time Solar Radiation (W/m2) Temperature

1 0 12,83947477

2 0 12,75976823

3 0 13,07833935

4 0 15,22056142

5 4.4 12,92790624

6 44,9 16,20081717

7 137,6 14,06464616

8 2479 14,69589802

9 362 17,00587494

10 448,2 14,2087519

11 503 17,04014464

12 515,7 11,89736161

13 477,6 12,23903537

14 402,7 16,55491371

15 308,9 15,64315922

16 203,3 11,05960253

17 112,4 13,1151834

18 41,5 14,54721788

19 51 12,61383624

20 0 15,82252953

21 0 11,63606281

22 0 11,03881619

23 0 12,99087819

24 0 15,1019302
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Table A.6 : Park availability table.

=10

=1

time

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
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Table A.7 : a;, table.

=10

=1

time

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
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Table A.8 : ;; table.

=10

=1

time

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
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