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Kurzfassung 

Die vorliegende Arbeit analysiert das Potential des High Power Chargings (HPC), das Laden 

von Elektroautos mit einer Leistung von 350 kW. Im ersten Teil der Arbeit werden die Einschät-

zungen verschiedener Interessensgruppen untersucht. Es gibt einige Hinweise dafür, dass 

High Power Charging in Zukunft eine besondere Rolle im Bereich der Ladeinfrastruktur spielt. 

Es ermöglicht die Verwendung von Elektroautos für Langstreckenfahrten und leistet so einen 

Beitrag zur Akzeptanzsteigerung der Elektromobilität. Eine Initiative zur Standardisierung von 

Ladelösungen namens CharIN e.V. setzt sich für die Verbreitung von HPC ein. Einige Auto-

mobilhersteller haben zudem konkrete Pläne Modelle auf den Markt zu bringen, die für HPC 

geeignet sind. Die Kosten einer Schnellstladestation mit mehreren 350 kW-Ladepunkten vari-

iert stark unter lokalen Gegebenheiten, sie werden sich jedoch ungefähr im unteren sechsstel-

ligen Bereich befinden. Es wird vermutet, dass einige hundert Schnellstladestationen für die 

Anzahl von einer Millionen Elektroautos in Deutschland benötigt werden.   

Der zweite Teil der Arbeit beschäftigt sich mit der Netzintegration von Schnellstlade-Infrastruk-

tur in Europa, den USA und China. Als Grundlage werden Benchmark Modelle der jeweiligen 

Mittelspannungsnetze verwendet. Mit Hilfe eines Lastflussrechnungsprogramms werden ver-

schiedene Szenarien simuliert. Die Simulationen zeigen, dass der Anschluss einer Schnellst-

ladestation in China ohne größere Einschränkungen möglich ist. Das US-Amerikanische 

Benchmark ist schon ohne Schnellstladestationen überlastet, wodurch eine Integration von 

HPC problematisch ist. In Europa ist der Anschluss einer Ladestation mit geringen Anpassun-

gen möglich. Darüber hinaus können stationäre Speicher und Erneuerbare Energien den An-

schluss einer Schnellstladestation an Orten ermöglich, an denen dies andernfalls nicht möglich 

ist.  

 

Abstract 

The present work analyses the potential of high power charging (HPC) for electric cars with 

the power of 350 kW. First, the assessment of different stakeholders is evaluated. Several 

indicators point toward a future in that HPC has a special significance. It enables the usage of 

electric cars for long distance travels and thus helps to establish electric mobility. The stand-

ardisation committee CharIN e.V. promotes the installation of a HPC infrastructure. Several 

automobile manufacturers have concrete plans to unveil models that are suitable for HPC. The 

costs for a HPC station varies highly between local circumstances but can be expected to be 

in the lower six-digit range. An approximate number of several hundred charging stations is 

assumed to be needed for one million electric cars in Germany.  
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The second part of the work addresses the network integration of a HPC infrastructure in Eu-

rope, the United States, and China. Taking benchmark models of medium voltage networks as 

a basis, several scenarios are calculated using a power flow simulation software. The simula-

tion reveals that the connection of a HPC station in China is possible without major restrictions. 

The US American benchmark network is in a critical situation even without HPC. Thus, a net-

work integration of a charging station is difficult. In Europe, a connection is possible with minor 

adjustments. Additionally, stationary storage systems and RES can enable the installation of 

a charging station at location where it would not be possible otherwise. Besides, the stationary 

storage device can be used to provide ancillary services. 
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1 Introduction 

There are many reasons that electric cars will play an important role in the mobility of the future. 

First, the CO2 level in the atmosphere rises and strengthens the man-made climate change. 

Not only the power generation from coal, oil and nuclear power sources has to be replaces by 

more sustainable forms of power generation. Also the transportation sector has to transition to 

a more environmental friendly one in order to reduce the rise in temperature. Moreover, cars 

with an internal combustion engine (ICE) produce toxic gases. Especially in big cities, emis-

sions such as particulate mass and nitrogen oxides have a massive impact on the quality of 

life. In order to meet the goals that were set by the member states of the United Nations Frame-

work Convention on Climate Change, the fuel combustion has to be highly reduced in the 

transportation sector [1]. Electric vehicles (EVs) present an alternative to conventional cars. 

For the climate compatibility, it is crucial that the electricity for driving is provided by renewable 

energy sources (RES). 

Nowadays, the automobile is associated with freedom and independence. The concern exists 

that the electrification could harm unlimited mobility. Present models of electric cars have small 

range, long charging times, and high acquisition costs. Thus, the acceptance of electric mobil-

ity is limited. This thesis dedicates itself to the charging aspect. It examines the potential of 

high power charging (HPC) that enables charging times of around fifteen minutes for a range 

of several hundred kilometres. In this work, the expression HPC is assigned to the charging 

power of 350 kW per charging point. The establishment of a fast charging infrastructure re-

duces charging times and thus improves the attractiveness of electric cars. As electric mobility 

is still a side issue, infrastructure is a topic of growing interest. However, there exists a gap of 

knowledge in the network integration of HPC infrastructure.  

Therefore, this work addresses the following issues. After presenting related work in Chapter 2, 

it is analysed in Chapter 3 if the state of the art in the electric energy supply system as well as 

the charging stations and accumulators are suitable for HPC. An overview over the assess-

ment of different stakeholders concerning HPC is provided in Chapter 4. It is concluded 

whether the charging power of 350 kW has a chance to prevail on the market. Chapter 5 to 

Chapter 7 deal with the integration of HPC stations to the medium voltage (MV) grid. Three 

regions that represent particularly interesting markets are considered: Europe, the United 

States of America, and China. In order to examine the effects that HPC has on the electricity 

grid, power flow calculations are performed. The simulations include several scenarios. It is 

investigated if an optimum location for the charging station exists and if stationary storage 

devices and renewable energy sources have an influence on the network situation. The invest-

ment costs for the development of a HPC infrastructure are addressed as well. 
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2 Related Work 

2.1  Previous Studies 

Numerous studies have dealt with the topic of electric vehicle integration into electric power 

grids. The survey NET-ELAN [2] presents an extensive investigation on the effects EVs have 

on the German electricity system. Presuming charging powers smaller 10 kW; the authors 

conclude that controlled charging helps to enhance the integration of wind power by shifting 

the load to the night hours. Moreover, the distribution grid can be relieved by charging EVs at 

night. Even with an amount of six million EVs in the year 2030, no additional power plant ca-

pacity is needed. 

Furthermore, several studies have demonstrated the impact electric cars have on the low volt-

age (LV) grid [3] and have found out that EVs can improve the network stability by using vehicle 

to grid (V2G) [4]. V2G describes the interaction of the EV with the electricity grid by using the 

battery as a storage that can feed electricity back into the grid. Like in many other studies, the 

Monte Carlo method is used to simulate the statistical distribution of charging processes in [4]. 

Parameters like start time of charging, State of Charge (SoC) when arriving, charging power, 

and battery capacity are included. The potential of successful business models for V2G appli-

cation in the home charging sector is dealt with in [5]. By plugging in electric cars to the elec-

tricity grid, altogether they can provide ancillary services. Ancillary services are needed to en-

able a smooth operation of the transmission system for electricity. The study provides calcula-

tions for potential profits by including today’s remuneration in the US for ancillary services. The 

impact of V2G on the medium voltage grid is examined in [6], also taking home charging ap-

plications with power output smaller 7 kW as a basis.  

Further studies [7] focus on the effects fast charging has on the grid. They provide answers to 

the questions if there are problems using fast chargers with 50 kW and if there are business 

models for V2G application. A more detailed examination on the effects 50 kW charging power 

has on voltage quality is given by the survey in [8]. Moreover, there are studies that demon-

strate ultrafast charging stations with the connecting power of 183 kW and higher [9], [10]. In 

both references, the high power for charging is provided by a buffering energy storage system, 

which is fed by lower power from the LV grid. The studies suggest methods to calculate the 

dimensioning of the storage system.  

In [10], the charging power is defined over the charging time of five minutes which results in a 

mean power of 230 kW per EV. They carry out several simulations with differences in occupa-

tion, battery pack size, and SoC when arriving by using the Monte Carlo method. As a result, 

they receive the mean, median and maximum power per EV and station and the transferred 

amount of energy. The maximum power of the station with several charging points varies from 

1.2 MW to 2.2 MW, depending on the daily traffic density. The station is partially decoupled 



2 Related Work 3 

 

 

from the grid by the energy storage system mentioned above. The study does not focus on the 

impacts on the electricity grid but rather on the dimensioning of the storage system as the peak 

power is provided by the buffer. Moreover, the survey gives information on business models 

for fast charging and names several factors that are essential for the return of investment.   

The study “Optimum design of an EV/PHEV charging station with DC bus and storage sys-

tem“ [11] deals with the connection of fast charging stations to the medium voltage grid. They 

simulate the arrival of ten EVs at intervals of zero to five minutes, respectively. Using the Monte 

Carlo method, the time sequence of the required power is detected. It also shows how often 

and how long the charging power exceeds the maximum power provided by the grid. As a 

conclusion, the maximum power and required amount of stored energy of the buffering system 

can be defined. Assuming charging powers of 240 kW per EV and 1.1 MW maximum power 

output from the grid, the storage system should have a capacity of 65 – 90 kWh and a maxi-

mum power of 650 – 800 kW.  

 

2.2  Thesis Statement 

Previous studies have concentrated on the effects of slow charging on the LV grid. Some work 

has been done on network integration of fast charging stations. In view of the fact that common 

fast chargers use 50 kW, studies on fast charging without storage systems have mainly con-

centrated on 50 kW. Most of the papers that consider even higher charging power use storage 

systems for buffering, so that the station can be connected to the LV grid. In order to smooth 

high power peaks, the storage has to have a large capacity, which increases the costs.  

Consequently, a gap of knowledge exists in the question, if fast charging is possible without 

the usage of an additional storage system. Therefore, this work investigates the effects fast 

charging has on the electricity grid, when the stations are connected directly to the medium 

voltage network without using a storage system. It provides answers to the question, if it is 

feasible to renounce buffering systems since energy storage is expensive.  

In this work, high power charging (HPC) is defined as the charging power of 350 kW per charg-

ing point. Experts predict the launch of HPC stations for the year 2020 [12]. For this reason, it 

is necessary to examine the effects HPC has on the electric power supply system.  

Additionally, several studies conclude that EVs can provide ancillary services by using V2G 

techniques. This thesis deals with the question if V2G is limited to home charging or if it can 

be applied to higher charging power. As a result, it draws conclusions on what role HPC will 

play in the future electric energy supply system and what the occurring costs will be.  
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3 State of the Art 

This chapter gives basic information on the electric energy supply system, the state of the art 

in fast charging infrastructure and the lithium-ion accumulator that is part of the electric vehicle. 

All three aspects are worth considering when talking about developing high power charging 

infrastructure, as their influence is decisive for the realization of HPC. 

  

3.1 Electric Energy Supply System 

In the first section, a brief introduction to the electric energy supply system is given. When 

discussing the topics of grid connection of HPC and V2G applications it is helpful to understand 

the basics of the electricity grid and electricity market as well as the network operation first.  

Before the occurrence of renewable energy sources, the power flow of the electricity used to 

follow a top-down principle. Large thermal power plants fed energy into the transmission sys-

tem and consumers collected it from the lower voltage levels. In Appendix A, the structure of 

the European UCTE network (Union for the Co-ordination of Transmission of Electricity) in-

cluding generation and consumption as well as the power output on the different voltage levels 

is illustrated. Since the power supply from RES increases in many countries, the energy sys-

tem is changing. The European Union decided to provide at least 27% of the consumed power 

from RES in the year 2030 [1]. The US subsidises the expansion of wind and solar power not 

only with state support but also by the federal states. For example, California aims to provide 

half of the power consumption out of RES until the year 2030 [13]. Also in China, state ex-

penditures on RES are high. Already 30% of the consumption was provided by RES in the 

year 2013 [14]. With the growth of power generation from renewables, problems concerning 

the electric energy supply system occur.  

In order to keep the power frequency on a constant level, generation and consumption have 

to be balanced. Reasons for a discrepancy are imprecise load forecasting, the difference be-

tween the set point and the actual power generation of the power plants and the trade with 

standardized products on the energy market. The fact that the generation from RES cannot be 

predicted precisely strengthens the problem significantly. Wind and solar plants cannot adapt 

to the load, so energy storage and controllable loads are needed. [15] 

There are several options to restore the nominal frequency, which differ mainly by their time of 

reaction and provision. The quickest form of regulation is based on the inertia of large gener-

ators. The rotation speed of the oscillating weight in big conventional power plants is deceler-

ated to reduce the strong in- or decrease of the frequency caused by a power disparity. When 

RES replace the majority of conventional power plants, the oscillating weight has to be pro-

vided artificially using power electronics. Within seconds after a power plant outage, a mech-

anism called frequency containment reacts. It limits the deviation from the nominal frequency 
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to a constant value. Only the power that is kept back is remunerated, not the amount of energy 

that is actually demanded. Frequency containment capacities are put up for auction on the 

energy market. Automatic frequency restoration takes over the frequency containment after 

several minutes and leads the frequency back to the nominal value. The tertiary frequency 

restoration follows the automatic frequency restoration in case of a bigger outage.  

Another problem concerning the grid integration of RES is voltage stability. It is required to 

keep the voltage in a certain range to prevent damage on equipment and to avoid a malfunction 

of the power line. In Europe, criteria like voltage range, supply imbalances, and harmonics are 

standardised in the norm EN 50160 [16]. Decentral power sources such as wind turbines or 

PV systems can have negative effects on the voltage, such as the increase of harmonics due 

to power electronics and inadmissible voltage raising at the nodes.  

Moreover, it is a problem that the power generation out of RES cannot be controlled. When a 

critical situation occurs in the grid, the transmission system operator (TSO) can regulate the 

power of conventional power plants to prevent network congestions. With a high penetration 

level of RES, new options to provide this ancillary service have to be found. The operation of 

the high voltage (HV) level is not the only task of the TSO. He is also responsible for the 

management of the electric energy supply system. In order to keep the voltage and frequency 

at the nominal value, the TSO can take measures concerning the electricity grid and market 

and request ancillary services.  

Next, a short introduction to the energy market is given. There are several possibilities to par-

ticipate in the market. There is a market for ancillary services, a future market where long-term 

contracts are made and a spot market where day-ahead and intra-day products are traded. 

The prices result from the interplay of supply and demand [17]. As it can be seen in Figure 3.1, 

there are average payments for peak power (upper line) and baseload (lower line) on the spot 

market. It is also visible that the price is low at night, when less electricity is needed and high 

in the morning and afternoon, when people are using much electricity. 

 

Fig. 3.1: Energy price at the day-ahead market in Germany, 12th of January 2016 [18] 
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Fig. 3.2: Energy price at the day-ahead market in Germany, 9th of February 2016 [18] 

In times when power generation from wind and solar plants exceeds the demand, negative 

energy prices are possible. Negative prices indicate that there is too much power that cannot 

be stored in the electric power system. An example for such a situation can be seen in Fig-

ure 3.2. With a high penetration level of RES, more storage devices for electric energy are 

needed. It is important to notice that the axis of the two graphs are scaled differently. The 

Figures 3.1 and 3.2 visualise that the prices on the energy market are very dynamic. With the 

help of a storage system, the differences in the prices can be used to gain a margin by buying 

an amount of electricity when the price is low and resell it when the price is higher.  

 

3.2 Charging Stations 

Next, the state of the art in DC fast charging technology is presented. Common DC fast charg-

ing stations recharge electric cars with a maximum power of 50 kW. Tesla Motors Super-

charger are an exception. The company increased the maximum charging power from 120 kW 

to 145 kW in the middle of the year 2016 [19]. Additionally, the collaboration of the Fraunho-

fer IAO, the IAT at the University of Stuttgart, and the EVTEC AG developed the first 150 kW 

charging pole for the common market that now entered series production [20].  

There are different types of plugs on the market. In Japan, most cars are compatible to the 

CHAdeMO standard [21], while in the US and Europe the Combined Charging System (CCS) 

prevails [22]. Additionally, Tesla Motors developed its own plug for the Supercharger [23]. The 

standardisation process evolves. For example, in Germany the government passed a law that 

obligates charging station providers to offer at least two connectors for the CCS plug [24].  

Smart charging technology is standardised by ISO 15118 [25]. With a control software, remote 

diagnosis and control can be enabled. As a result, authorised operators such as drivers, fleet 

operators or TSO can control parameters like the SoC, current, voltage, location, and modify 

the charging process, if required. A more detailed description of the smart charging principle 

and V2G is given in Chapter 5.4. 
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Due to the high power level of DC charging, several safety precautions have to be provided. 

Critical components such as cable cross-section, plugs, and protection devices are standard-

ised by IEC 62196 [26]. The standard specifies the maximum voltage at 1500 V and the max-

imum current at 400 A with a minimum power factor of 0.95. Therefore, the maximum power 

results in 600 kVA, which means that the standardisation is ready to cover HPC.  

The first prototype of a HPC station including the plug with an outlet power of 350 kW was 

unveiled at the Hanover Fair in April 2016 by the German company Phoenix Contact. It is 

based on the CCS standard and requires an integrated active cooling system [27]. It is as-

sumed that 350 kW charger will be operated with 1000 V and 350 A [28]. However, present 

EV batteries cannot handle such high power. The nominal battery voltage varies between 

330 V and 400 V [10]. In the next generation of premium cars, such as the Porsche Mission-

e, the voltage will be upgraded to 800 V [29]. Using a current of 400 A, the charging power will 

be 320 kW, which is close to HPC with 350 kW.  

 

3.3 Lithium-Ion Accumulator 

In the following, a closer look on available lithium-ion technology is taken. Since electrochem-

ical power storage systems are a complex topic, only the issues relevant for this thesis are 

addressed. Experts assume that the lithium-ion technology will be state of the art in mobile 

battery storage until the year 2025 at least [2]. Therefore, only this technology is considered in 

the following. A common lithium-ion accumulator in the year 2015 has an energy density of 

150-200 Wh/kg, a lifespan of ten years respectively 1500 cycles and costs approximately 250-

350 €/kWh [2]. The roadmap [2] sums up the worldwide goals in the further development of 

batteries. As a result, batteries should have an energy density of at least 250-300 Wh/kg, a 

minimum lifespan of fifteen years and 3000 cycles and a price of 100-150 €/kWh by the 

year 2025.  

Next, an estimation of the C-rate that is needed for HPC is provided. The C-rate describes the 

charging current of a battery divided by its capacity. Referring to previous studies [30], it is 

permitted to make a rough estimation on the C-rate by dividing the charging power by the 

capacity of the battery. This simplified calculation neglects the thermal losses due to the inter-

nal resistance of the battery. In order to estimate the battery’s capacity, electric vehicles are 

classified into city cars, compact class cars and executive cars. The BMW i3 is offered with a 

capacity of 33 kWh [31] and is mostly used for short distance travel, due to the limited range. 

It is suitable for charging powers of 50 kW, which results in a C-rate of 1.5 C. A compact class 

EV, like the Chevrolet Bolt with a market launch in late 2016 [32], has an approximate pack 

size of 60 kWh. Thus, this compact class car charges with a rate of 5.8 C when using HPC. 
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The Tesla Model S, a representative electric executive car, is sold with a capacity of 

100 kWh [33] which results in a rate of 3.5 C. 

An important requirement to be met by the battery is a long lifespan. By comparing the ageing 

progress of slow with ultrafast charging it can be examined whether HPC has a negative effect 

on the lifespan. The lifetime does not depend on the charging power. In contrast, the cycle 

durability is mainly influenced by C-rate, depth of discharge and extreme temperatures. Com-

pared to present charging currents, the C-rate of HPC is higher.  

High C-rates lead to a destruction of the passive layer, so the solid electrolyte interphase has 

to be rebuilt. In this progress, lithium is consumed. Thus, the internal resistance increases and 

the capacity is reduced. In combination with low temperatures, high C-rates additionally lead 

to the deposition of metallic lithium between the active material and the solid electrolyte inter-

phase. The so-called lithium plating can cause increased heat development during a thermal 

runaway and thus is critical to safety. Additionally, high charging rates increase the non-linear 

ageing process, which is unfavourable for second-life applications. [34] Several studies have 

discussed the influence of high charging rates on the ageing behaviour [30], [35]. They con-

clude that C-rates lower 6 C play a minor role in the ageing process of single lithium-ion cells 

and accumulators with enough space for cooling ventilation. As mentioned before, high tem-

peratures have a bad influence on the ageing of the battery. High currents increase the tem-

perature inside the accumulator by rising joule and polarization heat.  

Overall, it can be said that lithium-ion accumulators have the potential to be operated with C-

rates of HPC. Nevertheless, more research has to be done on the ability to absorb high tem-

perature on the accumulator-level. 

To summarize this chapter, it can be said that the energy supply system is in transition. Espe-

cially due to the increasing power generation from RES, the energy system has to be adjusted. 

Electric mobility in general has a good chance to take part in the transition. Moreover, the 

developments in the area of charging stations indicate that HPC with 350 kW can play a role 

in the charging infrastructure of the future. Nevertheless, more research has to be done on the 

lithium-ion accumulators, so that the batteries of the cars can handle high power charging. 
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4 Potential of HPC in the View of Different Stakeholders  

This chapter outlines the opinions of different stakeholders concerning HPC. Stakeholders are 

users of electric cars, standardization committees, automobile manufacturers, energy utilities, 

and politics. Each of the five regarded groups has a direct influence on the development of 

HPC. The information helps to evaluate the future prospects of HPC. 

 

4.1 Users  

This section analyses if HPC is desired by car drivers. The average daily mileage on working 

days in Germany is 46.5 km and 52.0 km on the weekend [2]. Hence, overnight home charging 

with lower power is sufficient for most trips. Nevertheless, drivers need the EV to be able to 

travel longer distances without long charging times. Therefore, mass-market EVs require 

higher range and faster charging possibilities. 

Additionally to HPC, there are different ways to operate long distance travel without a vehicle 

with an internal combustion engine. Examples are the usage of a range extender, battery 

swapping, fuel cell cars, or using an EV with a small accumulator capacity for short distance 

travels and participating in a car sharing program in case longer range is needed. The question 

which of the mentioned methods will prevail cannot be answered yet. It depends on many 

factors such as acquisition costs of the different vehicle types, availability of HPC and hydrogen 

fuelling infrastructure, development in battery technology, costs per travelled kilometre, and 

the existence of suitable car sharing solutions. It is certain that the costs of a charging station 

increases when the power is rising. Therefore, the price for charging is assumed to be higher 

when using HPC. Nevertheless, there are several indicators that show that HPC could be suc-

cessful in the future even if the costs are higher. 

One of the reasons why EVs have a relatively low sales number is the so called range anxiety, 

which is the result of small battery sizes and long charging times [10]. Previous research has 

shown that the popularity of EVs increases when shorter charging times are provided [36]. It 

is considered that the availability of fast charging stations will have a massive effect on the 

users’ behaviour. It will result in a higher acceptance of electric mobility and is essential for its 

success [37]. The current trend in battery development is to increase the size of the accumu-

lator pack. Hence, it takes more time to fully charge the battery with the same power. There-

fore, the power has to be increased when a bigger battery should be charged in a shorter time.  

Moreover, a study of the Öko-Institut e.V. concluded that many users that are nowadays inter-

ested in a plug-in hybrid car would rather buy an EV if the range per charging time im-

proves [38]. A survey of the German Aerospace Centre (DLR) identified that not only private 

but also commercial users have a strong interest in fast charging technology [39]. Over half of 

the participants that were interested in fast charging indicated that the duration of the charging 
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process should not exceed fifteen minutes. In order to have access to fast charging infrastruc-

ture, users in Germany are willing to pay 0.5 € and more per kWh [40]. 43.4% of the partici-

pants of the survey ‘Future Mobility’ indicate that they are interested in shorter charging times, 

even if they have to pay twice as much as they would have to pay for normal charging [41].  

A massive advantage of vehicles with a big battery over fuel cell and range extender cars is 

the ability to take part in V2G applications. Due to the fact that the entire capacity is only used 

for long distance travels several times per year, the capacity can be used to buffer energy from 

the grid during the remaining time. The high costs for the battery can be compensated by the 

remuneration from V2G. The survey ‘The Mobility House’ draws the conclusion that 86% of 

the potential EV buyers are interested in the participation in V2G models [42]. A more detailed 

examination on V2G applications is given in Chapter 5.4.  

EV users living in densely populated areas without an assigned parking lot who want to charge 

their car give another argument in favour of fast charging technology. In case they do not have 

sufficient charging options at work or at the roadside, the users will need a charging station 

with high power output where they do not have to wait for a long time, similar to a petrol station 

nowadays [10]. An additional use case for HPC is the charging of busses at the bus stop. In 

order to transfer a large amount of electricity, the charging power has to be high. In Brunswick, 

there is an electric bus in operation that is charged inductively with 200 kW [43].  

Regarding the issues mentioned above it can be said that fast charging technology has good 

prospects to become an important part of the future infrastructure. However, it remains unclear 

how short the charging time and how high the power will be. This depends mainly on the costs 

for the high power station, the willingness to pay for short charging times and the battery ca-

pacity, hence the capacity relates directly to the charging time and power.  

 

4.2 Standardisation Committees 

Next, the committees that work on the standardisation of electric vehicle charging are intro-

duced. It is also shown which standard is suitable for HPC. Standardisation is needed to enable 

charging of different vehicle types and to gain a high utilization rate of the charging station. 

Moreover, the charging progress has to be easy for every user without having to carry several 

adapters for different plugs. In the following, three standards are considered.  

First, there is the Combined Charging Standard (CCS). SAE International (former name is 

Society of Automotive Engineers) and the European Association of Automobile Manufacturers 

(ACEA) promote this standard. CCS is an open standard for combined AC and DC charging. 

Only one cable is needed for all charging applications. The CharIN e.V. association works on 

the promotion of CCS to become the main standard worldwide. They also work on further 
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developments in the field of certification systems. CharIN e.V. claims 350 kW to be the charg-

ing power of the future. One of the members is the German company Phoenix Contact, who 

revealed the first 350 kW charging pole at the Hanover Fair in April 2016. [22] 

Second, there is the Japanese CHAdeMO standard. It is designed for fast DC charging with 

50 kW and cannot be used for AC charging. The plug can handle a maximum current of 200 A. 

As a result, CHAdeMO can provide charging power up to 160 kW using a nominal voltage of 

800 V. Consequently, it cannot be used for HPC under the current specifications. [21] 

Referring to what experts think, CCS is becoming more important on the European market 

than CHAdeMO. The assumption is based on the fact that an increasing number of automobile 

manufacturers equip vehicles with CCS sockets [44]. After an extensive investigation of the 

technical and economic aspects of charging systems, a study comes to the conclusion that 

CCS is slightly superior to the CHAdeMO system [45]. An important advantage of CCS is the 

interoperability with existing AC charging systems. 

Additionally, China developed a DC fast charging standard called GB/T 20234.3. It has a max-

imum output of 700 V and 250 A which result in a maximum outlet power of 175 kW. [46] 

Hence, the Chinese Standard is not suitable for HPC as well. 

 

4.3 Automobile Manufacturers 

The manufacturer with the highest charging power today is Tesla Motors with an output power 

of 145 kW [19]. They neither use CCS nor CHAdeMO, but a modified version of the CCS plug. 

Though, there exists an adapter for CHAdeMO charging stations [47]. In April 2016, Tesla 

joined the CharIN e.V. association what implies that Tesla’s cars might be compatible to CCS 

in the future. Tesla Motors is not only manufacturing cars and operating charging infrastructure, 

it also provides energy storage systems. In collaboration with the German energy company 

LichtBlick, they combine a great number of individual home storage systems. As a result, they 

are able to operate on the energy market [48]. Moreover, Tesla Motors announced to take over 

the photovoltaic (PV) manufacturer SolarCity, which is a demonstrative example for the in-

creasing merging of the automobile and energy sector [49]. 

Tesla is not the only automobile manufacturer that is looking for new business fields in addition 

to the sole production of cars. Several companies start to provide new mobility concepts such 

as car sharing. Because an increasing number of manufacturers are entering the energy sec-

tor, V2G might be a new business model. Therefore, the present section does not only outline 

the plans that automobile manufacturers have regarding HPC. It also gives examples for new 

business models that effect the energy sector. In Chapter 5.4 it is discussed how HPC can be 

used for V2G applications. 
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Members of the CHAdeMO association are Mitsubishi, Nissan, Toyota, Peugeot, Citroen, 

Tesla, Mazda, Hyundai, Volvo, Suzuki, Subaru, Daihatsu, and Honda [21]. The CCS promoting 

society CharIN e.V. can call Audi, BMW, Daimler, Ford, Opel, Porsche, and Volkswagen its 

founding members [50]. Faraday Future, Fiat Chrysler, Renault, and Volvo joined at a later 

point. In view of the fact that CharIN e.V. aims to establish charging power of 350 kW and 

regarding its members shows that most of the German manufacturers see HPC as a suitable 

technology for the future. It remains unclear which manufacturers will actually produce vehicles 

compatible to 350 kW.  

Next, a closer look on several automobile manufacturers is taken. One of the first cars that will 

be compatible to HPC is the Porsche Mission e [40]. With a range of more than 500 km, 800 V 

nominal voltage, a charging time of fifteen minutes up to 80% of the capacity and an average 

consumption of 20 kWh per 100 km, 350 kW charging power seems reasonable [29]. 

Volkswagen also plans an electric car for the end of the decade. The VW BUDD-e will be able 

to be charged with at least 150 kW, possibly with 350 kW [51]. In the year 2018, the Audi e-

tron quattro with a charging power of 150 kW will be launched [40]. It is the declared aim of 

Audi to provide 350 kW charging power in order to offer a comfortable and efficient charging 

solution [52].  

Until the end of 2016, all electric models of Nissan with a CHAdeMO socket will be able to 

operate bidirectionally [53]. Moreover, Nissan and the Irish company Eaton developed the 

home storage system xStorage [54]. Nissan also experiments with commercial-scale energy 

storage using second-life batteries [55]. Since 2011, Opel cooperates with the German energy 

supply company WEMAG [56]. Customers receive a special offer for green energy and a re-

view of the house connection for the Opel Ampera free of charge. Daimler also has several 

activities in the field of electric energy. In cooperation with EnBW, Daimler’s subsidiary 

ACCUMOTIVE manufactures home storage applications for PV systems [57]. In collaboration 

with The Mobility House, Daimler constructed a 13 MWh storage system in Lünen and a 

15 MWh system in Hanover. For both projects, second-life accumulator were used [55]. Daim-

ler also owns the car sharing provider Car2Go [58]. Not only Daimler, but also BMW operates 

a car sharing company. With DriveNow and ParkNow, BMW enters new business fields [59]. 

In the year 2015, BMW, Bosch and Vattenfall combined a great number of degraded batteries 

of the BMW i3 to a 2 MWh storage system in Hamburg  [60]. The cooperation members want 

to elaborate the potential of second life batteries for the storage of energy from PV plants and 

for smoothing power peaks in HPC applications. The goal is the integration of the storage 

system into the energy system in order to participate in the energy market and to provide an-

cillary services.  
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The examples described above indicate that the cooperation between automobile manufactur-

ers and energy supply companies increases. It shows that the manufacturers have a strong 

interest in playing a leading role in the distribution of energy for driving. In case there are 

profitable business models for HPC, it is conceivable that automotive manufacturers want to 

participate in this business field. Moreover, it can be said that automobile manufacturers will 

not only produce cars. They will rather be mobility providers. In addition to the sole manufac-

turing of vehicles, they will produce and sell energy for driving, build energy storage systems, 

operate fleets, and provide car sharing products [59].  

 

4.4 Energy Utilities 

Not only automobile manufacturers are interested in new business models, but also energy 

supply companies. Due to legal requirements, power utilities are in transition. In order to limit 

greenhouse gas emissions, generation from coal-fired power stations will be reduced [1]. 

Moreover, Germany will shut down all its nuclear power stations until the year 2022 [61]. While 

power generation from conventional power plants decrease, generation from renewable en-

ergy sources increase. A large amount of alternative power plants such as PV systems and 

smaller wind farms are not operated by energy companies but by private persons and cooper-

atives. Owners of a PV system produce their own electricity and become less depending on 

the purchase of energy. 

Therefore, energy supply companies need to look for new business fields. In the future they 

will not only produce electricity, but also become a provider of smart energy [41]. With the help 

of information and communication technology, the generation, storage, and consumption of 

electricity can be coordinated and build the basis for a smart home. Different consumers such 

as heat pump, electrical household appliances and electric vehicle can be controlled in order 

to adjust power production and consumption. The aim of the smart home concept is to maxim-

ize the private use of the electricity generated by the PV system. Electric mobility does not only 

play an role in smart homes but also in the complete smart energy strategy of energy supply 

companies. With an increasing electrification rate new business models in the energy sector 

appear. Examples are the generation and sale of electricity for driving, distribution and opera-

tion of charging infrastructure, coordination of smart charging with vehicle to grid and vehicle 

to home applications, and the use of second life batteries as a buffer in homes and network 

nodes [59]. In addition, a large number of EVs can be combined to a big virtual energy storage. 

As a result, the virtual power plant can be used to reduce peak demand and to provide ancillary 

services.  

HPC might as well be an interesting business field. Energy supply companies are designed to 

sell a maximum amount of energy. In a single charging process, a large amount of energy is 
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transferred in a short time. In addition, users are willing to pay more for fast charging than for 

slow charging. The German power utility RWE claims that EV charging in general is an inter-

esting market environment [62]. They already provide several services and products concern-

ing electric mobility. It remains unclear, how much power is actually needed to satisfy the 

charging behaviour of the users.  

Several factors influence the decision of an energy supply company like RWE to invest in HPC 

infrastructure. On the one hand, it is crucial how much the user is willing to pay for charging 

with 350 kW. On the other hand, the decision depends on the available vehicles on the market. 

The occupancy rate increases with a large number of vehicles in stock that are capable of high 

power charging. Apart from that, a subsidy from the state or a cooperation with an automobile 

manufacture would have a positive effect on the decision. 

 

4.5 Politics 

In this section, the efforts of the governments in Germany, the US, and China to establish high 

power charging are analysed. On the one hand, the national goals regarding the sales figures 

of EVs are identified. The number of EVs in stock indicates the requirement of fast charging 

stations since early adopters rather charge their EV at home [39]. Therefore, HPC station will 

only be needed in case of an electric mass rollout. On the other hand, it is discussed which 

standards are preferred by the different nations. As examined in Chapter 4.2, the standard 

specifies the maximum charging power. 

It is the declared goal of the German government to become the lead market and lead supplier 

of electric mobility [63]. Germany wants to have one million EVs in stock by 2020 and six million 

by 2030. One of the actions to be taken in order to reach these goals is the improvement of 

fast charging infrastructure. Therefore, the development of a network of fast charging stations 

along motorways and in metropoles is subsidised [64]. One thousand charging points with an 

outlet power of 50 kW each will be installed along motorways until the year 2017. A guideline 

for charging poles regulates by law that every pole has to have at least two CCS sockets [24]. 

Moreover, only charging poles compatible to CCS are supported by the state. This shows that 

the German government has made a clear decision against the CHAdeMO standard and in 

favour of CCS. Referring to the German National Platform for Electric Mobility (NPE), charging 

stations with power of 350 kW should be built along main traffic routes from 2020 onwards. 

Not only Germany supports the development of a fast charging infrastructure, but also the 

European Union. The largest European project is called FAST-E [65]. 278 fast chargers will be 

installed until June 2017 and the project is subsidised with nearly nine million euros. Many of 

the locations are equipped with transformers suitable for a charging power of 350 kW because 

the operators expect that the charging power will rise in the next few years.  
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In the US, three-quarter of the miles driven by light-duty vehicles should be operated by electric 

cars in the year 2040 [66]. In order to reach this goal not only vehicles are subsidised, but also 

fast charging infrastructure. In contrast to Germany, there are no legal commitments for the 

design of the plugs. The number of charging stations in the US using CHAdeMO plugs prevails 

with 1070 stations over 656 stations with the CCS standard [67]. For comparison, Tesla had 

268 Supercharger in the US at the regarded date. It has to be said that the market currently 

tends to change towards CCS. Experts assume that the decision towards one standard will not 

be made by the politics, but rather depends on what type of socket the automobile manufac-

turers integrate in their cars [44]. 

The Chinese government decided to have five million electric vehicles on the road by 2020.  

Two thousand fast charging stations designed with the Chinese GB/T standard were built until 

the end of the year 2015 [68].  

Broadly speaking, there are ambitious goals for the number of EVs in stock in all of the re-

garded nations. Not only is the purchase of electric cars subsidised, but also the development 

of fast charging infrastructure supported. None of the governments has concrete plans to es-

tablish charging stations with 350 kW. Merely the German NPE recommends the development 

of HPC stations from the year 2020 on. Under the current specifications, HPC is only permitted 

by using the CCS standard. The Chinese GB/T and the Japanese CHAdeMO standard have 

to be adjusted when the power level rises. Under today’s circumstances, HPC has better 

chances on the German market and potentially in the US. In case that 350 kW charging power 

will be needed in Asia as well, the Asian standards have to be customised. 

 

4.6 Findings 

Concluding, it can be said that electric vehicle infrastructure is a relatively new topic that de-

velops quickly. No one can predict the further development for sure, so it remains exciting to 

observe whether HPC can prevail. Several indicators show that HPC might play an important 

role in the future. Users want to have short charging times, the CharIN e.V. pushes the launch 

of 350 kW, and some automobile manufacturers have concrete plans to enable HPC. There-

fore, it is worth taking a closer look at the network integration of HPC. 
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5 Network Integration of HPC  

This chapter outlines the procedure and barriers of the network integration of HPC stations. 

First, general information on the grid connection of a charging station is given. Problems of 

350 kW charging concerning the grid and the energy supply system are discussed. Afterwards, 

a look is taken at the combination of HPC stations with stationary storage. Storage units cannot 

only help to reduce the impacts of HPC on the grid. If the system is designed to feed energy 

back into the grid, they also have positive effects on the electricity system. At the end of this 

chapter, the economics of a charging station are discussed. In order to reduce the negative 

effects on the climate and environment, electric cars should be operating with electricity from 

renewable energy sources [38]. Moreover, RES and electric vehicles share some grid syner-

gies [69]. Therefore, this chapter mentions some aspects of the correlation of electric vehicle 

charging and renewable energies.  

 

5.1 Grid Connection 

In the following, information about the general procedure of connecting a high power charging 

station without a storage system to the grid is given. The section considers the following as-

pects: voltage level, specifications of the transformer, and medium voltage substation. Moreo-

ver, the design of a HPC station is illustrated.  

Loads are normally connected to the lowest voltage level that is suitable because installation 

costs increase when the voltage level rises. The structure of the energy supply system is ex-

plained in Appendix A. The power of a HPC station exceeds the capability of the low voltage 

grid so it has to be connected to the medium voltage grid. Another argument for connecting 

the HPC station to the MV grid is its ability to provide a high short-circuit power. It is needed to 

reduce the effects of harmonic currents. [70] 

There are two kinds of transformers that have to be regarded when investigating the connec-

tion of a HPC station. The first transformer converts the HV to the MV level. It is recommended 

to connect the charging station at a bus near this transformer [70]. This measure will decrease 

system perturbations. The second transformer connects the charging station to the MV net-

work. It converts the MV to the LV level at which the charging station is operated. There are 

several transformers with different rated power for various applications on the market. A suit-

able example for a HPC station could be the Siemens GEAFOL Basic [71]. It is available with 

a rated power up to 3.15 MVA, which could serve eight HPC points simultaneously with an 

outlet power of 350 kW each and a power factor of 0.95. Usually, the transformer is situated in 

the housing of the MV substation. The switching devices, the low voltage distribution, bus bars, 

a balancer, measurement equipment, safety technology, a cooling system, and a monitoring 

system are placed in the substation as well [72], [62]. 
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Fig. 5.1: Structure of a high power charging station 

When connecting a HPC station to the grid, an associated MV substation has to be built [62]. 

In Figure 5.1, the structure of a HPC station with exemplary three charging points is illustrated. 

On the left hand side, the medium voltage grid is shown. The MV cable leads into the medium 

voltage substation. There, the voltage is transformed and the power flow is split for the different 

charging poles. Switching and protection devices are placed in the substation, the poles, and 

inside the cars.  

There are two ways to perform the power distribution [62]. One method is to convert the three-

phase current to DC inside the substation and realize the DC distribution over a bus bar. In 

this method, the input range of the DC charging unit shown in Figure 5.2 is situated in the 

substation. The DC inverter that is also shown in the Figure 5.2 is installed in every charging 

pole. The second method is the power distribution with AC and the conversion to DC in each 

charging pole. In this method not only the DC inverter but also the input range is installed in 

every charging pole. The filters, the DC capacitor, and the choke are needed to smooth the 

current and voltage and to improve the power quality. The rectifier of the input range converts 

the three-phase current to DC. The active inverter converts DC to AC. The intermediate step 

over DC is needed to change the frequency from 50 Hz to 20 kHz. A transformer performs the 

high frequency isolation. The high frequency rectifier converts AC to DC that is transferred into 

the battery. The DC charger is needed to adjust the charging voltage to the charging process. 

The power electronic principle of the DC inverter is the push-pull converter. [70] 

 

Fig. 5.2: Topology of a DC charging unit [70] 
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5.2 Charging without a Stationary Storage 

The motivation for HPC is the reduction of charging durations. In case there is no storage 

system associated to the charging station, the entire power requested by the electric vehicle 

has to be provided by the electric grid. Drivers want to start charging immediately when they 

arrive, so the system operator should not delay the charging process or limit the charging 

power, even if it is not the optimal moment for charging the car in the view of the grid. In this 

paper, this charging scenario is called uncontrolled charging. It leads to various problems that 

can be divided into local consequences and effects on a system level. While local effects do 

not transcend the borders of the medium voltage feeder, the effects on the system can affect 

the entire electrical transmission system for example the UCTE network. Effects on the system 

only occur when a large number of HPC stations are installed all over the network. Both cases 

are presented in the following.  

A high load, such as a group of fast charging EVs at the same charging station, has a local 

impact on power quality [70]. The higher the power, the more critical the system perturbations 

induced by the charging station. Even a 50 kW DC charging pole has noticeable effects on the 

electromagnetic compatibility (EMC). In general, it can be said that EMC can be handled very 

well by using matching filters. In addition to the power quality there are other restrictions that 

have to be considered [7]. On the one hand, the utilization of the transformer and the lines 

have to stay in the permitted limits, respectively. On the other hand, the voltage drops are not 

allowed to exceed the given voltage range. In the simulations presented later in Chapter 6 and 

Chapter 7 it is assumed that a high power quality is provided by electronic components. There-

fore, the simulation focuses on the restrictions given by the MV transformer and line utilization 

as well as the voltage drops.  

High line utilization cannot only lead to problems on the local level, but also on a system scale. 

As an example, a situation with high power supply from windfarms in the north of Germany is 

regarded. In the south of Germany, the load is already high, so the transmission lines from 

north to south Germany can be overloaded even without electric cars. In case a large number 

of electric cars is connected to HPC stations in the south, the utilization of the transmission 

lines increases even more. Moreover, there can be situations when the power consumption 

exceeds the generation. As a result, the frequency drops and regulation power has to be acti-

vated. In the simulation, it is assumed that the superimposed high voltage network can provide 

enough power at any time. In reality, this situation is given by the division of the network in 

balancing groups. In case of an imbalance in one group, regulation energy is activated [15]. 

The aspects mentioned above deal with power quality and the moment of power consumption. 

Next, a short look at the amount of electricity that is needed by electric vehicles is taken. As 

described in Chapter 3.1, the transmission system operator can take measures in order to 
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balance consumption and generation. As one of the final options, he can reduce the power 

generation from environmental friendly producers like windfarms and PV. The amount of elec-

tric energy that was not generated because of these actions accounted 1581 GWh in the year 

2014 in Germany [73]. With an average consumption of 20 kWh per 100 km, EVs could have 

been driven nearly eight billion kilometres. With an average annual mileage of 14.000 km in 

the year 2014 [74], more than half a million EVs could have been served with electricity. It is 

clear to see, that in regions with an important proportion of renewable energies, the problem 

is not power generation but energy distribution and storage. 

 

5.3 Stationary Storage System 

The previous chapter dealt with the negative effects HPC has on the electric power supply 

system. The usage of a buffering storage system can reduce these impacts. This section gives 

a short introduction in storage systems for HPC. First, two different topologies are presented. 

Afterwards, advantages of using a storage system are pointed out.  

In the Figures 5.3 and 5.4, two different topologies of a HPC station in combination with a 

storage system can be seen. In topology A, shown on the left hand side, the charging station 

is fed directly from the storage. As the entire charging power comes from the storage, it has to 

have sufficient outlet power and capacity. The storage system shaves the peak power, so the 

storage can be connected to the LV grid [38]. No transformer from medium to low voltage is 

needed in this setup. This concept only works if there is enough time for the storage to be 

recharged by the grid. Therefore, the utilization of the HPC stations should not exceed a certain 

rate, depending on the configurations of the low voltage grid connection and the storage pa-

rameters. When using topology B, the system operator has several options to customize the 

power flow. In case the grid has enough capacity to serve all charging EVs, the power flows 

directly from the grid over the transformer to the HPC station. Consequently, the charging sta-

tion has to be connected to medium voltage, because all the power has to be provided by the 

grid. If the grid is in a critical condition, the power coming from the grid can be reduced. 

 

 

                  

 

Fig. 5.3: Storage topology A                                                  Fig. 5.4: Storage topology B 
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The missing charging power is then covered by the storage system. If it is desired, the storage 

system can be designed to replace the grid for short periods. The storage is recharged in times 

the grid has enough power to share. The optimum design of the HPC and storage system 

highly depends on local circumstances. The decisions on the technical configuration have to 

be adapted to the needs of the chosen location. The simulation presented later in this work 

also includes a scenario that combines HPC with a storage system. The scenario can be real-

ised with both topologies. [9] 

Storage systems represent an additional invest. Nevertheless, it can be reasonable to install 

a system when building a HPC station. Some of the reasons are given in the next section. As 

mentioned above, using a buffering storage decreases expensive peak power. Controlling the 

charging process can postpone charging the storage to times when the price per kWh is low. 

Thus, it reduces the costs of the electricity received from the grid [38]. Moreover, the charging 

process can be shifted to times when the electricity production from RES is high, so no addi-

tional conventional power plant capacity has to be built. When regarding the whole energy 

supply system, additional storage can help to prevent the active reduction of electricity produc-

tion from renewable sources. A useful application could be the direct combination of RES with 

HPC and an additional storage. The electricity from a wind turbine or PV plant can be used to 

refill the storage and serve the HPC. As a result, the operation of the charging station can be 

mainly independent from the electricity grid. The Dutch charging provider Fastned outfits all its 

charging stations with a solar panel roof, as shown in Figure 5.5. They also consider adding a 

buffer storage to manage peak demand when the charging power increases in the future [75].  

Storage applications that are even more helpful to the grid, can be realised if the system is not 

only shaving peaks but also is feeding electricity back to the grid. Information about the vehicle 

to grid concept is given in the next section.  

 

 

Fig. 5.5: Example for the combination of EV charging and RES from Fastned [75] 
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5.4 Concept of V2G 

As noticed several times, RES and HPC challenge the electrical energy supply system. Vehicle 

to grid provides a method to ease the integration of both and therefore guarantee a high supply 

reliability with electricity. Due to the fact that the network integration of EVs is a relatively new 

topic, ways to participate in the energy market have to be found [55]. As it was already pointed 

out in Chapter 4, it can be said that electric vehicles have the potential to play an important 

role in the power system in the future. In order to investigate these possibilities, this section is 

divided in three parts. First, a short introduction in V2G is given and it is discussed to what 

extent HPC can be used for V2G applications. Second, different ways of participation in the 

energy market are addressed. Third, a short look at second life applications is taken. 

In order to transform the electricity grid into a smart grid, various participants have to com-

municate with each other and adjust their production or consumption [76]. One of these par-

ticipants can be a large number of electric cars. The term vehicle to grid describes the ability 

of an electric vehicle not only to delay the charging process, but also to feed electricity back to 

the grid. Due to the fact that users of fast charging infrastructure do not want their charging 

process to be shifted or delayed, V2G applications at a HPC station is only practicable with an 

additional stationary storage. The battery packs of the cars are not used for V2G, but only the 

stationary storage. Thus, the setup does not represent a typical V2G application in the proper 

sense. After gaining experience with the user behaviour of HPC, standard load profiles of fast 

charging can be determined. Thus, the station operator can estimate if the stored amount of 

energy can be used for ancillary services or if it is needed in the next time for EV charging. In 

order to gain a more precise estimation, electric cars could communicate with the charging 

infrastructure and announce their arrival in advance or the driver could sign in via a smartphone 

app.  

A stationary battery can provide a variety of ancillary services [55]. Due to space limitations, 

not all aspects can be addressed. This section focuses on two aspects. First, a storage unit 

can function as a frequency regulator. If electricity consumption exceeds production, the fre-

quency drops. The storage system can react very quickly and feed power back into the grid. 

Consequently, it counteracts against the frequency decrease. Since RES play an important 

role in the energy supply system, opposite situations when the production exceeds the con-

sumption have started to appear more often. In such situations, a HPC station can provide 

negative balancing power by recharging the battery and simultaneously charging all available 

EVs. Thus, the charging station earns money by providing frequency regulation and also gains 

the amount of electricity. In case that one single storage unit has not enough power or capacity 

to take part in the ancillary service market, it is conceivable that several storages will be con-

nected to a virtual power plant. The second aspect that is dealt with is the delay or complete 
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avoidance of transmission and distribution system development measures. For the network 

expansion, it is decisive how much peak power flows over a transformer or line. An adequate 

rating of the storage unit cannot only reduce the peak power of the HPC station, but also of 

the entire medium voltage feeder it is connected at. 

It has to be kept in mind that a bidirectional operation of the storage is only useful if the eco-

nomic participation of storage systems is enabled in the energy market [5]. Another decisive 

condition is the further development of the electricity prices and if the price fluctuation is passed 

to the storage system operators [38]. Several references [5; 34; 41; 45; 77] give examples and 

calculations for the return of investment of a storage system by providing ancillary services. 

In general, it can be said that the economic efficiency of the charging station can increase 

when using the storage system for network services [4]. An additional opportunity to lower the 

costs is the usage of electric vehicle batteries that have reached the end of life criteria of the 

automotive application. The available capacity of these batteries that can still be used for sta-

tionary storages is estimated to be 25 GWh in Germany until the year 2025 [55]. This capacity 

is equivalent to more than sixty percent of the capacity of pumped-storage power plants in 

Germany which was 40 GWh in 2009 [78]. It is assumed that the acquisition costs for the bat-

teries can be reduced by fifty percent [34]. What stays open to question is whether it is profit-

able to make the required adjustments to the automotive battery, such as modifications of the 

battery management system, so that it is suitable for a second life application. It also could be 

more preferable to recycle the batteries as soon as they reach the end of first life criteria.  

 

5.5 Economic View 

In the following, the dimension of the costs that occur when building a HPC station are demon-

strated. It is not meant to calculate the exact costs, but rather to give a rough impression on 

the financial magnitude. Therefore, several estimations concerning the cost of a HPC station 

are compared. Moreover, the costs for three different network improvement measures are 

listed which enable the network integration of a HPC station in a weak grid. 

Table 5.1 lists some examples for approximate acquisition costs of several components for a 

HPC station. There are numerous models of each component on the market, each adjusted to 

different applications. When realizing a charging station, the components have to be custom-

ized for the particular situation. Prices vary depending on various conditions. Further costs 

arise for components such as filters, but these costs are not decisive for the economic effi-

ciency of the charging station [62]. Moreover, charges for the network connection and grid 

usage fee have to be paid [79]. Indirect costs such as the degradation of automotive batteries 

due to the high C-rate as well as the fastened aging of the transformer have to be kept in 

mind [80].  
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Tab. 5.1: Approximate acquisition costs of the biggest cost drivers for a HPC station 

Component Approximate acquisition costs 

Siemens GEAFOL Transformer Basic 

3.15 MVA for approx. 8 charging points 

55’000 € [71] 

ABB DC charging pole 50 kW  22‘000 € [81] 

Storage system small (330 kWh, 1380 kW)  300’000 € 

Storage system large (2280 kWh, 1640 kW) 870’000 € 

PV system (10 m x 15 m) 24’000 € [82] 

  

The Siemens GEAFOL transformer as well as the characteristics of the medium voltage sub-

station were introduced earlier in Chapter 5.1. The first prototype of a 350 kW charging pole 

was presented in April 2016. As it is a prototype and not a serial product, statements on the 

price cannot be made [27]. In order to give an example of the costs of a charging pole, the 

price of an existing 50 kW charging pole by ABB is listed in the table. The actual costs of a 

350 kW pole will presumable be higher.  

In the Chapters 5.3 and 5.4, several advantages of a stationary storage system were identified. 

It can be seen in Table 5.1 that the costs for a storage systems increase when raising the 

capacity. The values were calculated using the following assumptions [34]. The costs for a new 

battery amount 366 €/kWh, while the price is reduced to 183 €/kWh when using second life 

batteries. Further costs appear from the periphery (90 €/kWh) and power electronics (150 

€/kW). The ongoing operation costs are not taken into account because solely the acquisition 

costs are considered. Assuming the usage of second life batteries the costs are calculated as 

follows. 

 

𝐶𝑜𝑠𝑡𝑠𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐿𝑎𝑟𝑔𝑒 =
183€ + 90€

𝑘𝑊ℎ
∗ 2280𝑘𝑊ℎ +

150€

𝑘𝑊
∗ 1640𝑘𝑊 = 868′440€ 

(2) 

 

The decision on the particular values for the capacity and power refer to the storage systems 

considered in the simulation. The small storage functions as a peak shaver, the larger unit is 

able to feed electricity back into the grid and to provide ancillary services. Further explanations 

follow in Chapter 6.2.2. In [55] it is mentioned that the battery price was 300 €/kWh in 2016 

and 100 €/kWh in the year 2020, also halving the price when using second life batteries. The 

costs for the storage would therefore be a little lower due to the lower battery costs. A more 

significant fact that can be learnt is that battery prices continue decreasing over the next few 

𝐶𝑜𝑠𝑡𝑠𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑆𝑚𝑎𝑙𝑙 =
183€ + 90€

𝑘𝑊ℎ
∗ 330𝑘𝑊ℎ +

150€

𝑘𝑊
∗ 1380𝑘𝑊 = 297′090€ 

 

(1) 
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years. Therefore, the costs for an entire storage system will presumably be lower when HPC 

actually starts to emerge. 

As mentioned before, the combination of a HPC with photovoltaics is reasonable. This para-

graph roughly calculates the amount of electricity that can be earned from a solar panel roof. 

The surface of the carport is estimated to be ten times fifteen meters, so two rows of five cars 

are covered. With an optimal oriented roof, the annual electricity production is estimated to be 

approximately 17’000 kWh [82]. Assuming a transferred amount of 20 kWh per charging pro-

cess, more than two charging processes could be served by the solar panels each day. Be-

cause the PV plant has a maximum peak power of 19 kW, a buffer storage is needed to reach 

the required high charging power of 350 kW.  

In the following, three exemplary estimations for the costs of fast charging are presented. The 

first example considers the construction costs of a DC charging station with an outlet power of 

200 – 400 kW in China with four to eight charging points per station [83]. They determine an 

amount of three to five million Yuán per station, which corresponds to approximately 400’000 € 

to 670’000 €. The second example considers the total investment costs for a 250 kW charging 

station with a single charging point, serving 288 EVs per day with a duration of five minutes 

per charging process [77]. Thus, the charging point is in use 24 hours per day. They calculate 

an amount of 125’000 €, taking into account the material costs, grid reinforcement costs, trans-

former costs, maintenance, and repair. Moreover, the reference predicts that there will be a 

need of 4’000 charging points in Germany in case there are one million EVs in stock, all com-

patible to fast charging. The total cost for the entire fast charging infrastructure would then be 

half a billion euros. The third estimation is given by the German energy company RWE [62]. 

They determine an approximate value of 150’000 € per HPC station with around four 350 kW 

charging points. The calculations include the grid connection, the medium voltage substation, 

the transformer, cables, bus bars, the low voltage distribution, the charging poles, earthworks, 

installation costs as well as all additional components such as filters, measurement equipment, 

switches, and safety precautions. It is important to mention that the costs can highly differ 

under local network and construction conditions and cannot be generalized.  

The NPE determined the need of 7’000 fast charging points with 100 kW each for one million 

electric cars [84]. One petrol station today serves approximately 2’800 cars [84]. Thus, around 

360 stations are needed per one million cars. Is has to be noticed that this number considers 

the stations not the charging points. With twenty points per station, the suggested 7’000 charg-

ing points could be realised.  Still, this ratio cannot be transferred directly one to one at electric 

cars because the charging time and range per charging process are different. It merely gives 

a rough estimation of the needed number of charging stations in case the charging duration 

shortens and the range increases.  
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The chairman of the Charging Interface Initiative Claas Bracklo assumes that there will only 

be needed several hundred 350 kW charging stations in Germany and approximately one 

thousand locations in Europe [28]. In addition to the HPC stations, a large network of cheaper 

150 kW charging poles that include longer charging times has to be spread. 

Summarizing the studies, it can be said that only rough estimation can be made concerning 

the costs of a HPC station. It has to be noticed that the three examples make different estima-

tions and partially do not include all arising costs. Moreover, the costs for a charging station 

highly depend on the charging power and the locations where the station is built. 

In Chapter 7, it will be seen that in some cases the supply security cannot be provided when 

connecting a HPC station. The following table lists the costs of three packages of measures 

that enable the operation of a HPC station in the reference scenario that will be further dis-

cussed in Chapter 7.6. It can be said that in this case the large storage system is the cheapest 

option. The prices include the costs for acquisition and installation, but not for the operation. 

The costs for the cables are calculated assuming a price of 105’000 € per km [85]. 

 

Tab. 5.2: Costs for three packages of measures that enable HPC 

Package of measures I 943‘000 € 

Additional cooling of the transformer 50‘000 € [71] 

Duplication of the capacity of three lines 893‘000 € 

 

Package of measures II 1‘106‘000 € 

Storage system small (peak shaving) 300‘000 € 

Additional cooling of the transformer 50‘000 € [71] 

Duplication of the capacity of two lines 756‘000 € 

 

Package of measures III 870‘000 € 

Storage system large (bidirectional) 870‘000 € 

 

5.6 Findings 

What can be learnt from this chapter is that a connection of a HPC station to the medium 

voltage grid is usually possible. In cases when the grid has not enough free capacity, the HPC 

station can still be realized by taking grid reinforcement measures or installing a stationary 

storage system. Those options might increase the costs of the charging station enormously. 

When not controlling the charging process several problems occur. A storage system helps to 

reduce the impacts of HPC. A bidirectional operation of the storage can be used to provide 

ancillary services. A further important aspect is that the costs of a HPC station depend on the 

local circumstances and can vary highly between different locations.  
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6 Implementation of the Simulation 

This thesis addresses the impact of HPC with 350 kW on the electricity grid. In order to inves-

tigate the impact, power flow simulations were carried out. Benchmark models were used as 

a basis and different scenarios were applied. This chapter gives an introduction to the bench-

mark models and their reference to reality. Different scenarios of the connection of a HPC 

station are discussed in Chapter 6.2. In order to evaluate the power flow results, some prem-

ises are set. These are explained in Chapter 6.3. The simulations were performed using the 

POSIM software. POSIM is a power flow simulation tool, developed at the Institute of Com-

bustion and Power Plant Technology (IFK) at the University of Stuttgart. A validation of the 

power flow calculations can be found in Appendix B. 

 

6.1 Benchmark Models 

The simulated medium voltage networks are based on the benchmark models of CIGRÉ [86] 

for the EU and US, and CICED [87] for China. The models represent common MV grids without 

the presence of HPC stations. Detailed technical information such as line, transformer, and 

load parameters of each region can be found in the benchmark system in references [86] and 

[87]. Further assumptions concerning the grid are extended in Appendix C.  

 As it can be seen in the Figures 6.1 and 6.2, the topologies for the European and North Amer-

ican grids are related. Both grids are derived from a physical network in southern Ger-

many [86]. The physical network serves a small town and the surrounding rural area. However, 

the medium voltage grid of the EU and the US cannot be seen as identic in reality. Therefore, 

an adjustment of the technical characteristics has been carried out in the benchmark. In Eu-

rope, medium voltage grids are normally served by high-performance transformers, as the 

electrification started in cities with a high load density. In comparison, the early electrification 

in the US was driven by the need of electric power at farms that were widespread. Therefore, 

the MV transformers were designed with lower power, as they had to serve less load. Today, 

the number of consumers in each feeder in North America is still lower than in Europe. In the 

US, it is common for costumers in rural areas to have their own MV transformer. Another effect 

of the historical circumstances is that the European network has more back-up capacity and a 

higher rate of meshing. Another difference is the installation of the cables. The benchmark 

describes the lines that connect the busses 1 to 11 as underground cables for Europe. The 

lines from bus 12 to 14 are installed overhead. In the US, all connectors are overhead cables. 
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The Chinese Benchmark is derived from several medium voltage networks in China [87]. The 

feeder from bus 1 to 3 serves a rural area. The shorter lines serve an urban area. As it can be 

seen in all three visualisations of the benchmark models, each network can be separated into 

four feeders. It has to be mentioned that bus 1 and 12 in the European and US American 

benchmark as well as bus IIup and IIdown in the Chinese benchmark serve two feeders, re-

spectively. In each case, only one feeder is shown in detail. As the blue boxes show, the hidden 

feeders are connected to the mentioned busses. 

 

 

Fig. 6.1: Schematic plot of the European medium voltage benchmark grid 

 

Fig. 6.2: Schematic plot of the US American medium voltage benchmark grid 
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Fig. 6.3: Schematic plot of the Chinese medium voltage benchmark grid 

In the simulation, the additional feeders are always present even if they are not marked in the 

following graphics. The simplification to neglect the two hidden feeders is reasonable because 

the HPC station in the simulation are connected to one of the detailed feeders. Thus, the hid-

den feeders do not change their behaviour because the load stays constant. They are therefore 

not affected by the charging station.  

The next section gives information about the commercial and industrial loads of the three 

benchmark models. First, it has to be mentioned that the loads given in the benchmarks are 

coincident peak loads. They represent the maximum load that occurs in the grid. Most of the 

time, the loads are lower than the maximum. It is still reasonable to use the peak load in the 

simulation because the medium voltage grids are designed to handle the maximum load. At 

this point, it should already be mentioned that there are ways to enable HPC even if the simu-

lations indicate that the grid is overloaded. One possibility could be the reduction of the charg-

ing power at the rare times that the maximum peak load occurs and merely provide 350 kW 

when the residential and industrial loads fall below the peak load.  

 

Tab. 6.1: Comparison of the benchmark loads of EU, US, China  

 EU US China 

Industrial load 12 MVA 16 MVA 10 MVA 

Residential load 34 MVA 21 MVA 23 MVA 

Approx. number of households in total 41’000 13’000 108’000 

Approx. number of households Feeder 1 4200 1890 8960 

Approx. number of households Feeder 2 360 320 9330 
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To gain a deeper comprehension for the scale of the simulated networks, Table 6.1 compares 

the industrial and residential loads as well as the number of households of benchmark models. 

As mentioned before, the number of households served by one feeder in the US is smaller 

than in the EU. In China, the number of households is very high, even the residential load is 

between those of the US and EU. This is the effect of a very low electricity consumption per 

household in China. The calculation of the values in the table is given in Appendix D. Most of 

the simulations performed in this work consider eight 350 kW charging points per station. With 

a power factor of 0.95, this results in a total power demand of 2.95 MVA per charging station. 

Thus, the increase of the power demand due to the charging station compared to the demand 

of all four feeders amount 6% in the EU, 8% in the US, and 9% in the Chinese benchmark. 

However, the power demand at some busses can multiply due to the HPC station as the load 

at some busses only amounts several hundred kVA. Also the line length illustrates the scale 

of the benchmark model. They are shown in the Figures 6.1, 6.2 and 6.3. As the structure of 

the busses is not true scaled, the exact spread cannot be derived. However, it can be guessed 

that the dimension has to be somewhere around several dozen square kilometre. 

Lastly, it is very important to mention that the benchmark models are merely examples for 

possible ways to design a real medium voltage network. A grid with the characteristics given 

in the benchmark may occur in the respective regions. Nevertheless, it does not describe the 

properties of medium voltage networks in general. Because medium voltage grids distinguish 

themselves highly even within the considered regions, it is not possible to make general state-

ments about these networks. Still, using benchmark models is an appropriate method to find 

rough estimations on the reactions of the grid. In case of planning a real HPC station, the 

characteristics of the local network have to be taken into account. 

 

6.2 Scenarios 

All simulations performed in this work are static calculations. They represent the network situ-

ation at one moment. Static simulations are used to look at extreme situations such as the 

coincident peak loads. If the grid can handle the maximum load, then the power flows will be 

within their limits in times with lower load as well. In order to regard and compare several 

situations, different scenarios are developed. A scenario in this thesis is defined by the param-

eters region, charging strategy, case, and renewable energies. The differences between the 

three regions have been addressed in Chapter 6.1. The following sections provide information 

about the charging strategies, the cases, and the implementation of renewable energies. In 

each scenario, the characteristics of the benchmark model such as line, transformer, and load 

parameters stay constant. The only change is the attachment of a charging station. The HPC 

station is represented by a load or a generation, depending on the charging strategy.  
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6.2.1 Case 

The effects of HPC on the medium voltage grid highly depend on the node at that the charging 

station is connected. In order to show this relation, two cases are simulated. Thus, a best and 

a worst bus are defined. The procedure of identifying these two busses is described in the next 

section. To evaluate the results of the power flow simulation, three premises are defined. 

These are the utilisation rate of the transformer and the lines as well as the voltage drops. 

More details on the values of the premises are given in Chapter 6.3. 

The best node for the connection of a HPC station in view of the grid is the first bus behind the 

MV transformer. When a HPC station is connected at the named location, it does not have an 

effect on the line utilisation in the rest of the network. The charging station only increases the 

voltage drop over the transformer, not over the lines. All three benchmark models include two 

transformers. As the transformer utilization is a criterion that is not allowed to be exceeded, 

the HPC station in the simulation is connected to the bus behind the transformer with the lower 

utilization. The best case is the connection to bus 12 in the European and US American bench-

mark and bus IIup in the Chinese benchmark. 

The line utilization and the voltage drop increase when rising the distance between the con-

nection point of the load and the transformer. Thus, the worst location to connect a HPC station 

mostly is a node far away from the transformer. In the following, a closer look is taken at the 

three premises. In the EU and US benchmark, the transformer that serves the busses 1 to 11 

has a higher utilization than the transformer that supplies the busses 12 to 14. Moreover, the 

line from bus 1 to 2 has the highest utilization in both regions. Therefore, the HPC station in 

the worst case is connected at the left feeder for the scenarios concerning the EU and US. The 

third criterion that limits the power of the connected load is the voltage drop. Thus, the HPC 

station in the worst case is connected to the bus that already has the lowest voltage, which is 

bus 11 in the European and North American scenarios. In the Chinese benchmark, the voltage 

drops in general are quite low. As it will be shown in the simulation results in Chapter 7.1, the 

utilisation of the transformers is also not a critical component. Therefore, the limiting criterion 

for the connection of a high load is the utilization of the lines. Calculations show that the con-

nection point that puts the highest burden on the lines in the Chinese benchmark is bus 13. 

The connection points of the charging station will be visualized when discussing the simulation 

results of the different scenarios in Chapter 7. 

6.2.2 Charging Strategy 

Three different charging strategies are considered in the simulation: uncontrolled charging, the 

combination of a HPC station with a unidirectional storage device, and the bidirectional oper-

ation of a storage system. 
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First, the implementation of uncontrolled charging is discussed. Not controlling the charging 

process means that the power of 350 kW is requested immediately when an electric car ar-

rives. A power factor of 0.95 is considered in the simulation. This value is listed in the fact 

sheet of a 50 kW charging pole [70] and it is assumed that the power factor will not differ largely 

when increasing the charging power to 350 kW.  

The additional load for the uncontrolled charging is calculated as seen below. The variable ncp 

stands for the number of charging points that are installed at the charging station. All available 

charging points are occupied in the scenarios. 

 

𝑃𝑈𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 = 𝑛𝑐𝑝 ∗ 350 𝑘𝑊 (3) 

𝑄𝑈𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 = 𝑛𝑐𝑝 ∗ 350 𝑘𝑊 ∗ 𝑠𝑖𝑛(𝑐𝑜𝑠−1(0.95)) (4) 

 

The next section formulates the assumption concerning the stationary storage system. The 

technical characteristics of the storage unit are not calculated as they are out of the scope of 

this thesis. The design of the storage is rather taken from [10]. The cited paper determines the 

grid and storage parameters using a dynamic simulation. It includes a typical daily traffic dis-

tribution, different SoC, and different EV battery capacities. The authors presume a charging 

time of five minutes and a maximum number of charging points of eight that serve two hundred 

EVs per day. Thus, the own simulations that consider storage systems are performed with 

eight charging points. As the charging time in [10] is very short, the maximum peak power per 

EV is around 700 kW and exceeds the high charging power of 350 kW. It therefore does not 

fit perfectly to the charging station simulated in this thesis. Nevertheless, it can be said that it 

is suitable to give a first impression on how HPC is effected by a storage system. Further 

research should concentrate on the optimum design of a stationary storage for HPC with 

350 kW.  

At least two different use cases can be realised with a storage system. The first option is peak 

shaving without feeding energy back into the grid. As described in Chapter 5.3, the storage 

system can be used to buffer electric power and decrease the peak demand of the charging 

station. The power that has to be provided by the grid is therefore lower than without a station-

ary storage. In the own simulation, the load of the station using a storage is calculated as 

follows.  

 

𝑃𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 426 𝑘𝑊  

 

(5) 

𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 426 𝑘𝑊 ∗  𝑠𝑖𝑛(𝑐𝑜𝑠−1(0.95)) (6) 
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The effective power of 426 kW that has to be provided by the grid is calculated by refer-

ence [10] assuming peaks shaving for the time of one hour. The missing power is then supplied 

by the storage system.  

The second use case is the bidirectional operation of the storage. If it has enough capacity 

and power, the storage cannot only be used to charge the electric cars, but also to feed elec-

tricity back into the grid when the energy is not needed for vehicle charging. It has to be kept 

in mind that it is not the vehicle batteries that feed electricity back but only the stationary stor-

age. In [10] a larger storage, that can shift the recharging times for the storage to the night 

hours when the grid load is low, is suggested as well. Thus, very little grid power is needed 

during the day. In times when the utilization of the charging station is low, the stored electricity 

can be fed back into the grid. The third charging strategy in this thesis assumes that the storage 

is fully charged and the energy is not needed for EV charging. Thus, it represents a generation 

with the following values taken from reference [10]. 

 

𝑃𝐵𝑖𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 = 1637 𝑘𝑊 (7) 

𝑄𝐵𝑖𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 = 1637 𝑘𝑊 ∗ 𝑠𝑖𝑛(𝑐𝑜𝑠−1(0.95)) (8) 

6.2.3 Renewable Energies  

In all scenarios without renewable energies, the electricity generation comes from the high 

voltage grid or, in case of a bidirectional charging strategy, from the stationary storage. How-

ever, some of the scenarios in the European and US American network include the generation 

from RES. The benchmark models suggest the distribution of eight PV plants and one wind 

turbine [86]. 

In Figure 6.4, it can be seen at which busses the RES are connected. The PV plants have a 

peak power of 210 kW in total. The wind turbine has a nominal power of 1500 kW. As the 

mentioned values are peak powers, a coincident factor has to be applied. In order to empha-

sise the effects of the RES, the maximum coincident generation is assumed. Derived from the 

daily generation graphs in the benchmark [86, p. 41; 87], the wind turbine is operated at the 

nominal power and the PV plants have a generation of 75 kW in total. The generation from 

RES is spread equally over all PV busses.  
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Fig. 6.4: Distribution of RES in the European and US American benchmark 

 

6.3 Premises 

Next, a closer look is taken at the following three premises:  

 Utilization of the transformers 

 Utilization of the lines 

 Voltage band 

The premises indicate if the power flow results are within the permitted limits and will be ex-

plained in the following. 

In Table 6.2, three different operation modes of the medium voltage transformer are displayed. 

In general, transformers are designed to be operated up to their nominal power [88, p. 206]. 

When an extra cooling fan is added, transformers can be overloaded up to 150% of their rated 

power. The additional cooling is a proven method to face peak loads. Roughly ten percent of 

all transformers are equipped with additional cooling fans. The costs for a complete cooling 

system are less than ten percent of the total price of the transformer [71]. The fans can be 

added subsequently as well. In case the power flow causes a utilization larger than 150%, the 

operation is inadmissible. In the discussion of the simulation results, the colours green, orange 

or red visualize the operation mode of the transformers. 

 

Tab. 6.2: Operation modes of the transformer  

 

 
   

Utilization < 100% 100 – 150% > 150% 

Operation Normal Additional cooling Inadmissible 
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Fig. 6.5: Line utilization colour bar 

Figure 6.5 shows a colour bar that represents the utilization of the conductors. As it can be 

seen in the implementation of the benchmark grids in Chapter 7.1, the networks are operated 

in an open loop. This means that there are switches that can be closed when there is a disrup-

tion somewhere in the grid in order to improve the supply reliability. The maximum permitted 

utilization of the lines is 50% of the rated power in an open loop, so that there is enough backup 

capacity [88, p. 52]. The colour bar shows the absolute line utilization. Thus, all the lines that 

are part of the open loop should have a utilization that is represented by the colour green. All 

the lines in the European and North American benchmark are part of the open loop. In contrast, 

some of the lines in the Chinese benchmark are radial. Those lines can be operated up to 

100% of the rated power but the supply reliability is lower than in an open loop.  

The height of the voltage drop at the different busses is plotted exemplary in Figure 6.6. The 

two red lines mark the admitted operation zone. Therefore, the voltage drop at the busses 2 to 

11 is too high. If the voltage drop exceeds the limit, the electrical equipment can be damaged. 

There are different voltage limits for the considered regions. In the EU and China, the voltage 

is allowed to have values between 0.9 p.u. and 1.1 p.u. In the US, the valid zone is between 

0.8 p.u. and 1.2 p.u. [16; 89; 90]  

 

6.4 Findings 

The next section shortly summarizes the learnings of Chapter 6. Existing benchmark models 

of medium voltage networks are taken as a basis for the simulations in this work. The models 

 

Fig. 6.6: Example of the bus voltage and voltage limits 
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represent average setups of the considered regions, but cannot be transferred to all real net-

works as medium voltage grids vary highly even within one region. The simulations make use 

of different scenarios. A scenario is composed of the parameters region, charging strategy, 

case, and renewable energies. Three premises have to be kept in order to gain admissible 

power flows.  
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7 Simulation Results 

This chapter provides the results of the simulated scenarios. First, the power flow calculations 

of the benchmarks of the EU, the US and China without HPC stations are presented. Second, 

a closer look at the voltage drop is taken and the influence of the tap changing settings evalu-

ated. Afterwards, the scenarios are applied to the benchmark networks. HPC stations are in-

stalled without stationary storage devices. For this setup, the maximum number of charging 

points are identified for all three regions. Afterwards, the stationary storage systems and RES 

are added. Next, additional scenarios are presented. Finally, all scenarios are compared per-

forming a sensitivity analysis.  

 

7.1 Benchmarks without HPC  

In order to evaluate the effects of the charging stations, the results of the unchanged bench-

mark models have to be understood first. Thus, the following section provides the power flow 

results of the benchmark grids of the EU, US, and China. The premises transformer and line 

utilizations are discussed. The voltage drop at the busses is analysed in Chapter 7.2.   

First, a closer look at the European benchmark is taken. Figure 7.1 visualises the transformer 

and line utilizations. As it can be seen, the transformer that connects the left feeder to the MV 

grid needs an additional cooling in this setup. Its utilization amounts 105%, which is close to 

the normal operation. The second transformer has a utilization of 87%. Both transformers have 

a rated power of 25 MVA. The highest power flow occurs over the line from bus 1 to bus 2 and 

amounts 4.83 MW. The line can handle a maximum power flow of 9.87 MW but due to the 

open loop operation, the maximum power that is allowed to be transferred only amounts 

4.94 MW. Thus, the line is operated with a utilization of 98%. The line between the busses 2 

and 3 is utilised with 96%, as well considering the open loop restrictions. All other lines are 

operated below 50% of the permitted power.  

Next, the power flow results of the US American benchmark are investigated. It is noticeable 

that the transformer on the left side is overloaded. The rated power is 15 MVA, the utilization 

amounts 224%. Thus, the power flow over the transformer has double the height than the rated 

power. Even with an additional cooling, the transformer would be operated in an inadmissible 

range. As the medium voltage grid in the US obviously works and no changes have been made 

to the benchmark network, the overloading of the transformer indicates that the US American 

benchmark might not represent the reality accurately. One explanation could be that the rated 

power of the transformer is set too low in the benchmark model. Another reason could be that 

the load in the benchmark model is too high. The third explanation is that the network is not 

operated in an open but in a closed loop, so that the power can flow over both transformers to 
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the left feeder. As the transformer on the right side is only operated with 74% of the rated 

power, it could take over a partial amount of the overloaded transformer. In order to compare 

all three benchmark models, the switches are open in the following discussions. Thus, in the 

additional scenario in Chapter 7.5.1, a simulation with closed switches is performed. For all 

other discussions it has to be kept in mind that the mentioned transformer is already highly 

overloaded without any HPC stations.  

The conductor with the highest use connects bus 1 and 2. With a utilization of 103% it is slightly 

higher than in the European benchmark. The rated power of all lines in the North American 

benchmark is 11.1 MW, but due to the open loop operation, the permitted power flow is limited 

to 5.6 MW. The utilization from bus 2 to bus 3 amounts 77% of the permitted power flow.  
 

    

Fig. 7.2: Power flow results of the US American benchmark 

    

Fig. 7.1: Power flow results of the European benchmark 
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Lastly, a closer look at the Chinese benchmark model is taken. Both transformers of the Chi-

nese benchmark have with 40 MVA a higher rated power compared to the EU and US bench-

marks. Therefore, both transformers can be operated without an additional cooling. Both have 

a utilization of roughly 40% of the rated power. The line with the highest utilization connects 

the busses IIdown and IV with 93%. The usage of the conductor between the busses IIup and 

III amounts 69%. All other lines transfer less than 50% of the permitted power.  

For the three considered regions, it has been analysed if the benchmark without HPC and RES 

keep the two premises transformer and line utilization, respectively. The next section investi-

gates the third premise that is the voltage drop. Thus, it examines if the voltage stays within 

the given bands at every bus in the benchmarks models of EU, US, and China. 

 

7.2 Influence of Tap Changing Settings 

In this section, an overview over the effects of tap changing settings of a transformer is given. 

First, a short explanation of the technical realisation of tap changers is provided. Second, the 

voltage drops with and without tap changers are compared in all three regions. 

A linear regulator is a transformer that can change its tap settings [15, p. 443]. It has several 

transformer ratios. Therefore, it can adjust the input and output voltage to different situations 

by changing the turns ratio. There are transformers that can change the tap settings under 

load without any interruptions. Others need to use an additional transformer while changing 

the turns ratio. There are two ways to determine the required tap change setting [15, p. 575].  

In the following, plots of the voltage drops from the considered benchmarks without HPC and 

RES are discussed. For each of the three regions, two graphs are shown. The first one is 

    

Fig. 7.3: Power flow results of the Chinese benchmark 
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without tap changing settings, the second one with the highest tap change of +10% of the 

secondary voltage. The voltage on the primary side stays unchanged because the high voltage 

is assumed to be constant. For each benchmark, the transformers of both feeders are adjusted 

in the same way, respectively. The graphics visualise the topology of the networks. Black dots 

illustrate the busses and black lines demonstrate the conductors. It is important to notice that 

the y-axis of the figures is scaled differently in order to clearly show the graphs. The first bus 

on the left side of the picture is always positioned at 1 p.u. as this is the slack bus where the 

nominal voltage is applied. In all benchmarks, the transformers are situated between the first 

bus and the two busses that follow. This topology can also be found in the Figures 7.1 to 7.3.  

Data in Figure 7.4 show that the voltage at the busses 3 to 11 falls below the allowed limit of 

0.9 p.u in the European benchmark when the tap changers are not applied. The lowest voltage 

can be found at bus 11 with the value of 0.89 p.u. 

 

Fig. 7.4: Voltage drop of the European benchmark without tap changing setting 

 

Fig. 7.5: Voltage drop of the European benchmark with taps on +10% 

Figure 7.5 shows the voltage drop with the maximum tap change for the European benchmark. 

It can be seen that most of the busses have a voltage of around 1 p.u. This is the result of the 

increased voltage at bus 1 effected by the changed transformer setting. The voltage at the 

feeder with the busses 12 to 14 is increased unnecessarily high. This effect could be prevented 

with unequal tap changing setting of both transformers. As it can be seen in Figure 7.4, the 

transformer that connect the feeder with the busses 12 to 14 would not need tap changers. 
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Fig. 7.6: Voltage drop of the US American benchmark without tap changing setting 

 

Fig. 7.7: Voltage drop of the US American benchmark with taps on +10% 

As illustrated in Figure 7.6 the voltage at the busses 2 to 11 drop below the limit of 0.8 p.u. in 

the US American benchmark. Even with a larger voltage band than in the European bench-

mark, the voltage does not stay in the permitted range. It can be seen that the highest voltage 

drops occur over the first two lines after bus 0. This is where the transformers are located. A 

discussion of the possible reason for the huge voltage drop is provided at the end of this sec-

tion. With the help of tap changers, the voltage at the critical feeder can be lifted above the 

limit. Then, the lowest voltage occurs at bus 11 with the value of 0.84 p.u. For the further 

discussions, it has to be kept in mind that with tap changing settings and without HPC stations, 

the voltage drop is closer to the limit than in the European benchmark.   

 

 

Fig. 7.8: Voltage drop of the Chinese benchmark without tap changing setting 
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Fig. 7.9: Voltage drop of the Chinese benchmark with taps on +10% 

Even without tap changing settings, the bus voltages in the Chinese benchmark can be found 

in the permitted range. The lowest voltage occurs at bus 3 with a value of 0. 944. When apply-

ing the tap changers, the voltage of both feeders is raised unnecessarily high with a maximum 

value of 1.09 at bus IIup.  

Next, two observations concerning the voltage curves are presented. The first remark is that 

in all figures without tap changing settings, the voltage drop increases with the distance of the 

busses from the transformer. The reason for this effect is that there is no electricity generation 

at the busses. All the power comes from the superimposed high voltage grid. The second 

finding occurs when comparing the figures with and without tap changers. It can be seen that 

the voltage growth due to tap changers amounts 0.1 p.u. that equals 10% and represents the 

maximum increase of the tap changer. For example, bus IIdown in the Chinese network is 

raised from 0.983 p.u. to 1.083 by the tap changer. 

In the following, the correlation of the transformer characteristics and the voltage drop is ana-

lysed. Especially in the European and US American benchmarks, it is noticeable that the volt-

age drop over the transformer is decisive for the further curve form. In order to identify the 

correlation, the electrical circuit diagram in Figure 7.10 is regarded. An ideal transformer would 

convert the voltage from 1 p.u. to 1 p.u. because the calculation of the value in p.u. considers 

the nominal voltage. In the simulation, a transformer with power losses is implemented. Thus, 

a voltage drop over the internal resistance has to be considered. The iron resistance 𝑅𝐹𝑒 and 

the hysteretic reactance 𝑋′ℎ can be neglected in the simulation. Thus, the voltage drop over 

the transformer can be calculated as follows:  

 

𝑍 = 𝑅1 + 𝑗𝑋1𝜎 + 𝑅′2 + 𝑗𝑋′2𝜎 (9) 

|∆𝑉| = |𝑍| ∗ |𝐼| (10) 

𝐼 =
𝑆𝑙𝑜𝑠𝑠

∆𝑉
 

(11) 

∆𝑉 = √𝑍 ∗ 𝑆𝑙𝑜𝑠𝑠 (12) 
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Formula (12) indicates that the voltage drop over the transformer is directly related to the ap-

parent power loss and the transformers impedance. The power losses in the form of heat de-

velopment increase when the utilization of the transformer rises. As mentioned before, the 

transformer in the US American benchmark is highly overloaded, while in the Chinese bench-

mark the transformer is operated at around 40% of the rated power. Another reason for the 

low height of the voltage drop over the transformer in the Chinese benchmark might be that 

the impedance of the Chinese transformer is much lower than in the other benchmarks. All 

further scenarios make use of the optimal tap change but also keeping into account that the 

maximum increase amounts +10% of the nominal voltage. 

 

Fig. 7.10: Electrical circuit diagram of a transformer [15, p. 407] 

 

7.3 Charging without a Stationary Storage 

In the next sections, the scenarios of charging without a storage device are presented. First, 

the best and worst cases are compared. Afterwards, the maximum number of charging points 

is determined. 

7.3.1 Comparison of Best and Worst Case 

This section investigates the effects of the distance of the HPC station to the superimposed 

high voltage network on the compliance of the premises. Therefore, the best and worst case 

are compared in all three regions regarding the transformer and line utilization as well as the 

voltage drops, respectively. At the end of the section, some general conclusions concerning 

the comparison of the best and worst case are drawn. 

First, the European benchmark is investigated concerning the transformer and line utilization. 

On the left hand side of Figure 7.11, the HPC station is connected to bus 12, which represents 

the best case. On the right side, the power flow can be seen for a connection of the HPC 

station at bus 11, which is the worst case. Both stations include eight charging points each.  

In the best case, the left feeder is not affected by the charging station because the switch that 

connects both feeders is open. Thus, the power flow in the left feeder is similar to the bench-

mark without HPC. As the charging station is connected to the bus behind the transformer of 
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the right feeder, the power flow over the transformer increases compared to the benchmark 

without HPC. The utilization rises from 87% to 100.1% which is practically the rated power. 

The line utilizations in the right feeder are not affected by the charging station as it is connected 

directly behind the transformer and the power flow over the lines does not change. Therefore, 

in the best case all lines are operated in the permitted range. 

In the worst case, the right feeder is not affected by the HPC station. The utilization of the 

transformer in the left feeder increases from 105% to 121% because the power for the charging 

station has to flow additionally over the transformer. A significant difference between the best 

and the worst case can be found in the line utilization. In the worst case, the power that is 

needed for the HPC station has to flow over the lines from bus 1 to bus 11. Thus, two lines are 

overloaded when connecting the HPC station to bus 11. The conductor from bus 1 to 2 is 

operated with 169% of the admitted power and the line from bus 2 to 3 is overloaded with 

163%. At bus 3 the power flow is split, thus the line utilization does not reach a critical value 

between the busses 3 to 11.  

In the following, the voltage drops of the best and worst case in the European benchmark are 

compared. In both cases, the tap changers are set to the maximum value of +10% of the 

secondary voltage. The position of the HPC station is visualised by the blue coloured dot. In 

the first picture of Figure 7.12 the charging station is connected to bus 12, thus it is the best 

case. Although a charging station is connected, the voltage increases due to the tap changers. 

The voltage drop at the feeder with the busses 1 to 11 stays unaffected from the HPC station 

in the best case. The lowest voltage occurs at bus 11 and amounts 0.99 p.u. Thus, all voltages 

stay in the permitted range.  

 

   

Fig. 7.11: Power flow in the best and worst case in the European benchmark 



7 Simulation Results 44 

 

 

The voltage drop in the worst case is visualised in the second picture of Figure 7.12. Due to 

the HPC station at bus 11, the voltage drop is higher in the whole feeder. At bus 11, the voltage 

amounts 0.92 p.u.  

The next section provides the comparison of the best and worst case in the US American 

network model. Similar to the results in the European benchmark, the switch between the two 

feeders is open. Thus, the HPC station only connects the feeder at which it is connected. In 

the best case, the transformer utilization of the right feeder increases from 74% to 100.4%. All 

line utilizations have the same value as in the benchmark without HPC. In the worst case, 

shown in the right picture of Figure 7.13, two line utilizations are inadmissible high. The line 

that connects the busses 1 and 2 is operated with 172% of the permitted power. The conductor 

from bus 2 to 3 is overloaded with 140%. Also the utilization of the transformer increases even 

more. It rises from 224% to 264% of the rated power.  

Figure 7.14 and 7.15 provide the voltage drop in the best and worst case. The tap changers of 

both transformers are set at the maximum value of +10% of the secondary voltage. It can be 

seen that in the best case, the voltage at the busses 0 and 12 are nearly constant. Thus, the 

voltage drop over the transformer has the approximate amount of the increase due to the tap 

changer that is 0.1 p.u. In the worst case, shown in Figure 7.15, the voltage falls below the 

limit at the feeder where the charging station is connected. Even with tap changers, bus 11 

has an inadmissible voltage of 0.72 p.u. 

 

 

 

Fig. 7.12: Voltage drop in the best and worst case in the European benchmark 
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Fig. 7.13: Power flow in the best and worst case in the US American benchmark 
 

 

 

Fig. 7.14: Voltage drop in the best case in the US American benchmark 

 

Fig. 7.15: Voltage drop in the worst case in the US American benchmark 

Lastly, the effects of the position of the HPC station are examined in the Chinese benchmark. 

The switch that can connect the two feeders is open as well. Thus, the HPC station only 

changes the power flow and voltage drop in the feeder it is connected. As mentioned before, 

both transformers have a high rated power. Regardless at which feeder the charging station is 

connected, both transformers are operated below their rated power when assuming eight 
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charging points per station. Figure 7.16 illustrate the power flow for both cases. In the best 

case, all lines are operated within the admitted limits. In the worst case, three lines are over-

loaded. The power flow over the conductor that connects the busses IIdown and IV amounts 

163% of the allowed power. The utilization of the line between the busses IV and 10 amounts 

110%, and from line 10 to 11 the utilization amounts 101% of the admitted power.  
 

    

Fig. 7.16: Power flow in the best and worst case in the Chinese benchmark 
 

 

 

Fig. 7.17: Voltage drop in the best and worst case in the Chinese benchmark 
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In Figure 7.17, the voltage drops in the best and worst case can be seen. The tap changers of 

both transformers are set at +5%. The first picture in Figure 7.17 visualizes the connection of 

the charging station at bus IIup. It can be seen that although the charging station is attached, 

the voltage increases due to the tap changers. The second picture shows the connection of 

the station at bus 13, which represent the worst case. The lowest voltage occurs at the bus 

where the charging station is connected and amounts 0.977 p.u. Thus, it can be said that the 

voltage drop in the Chinese benchmark does not reach a critical range, regardless at which 

point the charging station is connected. Although the tap changers could set the voltage even 

higher, the voltage drop does not nearly reach the limit.  

In the next paragraph, the findings of the comparison of the best and worst case are summa-

rized and some general conclusion are drawn. As mentioned before, in all three regions the 

switches between the feeders are open. Thus, the HPC station only effects the feeder that it 

is connected at. Next, two considerations regarding the transformer utilization are provided. 

First, the HPC station is connected at two different feeders in the cases mentioned above. 

Different transformers are effected depending on the case. Thus, a conclusion concerning the 

effects of the distance of the HPC on one single transformer cannot be made. Nevertheless, it 

can be said that the utilization of a transformer is not highly effected by the position of the HPC 

station as long it is connected to the same feeder. The charging station has a certain power 

demand that has to flow over the transformer, regardless if the station is connected directly 

behind the transformer or in larger distance. The only difference concerning the transformer is 

that the power losses over the lines increase when the transmitted power rises. Second, the 

simulation results show that HPC stations increase the utilization of the transformer in the 

feeder where the station is connected. If there are several feeders that are worth considering 

for the connection of a charging station, it is reasonable to connect the station at the feeder 

with the transformer having more free capacity. 

The utilization of the lines is highly affected by the position of the charging station. In case that 

the station is connected to the bus directly behind the transformer, the line utilization does not 

change compared to the benchmark models without HPC. In contrast, connecting the station 

in the worst case increases the power flow over the lines. In all three regions, at least two lines 

are overloaded in the worst case. When a charging station is needed at a bus far away from 

the transformer, grid reinforcement measures are necessary. 

In all considered regions, the voltage drop stays within the limit when connecting the HPC 

station to the best bus and using appropriate tap changing settings. In contrast, connecting the 

station to the worst bus can cause problems concerning the voltage. In the US American net-

work, the voltage drops below the limit in the worst case while in European benchmark, the 
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voltage barely stays within the permitted range. Merely in the Chinese benchmark, the voltage 

drop is not problematic at all when considering eight charging points per station. 

Overall, it can be said that the capability of the medium voltage grid to handle high power 

charging differ between the three regions. The considered best case indeed represents the 

better connection point for the charging station. In the best case, only the utilization and voltage 

drop of the transformer increases, neither the line utilization nor the voltage drop over the lines. 

In all three regions, a connection to the best bus is possible. However, in the European and 

US American benchmark, the transformer has to be equipped with an additional cooling fan. 

In the worst case, a connection of a HPC station is only possible when the electricity lines are 

reinforced in the three regions. Moreover, the voltage drop in the US benchmark has to be 

reduced in the worst case, for instance by using even higher tap changing settings. 

7.3.2 Maximum Number of Charging Points  

In the previous chapter, it was found out that the best bus to connect a charging station is 

directly behind the transformer. Until now, eight charging points per station were presumed. 

This section determines the maximum number of charging points when connecting the station 

to the best bus. As mentioned before, the line utilization is not affected when connecting the 

station directly behind the transformer. Moreover, the voltage drop does not reach a critical 

value in the best case in all three benchmarks when using tap changers. Thus, only the utili-

zation of the transformer is regarded. It is assumed that the transformer is equipped with an 

additional cooling, so it can be operated up to 150% of its rated power. 

    

Fig. 7.18: Maximum number of charging points in the European benchmark 
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First, the maximum number of charging points in the European benchmark is presented. As 

can be seen in Figure 7.18, up to 38 charging points can be installed. The transformer is then 

operated with 149.8%.  

The simulations have shown that one of the transformers in the US American benchmark is 

already overloaded without HPC. The utilization of the transformers can be seen in Fig-

ure 7.19. When connecting the charging station to the feeder on the right side, the utilization 

of the left transformer is not affected. Thus, only the limiting criteria for the transformer on the 

right side is regarded. The maximum number of charging points in the US American bench-

mark is 22. The considered transformer has a utilization of 149.8% of the rated power. 
 

    

Fig. 7.19: Maximum number of charging points in the US American benchmark 

    

Fig. 7.20: Maximum number of charging points in the Chinese benchmark 
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It has already been mentioned that the rated power of the transformers in the Chinese bench-

mark are higher than in the other benchmarks. Thus, the maximum number of charging points 

in this region is also higher and amounts 109. The transformer utilization is then 149.5% of the 

rated power.  

Not only the maximum number of charging points vary between the benchmarks, but also the 

number of households that are served by the considered medium voltage networks. As de-

scribed in Chapter 6.1, the approximate number of household are 41’000 in the EU, 13’000 

households in the US and 108’000 households in China. Thus, the number of households per 

charging point result in around 1’100 households per high power charging point in the EU, 600 

in the US, and 1’000 in China. It has to be kept in mind that the maximum number of charging 

points only consider one charging station. Especially in the benchmarks of the EU and China, 

additional charging points can be integrated at the second feeder because there the trans-

former still has free capacity. 

 

7.4 Storage and RES 

This section demonstrates how the power flow in the grid changes under several circum-

stances. As described in the implementation, three different charging strategies are consid-

ered. Moreover, the effects of renewable energy sources on HPC are determined. In order to 

gain a better understanding, first the charging strategies are investigated without RES. Sec-

ond, the influence of RES is examined without any charging stations. Third, the charging strat-

egies are combined with RES. The results are given in form of a sensitivity analysis, so that 

the effects of the different parameters can be seen clearly. Due to space limitations, the inves-

tigations concerning storage systems and renewable energies are only performed using the 

European benchmark model. 

7.4.1 Comparison of Charging Strategies without RES 

In the following, the differences between the charging strategies are explored. First, the utili-

zation of the transformer and lines are considered. In the second part of this section, the volt-

age drop is regarded. 

The power flow results of the three charging strategies are visualized in Figure 7.21 to Fig-

ure 7.23. In all three scenarios, the charging station only has effects on the power flow in the 

left feeder. In case of uncontrolled charging, the transformer on the left feeder is utilized with 

122%. Three lines are overloaded, the highest utilization amounts 176% of the admitted power 

and occurs from bus 1 to 2. When adding a stationary storage that lowers the peak load, the 

utilization of the transformer decreases to 107%. Also the power flow over the lines decreases, 

only two lines are overloaded. The highest utilization occurs over the conductor from bus 1 to 
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bus 2 and amounts 109% of the permitted power. In the third scenario, the bidirectional storage 

does not function as a load but as a generation. The utilization of the transformer decreases 

further and amounts 96%. In this scenario, the transformer does not need an additional cooling 

any more. Also the line utilization decreases. All the lines are operated in the permitted range. 

It can be concluded that the network situation improves when including a stationary storage. 

A bidirectional operation is even better than solely using the storage system as a buffer.  

 

  

Fig. 7.21: Uncontrolled charging  Fig. 7.22: Stationary storage 

    

Fig. 7.23: Bidirectional stationary storage 

To summarize the findings, it can be said that the total load of the network is decreased in the 

scenarios that include a storage system. Thus, less power has to flow over the transformer 

and the lines. In case the storage system is operated bidirectionally, it feeds power into the 
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grid. Thus, less power has to be provided by the superimposed high voltage grid and the power 

flow decreases even more.    

In order to gain a better understanding of the power flow direction, the voltage drop is regarded. 

As there are no capacitive loads in the network, the voltage drop has the same direction than 

the power flow. This correlation can be compared with the water flow in a river that always 

moves downhill. In Figure 7.24 to Figure 7.26, the voltage drop is visualised for the three 

charging scenarios. In order to compare the voltage drops, the tap changers in all three sce-

narios are set to zero. In the scenarios shown in Figures 7.24 and 7.25, the only power gener-

ation comes from the superimposed HV network. Thus, the power flow starts from bus 0 and 

moves in the direction of the busses at the end of the feeder. In contrast, the loads in the third 

scenario are not only fed by the HV grid bus also by the bidirectional storage. It can be seen 

in Figure 7.26 that the power flows away from bus 11. The figures also demonstrate that a 

storage system decreases the voltage drop. The lowest voltage in the uncontrolled charging 

scenario amounts 0.80 p.u. The voltage is increased in the scenario that uses a buffer storage 

up to 0.88 p.u. Still, the voltage drop is inadmissible high. In the scenario that considers a 

bidirectional storage all bus voltages stay in the given voltage limits. The lowest voltage occurs 

at bus 6 and a mounts 0.923 p.u. It is even higher than in the benchmark model without HPC. 

Thus, using a bidirectional storage system can avoid the requirement of tap changers. 

 

Fig. 7.24: Voltage drop of uncontrolled charging 

 

Fig. 7.25: Voltage drop of stationary storage 
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Fig. 7.26: Voltage drop of bidirectional stationary storage 

It has to be kept in mind that all the simulations only consider one static moment. It is assumed 

that the stationary storage system is recharged in times when the network load is lower. Since 

the considered consumption are coincident peak loads, the actual demand is lower most of the 

time. For a more detailed investigation, a dynamic simulation over a longer period has to be 

performed.   

7.4.2 Influence of RES without HPC 

Next, the influence of renewable energies is investigated. In order to show the effects of the 

RES clearly, the simulation is performed without any HPC stations. The simulation results of a 

combination of RES and HPC are given in the next section. 

    

Fig. 7.27: Power flow without RES (left) and without RES (right)   

The power flow results without and with RES are displayed in Figure 7.27. Comparing both 

pictures reveal that the network situation is improved by the use of renewable energies. In 

Chapter 6.2.3, is has been described that renewables are only installed at the left feeder. Thus, 

they do not affect the power flow results and voltage drop at the feeder on the right side. The 
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utilization of the transformer at the left feeder decreases from 105% to 98% due to the power 

generation from RES. Although all the lines are already operated in the permitted range without 

RES, the renewables further decrease the line utilization.  
 

 

Fig. 7.29: Extract of the voltage curve with RES 
 

In Figure 7.28, the voltage drop without RES and with RES are shown. The tap changers in 

both scenarios are set to zero. The first picture reveals that the voltage at nine busses fall 

below the limit of 0.9 p.u. without RES. According to the second picture of Figure 7.28, the 

voltage drop does not exceed the limit when installing renewable energies. Due to the RES, 

the total load in the feeder is reduced. Thus, the voltage drop over the transformer and lines is 

lower. As a result, it can be said that tap changers are not needed at the considered moment 

when there are RES in the network. As RES have the characteristic of being fluctuate, there 

can be times when the power generation is lower than in the considered setup. Tap changers 

may be needed after all.  

 

 

Fig. 7.28: Voltage drop without RES (above) and with RES (below) 
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As mentioned before, the voltage curve indicates the direction of the power flow. Figure 7.29 

provides a zoom of the voltage drop with RES in order to give a more detailed visualization of 

the curve. It can be seen that the voltage drop increases with the distance from bus 3. This 

indicates that the power flow is still directed from the high voltage grid to the busses at the end 

of the conductors. Thus, the generation from RES does not exceed the load but decreases it. 

One exception can be observed in Figure 7.29. The power flow is directed from bus 7 to bus 

8. As the topology of the European benchmark shows, bus 7 is situated further away from the 

HV grid than bus 8. Thus, the generation out of RES exceeds the load at the mentioned bus. 

When taking a closer look at the distribution of the RES, it can be seen that a wind turbine is 

connected to bus 7. It has a power of 1’500 kW while the load at bus 7 only amounts 77 kW. 

The turbine has a much higher generation than the PV plants. Thus, the power flow results are 

reasonable.   

Finally, it can be said that distributed RES can improve the situation in the considered medium 

voltage grid. Still, it has to be kept in mind that only one certain time point is regarded. RES 

are highly fluctuating as the sun does not shine at night and the wind does not blow constantly. 

If all advantages of renewable energies should be taken, stationary storages have to be in-

cluded because storage systems can adjust the power generation to the demand.  

7.4.3 Combination of Charging Strategies and RES 

In this section, a systematic investigation of the interactions between renewable energies and 

HPC is performed. In order to compare different scenarios, a reference scenario was deter-

mined. In all scenarios, the tap changers are set to zero. The reference is the European bench-

mark model without any charging stations and without renewable energies. In the following, it 

is compared to seven other scenarios. The first scenario has the same specifications as the 

reference with the exception that RES are included. The other six scenarios are the result of 

the three different charging strategies in combination without and with renewable energies. 

Similar to the simulations performed earlier in this work, the number of charging points is eight 

points per charging station. Moreover, the HPC station is connected to the worst bus. Only the 

left feeder is considered because the RES and the charging station are only installed at the 

mentioned feeder and the switch that connects both feeders is open.  

The scenarios are compared regarding two criteria. The first criterion that is considered is the 

number of inadmissible events. It indicates how many measures have to be taken in order to 

enable a network operation in the permitted range. The second criterion is the deviation of the 

maximum value of the parameter voltage drop, as well as the transformer and line utilization, 

relative to the reference. The highest voltage drop and utilization of the transformers and lines 
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are the determining factors for the network operation. Thus, these two criteria give a sufficient 

impression of the network situation.  

The events considered in the first criterion can be divided into inadmissible voltage drops, 

overloaded transformers, and congested lines. It is assumed that the transformers do have 

neither tap changers nor an additional cooling. Thus, the transformers are only allowed to be 

operated up to 100% of their rated power. In the reference scenario, one transformer is over-

loaded. Moreover, the voltage drop at nine busses is inadmissible high. The power flow over 

the lines are all in the permitted range.  

Figure 7.30 illustrates the number of inadmissible events for all scenarios. It is important to 

notice that the results are relative to the reference scenario. The graphic does not show the 

absolute number, but the change of the number against the reference. As the coloured arrows 

indicate, the bars that are oriented upwards visualize an improvement.  

 

 

Fig. 7.30: Number of inadmissible events relative to the reference 

The simulations have shown that RES can improve the network situation. It is shown in the 

first block of Figure 7.30 that the implementation of RES reduce the inadmissible voltage drop 

at nine busses. Additionally, the transformer is not overloaded any more. Thus, no inadmissible 

events occur in the scenario without HPC and with RES. In the next three blocks, the situation 

is worse than in the reference scenario. There is neither a change concerning the number of 

inadmissible voltage drops nor the overloaded transformer. In case of uncontrolled charging 

without RES, three lines are operated above the allowed utilization. Adding RES to the uncon-

trolled charging scenario reduces the number of overloaded lines by one. Also in the scenario 

with a storage system and without RES, two lines are overloaded. In contrast, combining a 

storage system with RES is even better than the reference scenario without HPC. Thus, no 
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inadmissible events occur. Moreover, in both scenarios with a bidirectional storage, the voltage 

drop as well as the transformer and line utilization stay within the given limits. 

It can be noticed that a correlation exists between the number of the inadmissible voltage drops 

and the number of overloaded transformer and lines. In the scenarios where the voltage drops 

stay within the limits, also the utilization of the transformer and lines are located in the permitted 

range. In the scenarios where the voltage drop is inadmissible high and the transformer is 

overloaded, the power flow over at least two lines exceeds the permitted power. The reason 

for this correlation is that all three parameters depend on the power demand in the network.  

In summary, it can be said that RES improve the network situation. Moreover, it was deter-

mined that the number of inadmissible events rises when connecting a HPC station to the 

medium voltage grid without an additional stationary storage. On the other hand, a bidirectional 

storage improves the situation, regardless if RES are considered. In case that a buffer storage  

 is installed, it depends on the RES whether the situation is improved or getting worse.  

 The second criteria that is regarded is the relative deviation of the maximum value of the 

parameters voltage drop, transformer and line utilization. Thus, the premises do not play a 

role. Figure 7.31 illustrates the changes of maximum value of the seven considered scenarios 

relative to the reference. In the first section of the figure, the scenario without HPC and with 

RES is provided. It can be seen that the voltage is decreased by 0.2 p.u. that means that the 

highest voltage drop is 20% lower than in the reference scenario. Moreover, the utilization of 

the transformer is decreased by 7% and the highest line utilization is reduced by 35%. Similar 

to the investigation of the number of inadmissible events, the examination of the maximum 

value demonstrates that the network situation is getting worse in the scenarios with uncon-

trolled charging. Moreover, the maximum values of all three premises decrease when connect-

ing a HPC station with a buffer storage without RES. It is noticeable that the network situation 

gets more stable when combining HPC with RES and a storage device.  

 

 

Fig. 7.31: Deviation of the maximum value relative to the reference 
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Generally, the results can be transferred to other grids. However, an imaginable result of the 

power flow calculation could be that the generation of the storage and the RES increases the 

power demand in the grid. Thus, the power flow over the transformer would be directed the 

other way around. If the generation largely exceeds the consumption in the network, much 

power has to flow from the considered medium voltage grid to the superimposed high voltage 

grid. Thus, the transformer and the lines could be overloaded. The simulation results show that 

this is not the case in the considered network because the transformer and line utilization are 

the lowest in the scenario that includes a bidirectional storage in combination with RES. 

 

7.5 Additional Scenarios 

As mentioned before, problems occur when integrating HPC stations into the US American 

benchmark network. The following additional scenarios provide possible measures that can be 

taken to simplify the network integration of HPC. For all additional scenarios, the worst case 

scenario of the US American benchmark model is taken as a reference. The tap changers of 

both transformers are set to the maximum value of +10% of the secondary voltage in the ref-

erence scenario as well as in the additional scenarios. The reference scenario has already 

been analysed in Chapter 7.3.1. The power flow results are shown again in Figure 7.32 so that 

they can be compared to the further scenarios. The voltage curve is not shown again, as it can 

be found in Chapter 7.3.1. It is enough to mention that the voltage drop is inadmissible high at 

nine busses. 

The most effective measure to improve the network situation is the replacement of the trans-

former that is highly overloaded. Moreover, the voltage drops decrease when the utilization of 

    

Fig. 7.32: Reference for the additional scenarios 
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the transformer is lower. However, the additional scenarios that are considered take into ac-

count the characteristics given in the benchmark model. Thus, in the following scenarios the 

network situation is improved without any change on the technical characteristics of the trans-

former. 

Another way to improve the network situation is the combination of the HPC station with RES 

and a stationary storage. The previous section has shown that the integration of renewables 

and a bidirectionally-operated storage have positive effects on the power flow. As the scope 

of this work is limited, the results of the combination of HPC with RES and a storage in the US 

American network are not shown in detail. To summarize these results, it can be said that the 

overloading of the transformer is even lower than in the benchmark without HPC. All the lines 

are operated below the maximum utilization. All the voltage drops stay within the limits. Con-

cluding, the combination of EV infrastructure with RES and storages can enable the operation 

of a weak grid in certain situations. A more detailed presentation of this setup can be found in 

Appendix E.  

7.5.1 Closed Switches  

All switches that are integrated in the benchmark models are open in the previous scenarios. 

Now, an additional scenario with closed switches is considered. The topology and power flow 

results can be seen in Figure 7.33. The switch between bus 8 and bus 14 is closed and func-

tions as a regular conductor. It enables the power exchange between the two feeders. In the 

scenario with open switches, the utilization of the transformers amounts 264% at the left feeder 

and 74% at the right feeder. Due to the closed switch, the utilization shifts to 224% at the left 

transformer and 107% at the transformer on the right. In the US American benchmark without 

a HPC station, the left transformer was also overloaded with 224%. Thus, integrating a HPC 

station with closed switches increases the utilization of the transformer of the right side but not 

on the left in the considered benchmark.  

As the load in the left feeder in Figure 7.33 is higher, the power flows from the right feeder over 

the line between bus 8 and bus 14 to the loads. Thus, not only the utilization of the transformer 

changes, but also the power flow over the lines. In the reference scenario, two lines are over-

loaded. With closed switches, the power flow over the right feeder increases. Thus, the utiliza-

tion of the lines in the left feeder decreases. The use of the line between bus 1 and bus 2 

lowers from 172% to 104%. Moreover, due to the closing of the switch between bus 4 and bus 

11, the power flow to the HPC stations is split at bus 3. Thus, the power flow over the line 

between bus 3 and 8 is lower in the scenario with closed switches than in the reference. 

The voltage curve of the scenario with closed switches is visualized in Figure 7.34. It can be 

seen that lines now connect the busses 8 and 14, as well as 6 and 7, and 4 and 11. Even with 
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the same tap changing settings than in the reference scenario, the voltage drop stays within 

the permitted range. The lower voltage drop is the result of the decreased utilization of the 

transformer and lines in the left feeder. 

 

 

Fig. 7.34: Voltage drop of the additional scenario with closed switches 

As a result, it can be said that the closing of the switches improves the network situation. The 

utilization of the left transformer decreases. The transformer of the right feeder is operated 

slightly over its rated power. All power flows over the lines and all voltage drops stay within the 

permitted range. Normally, medium voltage grids are operated in an open loop. The switches 

are only closed in critical situations. However, the loads given in the benchmark are coincident 

peak loads that only occur rarely. It is even more unlikely, that all eight charging points are 

occupied at the same time at which the network peak load occurs. Thus, the considered setup 

represents a critical situation that does not display the normal operation. Therefore, it would 

be conceivable to close the switches in the considered situation.   

       

Fig. 7.33: Power flow results of the additional scenario with closed switches 
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7.5.2 Distribution of Charging Points 

Another way to improve the network situation is the distribution of the charging points between 

the two feeders. The switches are open again. The results of a division into two charging sta-

tions are shown in Appendix F. This section provides a scenario with the distribution of the 

charging points over four charging stations, as this setup has an even better effect on the 

power flow and voltage drop.  

Figure 7.35 illustrates the topology and power flow results of the considered scenario. It can 

be seen that there are four charging stations with two charging points each. There are two 

charging stations per feeder. In each feeder, one station is connected directly behind the trans-

former. The other station is connected to the bus furthermost from the high voltage grid. The 

transformer at the left feeder is overloaded with 239%. The line that connects bus 1 and 2 is 

operated with 118% of the permitted power. The power flow over the other lines stay within the 

limits. In the right feeder, not only the transformer but also the lines are operated in the permit-

ted range.  

    

Fig. 7.35: Power flow results of the additional scenario with four HPC stations 

 

Fig. 7.36: Voltage drop of the additional scenario with four HPC stations 
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Compared to the reference scenario, the distribution of the charging points causes an improve-

ment. There are two reasons for this. First, the power demand of the left feeder is lower than 

in the reference, because four charging points are connected to the right feeder. The right 

feeder has enough free capacity to handle two charging stations. Second, it has been already 

discovered, that it is better to connect the HPC station to the first bus behind the transformer. 

This has a positive effect on the line utilization and the voltage drop. As it can be seen in 

Figure 7.36, the voltage drop stays within the limits when dividing the charging points into four 

stations. In reality, this topology could be suitable for smaller HPC stations that are spread 

over a city. While at a motorway one big charging station is needed, it might be more useful to 

have several smaller stations at different locations in an urban area.  

7.6 Sensitivity Analysis 

In the previous section, various scenarios have been discussed. Now, the effects of several 

parameters are analysed systematically by performing a sensitivity analysis. This method is 

used to identify the effects of various input parameters on certain output parameters [91]. In 

order to make the influences of the parameters clearly visible, only one parameter is changed 

at a time. Thus, the relevance of the input parameters can be compared. The sensitivity anal-

ysis gives a summary of all scenarios considered in the previous sections. The reference sce-

nario is represented by the European medium voltage benchmark without RES, with all 

switches opened, one HPC station with eight plugs connected to the worst bus without a sta-

tionary storage system. The tap changers are set to zero.  

 

Tab. 7.1: Overview of the parameters of the sensitivity analysis 

Reference: P0 

Region = EU, Taps = 0, without RES, switches open, 8 charging points per station, without 

stationary storage, worst connection bus, 1 charging station 

P1 P2 P3 P4 P5 P6 

Benchmark 

without HPC 

US China Taps = 

+10% 

With RES Switches 

closed (loop) 

P7 P8 P9 P10 P11 P12 

16 charging 

points  

With buffer-

ing storage 

Bidirectional 

storage 

Best connec-

tion bus 

2 charging 

stations 

4 charging 

stations 

 

An overview over the twelve input parameters is given in Table 7.1. The first parameter sets 

the number of charging points to zero. Thus, Parameter 1 represents the European benchmark 

model without any HPC station. Parameter 2 and 3 change the region of the simulated network. 

The fourth parameter considers the maximum value of the tap changers. The fifth parameter 
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adds power generation of renewable energies. Parameter 6 represents the closing of all three 

switches of the European network. Parameter 7 doubles the number of charging points to six-

teen. Parameter 8 and 9 include a stationary storage, buffering and bidirectional. In Parame-

ter 10, the location of the HPC station is changed to the best bus. The last two parameters split 

the eight charging points into two or four charging stations, similar to the topology mentioned 

in Chapter 7.5.2.  

 

   

   

          

Fig. 7.37: Sensitivity analysis 
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There are six output parameters. On the one hand, there is the total number of inadmissible 

events, divided into voltage drops, transformer and line utilization. On the other hand, there 

are the absolute values of the mentioned variables. It is assumed that the transformers do not 

have additional cooling systems. In contrast to the analysis that compares the scenarios with 

RES and storages in Chapter 7.4.3, the graphics that illustrate the results of the sensitivity 

analysis show the absolute values, not the values relative to the reference scenario. The ref-

erence is shown at the left side of each graph. Additionally, the results of the sensitivity analysis 

relative to the reference are shown in Appendix G.  

The results of the sensitivity analysis are visualized in Figure 7.37. The graphics on the left 

side show the number of inadmissible events for each input parameter, respectively. On the 

right side, the values of the voltage drops as well as the transformer and line utilization are 

shown in form of a box plot. These plots visualize the minimum and maximum values, as well 

as the first quartile, the median, and the third quartile. 

First, the voltage drops are discussed. In the reference scenario, nine busses have an inad-

missible high voltage drop. When changing the parameters P2 and P7, even more voltage 

drops are inadmissible high. P2 represents the US American network and P7 doubles the 

number of charging stations. Thus, these two parameters have a negative effect on the voltage 

curve. In contrast, three parameters remove all inadmissible voltage drops. They are the 

change of the region to the Chinese network, the implementation of tap changers, and the 

usage of a bidirectional storage. All other parameters do not have an effect on the number of 

inadmissible voltage drops. In Figure 7.37 (b), the voltage drops of all busses are shown for 

all input parameters. It can be seen that the minimum voltage drop of all parameters is zero. 

This is reasonable because the voltage at the high voltage bus always amounts 1 p.u. The 

highest voltage drop is effected by the parameter that changes the region to the US. The lowest 

voltage drop occurs at the parameter that considers the Chinese network. It is noticeable that 

the changing of the regions has slightly bigger effects on the voltage drop than the tap changing 

settings. It also can be seen that all input parameters decrease the maximum as well as the 

median voltage drop compared to the reference, except for the parameters P2 and P7. 

Next, the transformer utilization is regarded. Figure 7.37 (c) summarizes the number of over-

loaded transformers. In the reference scenario, one transformer is overloaded. Once again, 

the network situation is improved by the parameters that change the region to the Chinese 

network and that add a bidirectional storage system. Both transformers are overloaded when 

changing two parameters. Those are the closing of the switches and the changing of the con-

nection bus. In Figure 7.37 (d), the transformer utilization is shown in percent of the rated 

power. It has to be mentioned that the y-axis starts at 20%. As there are only two transformers 

included in all considered networks, the minimum and maximum values represent the absolute 
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values of the two transformers. It is noticeable that in case both transformers are overloaded, 

the utilization of both transformers is around 100% of the rated power. One conclusion that 

can be drawn is that closing the switches causes an equal utilization of both transformers. 

Once again, it is noticeable that one transformer in the US American network is highly over-

loaded. Moreover, the doubling of the charging points increases the transformer utilization to 

148%. For all other parameters, it can be said that the utilization stays beneath 125%. In the 

Chinese network, the utilization of both transformers is comparatively low.  

Third, the utilization of the lines is analysed. In Figure 7.37 (e), the numbers of overloaded 

lines are shown. In the benchmark without HPC, no lines are overloaded. Also the parameter 

that adds a bidirectional storage and the parameter that chances the connection bus reduce 

the overloaded lines to zero. The increase of the charging points doubles the number of inad-

missible line utilizations. When regarding Figure 7.37 (f), the line utilization in percent of the 

allowed use can be found. The minimum values show, that in every case there are lines that 

have a low utilization. For the operation of a network, the highest line utilization is decisive. 

The highest use occurs at Parameter 7. The parameter that causes the lowest maximum line 

utilization is the one that adds a bidirectional storage.  

Lastly, it is summarized which parameters have the best and which have the worst effect rela-

tive to the reference scenario. It can be said that the input parameter with the most influence 

on all output parameters is the region. In the US American grid, especially the voltage drop 

and transformer utilization are very critical due to the low rated power of the transformer. The 

line utilization stays in the same range as in Europe. Another parameter that has a large neg-

ative effect is the doubling of the charging points. Not only the voltage drop is increased sig-

nificantly, but also the line utilization. Moreover, the power flow over the transformer is higher 

than in the reference. One of the parameters that have a positive influence is the change to 

the Chinese network. The voltage drops decrease and the transformer utilization is low. Also 

the median line usage is much lower than in the reference. Merely the maximum line utilization 

stays in the same range. Also the parameter nine, the implementation of a bidirectional stor-

age, has very positive effects. 

 

7.7 Findings 

This section provides a brief summary of the simulation results that have been found in this 

chapter. First, the benchmark models without HPC were compared. For the network situation, 

the power of the transformer is decisive. The Chinese benchmark includes transformers with 

a high rated power. In contrast, in the US American benchmark one transformer is highly over-

loaded even without any charging stations. Thus, a network integration of HPC is more difficult 

in the US than in China and Europe. It can be concluded that the integration of a charging 
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station could still be enabled in the US with the combination of RES and a stationary storage. 

The best location to connect a HPC station is the bus directly behind the superimposed high 

voltage grid. Then, only the transformer is affected by the charging station. The maximum 

number of charging points is much higher in China than in the EU. In the US, the number is 

even lower. It is noticeable, that tap changers are needed especially in the EU and US. It has 

been discovered in the thesis that different measures can be taken to ease the network inte-

gration of HPC. Examples are the closing of switches or the distribution of the charging points 

among different stations.  
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8 Discussion and Conclusion 

In this chapter, an interpretation of the results is provided. First, the findings of the simulation 

are summarized. The results are relativized and possible sources of errors are identified. Sec-

ond, the role of HPC in the future is analysed. Lastly, several aspects that should be addressed 

by further studies are mentioned.  

The simulations have shown that the network integration of eight high power charging points 

without any limitations is only possible in the best case in China. The best case is characterised 

by the connection of the HPC station to the secondary side of the HV/MV transformer. In the 

worst case, the charging station is situated in large distance to the superimposed HV network. 

The use of tap changing settings and the equipment of the transformer with a cooling fan en-

able HPC in the European best case. It has to be mentioned that these two measures also 

have to be taken in the European benchmark without HPC. The usage of tab changers for 

HV/MV transformers is state of the art in all considered regions. Approximately ten percent of 

all transformers are equipped with cooling fans. In the European worst case, not only tap 

changers and cooling fans are needed, but also measures have to be taken to prevent the 

overloading of the lines. Also in the Chinese worst case, some lines are operated above the 

permitted 50% of the rated power. 

The reason for the reduced utilization of 50% of the rated power is the improvement of the 

supply reliability. The networks are operated in an open loop. It is mentioned in [88, p. 52] that 

the line utilization in an open loop should amount 50% to 60%. Thus, the assumption made in 

this thesis is rather pessimistic. Another method to prevent the overloading of the lines is to 

reduce the charging power in times of a high residential and industrial load. The loads consid-

ered in the simulations are coincident peak loads, thus the loads are lower most of the time. 

Users would then have to accept fluctuating charging powers and longer waiting times at the 

charging station when the network load is high. 

In the US American network, one transformer is overloaded even without HPC. This indicates 

that the benchmark model might not illustrate the real network accurately. Still, there are ways 

to enable HPC even in networks that are already overloaded. One method is to replace the 

overloaded transformer or take grid reinforcement measures. Another method is the line oper-

ation with 100% of the rated power, which however reduces the supply reliability. Another 

possibility is the installation of a stationary storage and the combination with RES. These 

measures are expensive. However, in case that a HPC station is needed at a certain location 

it can always be enabled with sufficient investment.  

In general, it can be said that a charging station that is connected directly behind the MV trans-

former does not have any effects on the line utilization and voltage drop over the lines. More-

over, the power of the transformer is decisive for the network situation when integrating HPC. 
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Thus, an optimal location for a HPC station is behind a MV transformer that has a very high 

rated power. 

This paragraph discusses several sources of error that have an impact on the preciseness of 

the results. As mentioned in Chapter 7.1, a benchmark model is merely an example for one 

possible setup. Medium voltage grids vary highly between different locations. When building a 

real HPC station, the given circumstances have to be considered. Still, the simulation of the 

benchmark model can give a first impression on the characteristics of a representative net-

work. Second, the simulations have shown that one transformer in the US American bench-

mark model is already highly overloaded without a HPC station. This indicates that the bench-

mark might not represent the reality properly. Third, the validation of POSIM has shown, that 

the power flow results depend on the software that is used. 

In the following, the role of HPC is summarized. Chapter 4 has indicated that several stake-

holders have a serious interest in establishing HPC. As mentioned before, an integration of 

HPC is principally possible with an appropriate investment. In case that HPC is required, there 

will be ways to enable a connection to the electricity grid. The simulations have shown that the 

Chinese benchmark is more suitable for HPC than the US American benchmark. Thus, storage 

systems may occur earlier in the US due to their positive impact on network stability. In the 

European model, the suitability depends on the location of the charging station. Concluding, it 

can be said that the capability of the medium voltage grid is not a barrier for the establishment 

of HPC. After all, the success of HPC will be determined by the costs and the availability of 

attractive business models. The costs, in turn, highly depend on the capability of the individual 

medium voltage grid. On a longer term, it is reasonable to combine a HPC station with RES 

and a storage system that can participate in the energy market.  

Due to the limited scope of this work, many interesting aspects concerning HPC could not be 

considered. Therefore, the last sections give examples for further research topics. It has been 

mentioned several times that the calculations performed in this work are static simulations. 

The next step would be the dynamic simulation over a longer period. Thus, the interaction 

between the loads, the storage system, RES and the utilization of the charging station could 

be examined in detail. Moreover, the optimum design of a storage device for HPC can be 

considered in a dynamic simulation. Another interesting approach is the investigation of a real 

existing network. Thereby, it can be determined if a HPC station can actually be built at an 

existing location. Another very important topic is a detailed analysis of the costs of a HPC 

station. In this thesis, only a few values provided by several references were compared. There-

fore, future work should analyse the costs and business models for HPC under different local 

circumstances. Moreover, it is necessary to address the question of how many HPC stations 

are needed and how many plugs should be installed per station. As these examples indicate, 
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further research has to be done concerning the topic of HPC. Electric vehicle infrastructure is 

a relatively new field, so it changes very dynamically and new aspects emerge quickly.  



9 Summary 70 

 

 

9 Summary 

In the first part of this work, the potential of HPC in view of different stakeholders was analysed. 

It can be said that drivers of an electric car want their cars to be charged as quickly as possible 

on long distance travels. They are willing to pay higher prices than for slow charging. The costs 

for the infrastructure rise when the charging power increases. The future will show if the power 

of 350 kW is needed or if lower charging power is sufficient. There are different standardization 

committees acting in the field of electric vehicle infrastructure. Especially the CCS promoting 

CharIN e.V. association supports the development of HPC with 350 kW. Some automotive 

manufacturers have concrete plans to enable HPC. Additionally, more and more manufactur-

ers start to participate in the energy market. It indicates that the automotive sector and the 

energy system start to merge. The combination of charging infrastructure with renewable en-

ergies and storage systems can be reasonable. Energy utilities also participate in the devel-

opment of charging infrastructure. As soon as there will be an attractive business model for 

HPC, it is presumable that they will start building HPC stations. Not only in Europe, but also in 

the US and China electric mobility is subsidized. The establishment of HPC is not forced by 

any government yet. Merely the German National Platform of Electric Mobility recommends 

the installation of 350 kW chargers from the year 2020 on. Concluding, it can be said that there 

are several indicators that show that HPC might play an important role in the future.  

Thus, a closer look at the network integration of HPC was taken in the second part of the work. 

HPC has several effects on the energy system. It can cause high voltage drops and increase 

the utilization of the transformers and lines. However, the thesis points out that a network in-

tegration of HPC is principally possible in the MV network. In case the network does not have 

sufficient capacity, storage systems and renewable energies can still enable the connection of 

a HPC station. A bidirectionally operated storage system can be used to provide ancillary ser-

vices and improve the network situation. Storage devices are more likely to be needed in the 

US American network than in China and Europe. It can be said that the existence of a powerful 

medium voltage transformer is decisive for a successful integration of HPC. Experts predict 

that several hundred 350 kW charging stations will be needed for one million electric cars in 

Germany. The absolute costs of a HPC without a storage system are placed in the lower six-

digit range per station but vary highly under local circumstances. Stationary storage systems 

are still very expensive but the price can be reduced significantly by using second life batteries. 
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11 Appendix 

Appendix A: Structure of the energy supply system 

 

Fig. 11.1: Structure of the UCTE network 

In Figure 11.1, the structure of an energy supply system exemplary for the UCTE network [17] 

is shown. It visualises the power generation as well as the consumption on the different voltage 

levels. The level can be divided into extra high, high, medium and low voltage. Transformers 

connect the different voltage levels. The transmission system connects the member countries 

of the UCTE network. The large power plants feed their energy into the extra high and high 

voltage level. The generation of RES can be found in every voltage level. A high power charg-

ing station would be connected to the medium voltage regional distribution network.  
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Appendix B: Validation of the Power Flow Calculation  

The simulations were performed using the POSIM software. POSIM is a power flow simulation 

tool that is developed by the Institute of Combustion and Power Plant Technology (IFK) at the 

University of Stuttgart. For further information about power flow calculations in general, refer-

ence [92, p. 67] is recommended. The CIGRÉ benchmark model provides power flow results 

for one setup within the European medium voltage grid [86, p. 85]. This setup was implemented 

in the own simulation software. The comparison of the two results are shown in Figure 11.2. It 

visualizes the absolute difference of the results divided by the results given in the benchmark. 

It therefore shows the relative error of the POSIM calculations compared to those provided in 

the CIGRÉ benchmark. A relative deviation of zero means the two results are equal. As illus-

trated by Figure 6.4, the relative error of the voltage at all busses is nearly zero. The biggest 

deviation occurs at bus 11 and amounts -0.01. This means the voltage at bus 11 is one percent 

lower in the POSIM calculation than it is in the benchmark results. An inspection of the power 

flow graph reveal that there are deviations downwards as well as upwards.  

The biggest error occurs at line 3, which connects the busses 1 and 2 and amounts 7.2%. One 

explanation for the spread of the values could be the usage of different algorithms to calculate 

the power flow. As it is unknown which software is used by the CIGRÉ benchmarking group, 

a further discussion of the source of error cannot be made.  

 

Fig. 11.2: Relative error of POSIM compared to the results in the benchmark 
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Appendix C: Assumptions concerning the grid 

The following list names the assumptions that have been made while implementing the bench-

mark network into the POSIM simulation tool. The statements help to gain a better understand-

ing of the network and allows the reproduction of the simulation setup.  

 

Loads 

 The loads have been calculated using the following formulas [15]: 

𝑃 = 𝑆𝑟𝑒𝑠 ∗ cos(𝜙𝑟𝑒𝑠) + 𝑆𝑐𝑜𝑚 ∗ cos (𝜙𝑐𝑜𝑚) (13) 

𝑄 = 𝑆𝑟𝑒𝑠 ∗ sin(𝜙𝑟𝑒𝑠) + 𝑆𝑐𝑜𝑚 ∗ 𝑠𝑖𝑛 (𝜙𝑐𝑜𝑚) (14) 

 The appropriate coincident factors for the benchmark loads in the EU and US are al-

ready applied [86, p. 32, p.37] 

 The coincident factor for the Chinese Benchmark had to be applied subsequently. The 

coincident peak load has been calculated as seen below [86, p. 98]:  

𝑆𝐶𝐹 = 𝐶𝐹 ∗ ∑ 𝑆𝑘

𝑁1𝑑

𝑘=1

  

(15) 

𝐶𝐹 = 0.6 ∗ (1 +
1

𝑁1𝑑
) = 0.6 ∗ (1 +

1

17
) = 0.6353 

(16) 

 

Lines 

 The rated power is calculated as follows [15, p. 462]:  

𝑆𝑁 = 𝐼𝑁 ∗ 𝑈𝑁 ∗ √3 (17) 

 The values for the rated current 𝐼𝑁 were taken from data sheets of the cable types used 

in the benchmarks 

EU Overhead [93]: 269 A 

EU Underground [94]: 285 A 

US Overhead [95]: 513 A 

China Overhead [96]: 517 A 

China Underground [97]: 565 A 

 Due to the fact that the description of the Chinese Overhead cable did not specify the 

exact cable characteristics, the average of four different cable types was taken. All 

four cables match the description of the cable in the benchmark [87].  

 The values of the positive sequence impedance are taken from the benchmarks. The 

zero sequence impedance does not have to be regarded, as the three-phase system 

is considered as symmetric. For further information on symmetric components, 

please see [92, p.1–15]. 
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Transformers 

 Neither of the transformers can do phase-shifting  

 The magnetic current as well as iron losses are negligible; therefore the power loss is 

only caused by the losses in the copper.  

 By using the following formulas [86, p. 97], the copper loss can be calculated. The 

derivation and the equivalent circuit can be seen in reference [15, p. 40]. All values are 

referring to the secondary side. The calculated values for 𝑃𝑙𝑜𝑠𝑠 are: 25 kW (EU), 

15 kW (US) and 160 kW (China). 

 

𝑍𝑡𝑟 = 𝑅𝑡𝑟 + 𝑗 ∗ 𝑋𝑡𝑟 (18) 

 

𝑅𝑡𝑟[𝑝. 𝑢. ] =
𝑅𝑡𝑟[Ω] ∗ 𝑆𝑟𝑎𝑡𝑒𝑑

𝑉𝑏𝑎𝑠𝑒²
 

(19) 

 

𝑋𝑡𝑟[𝑝. 𝑢. ] = [(
𝑋𝑡𝑟[𝛺] ∗ 𝑆𝑟𝑎𝑡𝑒𝑑

𝑉𝑏𝑎𝑠𝑒²
)

2

+ (
𝑅𝑡𝑟[%]

100
)

2

]0.5 
(20) 

 

𝐶𝑢𝐿𝑜𝑠𝑠 = 𝑃𝑙𝑜𝑠𝑠 = 𝑅𝑡𝑟 ∗ |𝐼𝑁| ² (21) 

 

|𝐼𝑁| =
|𝑆𝑁|

|𝑈𝑁|
 

(22) 

 

𝑃𝑙𝑜𝑠𝑠 = 𝑅𝑡𝑟 ∗ (
|𝑆𝑁|

|𝑈𝑁|
)

2

 

(23) 

 

 The nominal voltage in the Chinese benchmark amounts 10 kV. The given transformer 

has an output voltage of 10.5 kV on the secondary side. In order to face this discrep-

ancy, two assumptions have been made. First, the characteristic values such as the 

reactance and admittance were calculated using 10.5 kV, as this is the voltage the 

transformer is designed for. Second, the power loss has been calculated using 10 kV, 

as this is the actual voltage the transformer is operated at. 
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Appendix D: Number of households in the benchmark models 

As a first step the approximate time point of the coincident peak load was determined for each 

region using the daily load profiles graphs in the benchmarks [86, p. 33], [87, p. 4]. The time 

points are 7 p.m. for the EU, 8.30 a.m. for the US and 10 a.m. for China. In a next step, the 

actual load at the determined time points were read off the standard load table [98]. As the 

load in the table is scaled to 1000 kWh per year, the identified load had to be multiplied with 

the annual electricity consumption of each region. The amounts of electricity consumption for 

the three regions are approximate 3’000 kWh in the EU [99], 11’700 kWh in the US [100], and 

1’300 kWh in China [100].  

Lastly, the calculated maximum peak load per household was divided by the residential load 

multiplied with the associated power factor given in the benchmark. It is important to mention 

that the number of households is a rough estimation and is merely meant to give an approxi-

mate size of the medium voltage feeders that are used in the simulations.   
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Appendix E: Additional scenario with RES and a bidirectional storage  

The following sections shortly presents the simulation results of the combination of a HPC 

station with RES and a stationary storage in the US American benchmark. Chapter 7.4.3 has 

shown that the network situation can be improved by integrating renewables and a bidirection-

ally operated storage. Now it is analysed, if all three premises can be kept in the US American 

benchmark when combining HPC with RES and a storage. 

As mentioned before, not only RES but also the bidirectional operation of a stationary storage 

system reduces the network load. The power demand from the HV grid and the power flow 

over the lines decrease. Thus, the utilization of the lines and the transformer are lower. As it 

can be seen in Figure 11.3, all the lines are operated in the permitted range. The transformer 

is overloaded with 192% that is even less than in the US American benchmark without HPC. 

The highest line utilization occurs at the line from bus 1 to bus 2 and amounts 49% of the 

admitted power.  

An effect of the lower transformer utilization is that the voltage drop decreases as well. In 

Figure 11.4 the voltage curve is drawn. Like in the European grid, the power flows from bus 11 

in the direction of bus 3 due to the RES and bidirectional storage. This means that the gener-

ation at bus 11 exceeds the power demand at the mentioned bus. Also at bus 7, the generation 

is higher than the load due to the power supply of the wind turbine.  

 

    

Fig. 11.3: Power flow of the combination of HPC with RES and a bidirectional storage 
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As a conclusion, it can be said that the results of the combination of the charging strategies 

with RES from the European network in Chapter 7.4.3 can be transferred to other grids. The 

scenario discussed above indicates that a charging station combined with power generation 

out of renewable energies and a bidirectional storage can even be an improvement towards 

the network without HPC.  

 

 

Fig. 11.4: Voltage drop of the combination of HPC with RES and a bidirectional storage 
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Appendix F: Additional scenario with the distribution of the charging points among two 

charging stations 

 

    

Fig. 11.5: Power flow results of the additional scenario with two HPC stations 

Transformer utilization left feeder: 241% 

Transformer utilization right feeder: 87% 

Inadmissible line utilization from bus 1 to bus 2: 134% 

Inadmissible line utilization from bus 2 to bus 3: 107% 

 

 

Fig. 11.6: Voltage drop of the additional scenario with two HPC stations 

Lowest voltage at bus 11 with 0.79 p.u. 

Inadmissible high voltage drops at two busses. 
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Appendix G: Sensitivity analysis with values relative to the reference scenario 

In Figure 11.7, the results of the sensitivity analysis relative to the reference scenario are illus-

trated. All assumptions are similar to the analysis performed in Chapter 7.6. The characteristics 

of the reference can be found in Table 11.1. Similar to the graphs in Chapter 7.6, the number 

of inadmissible events are shown on the left side. On the right side, the maximum values of 

the voltage drop, and the transformer as well as the line utilization are visualized.  

It is noticeable that especially the parameters P2 and P7 have negative effects on the network 

situation compared to the reference. The table of the meanings of the parameters can be found 

in Table 11.1. The parameters P6 and P10 do not only have negative, but also positive effects. 

All other parameters improve the network situation compared to the reference scenario.  

 

  

 

  

Fig. 11.7: Sensitivity analysis relative to the reference 
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Tab. 11.1: Overview of the parameters of the sensitivity analysis 

Reference: P0 

Region = EU, Taps = 0, without RES, switches open, 8 charging points per station, without 

stationary storage, worst connection bus, 1 charging station 

P1 P2 P3 P4 P5 P6 

Benchmark 

without HPC 

US China Taps = 

+10% 

With RES Switches 

closed (loop) 

P7 P8 P9 P10 P11 P12 

16 charging 

points  

With buffer-

ing storage 

Bidirectional 

storage 

Best connec-

tion bus 

2 charging 

stations 

4 charging 

stations 

 


