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Executive summary 

This deliverable has been produced in the scope of Grid4Vehicle (G4V) project and has the purpose to 

provide requirements for the recharging infrastructure that shall be deployed in order to charge electric 

vehicles. 

 

The massive penetration of electric vehicles in Europe shall be supported by an adequate evolution of 

electrical distribution grids. For this reason, G4V project has analyzed different technical and 

economical grid topics that will be influenced by electric vehicles, in order to anticipate the potential 

impacts and propose areas of investigations that shall be taken into account in order to remove or 

mitigate the possible negative effects. 

 

One of the main assumptions of this analysis is that electric vehicles will be charged on the same 

electrical distribution grids that today are used to provide energy to other kind of application. In other 

words, there is no reason to design from scratch a grid model specific for electric mobility. Instead, 

electric vehicles will be charged near residential areas and offices. 

 

Since electric mobility shall be an additional load to the grids that are already deployed in Europe, this 

report starts with a reflection about todayôs  ñPlanning Processò, as the complexity and quantity of the 

considerations that affect power system planning is considerably high. Moreover, some of these 

considerations present uncertainties because the parameters involved cannot be forecasted without 

error (e.g., demand forecast) or are not known precisely (e.g., cost assessment, since during field 

implementation the constraints are increasingly common). Mobile loads that are connected with a 

power (3.7kW) as high as standard household in some countries form a new reality. Without sufficient 

knowledge for the DSO the above mentioned uncertainties increase. Therewith the pressure on the 

DSOôs planning process to evolve increases as well and becomes more difficult at the same time. 

 

The ñTechnical Topicsò about the planning process are addressed afterwards. The most relevant 

technical topics to evaluate parameter sensitivities and potential levels of negative impacts of EVs in 

the electric network are presented. Here is called attention to the fact that when considering a new load 

in the electrical system there is much more beyond the impacts in terms of demand increase and 

distribution assets overload. In this particular case where is expected an analysis of a load, with the 

characteristics of EV batteries charging, likely to have a high penetration in LV distribution grid, 

further analysis should be made in terms of impact in grid losses (from source to the final outlet) and 

in terms of power quality, including this last topic voltage variation and unbalance phases. 

 

Grid reinforcement needs due to increasing maximum annual peak loads and voltage constraints affect 

the investment costs directly. The section ñFull life cycle Cost of Investmentò describes the general 

impact of investment on the total life cycle costs. The link between EV penetration and investment 

increase can be found afterwards in ñLong Time Budget Planningò. 

 

The ñAutomatic Investment Evaluation Tool sectionò deals with how the simulation results, together 

with the investment costs and the grid data, has been used as input data the costs of investment for 

reinforcing the grid where needed. The tool can be used to assess the needed reinforcement 

investments for a given grid.  

 

The ñSpecific Experts Assessmentò describes the analysis of the simulation results on MV and LV 

networks and finally in the ñDimensioning of Additional Demand for EVôsò, techniques are suggested 

to foresee the impact of EV on the network and the additional power demand for EVs. 

 

This way the study identifies the technical potential issues that could be caused by electric vehicles 

(the overload due to increase of demand, increases in grid losses, harmonics generation, voltage drops, 

unbalanced voltage and currents) and, in addition, the impact of electric vehicles will be related to the 

overall investment procedures adopted by DSOs to plan the allocation of budget, proposing methods 
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to evaluate the full life cost of grid investment and to evaluate the long time budget planning in grid 

infrastructure. 

 

The Grid4Vehicle project focuses on the effects of a large-scale rollout of electric vehicles on the 

electricity grid. It was therefore chosen not to focus on all aspects influencing the acceptance of 

electric vehicles, but to focus on those that would have a direct impact on the grid. This includes the 

factors related to the vehicle use, but especially those related to the charging process of electric 

vehicles. Factors more related to the general acceptance or purchase of electric vehicles are thus not 

taken into account. Within this category of charging related factors another focus is put on those 

factors that are user dependent. This means that vehicle or infrastructure dependent factors (like 

battery lifetime and duration of charging) are here less focussed on. Between the categories use and 

purchase related factors and technical and user related factors, some grey areas exist which may or 

may not impact the grid. 
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1 Introduction  

This deliverable has been produced in the scope of Grid4Vehicle (G4V) project and has the purpose to 

provide requirements for the recharging infrastructure that shall be deployed in order to charge electric 

vehicles. 

 

The massive penetration of electric vehicles in Europe shall be supported by an adequate evolution of 

electrical distribution grids. For this reason, G4V project has analyzed different technical and 

economical grid topics that will be influenced by electric vehicles, in order to anticipate the potential 

impacts and propose areas of investigations that shall be taken into account in order to remove or 

mitigate the possible negative effects. 

 

One of the main assumptions of this analysis is that electric vehicles will be charged on the same 

electrical distribution grids that today are used to provide energy to other kind of application. In other 

words, there is no reason to design from scratch a grid model specific for electric mobility. Instead, 

electric vehicles will be charged near residential areas and offices. 

 

Since electric mobility shall be an additional load to the grids that are already deployed in Europe, the 

study has started by the collection of distribution grid planning and operational rules used today. 

Therefore, the most used grid types and topologies in European distribution grid will be used as 

reference for the evolution that shall take into account electric mobility impacts.  

 

The study intends to identify the technical potential issues that could be caused by electric vehicles 

(the overload due to increase of demand, increases in grid losses, harmonics generation, voltage drops, 

unbalanced voltage and currents) and, in addition, the impact of electric vehicles will be related to the 

overall investment procedures adopted by DSOs to plan the allocation of budget, proposing methods 

to evaluate the full life cost of grid investment and to evaluate the long time budget planning in grid 

infrastructure. 

 

The Grid4Vehicle project focuses on the effects of a large-scale rollout of electric vehicles on the 

electricity grid. It was therefore chosen not to focus on all aspects influencing the acceptance of 

electric vehicles, but to focus on those that would have a direct impact on the grid. This includes the 

factors related to the vehicle use, but especially those related to the charging process of electric 

vehicles. Factors more related to the general acceptance or purchase of electric vehicles are thus not 

taken into account. Within this category of charging related factors another focus is put on those 

factors that are user dependent. This means that vehicle or infrastructure dependent factors (like 

battery lifetime and duration of charging) are here less focussed on. Between the categories use and 

purchase related factors and technical and user related factors, some grey areas exist which may or 

may not impact the grid.  
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2 Planning Process 

2.1 Introduction 

The power system planning process is essential to ensure that the demand for electricity can be 

satisfied by updates and/or upgrades of the grid which should be technically and economically 

feasible. The objective of the planning process is to determine what facilities and procedures should be 

improved to satisfy and promote appropriate future electricity demands. It also needs to evaluate 

among all the available options which are the best solution to provide the electric energy to the 

customers in economical, reliable and safe way. 

The complexity and quantity of the considerations that affect the power system planning is 

considerably high. Moreover, some of them present uncertainties because the parameters involved are 

not known precisely or cannot be forecasted without error. In the next sections some of the basic 

planning concepts are presented. However, if the reader wants more information can find the planning 

process deeply detailed and explained in the reference books [1] [2] [3] , since all of them have been 

the base for next general planning concepts. It is also available in the annex section a chapter by each 

G4V participant utility about their grid planning rules. 

2.2 Planning process 

The planning process of the power system has an important technical component. Thus, the model 

explained in this document gathers all the concepts used in such process, and might be used as a base 

for a common approach. Figure 1a and 1b shows the flowchart of a typical power system planning 

process. 

 
Figure 1a: Flowchart of a typical power system planning process 
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Planning of electrical networks usually consists of several steps that focus on different aspects of 

network planning. On the one hand, the optimal development of a given network in the long run needs 

to be optimized. For this, usually a period of 20ï30 years or even more decades is considered. This 

comprises basic planning decisions, such as the voltage level or the general structure of the network as 

well as general decisions about the types of equipment to be used. On the other hand, the task of short- 

and mid-term network planning is to optimize the development of an existing network with regard to 

the specifications of long term planning. 

The process starts with a demand forecast in order to define the future system requirements. All these 

load predictions are utilized to create future scenarios. Once obtained the load projections, a system 

performance analysis is done to determine whether the system is capable of handling the predicted 

scenarios with respect to some reliability and quality of service criteria. The acceptability criteria are 

defined by each company considering companyôs own policies, regulatory frameworks, obligations to 

the consumers or other additional constraints. If the results of this analysis indicate that the system is 

not sufficient to fulfil the future demand scenario, some alternatives need to be defined in order to 

update/upgrade the system. Depending on the severity of the deficits identified in the analysis of the 

performance, new relatively minor system upgrades or new infrastructure may need to be built to meet 

future necessities. The new system design is performed using companyôs own network models and 

development criteria. 

Then, the cost of the designed plan is evaluated. If the cost is found to be out of defined limits, the 

plan is re-evaluated. The process ends when a satisfactory new investment plan is obtained to provide 

a solution to solve the future system deficiencies at a reasonable cost.  

 
Figure 1b: Planning process. Source: Endesa 

 

2.2.1 Demand Forecast 

Future demand power is an essential parameter for network development since it establishes the level 

of exigency under which it will be operated, so it is an indicator of the necessary investments. The 

forecasting of power system load is an essential task and forms the basis for planning of power 

systems. The estimation of the load demand for the power system must be as exact as possible. 

Despite the availability of sophisticated mathematical procedures, the load forecast is always afflicted 
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with some uncertainty, which increases the farther the forecast is intended to be projected into the 

future. Power systems, however, are to be planned in such a way that changing load developments can 

be accommodated by the extension of the system 

There are two main planning horizons when load forecasts are considered: long-term and short-term. 

The long-term horizon for distribution planning is presumed to be between 15 and 20 years, whereas 

the short-term horizon is up to 5 years. Occasionally, an intermediate medium-term scenario may be 

also considered.  

Load forecast is performed for the different planning horizons and the results can be calculated from 

hourly values and taking into account different seasonal periods (for example for summer and winter). 

The forecast is also divided into several geographical areas due to differences in the distribution of 

loads and their typology.  

Different methods of load forecast are applied, depending on the planning horizon and thus on the 

voltage level and/or task of planning. From a number of different load forecasting procedures, fi ve 

methods are listed below as examples: 

ï Load forecast with load increase factors 

ï Load forecast based on economic characteristic data 

ï Load forecast with estimated values 

ï Load forecast based on specific load values and extend of electrification 

ï Load forecast with standardized load curves. 

The results are completed with the prevision of the demand for new customers, as well as 

extrapolations of other parameters concerning economic activity, such as Gross Domestic Product 

(GDP) or the evolution of diverse economic sectors. Other factors that can influence the load forecast 

are urban plans made by the administrations, meteorological data such as daily maximum and 

minimum temperature registered in the previous years, and demographic data.  

 
Figure 2a: Summer load profile for a household load 

Peak power forecast for the planning horizon (short term, medium term or long term) is calculated 

from hourly values and daily maximum and minimum temperature, registered in the previous years, 

and statistically treated. Two forecasts are made (for summer and for winter) due to the different 

geographical distribution of loads and their typology.  

The results are completed with the prevision of demand for new customers, as well as extrapolations 

of other parameters concerning economic activity, such as Gross Domestic Product or the evolution of 

diverse economic sectors. 

Finally, the forecast is applied in a coherent way to the network levels defined (HV, HV/MV, MV) 

and to the simulation tools, building a demand scenario. 
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Figure 2b: Generation, Network and Demand forecast scenarios for medium term planning horizon 

2.2.2 Reliability and quality assessment 

The reliability and quality criteria define homogeneous requisites for the network that may be used to 

detect current and future deficiencies in the power system. Here, the forecast is incorporate in the 

network system models building future demand scenarios that are evaluated with the simulation tools. 

High priority is to be given to the supply of consumers with a defined need for supply reliability, 

which can be accomplished if sufficient data are available on system disturbances (faults, scheduled 

and unscheduled outages) or by means of quantitative and if necessary additional qualitative criteria. 

The reliability of the electrical power supply system (power station, transmission and distribution 

system, switchgear, etc.) is influenced by: 

ï The fundamental structure of the power system configuration (topology) 

ï The selection of equipment 

ï The operational mode of the power system  

ï The desired reliability of supply can be guaranteed only if the power system is operated under 

the conditions for which it was planned. 

ï Earthing of neutral point  

ï Regular maintenance: regular and preventive maintenance according to specified criteria is 

important to preserve the availability of equipment. 

ï Uniformity of planning, design and operation: operational experience must be included in the 

planning of power systems and in the specification of the equipment. 

ï Safety standards for operation: the low safety factor for ñhuman failureò can be improved by 

automation and implementation of safety standards, thus improving the supply reliability. 

It is axiomatic that 100% security and reliability of electrical power supply cannot be achieved and 

does not have to be achieved. In each case a compromise between supply reliability, the design of the 

system and any equipment and the operational requirements must be agreed, and of course the 

interests of the consumers are to be considered. 

The network is considered reliable if, in the different scenarios, the network is not overloaded, the 

voltages are kept within the admissible margins and the continuity of supply indicators are kept below 
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the maximums defined by the regulators.  Moreover, in order to minimize the risk other issues might 

be analyzed: 

 The maximum allowable peak-load voltage drop to the most remote customer on the 

secondary. 

 The minimum short circuit power. 

 The maximum allowable voltage dip occasioned by the starting of a motor of specified 

starting current characteristics at the most remote point on the secondary. 

 The maximum allowable peak load. 

 The power losses. 

 The performance in front of N-1 contingencies (in meshed networks, in close or open loop 

operation).  

The contingencies could be different for each of the network levels defined (HV, HV/MV Sub, MV). 

 

 
Figure 3: Networks levels defined 

Criteria for the permissible loading of equipment in power systems under normal operating conditions 

and/or with single outage or multiple outages can be specified. 

ï The loading of any equipment may not exceed the values as defined in standards, norms and 

regulations, data sheets of manufacturers or by means of computer programs during normal 

operating conditions.  

ï In case of outage of any equipment, the loading of the remaining ones (still in operation in the 

power system) may not exceed the values defined for a given period as specified in standards, 

norms and regulations, data sheets of manufacturers or determined by means of computer 

calculations. 

ï For the determination of load criteria such as duration and height of the load, preloading 

conditions and so on, application - oriented standards are specified, which are to be used in 

planning and operation. 

Power systems have to be operated in a stable manner in the event of transient disturbances without 

subsequent faults. Such faults may include load shedding by frequency relays, switch - off of 

generators, isolating of subsystems and so on. The power system frequency has to fulfill tolerance 

criteria.  

To ensure normal frequency control in the power system, sufficient generation reserve under primary 

control (primary reserve) must be available and activated in timely fashion. The amount of primary 

reserve depends on the typical power station schedule. 

The Reliability and Quality criteria define homogeneous requisites for the network that may be used to 

detect current and future ñdeficienciesò. 

The network is considered reliable if, in a situation called ñscenarioò, the elements that integrate the 

network (lines and transformers) are not overloaded, and the voltages stay inside the admissible 

margins, under full availability of the network (called ñnormal stateò or ñNò) as well as under certain 

contingencies (ñN-1 stateò). 
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2.2.3 Design of the new system 

Through performing analysis in each scenario with simulation tools, network insufficiencies are 

detected. Such deficits are characterized and classified using different parameters, as size, power at 

risk and non-supplied energy. The network models and development criteria establish the guidelines to 

design and define the alternatives that will try to solve the deficiencies detected.  

These alternatives can consist in expanding the system with minor additions or new network 

configuration, or can be based on adding new infrastructure to the power system such as new 

substations or new lines, with its corresponding equipment.  

The objective of the ñnetwork modelò is to minimize the following set, satisfying the planning criteria: 

LossesostsOperatingCInvestment  

2.3 Investment Plan 

The investment proposals are studied to solve all the problems detected on the network for the 

scenarios analyzed. 

The set of these proposals are assessed transforming the electrical risk in the network into Non 

Supplied Energy and Power at Risk, allowing their valuation and prioritization according to strategic 

objectives, taking into account the economic signals provided by the Regulation. 

 

 

 
 

Figure 4: Assessing electrical risk in the network 

 

Once the alternatives are studied and a new system design is proposed, the cost of this proposal is 

assessed. Several factors can affect the total cost of the system expansion. In that sense, the operating 

and maintenance costs, the power losses, the reliability costs (energy non supplied, power cuts, 

penalties é), the construction and installation costs, and other capital costs need to be considered, 

such as other factors like available company budget or retribution set by regulation framework. 

The problem with the cost assessment is that planning objectives and requirements often conflict with 

minimizing costs. For example, if better quality of service is wanted, it conflicts directly with the aim 

of minimizing costs. For that reason, it is also important to define prioritization criteria to determine 

the order in which proposal should be addressed. 
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3 Technical Topics 

3.1 Introduction 

When considering a new load in the electrical system there is much more beyond the impacts in terms 

of demand increase and distribution assets overload. 

In the analysis of a load expected to have a high penetration in LV distribution grid with the 

characteristics of EV batteries charging further analysis should be made in terms of impact in grid 

losses (from source to the final outlet) and in terms of power quality, including this last topic voltage 

variation and unbalance phases. 

Given that some technical topics, like device overloads, can be approached individually, but that other 

issues, such as voltage levels and unbalanced, require the evaluation of the network as a whole, the 

grid simulations in present G4V project did not accomplish the analysis of all relevant technical topics. 

This chapter addresses the technical topics that so far are considered relevant to evaluate parameter 

sensitivities and potential levels of negatives impacts of EV in electric network, some that had been in 

focus in present G4V project simulations and others that should be object of analysis in further G4V 

project developments. 

3.2 Demand increase and assets overload 

Until today, and as long as grid cannot offer full potential of  distribution generation management, 

storage devices management and demand side management, the peak power is, and will be, the 

dimensioning factor in a power grid. 

This means that an increase of the peak power will require from the TSO and DSO investments in a 

stronger grid, being relevant that being the EV an LV load it is expected that downstream local grid 

will suffer more stress that upstream grid, especially in low consumption LV areas [4]. 

Being expected that these new loads will increase the need of new infrastructures and existing assets 

re-rating, it should also be considered the increase of situations where normal ratings are exceeded, 

that will effective diminish the operation assets lifespan, and by these means also increase the grid 

investment. 

An example of possible operation reduction lifespan is the MV/LV transformer. Being this asset one 

of the main LV grid assets it is important to notice that during transformer operation windings heats up 

degrading slightly the tape insulation and core material and that, if under normal operation the lifetime 

of the transformer insulation can be greater than 20 years, when overloading a transformer it will 

decrease this expected lifetime [5] [6]. 

From what is written above, as EV charging will alter typical customer load profiles requiring a 

stronger grid and a grid more or at least so reliable as todayôs grid, not only investment increase needs 

in new infrastructures and existing assets re-rating should be evaluate, but also additional evaluations 

addressing ñloss of lifeò as a function of EV type and connection time should be performed. 

3.3 Losses 

Although the regulators recognized grid losses as an operation cost that is integrated in tariff paid to 

the system operator, there is a limit to this fee being the system operator responsible to maintain the 

losses below a percentage of the total energy that is considered the point of efficiency. 

Having the losses not only a quadratic growth related with the current flowing through the grid, Joule 

losses, but also an increase with the equipment thermal condition, since electrical resistance increase 

with temperature, the simultaneity of present loads with the EV charging would increase the losses 

percentage by these two factors. 

Other technical factors that could contribute to losses percentage increase are unbalanced phases, the 

presence of harmonics in the current drawn by the load and the transformer core loss increase due to 

thermal aging. 
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The first has itsô origin in the fact that being the residential households connected to the distribution 

system in some European countries typically via a single phase connection, this has the knock-on 

effect of creating voltage and current unbalance at the 3-phase level of the network [7], resulting in 

higher Joule losses in neutral and in phases with highest load. 

The second could occur due to the presence of EV charging AC-DC interface, and as the root mean 

square value of the current increase due to harmonics presence, the Joule losses increase. The 

harmonic severe consequences will increase if fast charging stations will be established [8] [9]. 

The last as is root in the exposure of power transformers core to elevated temperatures for extended 

periods of time, being susceptible to permanent increases in core loss. 

So far sensitivity analysis of system losses show the losses to be linearly related to the % EV customer 

penetration [6], but that it will also depend on the grid type (urban, suburban and rural), being sight 

that the percent increase in energy loss is higher than the percent increase in energy for any grid type, 

with more importance in urban network, leading to a percentage losses growth [5]. 

From what is written above, as EV charging will alter typical customer load profiles that will directly 

impact in losses performance by which the system operator is responsible and remunerated, not only 

losses percentage increase directly related with feeder current increase should be evaluate, but also 

additional evaluations addressing losses increase correlated to other technical factors should be 

performed. 

3.4 Voltage drop and unbalanced voltages and currents 

In Europe the electrical grid as left the stage where the focus was mainly to guarantee a non-

interruptible grid, and is in a stage where is required to the operator to run the system in narrow 

intervals of system parameters values. Due to the increase of home electronic devices todayôs 

consumers are more exposed and concerned about power quality issues, like voltage variations, than 

before. 

Voltage drop is an aspect to consider for reliable operation of distribution networks since it can cause 

malfunction and damage of electrical equipment, and is particularly relevant in rural network where 

due to the long line lengths largest voltage drops usually arise. 

Starting by considering a three-phase balanced system, where generated voltages are sinusoidal and 

equal in magnitude, with the individual phases 120° apart, the increase of EV penetration will result in 

an increase of voltage drop in all network types (urban, suburban and rural) exhibiting the rural 

network exhibits the largest voltage drops as expected [5]. 

However maintaining an exact voltage balance on all three phases at the point of use is virtually 

impossible given that single-phase loads are continually connected to, and disconnected from, the 

power system, and that single-phase loads are not evenly distributed between the three phases, leading 

to the observation that power systems may be inherently asymmetrical. Furthermore todayôs loads 

characteristics, e.g., the proliferation of single-phase nonlinear switch-mode power supply based loads 

such as computers, can lead to unbalanced levels of distortion between phases which can also make 

the balancing process more challenging [10]. 

Since a major cause of voltage unbalance is the uneven distribution of single-phase loads, which can 

be continuously changing across a three-phase power system, a problem that can arise with EV is 

symmetry as the chargers use single phase circuits [8]. 

This way, apart from voltage drop, unbalance voltages should also be considered as a consequence of 

EVs influx [8], being their importance not only related with adverse impacts to three phase equipment 

on a power system such as induction motors, power electronic converters and adjustable speed drives 

but also because under unbalanced conditions the distribution system will incur more losses and 

heating effects [10]. 

From what is written above, as EV charging will alter typical customer load profiles that will directly 

impact in voltage performance by which the system operator is responsible to maintain in a narrow 

interval, it is consider indispensable an analysis of each phase on the network separately in order to 

capture the full effects of electric vehicle charging on the network. 
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4 Full Life Cost of Investment 

4.1 Life cycle cost elements 

In general the financial analysis of potential network planning alternatives is based upon the life cycle 

costs of the relevant assets. The main cost elements are: 

 

ü Singular investment costs for new assets (one-time) 

ü Annual maintenance and operation costs (continuous) 

ü Annual loss costs (continuous) 

 

The singular investment costs are directly affected by the reinforcement needs due to increasing 

maximum annual peak loads and voltage constraints. This chapter describes the general impact of 

investment on the total life cycle costs. The link between EV penetration and investment increase can 

be found in the chapter ñLong time budget planningò. 

 

The annual maintenance and operation costs can be simplified by means of percentage values of the 

investment costs. For RWE typical percentage values are: 

 

 
 

These values consider the typical usage of equipment. If the EV penetration leads to higher peak loads 

or a higher amount of full load hours the maintenance costs will also increase. This additional factor 

can be taken into account by the variation of typical load profiles (see also the possible model 

completion of annual loss costs). 

 

The analysis of annual loss costs depends on the load profiles and the ratio between maximum load 

and network capacity. The increasing network penetration with EVs leads to a significant shift of these 

relevant parameters. Hence a simplification may supply a considerable fault range. A first proposal for 

simplification can start with typical network loss percentages which are determined considering 

current parameters: 

 

ü Current standard load profiles 

ü Ratio between maximum load and network capacity: 0.7 

 

For RWE an analysis of network losses in relation to the amount of delivered energy (plosses) shows the 

following average results: 

 

Assets

Maintenance and operation costs / 

Investment p.a.

HV feeder 5,0%

HV/MV transformer 0,7%

MV feeder 6,2%

MV OH line 4,3%

MV cable 1,0%

Secondary substation 3,2%

LV OH line 5,0%

LV cable 0,7%
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The main parameter that will be changed by the EV penetration will be the ratio between maximum 

load and network capacity. A variation of this parameter may be considered in the same way it is 

modeled in a typical complete calculation of network losses: 

 

 
 

The average network losses plosses can be weighted with the shown factor depending on the new ratio 

between maximum load and network capacity. 

 

As mentioned above this model is based on current standard load profiles. The EV penetration will 

lead to a change of these load profiles. If the EVs are loaded during peak hours, the peak load will 

increase and the typical ratio between average load and peak load will decrease. This scenario will 

principally lead to relatively higher network losses. If EVs are loaded in the time slots with low loads 

(e.g. night hours) the peak load will not vary but the ratio between average load and peak load will 

significantly increase. In case of this scenario the relative network losses will decrease.  

 

Therefore the dependency between network losses and EV load scenarios is based on the resulting 

typical load profiles considering EV penetration. After verification of these new load profiles the 

simplified network loss model can be complemented with an additional parameter ñaverage load / 

peak loadò. 

 

In general the annual cost elements as well as investment costs in other years than year 0 are subject to 

inflation. This fact is considered by the help of an annual inflationary factor a. 

4.2 Calculation method 

The three mentioned cost elements should be summarized in a convenient way. The standard NPV (net 

present value) method delivers a singular ñpresent valueò representing the value of all cost 

Voltage level

plosses = 

Network losses / Delivered energy

HV 0,5%
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components at a specific reference date, normally the present year (in the following described as year 

0).  

 

Important calculation parameters of the NPV method are: 

 

ï Period under consideration, a number of years N (in general ordinary useful life of assets, EV 

penetration may lead to a reduction of lifetime due to higher peak loads or full load hours); 

ï Internal rate of return, a percentage value i (in general a given rate of the financial 

controlling); 

 

All cost elements An of the year n (investments, annual costs) have to be discounted to the present 

value B0 of year 0: 

 
N

n

n

n
N

n

n

n
AqAiB

11

0 1  

 

The present value of a network development is total sum of all discounted life cycle cost elements 

over the period under consideration: 

 

 
 

The financial priority of all planning alternatives is given by their sorted present values. 

 

B0 (present value)

Cost elements

-2 -1 0 1 2 3 n n+1 t / a
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N
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5 Long time budget planning 

5.1 Link between the results of network load flow and CAPEX needs.  

Networks have to be upgraded in two cases: they are too old and the reliability is reduced (renewing), 

or they are not able to transmit the load (upgrading).  The constrains appearing with the increase of the 

load may be the current (or thermal) limit or the voltage limit.  

The aging process is generally a thermal aging, related to the load. As the thermal aging process is 

very sensitive to temperature (exponential law), it is quite equivalent to say that we have a limited load 

capability of the network instead of limited life duration. (Once the typical current load has reached 

these high values, other occurrences of these high values will happen and the aging process will bring 

the material to the end of life in a short delay) 

In most of the networks when the load is increasing above a limit, we need to reinforce it.  

So, for a given network (or component of the network), we can consider there is a maximum possible 

load.  

Each year, there is a day and time with maximal yearly load (for example: load at 7 oôclock PM during 

the coldest day of the year.) We often consider an average peak load increase of 1 or 2% per year, but 

it could be less with DSM and DR in the future. 

For each network there is a margin between the physical limit (or maximal possible load) and this 

maximal experienced load (or expected for constraining conditions). When the network has recently 

been upgraded the margin is relatively large, but in other case, the margin can be really limited, which 

means the network has to be upgraded soon. In all the Countries we have subnetworks without margin, 

and others with high margin. A network having some margin now will have to be upgraded in some 

years, when the load has raised to the limits. Maybe in some countries, the networks have always 

margins between transmission capability and maximum load (network are renewed independently of 

load largely before reaching the limits) but all the G4V grid experts confirm it is not the case in their 

country.   

In some areas, the load is decreasing over years, but in our forecast it will be rare. 

In a given year, for each sub-network (or network component as a transformer), we can determine the 

margin between expected load and limit.  If we plot a histogram of the ratio between expected annual 

peak load of a sub-network and the peak load limit of the network, we will get something like the 

following curve.  

 
 

We can see that some networks are very near the limits or even above the limits. Those have to be 

reinforced rapidly.  
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Every year, we (DNO) are upgrading some networks because their margin is too small. In a very 

simplified model, if the typical life duration of the network before reinforcement  is 40 years, we are 

refurbishing 1/40 of our assets every year.  

If we introduce a new load as EV, the peak load of each sub-network will be modified and in the case 

without V2G, the peak load will increase.  So taking EVs in consideration we have a new curve. Here 

much more sub networks are above the limit, meaning we have much more sub-networks to reinforce.  

This is an estimate of the impact of introducing EVs on the CAPEX of  DNOs. It will be expressed as 

percentage of our assets needing to be reinforced due to the introduction of EV  

How to calculate this share of  networks to be reinforced? 

5.2 First method.  

Once we have sorted all our networks, from the most heavily loaded one to the less loaded one, we can 

split the set of networks in N (let say 10) homogeneous subsets. We have to choose one typical 

network in each subset, analyse his actual load level and compare it to new load level, ie including 

EVs.  

5.3 Simplified method 1 

Instead of choosing 10 different network, each having his load curve, we can choose a single network, 

and consider 10 different load curves, corresponding to different loading (number of customers and 

load per customer).  

For each case, we have to analyse the impact of EV penetration 

5.4 Simplified method 2 

In stead of considering different loading level for the considered network, we can choose a specific 

load level and consider that the maximum allowed load is different in order to have the 10 cases with 

different ratio between maximum expected load and maximum allowed load.  

The problems with EV penetration will only arise on heavily loaded network, so it would be better to 

simulate a heavily loaded case.  

For each possible constrains in the network (ie, transformer load, cable load, voltages), we will get a 

maximal value without EV and a maximal value with (a certain level of penetration of) EV.  

Lets take as exemple: Max load without EV: 200 kVA; Max load with EV: 220 kVA ie an increase of 

10% of the peak load.  

The limit for this component varies from 200 kVA (component is old and will be replaced soon), to 

400 kVA  (the component has recently been installed and there is a large margin). The distribution of 

the component  is linear between these limits.  

The load ratio varies from 0.5 to 1 without Evs and from 0.55 to 1.1 with EV.  

From the curve, we can see that 20% of this type of component has to be replaced due to the EVs. 

5.5 Final consideration 

The life duration of network assets is long and planning has to be 

analysed on the long run. In this chapter we have given some simple method to evaluate the impact of 

deployment of EVs on network investments. It shows that for a well designed network, some network 

components have no margin and will need refurbishment when EVs will be connected to them. A lot 

of network component have margin and so, a control mechanism using local information will be very 

efficient. 
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6 Automatic investment evaluation tool 

6.1 Introduction 

As a first step to automatically evaluate the investment costs for the integration of a large number of 

electric vehicles the different grid operators have been asked for their usual investment costs for 

different types of assets in specific areas and countries. The collected data was then harmonized to 

allow an automated processing of the data. Following the simulation results together with the 

investment costs and the grid data has been used as input data for the automatic investment evaluation 

tool. This tool evaluates the investment costs that are necessary to solve the grid problems, which 

came up during the simulations, for all parameter combinations (charging power, charging 

infrastructure, charging strategy). The single steps of this process will be explained in the following 

sections. 

 
 

6.2 Investment costs 

In order to determine the reinforcement costs of the analyzed grids, data about typical reinforcement 

measures have been collected from grid operators. The following table shows measures and costs on 

MV level for a selected set of overloads and the amount of these overloads in a rural area. 
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Operational  
limit  

Amount of  
violation 

Appropriate  
measure 

Costs 

Line overload (x km) 0-30% 
 

>30% 

Replacement of OH lines with  
higher section cables 
Installation of a parallel or  
additional cable 

 
ул ƪϵ ǇŜǊ ƪƳ 
 
ул ƪϵ ǇŜǊ ƪƳ 

Voltage problems 5-10% 
 
 

>10% 

Adjustment of the reference busbar 
voltage of primary substations 
Reactive power compensation 
Installation of a parallel or  
additional cable 

 
м ƪϵ 
рл ƪϵ 
 
ул ƪϵ ǇŜǊ ƪƳ 

MV/LV transformer  
overload 

>20% Transformer change, if maximum 
nominal transformer power is not 
installed 
Additional secondary substation, if 
maximum nominal transformer power is 
installed 

 
 
мл ƪϵ 
 
 
ол ƪϵ 

 

These tables from grid operators and for all voltage levels and area types (rural, suburban and urban) 

had to be harmonized, to make an automated evaluation possible. 

Therefore the measures have been classified into length-specific and not length-specific ones and 

matched to a raster of 5%-steps regarding the amount of the violation of limits. 

6.3 Convergency 

During the load flow calculations the load flow calculation algorithm sometimes does not converge 

and does not lead to a usable result. This happens mostly in the cases where very high penetration 

rates and high charging connection powers are simulated. The reason for these convergency problems 

is the very high load which can never be supplied with the grid structures as they are today. This 

means that even a reinforcement of the grid (exchange of some lines and transformers) would not 

solve the congestion problems in these grids assuming the extremely high load which is expected with 

penetration rates close to 100%. 

6.4 Congestion indices 

As a first step inside the loop which is repeated for all parameter combinations during the automatic 

evaluation process as described at the beginning of this chapter, congestion indices are calculated, 

which give a first indication about the amount of electric vehicles that can be integrated into the 

energy supply system. These indices are calculated for lines, transformers and for the voltage in one 

specific grid. 

 

 

 

 

 

These congestion indices are later used in WP7 to give an indication about how grids that have not 

been analyzed in this project can be compared to the grids that have been simulated in the project. 
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6.5 Calculation of line and transformer replacement costs 

To calculate the costs for the replacement of lines and transformers, first the simulation results have 

been scanned for overloads, as illustrated in the figure below. In the same step the amount of overload 

was saved and used to determine the action needed, to resolve the overloads (e.g. by replacing lines or 

installing a parallel circuit etc.). 

 
This procedure was repeated for all transformers in the grids. Afterwards the costs for the replaced or 

newly installed assets could be evaluated with usage of the cost-tables from the grid operators. 

6.6 Calculation of costs to correct inadmissible voltage drops 

For every bus in a grid it has been checked if the voltage level resides in the allowed range. This range 

mostly (but not for all areas) covers +10% of the nominal voltage. 

Every violation of this defined range is marked in the grid as shown in the figure below.  
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Afterwards the following steps are conducted: 

 

1. With some simplifications the grid is separated into branches, going from the transformer to 

the busses where the voltage is too low. 

2. If all violations of the allowed voltage range are small, then simple measures can be applied 

like a change of the transformer tap position. 

3. If, for busses in some branches, the violations exceed a certain threshold, which is defined by 

the specific grid operators, additional more complex measures have to be applied. 

 

These more complex measures consist of replacing cables or overhead lines. It is very hard to decide 

which lines have to be replaced in order to solve the voltage problem without an exact knowledge 

about the grid. Therefore the length had to be estimated with the method illustrated in the figure 

below. Only the part  of the total branch length L is replaced, where the voltage profile drops below 

the allowed range. Assuming that the lines will more likely be replaced at the beginning of the line 

where the effect will be higher due to the higher currents flowing there causing a higher voltage drop 

per length, this assumption is likely to shift the voltage profile back into the allowed range. 
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6.7 Total costs 

It is obvious, that the reinforcement costs, described in the last section, cannot be used to compare 

different grids, because they always depend on the number and type of assets in the grid and on the 

size of the supplied area (number of customers, population density). Therefore, in a first step the 

calculated reinforcement costs are divided by the total value of all assets in the grid. By doing this, the 

percentage of assets that have to be reinforced is obtained and this value can then be used to compare 

the grids. 

Sometimes the total costs do not match the sum of the line, transformer and voltage costs. This is 

caused by the cases where the load flow calculation did not converge. In these cases the estimated 

reinforcement costs have been very high and the sum did exceed 100% of the total grid value. In 

diagrams, showing mean values of many grids, this leads to a divergence between the sum of the 

single costs and the value for the total costs. 

The grids are compared regarding the penetration rate where the costs start to raise above a fixed 

threshold value (1% of the total grid value). This point is called maximum uncritical penetration rate. 

It is assumed, that EVôs can be integrated into the grids up to this penetration rate with no major 

investments. 

 
The maximum uncritical penetration rate is then calculated for 3 different charging connection powers 

and plotted into the diagram shown below. Many grids end up with the same uncritical penetration 

rates. Therefore, the third dimension was introduced, so that the number of grids with identical values 

can be seen. The color indicates the type of area of the grid and the points show the maximum 

uncritical penetration rate for the three different charging connection powers. In the example shown 

below 60% EVs can be integrated without major investments, if the charging connection power is 

limited to 3,7kW. With raising charging connection power the maximum uncritical penetration rate 

decreases. 

 
An assessment of the total results with the method described in this chapter will be done later in WP7. 
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7 Specific experts assessment  

7.1 Introduction 

The chapter describes the analysis of the simulation results on an exemplary set of MV and LV 

networks. In particular Enel grids have been considered, although the method could be extended to all 

the grids simulated in G4V. 

The followings parameters and indices will be used: 

ü minimum penetration that create the first overload in a line (mpl); 

ü minimum penetration that create the first overload in a transformer (mpt); 

ü minimum penetration that create the first voltage violation in a bus (mpb); 

ü percentage of transformers in overload at 100% of penetration (cpt); 

ü percentage of lines in overload at 100% of penetration (cpl); 

ü percentage of bus in voltage violation at 100% of penetration (cpb); 

ü security margin index (SM); 

ü voltage profile index (VI). 

In several reports the followings scenarios will be used: 

1. charging infrastructure of 3.7 kW at Home; 

2. charging infrastructure of 3.7 kW at Work; 

3. charging infrastructure of 3.7 kW EveryWhere; 

4. charging infrastructure of 3.7 kW Special; 

5. charging infrastructure of 11 kW at Home; 

6. charging infrastructure of 11 kW at Work; 

7. charging infrastructure of 11 kW EveryWhere; 

8. charging infrastructure of 11 kW Special; 

9. charging infrastructure of 55 kW at Home; 

10. charging infrastructure of 55 kW at Work; 

11. charging infrastructure of 55 kW EveryWhere; 

12. charging infrastructure of 55 kW Special; 

13. Mix charging infrastructure at Home; 

14. Mix charging infrastructure at Work; 

15. Mix charging infrastructure EveryWhere; 

16. Mix charging infrastructure Special. 

Finally, the followings charging strategies, described in [11], have been analyzed: 

 Do Nothing; 

 T centred charge; 

 TOU tariffs; 

 Soft-charging; 

 BAU soft charging  

 Distributed market based approach;  

 EV flexibility aggregation; 

 Time of use tariffs with real time adjustments 

7.2 Description of the networks 

Three Exemplary MV network are evaluated: 

ü an urban radial feeder; 

ü a rural radial feeder; 

ü a suburban radial feeder. 
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69 Exemplary LV networks are evaluated: 

ü 29 urban radial feeders; 

ü 22 rural radial feeders; 

ü 18 suburban radial feeders. 

7.2.1 MV r ural  feeder 

The total length (sum of the length of all the branches) is 30.1 km (26.2 km of aerial, 3.8 km of 

overhead cable and 0.1 km of aerial cable). The only alimentation point on the network is the primary 

substation. 

The number of LV customer are 2489 (6 MW of contacted power), the number of MV customers is 1 

(0.2 MW of contractual power). 

7.2.2 MV urban feeder 

The total length (sum of the length of all the branches) is 6.5 km (all overhead cable). The only 

alimentation point on the network is the primary substation. 

The number of LV customer are 2591 (7.5 MW of contacted power), the number of MV customers are 

10 (4 MW of contractual power). 

7.2.3 MV suburban feeder 

The total length (sum of the length of all the branches) is 29.7 km (18.4 km of aerial, 7 km of overhead 

cable and 4.3 km of aerial cable). The only alimentation point on the network is the primary 

substation. 

The number of LV customer are 1500 (5 MW of contacted power), the number of MV customers are 

5, 2 are the active customers (1 MW of contacted power of the passive customers, 0.85 MW of 

contractual power of the active customers). 

7.2.4 LV r ural  feeders 

The total length (sum of the length of all the branches) is 101 km. The alimentation points are 8 

secondary substations of the MV rural feeder. 

The number of LV customers are 554 (2.4 MW of contractual power). 

7.2.5 LV urban feeders 

The total length (sum of the length of all the branches) is 16 km. The alimentation points are 7 

secondary substations of the MV urban feeder. 

The number of LV customers are 848 (3.7 MW of contractual power). 

7.2.6 LV suburban feeders 

The total length (sum of the length of all the branches) is 45 km. The alimentation points are 7 

secondary substations of the MV suburban feeder. 

The number of LV customers are 679 (2.1 MW of contractual power). 
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7.3 Analysis of the results for MV networks 

7.3.1 Minimum penetration that create the first overload in a transformer (mpt) 

This simple index show that the most problematic situation is in the suburban network (figure 1), 

where at least one transformer is not able to manage little percentage of penetrations. 

The suburban network has an architecture that is a mix of the radial and urban network; because it was 

created to feed a mix of urban and rural areas. During the years some rural area has been urbanized, 

but some old transformers has not been replaced because it was not in overload; today they have very 

little power margin. 

That increase the probability to see a critical transformer in susburban network to respect the urban 

network (where the transformer are bigger) or rural network (where the load remains low). 

 

 

Figure 1: mpt with uncontrolled charging strategy 

 

The charging strategies can assuage these problems and increase the mpt (figures 2 and 3) or they can 

complicate the situation (figure 4). 

Nevertheless, the strategies cannot be a solution because the problem is inside the network; it is the 

typical load that engages the most parts of the sources of the transformers and not EVs. However a 

good strategy (figure 4) can emphasizes a good network permitting to allow big percentage of 

penetrations; the urban network can reach percentages between 75% and 95% starting to percentages 

between 15% and 35%, using the best strategy. 
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Figure 2: mpt with ñSoft Chargingò  strategy  

 

 

Figure 3: mpt with ñBAU Softò charging strategy  

 

The charging power of 55 kW are the most problematic one in particular in urban network, but a good 

charging strategy can be an efficient countermeasure (figures 2 and 3). 
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The charging infrastructure do not have big impact on the results; changing the infrastructure no big 

variations on the results. 

 

 

Figure 4: mpt with ñTOU tariffsò charging strategy  

7.3.2 Minimum penetration that create the first overload in a line (mpl) 

This simple index show that the lines have minor problems in the integration of the EVs (figure 5); the 

most problematic situation remains in the suburban network, but the percentage are very high in all the 

cases. 

That is normal, because the lines are more over dimensioned to respect to the transformers; because 

the transformers can be changed more easily and with minor costs. 

With reference to the charging strategies, their impact is higher to respect to the mpt; for example, the 

ñTOU tariffsò charging strategy is able to reduce the viable penetration from 95% to 10% (figure 6). 

With reference to charging power, the 3 kW is the only one that assure limited impact in all the 

charging strategies. 

The charging infrastructure do not have big impact on the results; changing the infrastructure no big 

variations on the results. 
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Figure 5: mpl with uncontrolled charging strategy 

 

 

Figure 6: mpl with ñTOU tariffsò charging strategy 
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7.3.3 Minimum penetration that create the first voltage violation in a bus (mpb) 

This simple index show that the most problematic situation is in the suburban network (figure 1), just 

in case of charging power of 55 kW. In this case the impact of EVs on voltage is really great, if 

compared with other cases, despite the presence of connected generators. 

Urban and rural networks practically do not have any problem (just scenario 9 for rural have first 

violation on 60% of penetration). 

 

 

Figure 7: mpb with uncontrolled charging strategy 

 

The charging strategies can solve these problems (strategies ñBAU softò , ñDistributed market based 

approachò and ñSoft-chargingò) or they can complicate seriously the situation (ñTOU tariffsò strategy 

in figure 8); also rural and urban networks starting to have violations for low levels of penetrations. 

The charging infrastructure do not have big impact on the results; changing the infrastructure no big 

variations on the results (just scenario 3 is really different to the 1, 2 and 4 that have the same charging 

power). 
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Figure 8: mpb with ñTOU tariffsò charging strategy  

7.3.4 Percentage of transformers in overload at 100% of penetration (cpt) 

This simple index is the percentage of transformers in overload at 100% of penetration to respect the 

total number of the transformers in the network. 

This index demonstrate that for high penetration the rural and urban networks have the highest 

problems (figure 9). 

The suburban network is the first to present violations (paragraph 7.3.1, 7.3.2 and 7.3.3), because a 

little percentage of the transformers are not suitable to the load, but the other transformers are 

unloaded; when the penetration increase the violations do not increase at the same level. 

The urban and rural networks are uniform on this point of view: low load and little transformers in 

rural, high load and powerful transformers in urban. So better performance for low penetration (figure 

1), but high percentage of violation when the penetration arise (figure 9). 

The charging power 55 kW remains very problematic: the percentage of violation is two time if 

compared to the other charging power infrastructures. 

The impact of charging strategies and charging infrastructure is similar to the last indexes. 
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Figure 9: cpt with uncontrolled charging strategy 

7.3.5 Percentage of lines in overload at 100% of penetration (cpl) 

This simple index is the percentage of lengths of the lines in overload at 100% of penetration to 

respect the total length of the lines in the network. 

The consideration of the paragraphs 7.3.1 and 7.3.2 are valid also in this case. 

The impact of the EV on the line is lower  than the impact on the transformers; the suburban network 

is the first to present violations (figure 5), but for high penetration the rural and urban networks have 

the highest problems (figure 10). 

With reference to the charging power the situation is little bit more uniform, the 55 kW is the worst, as 

usual, but in the suburban network the differences are not big. 

With reference to the charging infrastructure the home charging, can create high problems in particular 

in urban network. 
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Figure 10: cpl with uncontrolled charging strategy 

7.3.6 Percentage of bus in voltage violation at 100% of penetration (cpb) 

This simple index is the percentage of bus in voltage violation at 100% of penetration to respect the 

total number of the bus in the network. 

This analysis (figure 11) and the paragraph 7.3.3 demonstrate that the voltage violations follow the 

overloads, so the overloads are the first problem to approach in integration of the EV. 

With reference to the charging power the situation is little bit more uniform, the 55 kW is the worst, as 

usual, but in the suburban network the differences are not big. 

With reference to the charging infrastructure the home charging, can create high problems in particular 

in suburban network. 

The combination of 55 kW charging power in home charging infrastructure (scenario 9) create the 

only relevant problem: percentage (figure 11) and cumulate duration (figure 12) of the violations are 

very big if compared to the other scenario. 
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Figure 11: cpb with uncontrolled charging strategy 

 

 

Figure 12: duration of the voltage violation with uncontrolled charging strategy 



WP5 Confidential: No  
D5.3 

Report with the recommendations for the grid planning and operation 

EDF, EDP, Endesa, Enel, 
RWE, RWTH,Vattenfall 

Version 1.0 
G4V_WP5_D5_3_v1.9.docx 

page 38 of 90 

 

7.3.7 Security margin index (SM) 

A simple index to assess the system security is the margin loading of feeders and transformers. 

The security index is defined as follows: 

r

l

M

l

r

l

l P

PP
SM min1               ll  (1) 

being
r

lP  the power capacity limit of line or transformer l, 
M

lP  the maximum value of power flow of 

line or transformer l, evaluated as the 95 percentile value of the power flow and l  the set of system 

lines or transformers. 

The security margin can be used to monitorize the situation and the evolution of the network when no 

violation is present; in case of overload of transformer the SM of the transformers do not make any 

sense. For these reasons, the SM diagram make sense between [0, 1] and when 0M

l

r

l PP . 

 

 

Figure 13: security margin for the line in scenario 12 in uncontrolled charging startegy 

 

Two diagram are represented as an example: the security margin for the line in scenario 12 in 

uncontrolled charging strategy (figure 13) and security margin for the line in scenario 12 with ñBAU 

softò charging strategy (figure 14); in both is clear that the diagram course is linear (y = Kx + C). 

By varying the scenario and the charging strategies to evaluate all the diagrams of the SM was created; 

in all cases the diagram course was linear. 

Moreover, it is possible to see that, the fixed factor (C) do not depend to charging strategy (obviously 

because that depend to the value of SM in the network without EV), the linear factor (K) strictly 

depend to the scenario and charging strategy. 

In particular a good charging strategy reduce and uniformize the K between the network; so the impact 

of EV is reduced and it is more similar between the networks. 
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Figure 14: security margin for the line in scenario 12 with ñBAU soft chargingò charging strategy  

7.3.8 Voltage profile index (VI)  

The index accounts for the profile of voltage at all busbars. 

Since the voltage is a random variable, because of the random variations of loads, the objective 

function has to be defined in terms of the expected values. 

The index can then be defined as: 

bus

N

i

nomi

N

VV

VI

bus

1

2

 

(2) 

being iV  the voltage in busbar i, nomV  the nominal voltage of the network and busN  the number of 

busbar of the network. 

The VI is defined also in case of voltage violation, but it is not very useful to monitorize the violation 

because it a accounts for the profile of voltage at all busbars (so, it is an average index). However it 

can be used to monitorize the global impact of EV. 
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Figure 15: VI for the line in scenario 12 in uncontrolled charging startegy 

 

Two diagram are represented as an example: the VI for the line in scenario 12 in uncontrolled 

charging strategy (figure 15) and VI for the line in scenario 12 with ñBAU softò charging strategy 

(figure 16); in both is clear that the diagram course is linear (y = Kx + C). 

By varying the scenario and the charging strategies to evaluate all the diagrams of the SM was created; 

in all cases the diagram course was linear. 

Moreover, it is possible to see that, the fixed factor (C) do not depend to charging strategy (obviously 

because that depend to the value of VI in the network without EV), the linear factor (K) strictly 

depend to the scenario and charging strategy. 

In particular a good charging strategy reduce the K between the network; so the impact of EV is 

reduced. 
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Figure 16: VI for the line in scenario 12 with ñBAU softò charging strategy 

 

7.4 Analysis of the results for LV networks 

7.4.1 Minimum penetration that create the first overload in the transformer 

(mpt) 

In the LV networks just the MV/LV transformer in the start of the feeder are present. So the 

transformers take into account in this paragraph are a subset of the ones analyzed in paragraph 7.3.1. 

In fact, the behaviour is similar, the most problematic situation is in the suburban network (figure 17), 

but in this subset the penetration managed is higher for all the networks. 
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Figure 17: mpt with uncontrolled charging strategy 

 

Likely as paragraph 7.3.1, the charging strategies 3, 4, 6 and 9 can assuage these problems and 

increase the mpt, the charging strategies 2, 5,7 and 8 can complicate the situation. 

The mix charging power are the most problematic one in particular in suburban network, but a good 

charging strategy can be an efficient countermeasure. 

The charging infrastructure everywhere are the most problematic one in suburban network, but not in 

rural and urban where the charging infrastructure not have big impact on the results; changing the 

infrastructure no big variations on the results. 

7.4.2 Minimum penetration that create the first overload in a line (mpl) 

This simple index show that the lines have minor problems in the integration of the EV (figure 5); the 

most problematic situation remains in the suburban network and in rural network in case of charging 

infrastructure 55 kW and Mix, the charging infrastructure 55 kW create big problem also in urban 

network. 

Confronting, that results (figure 18) to the ones in paragraph 7.3.2, the MV lines are more over 

dimensioned to respect to the LV lines. 

With reference to the charging strategies, their impact is different to respect to the MV feeders. 

For example, the Day-ahead tariffs with real-time adjustments charging strategy is able to reduce the 

viable penetration in the MV networks (figure 20), but in LV networks their impacts are variable. With 

3,7 kW charging power the impact is little, with the other ones it is very high and very negative in 

particular for urban and rural. 

The charging infrastructure do not have big impact on the results; changing the infrastructure no big 

variations on the results. 
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Figure 18: mpl with uncontrolled charging strategy 

 

 

Figure 19: mpl with  ñSoftò charging strategy 
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Figure 20: mpl with ñTOU tariffsò charging strategy 

 

7.4.3 Minimum penetration that create the first voltage violation in a bus (mpb) 

All the bus are in violation also with 0% of penetration. 

No analysis was possible. 

7.4.4 Percentage of transformers in overload at 100% of penetration (cpt) 

In the LV networks just the MV/LV transformer in the start of the feeder are present. So the 

transformers take into account in this paragraph are a subset of the ones analyzed in paragraph 7.3.4. 

This simple index is the percentage of transformers in overload at 100% of penetration to respect the 

total number of the transformers in the network. 

This index demonstrate that for high penetration the rural and suburban networks have the highest 

problems (figure 21). 

So this subset of suburban and urban transformer is quite different of total set studied in paragraph 

7.3.4; the rural subset have the same behaviour of the total set. 
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Figure 21: cpt with uncontrolled charging strategy 

7.4.5 Percentage of lines in overload at 100% of penetration (cpl) 

This simple index is the percentage of lengths of the lines in overload at 100% of penetration to 

respect the total length of the lines in the network. 

The rural and suburban LV lines are completely not adequate to receive high penetration of EV using 

charging power 55 kW and Mix; the overload are for more of 50% of the lines. 

The urban networks can manage easily 100% of penetration in all the cases. 
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Figure 22: cpl with uncontrolled charging strategy 

7.4.6 Percentage of bus in voltage violation at 100% of penetration (cpb) 

The figure is based on few busses for each LV network because the violation effected a big number of 

nodes also in case of 0% of penetration. 
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Figure 23: cpb with uncontrolled charging strategy 
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7.4.7 Security margin index (SM) 

The results in paragraph 7.3.7 are confirmed also for LV networks. 

 

Figure 24: security margin for one line in scenario 12 in uncontrolled charging startegy 
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8 Dimensioning of additional demand for EVs 

8.1 Forecast of the impact of EV on the network 

The considerations in the paragraph 7.3.7 and 7.4.7 suggest a technique to foresee the impact of EV on 

the network. 

When SMline = 1, surely one line is in overload and when SMtr = 1, surely one transformer is in 

overload; but the SM(penetration) have linear diagram course in all the scenario, for all the charging 

strategies. 

CpKpSM c

s)(  (3) 

being SM(p) the security margin for transformer or lines, 
c

sK  the linear coefficient for the scenario s 

and the charging strategy c and C the SM(0). 

After the calculation of 
c

sK  and C, solving the following equation: 

1CpK c

s  (4) 

It is possible to evaluate the penetration that create the first overload in the network. 

To calculate 
c

sK  and C two points of SM(p) are enough; it can be calculated or evaluated from 

measures during the deploying of the EVs. 

The same technique can be applied to VI, but VI  is not very useful to monitorize the violation because 

it accounts for the profile of voltage at all busbars (so, it is an average index). 

To foresee the impact of EV on the voltage violations in the network, VI is not applicable; further 

studies should be evaluate the use of a voltage security margin (VSM). 

This index is similar to SM but it accounts for voltage violations at all busbars. 

The VSM index is defined as follows: 

rl

l

m

l

rl

l

rh

l

M

l
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l

l V

VV

V

VV
VSM ,min1               ll  (5) 

being
rh

lV  the voltage high limit of bus l, 
rl

lV  the voltage low limit of bus l, 
M

lV  the maximum value 

of voltage of bus l,
m

lV  the minimum value of voltage of bus l and l  the set of system bus. 

In case of VSM have the same property of SM, the same approach is applicable. 

However, the overload constraints appear sooner then the voltage violations, so that evaluation can 

probably omit the voltage violation verification. 

So additional stress in p.u. for EVs can be calculated by the following formula: 

p
C

K

SM

SMpSM
pAD

c

s

)0(

)0()(
)(  (6) 

8.2 Increase of the power peak caused by EVs 

The additional power demand for EVs can be evaluated confronting the power peak with EVs on the 

network with the power peak without EVs. 

)0(

)(
)(

PP

pPP
pPR  (7) 

being PP(p) the power peak with penetration p and PR(p) the power peak in p.u. with penetration p. 

The PR(p) have linear diagram course in all the scenario (figures 17, 18 and 19). 

In rural network the PR(100) is between 2.4 and 3.3, just scenario 9 have PR(100) out of this range. 

In urban network the PR(100) is between 1.9 and 2.6, just scenario 9 have PR(100) out of this range. 
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In suburban network the PR(100) is between 1.9 and 2.7, just scenario 9 have PR(100) out of this 

range. 

In all the network, the scenario that have home as charging infrastructure and 55 kW as charging 

power are the most stressful; in particular, the scenario 9 (charging infracstructure of 55 kW at Home) 

give an impact between 50 % and 70 % more to the average. 

 

 

Figure 17: power peak for all the scenario in rural network 
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Figure 18: power peak for all the scenario in urban network 

 

 

Figure 19: power peak for all the scenario in suburban network 

 

The three diagrams (figures18 and 19) for urban and suburban networks are very similar for all the 

scenario, the diagrams for rural have more tilt (around 40% more). 
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For example, for scenario 9: 

for rural network, PR(p) =  0.0304p + 1; 

for urban network, PR(p) =  0.0207p + 1; 

for suburban network, PR(p) =  0.0223p + 1. 

So, 0.0304/0.0223 = 1.36 (36% more), 0.0304/0.0207 = 1.36 (47% more). 

The main reason is that the penetration of EV increase the power caused by LV customers and not the 

power caused by MV customers; the rural network has the highest percentage of LV customers. 

8.3 Final considerations 

The MV suburban network present violations for low level of penetrations, because a little percentage 

of the transformers and lines are not suitable to the load, but the other ones are unloaded; when the 

penetration increase the violations do not increase at the same level. The urban and rural networks are 

uniform on this point of view: low load and little transformers and lines in rural, high load and 

powerful transformers and lines in urban. So better performance for low penetration (figures 1 and 5), 

but high percentage of violation when the penetration arise (figure 9 and 10). 

In the LV networks, the differences between rural and suburban networks are smaller, in particular for 

the scenario from 9 to 16; the scenario from 9 to 12 are able to reduce the gap also between urban and 

rural but only for the line overloads. 

The MV lines are more over dimensioned to respect to the MV/LV transformers, so the transformers 

present violations for lower level of penetrations; 

The voltage violations in MV networks follow the overloads, so the overloads are the first problem to 

approach in integration of the EV. 

With reference to the transformer overload, the charging strategies can assuage the problems (figures 2 

and 3) or they can complicate the situation (figure 4). Nevertheless, the strategies cannot be a solution 

because the problem is inside the network; it is the typical load that engages the most parts of the 

sources of the transformers and not the EV. However a good strategy (figure 4) can emphasizes a good 

network permitting to allow big percentage of penetrations. 

With reference to the MV lines overload and voltage violations, the charging strategies can solve all 

the violations or complicate seriously the situation. 

In technical point of view, charging strategies ñTime of use tariffs with real time adjustmentsò, ñSoft-

chargingò and ñBAU soft chargingò (mostly) can help the integration of the EVs in the MV network;  

Day-ahead tariffs with real-time adjustments charging strategy  emphasize the stress on the network. 

The LV networks the behaviour is not the same as the last point, in some cases the Day-ahead tariffs 

with real-time adjustments  charging strategy  had good impacts (figure 20); charging strategies ñTime 

of use tariffs with real time adjustmentsò, ñSoft-chargingò and ñBAU soft chargingò (mostly) remains 

helpful in all the cases. 

In the most part of the cases, the charging infrastructure do not have big impact on the results; 

changing the infrastructure no big variations on the results. 

With reference to the charging power, 55 kW frequently create violations that are not present with 

other alternative; the charging strategies can assuage the problems. 

The security margin index (SM) can be used to assess the system security is the margin loading of 

feeders and transformers, the most important its property is that the diagram course SM (penetration) 

is linear. 

The voltage profile index (VI) accounts for the profile of voltage at all busbars, the most important its 

property is that the diagram course VI (penetration) is linear.  
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9 Conclusions 

The massive penetration of electric vehicles in Europe shall be supported by an adequate evolution of 

electrical distribution grids. For this reason, G4V project has analyzed different technical and 

economical grid topics that will be influenced by electric vehicles, in order to anticipate the potential 

impacts and propose areas of investigations that shall be taken into account in order to remove or 

mitigate the possible negative effects. 

 

One of the main assumptions of this analysis is that electric vehicles will be charged on the same 

electrical distribution grids that today are used to provide energy to other kind of application. In other 

words, there is no reason to design from scratch a grid model specific for electric mobility. Instead, 

electric vehicles will be charged near residential areas and offices. 

 

Since electric mobility shall be an additional load to the grids that are already deployed in Europe, the 

study has started by the collection of distribution grid planning and operational rules used today; 

therefore, the most used grid types and topologies in European distribution grid will be used as a 

reference for the evolution that shall take into account electric mobility impacts.  

 

The study has identified a number of technical potential issues that could be caused by electric 

vehicles. In particular, the most critical aspects are: the overload due to increase of demand, increases 

in grid losses, harmonics generation, voltage drops and unbalanced voltage and currents.  

In addition, the impact of electric vehicles has been related to the overall investment procedures 

adopted by DSOs to plan the allocation of budget. In particular the study has proposed a simplified 

method to evaluate the full life cost of grid investment and a simplified method to evaluate the long 

time budget planning in grid infrastructure. 

 

Most of the analysis performed, indicate that it is possible to evaluate the impacts of electric mobility 

by forecasting the additional power peak and estimating the other effects as a function of it. For this 

reason, the study has also proposed a simplified way to forecast the additional peak demand starting 

from some technical grid parameters. 

 

Due to the elevated complexity of the problem and the early stage of electric mobility experiments, the 

G4V project envisage that additional research activities have to be carried out in order to further 

investigate the topics. In addition, it is crucial to verify on the fields the effects of electric vehicles 

through large demonstrator projects, where a considerable numbers of vehicles are served by a grid 

portion. 
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11 Annex 

11.1 State of the art of grid planning & management rules 

11.1.1 ENEL 

11.1.1.1 ENEL MV gridôs planning criteria 

MV planning activity is carried on in order to repower existing networks and to face new needs. 

 

The choice of appropriate planning criteria is important to ensure a progressive improvement of safety 

standards and service quality of electricity energy distribution. 

  

Taking into account the extent of the MV network and the potential investments, the planning criteria 

must necessarily relate the costs with the benefits obtained, considering the scenarios in terms of 

potential risk (risk analysis methods). 

  

The most important elements to be considered in the choice of criteria for network planning are listed 

below: 

 

ü definition of new network plans in order to obtain high levels of service continuity and power 

quality according to CEI EN 50160; 

 

ü optimization of wiresô and cablesô size to be used in normal conditions, in order to meet the 
needs of cost reduction and containment of losses; 

 

ü use of technologically innovative components; 

 

ü progressive use of the MV network remote control and automation in order to reduce the out 

of service time and to promote the penetration of distributed generation. 

 

To plan network investments and design it, we have to consider the trend of connection requests per 

each voltage level (MV and LV). Taking into account new connection requests and the natural trend of 

consumptions, due to already connected customers, we can built the forecast load curve. 

 

To obtain the forecast load curve we divide the customers in ñclassò: 

 

We can consider the customer per: 

 

ü voltage level; 

ü final use of electricity; 

 

On the distribution network customers are classified in two voltage levels  

ü MV 10  - 20 kV; 

ü LV 0,23 - 0, 4 kV 

 

The final use of electricity determines the load curve profile, in particular, per MV customers we have: 

 

Voltage 

level (kV) 

Typical  

Connection Power 

(kW) 

Typical power 

factor (cosū) 

Typical 

contemporary 

factor 

Typical use factor  

10, 15 and 

20 

Depends on the 

electric customer plant  

0,9 0,5 0,5 (for P Ó 0,5 MW) 

- 0,8 (P  < 0,5 MW) 
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LV customers are characterized in  

ñResidentialò LV customers 

 

Voltage level 

(kV)  

Typical 

Connection Power 

(kW) 

Typical power 

factor (cosū) 

Typical contemporary 

factor 

Typical use 

factor  

0,23 3, 4,5 and 6  0,95 0,5 0,5 

 

ñNo Residentialò LV customers 

 

Voltage level 

(kV)  

Connection Power 

(kW) 

Typical 

Typical power 

factor (cosū) 

Typical contemporary 

factor 

Typical use 

factor  

0,23 and 0,4 10, 15, 20 and 50   0,95 0,8 0,3 

 

  

Furthermore, MV network control and automation, currently implemented by Enel and an uniform 

network operation, provide good level of performances in terms of number and duration of 

interruptions. In particular, the benefits of network automation are evident in case of multiple failures, 

since the recovery operations can be performed in parallel.  

 

In Italy, the basic structures of MV distribution networks are made up of main feeders, directly 

outgoing from primary substations, and secondary feeders, connected to them. 

 

The MV network are designed for a radial operation, earthed neutral by means a Petersen coil or a 

resistance, by network structures which ensure the best technical and economic compromise between 

the following requirements: 

 

 

ü distribute electricity to customers; 

 

ü ensure mechanical and electrical requirements of the line in case of short circuit currents; 

 

ü connect secondary substations with the shortest path in order to reduce the length of lines; 

 

ü make possible the re-feeding in case of failure of feeders and the most important secondary 

feeders, optimizing the opportunities offered by network automation; 

 

ü maintenance saving; 

 

 

Here are the most common MV network structures. 

 

 

Pure joining network scheme 

 

It consists of feeders connecting a primary substation with another one (see Figure 1). 
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Figure 1 ï Pure joining network scheme 

 

 

Pure lobe network scheme 

 

It consists of two feeders outgoing from the same primary substation and closing together in open 

loop, as shown in Figure 2: 

 

 
Figure 2 ï Pure lobe 

 

 

 

Network scheme with lobe on a joining line 

 

 

It consists of a joining line between two primary substations with added lobes and can be used when 

there are particularly high loads concentrated near a primary substation (industrial areas). 

 

 
 

Figure 3 ï lobe on a joining line 

 

 

 

MV networks connection schemes 

 

With reference to Italian technical standardization CEI 0-16, the schemes concerning the connection of 

a new user on the distribution network are shown in Figure 4 (where on the left is shown the situation 

before and on the right the situation after the connection of a new user). 
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Figure 4 ï Connection schemes 

 

where: 

 

D = delivery network plant;  

M = measurement; 

U = user connection plant  

A = added network plant  

 

Scheme A 

 


































































