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Executive summary

This deliverablénas been produced in the scope of Grid4Vehicle (G4V) prajethas theyrpose 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 gds. 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 accotiérino 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 applicattrer

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 tiesaleeady deployed in Européjd

report startwvith areflectionaboutt o d afiPl@nsing Process, th@ mplexity and quantity ofeh
considerations that affegiower system planning is considerably high. Moreover, somthaxe
considerationgresen uncertainties because the parameters involved cannot be ferteaétsiout

error (e.g., demand forecasty are not know precisely(e.g., cost assessment, since during field
implementation the constraints are increasingly commigtopile loads that areonnected 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
DSO6s planning pr oasaalandbecomesvore diféculti anthe saegna time.s

The @A Techniabaut theTplaming pootesse addressedfterwards The most relevant
technical topicgo evaluate parameter sensitivities and potential levels of negative impacts of EV
theelectric network are presentddiere 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 avigexpected an analysis of a lpadth the
characteristics of EV batteries chargitiggely 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 increasimaximum annual peak loads and voltagestaints affect

the investment costs directlyrhe sectionfi F u | kycldCodt efl nvest ment 06 descri be:
impact of investment on the total life cycle costs. The link between EV penetration and investment
increase canbe foundafkeardsi n A Long Ti me Budget Planningbo.

Thefi Aut omat i ¢Evaluatioe Bobseciom d &ith lhav the simulation resultsogether

with the investment costs and the grid d&i@s been used as input déta costs of investment for
reinforcing the grid where neededhe tool can be used to assess the needed reinforcement
investments for a gan grid.

The fASpecific Experts Assessmento describes the
networks and finallynt he #A Di mensi oni ng of Aeclhiques avensaghestéle ma n d
to foresee the impact of EV on the network andsthditional 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 veéhge 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, propsibiog
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to evaluate the full life cost of grid investmend toevaluatethe long time budget planning in grid
infrastructure

The Grid4Vehicle project focuses on the effects of a laogde 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 impalae 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 aaoep 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
battey lifetime and duration of charging) ahere less focussed oBetween the categories use and
purchase related factors and technical and user related factors, some grey aredschxisty or

may not impact the grid
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1 Introduction

This deliverablénas been produced in the scope of Grid4Vehicle (G4V) prajedthas 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 Europ# 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
impactsand 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 gds 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 plannimgy @perational rules used today.
Therefore, the most used grid types and topologieEuropean distribution grid will be used a
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 timcrease 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 alloctbudget, proposingiethod

to evaluate the full life cost of grid investmeand toevaluatethe long time budget planning in grid
infrastructure

The Grid4Vehicle project focuses on the effects of a laogde 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 impdloe grid. This includes the

factors related to the vehicle use, but especiallgeheelated 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
factorsthat are user dependent. This means that vehicle or infrastructure dependent factors (like
battery lifetime and duration of charging) drere less focussed oBetween the categories use and
purchase related factors and technical and user related fasmane grey areas existich 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 byupdates and/or upgrades of the gwtlich should betechnically 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 availableptions which are the best solution to provide the electric energy to the
customersn economical, reliable and safey.

The complexity and quantity of the considerations that affect the power system planning is
considerably high. Moreover, sometheEm pesentuncertaintiedecause thparameterinvolvedare

not known precisely or cannot be forecadtwithout error.In the next sections some of the basic
planning concepts are presented. However, if theereaants more informatiotan find the planning
process deeply detailed and explairedhe reference booK4] [2] [3], since d of them have been

the base for next general planning concdpis. also available in the annex section a chapter by each
G4V participant utility about their grid plannimgles.

2.2 Planning process

The planning process of the power system has an important technical comf@dnsnthe model
explained in this document gathers all the concepts ussdachprocess, and might be used as a base
for a common approaclrigure la ad 1bshowsthe flowchart of a typical power system planning
process.

Demand
forecast
<t
Y
POSTIVE Reliability NEGATIVE
& quality
assessment
>
Y
Upgrade actual Def|n|t|o_n of Feedback
system alternatives
A
\ 4
Design
new . Add new
infrastructure
system
Cost
assessment
NEGATIVE POSTIVE

Investment plan

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. @ the one hand, the optimal development of a given network in the long run needs
to be optimized. For this, usually a period of 20 years or even more decades is considered. This
comprises basic planning decisions, such as the voltage level or thd genetare 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 midterm network planning is to optimize the development of an existing network with regard to
the specifications dbng 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 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 consideri ng,obligatqgmatmy 6 s 0\
the consumers or other additional constraints. If the results of this analysis indicate that the system is
not sufficient to fulfil the future demand scenarsmme alternatives need to be defined in order to
update/upgrade the systemeg@nding on the severity of the deficits identified in #ralysis of the
performance, new relatively minor system upgrades or new infrastructure may need to be built to meet
future necessities. The new system dmaldlsgand i s pe
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 reevaluated. The process ends when a satisfactory new investment plan is obtained to provide
a solution to slwe the future system deficiencies at a reasonable cost.

Scenarios for study | Planning
Term
Generation
A"
Network e
R _
Demand 2.. “Deficiencies”
e identification
® < &
L —
Reliability and Network B4
Quality Criteria Models g

Analysis

ﬁ Development Company j> -
e Criteria Budget
~ §§\ S ®

NDIR “Signas

Figure 1b: Planning process. Source: Endesa

2.2.1 Demand Forecast

Futuredemandpower is an essential parameter for network development since it establishes the level
of exigerty under which it will beoperated so it is an indicator of the necessary investmers.
forecasting of power system load is an essential task and forms the baglanfuing of power
systems. The estimation of the load demand for the p@ystem musbe as exact as possible.
Despite the availability of sophisticated mathematiczakedures,he load forecast is always éftied

EDF, EDP, Endesa, Enel, Version 1.0 page 10 of 90

RWE, RWTH,Vattenfall G4V_WP5_D5_3 v1.9.docx



WP5 Confidential: No G4V"
D5 i 3 Grid for Vahicles
Report with the recommendations for the grid planning and operation

with some uncertaintywhich increases the farther the forecast is intended to be projected into the
future.Power systems,dwever, are to be planned in such a way that changingdaslopments can
be accommodated by the extension of the system
There are two main planning horizons when load forecasts are consideretkriorgnd shorterm.
The longterm horizon for distribtion planning is presumed to be between 15 and 20 years, whereas
the shorterm horizon is up to 5 years. Occasionally, an intermediate madiumscenario may be
also considered.
Load forecastis performed foithe different planning horizos and the ragdts can becalculated from
hourly valuesand taking into account different seasonal per{faisexample fosummer and winter)
The forecast is also divided into sevegalographicabreas due toifferences in thedistribution of
loads and their typolog
Different methods ofload forecastre applied depending on the planning horizon and thushan
voltage level and/or task of planning. From a number of different load forecastingduresfive
methods aréisted below as exampe
i Load forecastwith load increase factors
i Load forecast based on economic characteristic data
i Load forecast with estimated values
T Load forecast based on specibadvalues and extend of electdition
i Load forecast with standardized load curves.
The results @& completed with the prevision dhe 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 sect@ther factors that can influentae load forecast
are urban plans made by the administrations, meteorological data suddilyagnaximum and
minimum temperature registered in the previous yearsgeamgraphic data

150,
(a)

120 A

an [ -

B0

Load factor IWWAMWhH a-]]

30

015 315 615 915 1215 1515 1815  21:15

Time of day

Figure 2a: Summer bad profile for a household load

Peak power forast 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 vdogetp 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 Domestid Bratiecevolution 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.

EDF, EDP, Endesa, Enel, Version 1.0 page 11 of 90
RWE, RWTH,Vattenfall G4V_WP5_D5 3 v1.9.docx



WP5 Confidential: No G4V
D5.3 Grid for Vehicles

Report with the recommendations for the grid planning and operation
Year of Study
v
Flaboration of the Study of ,.,wé E "~ Hloboration of the study of needs scenario for 2016
scenario 2012 § ¢
//IIIIIIIIII////II}IIJIJIJI/
Actual grid .
in service Expected
before the installations ) ) .
elaboration with . Installations considered in proposed plans to solve all detected
date of the implementation’ problems in the study of needs of
Study of dates in ! 2012
Needs 2011
2012
////////////////////IIIIII/

e —

WIS SISy //IIIIIIIIIIII////////////

iy .

£

E Pastreal Expected Demand . :

! peaksin increase for Expected demand increase until

| 2010 2012 2016

£

[

f/

Yyt

| ' Increase to cover demand

E Last real oE Increase to cover demand growth
’E values in o Expected entry/exit of +eneraiion roups from

/ 2010 Expected entry/exit of ntry g group

{ generation groups from 2009 to 2016.

) 2010 to 2012
& & ““““ o I/I//

Figure 2b: Generation, Network and Demand forecast scenarios for medium term planning horizon

2.2.2 Reliability and quality assessment

Thereliability andquality criteria define homogeneous requisites for the network that may be used to
detect current and future deficienciesthe powe system Here the forecast isncorporatein the
networksystem modelbuilding future demand scenarsathat are evaluated withe simulation tools.

High priority is to be given to the supply of consumesith a defned need for supply reliability,
which can be accomplished if sufiiéent data are available on system disturbances (faults, scheduled
and unscheduledutages) or by means of quantitative and if necessary additional qualititivia.

The reliability of the electrical power supply systenower station, transmissioand distribution
system, switchgear, etgs)influenced by:

T The fundamental stobure of the power system cogdiration (topology)
I The selection of equipment
T The operational mode of the power system

T The desired reliability ofugply can be guaranteed only if the power systeapé&ated under
the conditions for which it was planned.

I Earthing of neutral point

T Regular maintenanceegular and preventive aintenance according to speeidi criteria is
importantto preserve the avability of equipment.

T Uniformity of planning, design and operatiasperational experience must be included in the
planning of power systems aidthe pecification of the equipment.

i Safety standards for operation t he | ow saf ety ef acamrbd oirmpgirhauwr
automation an@mplementation 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 easempromise 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 differenenarios, 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 regulatofdoreover, in order to minimize the risk other issues might
be anajzed:

e The maximum allowable pedkad voltage drop to the most remote customer on the
secondary

e The minimum short circuit power

e The maximum allowable voltage dip occasioned by the starting of a motor of specified
starting current characteristics at thestremote point on the secondary.

e The maximum allowable peak load.
e The power losses.

e The performance in front of #l contingencies (in meshed netwqrks close or open loop
operation.

The contingencies could be different for each of the network leedilsed (HV, HV/MV Suh MV).

HV Network HV/MV Sub MV Network

Figure 3: Networks levels defined
Criteria for the permissible loading of equipment in power systems under naperalting conditions
and/or with single outage or multiple outages capgeeifed.

i The loading of any equipment snaot exceed the values as defil in standardsiorms and
regulations, data sheets of manufacturers or by means of corppogeams during normal
operating conditions.

I In case of outage of any equipment, the loading of¢h®ining ones (still imperation in the
power systeminay not exceed the values daefd for a giverperiod as specdid in standards,
norms and regulations, data sheetama@nufacturers or determined by means of computer
calculations.

T For the determin@in of load criteria such as duration and height of the Ipagloading
conditions and so on, applicatieroriented standards are speifjwhich are to be used in
planning and operation.

Power systems have to be operated in a stable manner in theoktramisientdisturbances without
subsequent faults. Such faults may include load sheddoyn@requency relays, switch off of
generators, isolating of subsystems andsoThe powe system frequency has to flllfiolerance
criteria.

To ensure normdtequency control in the power systesuifficient generatiomeserve under primary
control (primary reserve) must be available and activatdgdnely fashion The amount of primary
reserve depends on the typical powition schedule

The Reliability andQuality criteria define homogeonus requisites for the netwdtiat may be used to
detect current and future fAdeficiencieso.

The networkis considered el i abl e i f , in a situation called i
network (lines and transfmers)are not overloadedand the voltages stay inside the admissible

mar gi ns, under full availability of the networKk
cont i ngelncsiteast g A)N
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2.2.3 Design of the new system

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

detected Suchdeficits are characterized and classified using different parameters, as size, power at

risk andnonsupplied energy. The network modalsd development criteristabli the guidelines to

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

These alternatives can consist expanding thesystem with minor additions or new network

configuration, or can be based on adding new infrastrudturthe power system such as new

substations or new lines, with its corresponding equipment.

The objective of the finetwork model 06 is to minin
Investment Operating@©sts+ Losse

2.3 Investment Plan

The investment mposals 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 valuatiwh @rioritization according to strategic
objectivestaking into account the economic signals provided by the Regulation

NON
SUSTAINABLE
RISK
HV
)]
» -
l(JDJ 8 REST HV
2 = PRIORITIZATION
CRITERIA
MV & LV

Figure 4: Assessing electrical risk in the network

Once the alternatives are studied and a new sydesign 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,
pend t i es ¢é), the construction and installation ¢
such as other factors like available company budget or retribution set by regulation framework

The problem with the cost assessment is that planning olgecivd 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 hew load in the electrical sydteme is much more beyond timpacts in terms

of demand increase auwiistribution assets overload

In the analysis of a loadxpected 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, includingéhigpic 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 negativepacts 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 canndfeo full potential of distribution generation management,
storage devices management and demand side manageneepieak poweis, and will be,the
dimensioning &ctor in a power grid.

This means thatraincrease othe peak power will requirfom the TSO and DSO investments &
stronger gri¢gl 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[dleas

Being expeatd that these new loads will increase the need of new infrastructures and esséhg
re-rating it should also be considered the increase of situations where normal ratings are exceeded,
that will effective diminish the operation assets lifespan, landhese means also increase the grid
investment.

An example of possible operation reduction lifespan is the MV/LV transfoiBe@ng 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 lifetirii [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 |l east so rel
in new infrasructures and existingsses re-rating should be evaluate, but also additional evaluations
addressing fAloss of |ifed as a function of EV ty
3.3 Losses

Although the regulators recognized grid losses as an operasbitheb 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 nainly 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 clipmgiuld 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 therdas

thermal aging.
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The firsthas tsdorigin in the fact thabeing the residential households connected to the distribution
systemin someEuropan countriegypically via a single phase connection, this has the kimock
effect of creating voltage dncurrent unbalance at thepBase level of the netwoiflf], resulting in
higher Joule losses in neutral and in phases with highest load.
The second could occur due to the presence of EV charginD@@terface, and as the rooean
square value of the current increase due to harmonics presence, the Joule losses Ti@ease.
harmonicsevere consequences! increase iffast charging stations will be establisH8H[9].
The las$ as is root in the exposure of power transformers tmedevated temperatures for extended
periods of timebeingsusceptible to permanent irases in core loss.
So far sensitivity analysis of system losses show the losses to be linearly related tB\theustomer
penetration 6], but that it will also depend on the grid type (urban, suburban and rural), being sight
that he percent increase in energy loss is higher than the percent increase in energyfir gype,
with more importance in urban network, leading to a percentage losses {ffbwth
From what is written above, as EV charging will alter typical customer load profiles that will directly
impact in losses performance by which the sysbperator 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
perfomed.

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
interruptide grid, and is in a stage where is required to the operator to run the system in narrow
intervd s of system parameters values. Due to the
consumers are more expdsend concered aboutpower qualityissues, like voltage variations, than
before.

Voltage drop is an aspect to consider for reliable operafioiistibution networks since it can cause
malfunction and damage of electrical equipment, and is particularly relevamntainnetworkwhere

due to the long line lengths largest voltage diopsally arise.

Starting by considering a thrghase balancesystem, 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 exfabiing the rural
network exlibits the largest voltage drops as expe¢tdd

However maintaining an exact voltage balance on all three phases at the point of use is virtually
impossible given that singighase loads are continually connected ta disconnected from, the
power system, and that singdbase loads are not evenly distributed between the three phases, leading
to the observation that power systems may be
characteristics, e.g., the prfeliation of singlephase nonlinear switetmode power supply based loads

such as computers, can lead to unbalanced levels of distortion between phases which can also make
the balancing process more challendibd.

Since amajor @use of voltage unbalangethe uneven distribution of singfhase loads, which can

be continuously changing across a thp®ase power systena problem that can ariseith EV is
symmetryas the chargers use single phase cir¢gjts

This way, @art from voltagedrop, unbalanceroltages should also be considered a consequence of

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

on apower 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 effect§10].

From what is wiiten 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 owtiork 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 lhe financialanalysis of potential network planning alternatives is based uponehytife
costs of the relevant assets. The main cost elements are:

0 Singular investment costs for new assets -fime)
U Annual maintenance and operation costs (continuous)
0 Annual loss costs (continuous)

The singular_investment costare directly affected ybthe 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 foundinte chapter fALong time budget planningo.

The annual maintenance and operation cesis be simplified by means of percentage values of the
investment costs. For RWE typical percentage values are:

Maintenance and operation costs /
Assets 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%

These values consider the typical usage of equipmehie 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
completionof annual loss costs).

The analysis ofinnual loss costdepends 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. Hencsimplification may supply a considerable fault range. A first proposal for
simplification can start with typical network loss percentages which are determined considering
current parameters:

i Current standard load profiles
U Ratio between maximum load andwerk capacity: 0.7

For RWE an analysis of network losses in relation to the amount of delivered engggysimows the
following average results:
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Plosses =
Voltage level Network losses / Delivered energy
HV 0,5%
HV / MV 0,5%
MV 1,5%
MV / LV 1,4%
LV 3,7%

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:
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Weight factor for plosses

Ratio between maximum load and network capacity

The average network lossesfscan be weighted with the shown factor depending on the new rati
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 amh 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 ratitwien 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 condering EV penetration. After verification of these new load profiles the
simplified network | oss model can be compl ement
peak | oado.

In general the annual cost elements as well as investment costs in atisaihga year 0 are subject to
inflation. This fact is considered by the help ofeamual 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 delv er s a singul ar Apresent val ueo r
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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:

I Period under considdian, a number of years {ih general ordinary useful life of assdi/
penetration may lead to a reduction of lifetime due to higher peak loads or full load hours)

i Internal rate of return, a percentage vaiu¢in general a given rate of the financial
controlling);

All cost elements Aof the year n (investments, annual costs) have to be discounted to the present
value B of year O:

B, =Y G+ A=>a" A

The present value of a network development is total sum of all discounted life cycle costtelemen
over the period under consideration:

Cost elements

N
JUPPEEE A, (Inv.) B, = Z q"-A
n=1

// g™: discount factor
4

By ( A

o(presentvalue) & _______ N
_______________ a (annual

3: U P ——— _ » inflationary
__________________________ L --F factor

D e iR R Rl ____'_A‘n.+:l. - _ -t )

\ \ \ \ \ \ | \ >
2 -1 0 1 2 3 n n+l N t/a

N (period under consideration)————

The financial priority of all planning alternatives is given by their sorted present values.
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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 upgratiéen 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 agim 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 dudati (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 alaomit, 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 maxi mal
the coldestay of the year.YVe often consider an averageak load increase &for 2% per yearbut

it could belesswith DSM and DR in the future

For each network there is a margin between the physical limit (or maximal possible load) and this
maximal experienakload (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 waibaeéwvorks 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 cafisgbiand 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 forecastdt nailkb

In a given year, for each suiletwork (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 subetwork and the peak loadtiit of the network, we will get something like the
following curve.

Cumulative histogram
(Peak load / limits histogram)
/
// — Without EV
100 — With EV
>
(&)
c
(<)
=)
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O T T T
% of networks 100

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 upgradingns® networks because their margin is too small. In a very
simplified model, if the typical life duration of the network before reinforcemnis0 years, we are
refurbishing 140 of our assets every year.
If we introduce a new load as EV, the peak loadawth sumetwork 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 maretsobks to reinforce.
This isan 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 wehave 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 comparaew 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 custothers
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 a#ldwoad 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 loadezhse.

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;xMead 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). Thatidisioib

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
depbyment of EVs on network investments. It shows that for a well designed network, stwaekn
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 aread aountries. 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
tod. 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 prodtdsevexplained in the following
sections.

6.2 Investment costs

In order to determine the reinforcement costs ofahalyzedgrids, data about typical reinforcement
measures have been collected from grid operators. The following table shows measuostsamial ¢
MV level for a selected set of overloads and the amount of these overloads in a rural area.
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Operational Amount of Appropriate
limit violation measure
Line overload (x km) 0-30% Replacement of OH lines with
higher section cabke yn 1le L
>30% Installation of a parallel or
additional cable yn 1€ |
Voltage problems 5-10% Adjustment of the reference busbar
voltage of primary substations M ¢
Reactive power compensation pn 1e€
>10% Installation of a parallel or
additional cable yn 1€ |
MVI/LV transformer >20% Transformer change, if maximum
overload nominal transformer power is not
installed Mn e
Additional secondary substation, if
maximum nominal transformer power is
installed on e

These tables from grid operators and for all voltage levels and area tymdsquburban and urban)
had to be harmonized, to make an automated evaluation possible.

Therefore the measures have been classified into lepgittific and not lengthpecific ones and
matched to a raster of 5%teps regarding the amount of the violataf 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 connectipowers 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)otvould
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 theiautomat
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 calculatelines, transformers and for the voltage in one
specific grid.

SMiine = 1 — mingpes[Mingime|1 — line_load|]
SMtransformer =1- mlntransformers [Tnlntimel1 - transformer_loadl]

F = Y mean;;,. (bus_voltage — ref_voltage)?

Number_of _busses

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 simthat@doject.
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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 santeesdepount 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.).

"l'

..l

This procedure was repeated for all transformers in the gritexwaards the costs for the replaced or
newly installed assets could be evaluated with usage of theabdes 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 volegs tesides in the allowed range. This range
mostly (but not for all areas) covex$0% 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 followig 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 cdnsigeplacing cables or overhead lines. It is very hard to decide
which lines have to be replaced in order to solve the voltage problem witha@axact knowledge
about the grid. Therefore the length had to be estimated with the method illustratedfigurthe
below. Only the parAL 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 highewueé 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.

—--—- real voltage profile
simplified voltage profile

Length

100%
90% |-=-mmmmmmm - TTRNg o m-mmmmmem e em e
T Vv
80% &
L )
Y
nL
Voltage
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6.7 Total costs

It is obvious, thathe reinforcement costsdescribed in the last sectiotgnnot be used to compare
different grids, because they always dependhemumber and type of assets in the grid and on the

size of the supple area (number of customers, population density). Therefore, in a first step the
calculated reinforcement cestre divided by the total value of all assets in the grid. By doingltleis
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 ofiribe transformer and voltage costs. This is

caused by the cases where the load flow calculation did not conyertimse cases the estimated
reinforcement costs have been very high #ral sumdid exceedl00% of the total grid valudn

diagrams showing mean JMaes of many gridsthis leads tca 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 valug€1% of the total grid &lue) This point is called maximum uncritical penetration rate.

It i s assumed, t hat EV6s can be integrated intc

investments.
100%

| I Total N | ines NN Transformer NN ‘oltage ‘

80%

maximum uncritical

o penetration rate Fixed threshold

40%

20%

reinforcement costs / total grid value

2
B

0% 0%  20%  30%  40%  &50%  6B0% 70% 80%  S80% 100%
penetration

The maximum uncritical penetration rate is then calculated for 3 diffelhangiog 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 seenThe color indictes thetype of area of the gricand he points showthe 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 connectianipowe
limited to 3,7kW. With raising charging connection power the maximum uncritical penetration rate
decreases.

T Different
grids

. Rural

. Suburban
Different :
100% B urban

chargin ; 80%
. 0% °

Maximum uncritical penetration
rate for the considered grids.

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 parameterand indices will be used:
0 minimum penetration that create the first overload in a line (mpl);
minimum penetration that create the first overload in a transformer (mpt);
minimum penetration that create the first voltage violation in a bus (mpb);
percentag of transformers in overload at 100% of penetration (cpt);
percentage of lines in overload at 100% of penetration (cpl);
percentage of bus in voltage violation at 100% of penetration (cpb);
security margin index (SM);
U voltage profile index (VI).
In severareports the followings scenarios will be used:
charging infrastructure of 3.7 kW at Home;
charging infrastructure of 3.7 kW at Work;
charging infrastructure of 3.7 kW EveryWhere;
charging infrastructure of 3.7 kW Special;
charging infrastructure of 11 k\Wt Home;
charging infrastructure of 11 kW at Work;
charging infrastructure of 11 kW EveryWhere;
charging infrastructure of 11 kW Special;
charging infrastructure of 55 kW at Home;
10. charging infrastructure of 55 kW at Work;
11. charging infrastructure of 55 k\&veryWhere;
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, desed in [11], have been analyzed:
e Do Nothing
T centred charge
TOU tariffs;
Soft-charging
BAU soft charging
Distributedmarket based approach
EV flexibility aggregation
Time of use tariffs with real time adjustments

[en-i enc i et B ent B e et Y

CoNoR~WNE

7.2 Description of the networks

Three Exemplary MV network are evaluated:
i an urban radial feede
U arural radial feeder;
U a suburban radial feeder.
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69 Exemplary LV networks are evaluated:
U 29 urban radial feeders;
U 22 rural radial feeders;
U 18 suburban radial feeders.

7.2.1 MV rural feeder

The total length (sum of the length of all the branches0i4 km (26.2 km of aerial, 3.8 km of
overhead cable ar®il km of aerial cable). The only alimentation point on thevoek 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 contractal power).

7.2.2 MV urban feeder

The total length (sum of the length of all the branche®.%skm (all overhead cable). The only
alimentation point on the heork is the primary substation.

The number of LV customer are 2591 (7.5 MW of contacted power), theeruwof 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 branche2®.iskm (18.4 km of aerial,7 km of overhead

cable and4.3 km of aerial cable). The only alimentation point on thewoek 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 rural feeders

The total length (sum of the length of all the branches)Oik km. The alimentation poirg 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 totallength (sum of the length of all the branchesjéskm. The alimentation poirg 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 lengtf all the branches) i45 km. The alimentation poirg 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 architeg 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 overloadgtotayetvery

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).

40
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Figure 1:mpt with uncontolled 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).

Neverthelessthe strategies cannot be a solution because the problem is inside the jnietisdte

typical load that engages the most parts of the sources of the transformers and not EVs. However a
good strategy (figured) can emphasizes a good network permitting to allow big percentage of

penetrations; the urban network can reach percentagfgeen 75% and 95% starting to percentages
between 15% and 35%, using the best strategy.
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Figure2: mpt with fiSoft Charging strategy
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Figure3: mpt with iBAU Softd charging strategy

The charging power of 55 kW are the most peaftic one in particular in urban network, but a good
charging strategy can be an efficienuntermeasurg@igures 2 and 3).
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The charging infrastructure do not have big impact on the reshlisiging the infrastructe no big
variations on the results
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Figure4: mpt with AT OU tariffso charging strategy

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

This simple index show that the lines have minor problems in the integration of the EVs (figuee 5); th
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 easitlywith minor costs.

With reference to the charging strategies, their impact is higher to respect to the mpt; for example, the
ATOU tariffsd charging strategy is able to reduce the viable penetration from 95% to 10% @figure

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 reshlsiging the infrastructumo big
variations on the results.
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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 pegbhtic 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 caseggpite the preseawmf connected generators.

Urban and rural networkgractically do not have any problem (just scenario 9 for rural have first
violation on 60% of penetration).
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Figure 7 mpb with uncontrolled charging strategy

The charging strategies can solve these problems (strafiggfs softd , fiDistributed market based
approach andfiSoft-charging) or they can compdiate seriously the situatiofiTlOU tariffsd 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 resblsging the infrastructuneo big

variationson the results (just scenario 3 is really different to the 1, 2 and 4 that have the same charging
power).
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Figure8: mpb withAT OU tariffsd charging strategy

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

This simple index is thegocentage of transformers in overload at 100% of penetreticgspect the

total number of the transformers in the network.

This index demonstrate that for high penetration thlrand 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 aret suitableto the load, but the other transfommeare
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. Stebeerformance 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 isfractures.

The impact of charging strategies and charging infrastructure is similar to the last indexes.
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7.3.5 Percentage of lines in overload at 100% of penetration (cpl)

This simple index is thegicentge of lengths of the linesn overload at 100% of penetratida
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 iotpm 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 moifenum, 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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Figure1G: cpl with uncontroléd charging strategy

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

This simple index is thegocentage obusin voltage violationat 100% of penetratioto respect the

total number of the bus in the network.

This analysis (figure )land 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 thk&/igorst, 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 gy 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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Figure12 duration of the voltage violation with uncontrolled charging strategy
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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:

Plr_F)lM
|

SM= {1— mlin

:I leQ (D)

beingR' the power capacity limit dfne or transformet, F’l"’I the maximum value opower flow of

line or transformel, evaluated as th@5 percentilevalue of thepower flowand 2, theset 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 thsfdramers do not make any

sense. For these reasons, the SM diagram make sense between [0, 1] aRd Wlﬁé\f‘l >0,

<
®
1]
=
z ——RURAL
S —8—URBAN
v
SUBURBAN

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 S0 95 100

Penetration [%]

Figure13: security margin for the line in scenario 12 in uncontrolled charging startegy

Two diagram are represented as aanaple: thesecurity margin for the line in scenario 12 in
uncontrolled chargingtrategy (figure 13) anslecurity margin for the line in scenario 12 witBAU

softd chargingstrategy(figure 14); in both is clear that the diagraourse is lineafy = Kx + C).

By varying the scenario and the charging strategies to evaluate all the diagrams ofitae &fdated;

in all cases the diagram course was linear.

Moreover, it is possible to see that, the fixed factor (C) do not depend to charging strategys(pbviou
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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Figure14: security margin for the line in scenario 12 wilBAU soft charging charging strategy

7.3.8 Voltage profile index (V1)

The indexaccounts for the pfibe of voltage at all busbars.

Sincethe voltage is a random variable, because of the randomtioas of loads, the objective
function has to be defined terms of the expected values.

Theindexcan then be defined as:

Nbus

z vl _Vnom;z
=1
a N

)

\"4

bus

beingV, thevoltagein busbar jV 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 accounts for the pfibe of voltage at all busbars (so, it is an average index). However it
can be used to monitorize the global impact of EV.

the nominal voltage of the network any

nom bus
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Figurel15: VI for the line in scenario 12 in uncontrolled charging startegy

Two diagram are represented ais example: the Vfor the line in scenario 12 in uncontrolled
chargingstrategy (figure 15) and Mor the line in scenario 12 witABAU softd charging strategy
(figure 16); in both is clear that the diagrapurse is lineafy = Kx + C).

By varying the scenario and the charging strategies to evaluate all the diagrams ofulzs Sidated;

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
becausehat 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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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 staift 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 sibset the penetration managed is higher for all the networks.
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Figure I7: 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 strate@ies,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 efficieountermeasure

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

rural and urban where the charging infrastructure not have big impact on the @saniging the
infrastructwe no big variations on the results

7.4.2 Minimum penetration that create the first overload in aline (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 infrastiwet 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 ditféeveespect to the MV feeders.

For example, th®ay-ahead tariffs with redime adjustmentgsharging 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 poer 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 reshlsiging the infrastructunmgo big
variations on the results.
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Figure20: mpl with iTOU tariffsd charging strategy

7.4.3 Minimum penetration that create the first voltage violation in a bugmpb)

All the bus are in violation also with 0% of penetration.
No analysis was possible.

7.4.4 Percentageof 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
trangormers take into account in this paragraph are a subset of the ones analyzed in paragraph 7.3.4.
This simple index is thegocentage of transformers in overload at 100% of penetreticgspect 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 sameabigiur of the total set.
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Figure21: cpt with uncontrolled charging strategy

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

This simple index is thegicentage ofengths of the linesn overload at 100% of penetratida

respect the totdength 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 1@d%enetration in all the cases.
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Figure22: 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 bigohumber
nodes also in case of 0% of penetration.
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7.4.7 Security margin index (SM)

The results in paragraph 7.3.7 are confirmed also for LV networks.
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Figure24: security margin for one line in scenario 12 ircantrolled charging startegy
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8 Dimensioning of additional demand for EVs

8.1 Forecast ofthe impact of EV on the network

The considerations in the paragraph 7.3.7 and 7.4.7 suggeshigtecto foresee the impact of EV on
the network.

When SM,. = 1, surely one line is in overload and when SM1, surely one transformer is in
overload; but the SM(penetration) haugear diagramcoursein all the scenario, for all the charging
strateges.

SM(p)=Kip+C (©)

being SM(p)the security margin for transformer or lineK: thelinear coefficient for the scenario s
and the charging strategy c addhe SM(0)
After the calculation oK and G solving the following equation:

Kép+C=1 (4)
It is possible to evaluate the penetration that create the first overload in the network.

To calculate K{ and C two points of SM(p) are enough; it can be calculated or estgd from

measures during the deploying of the EVs.

The same technigue can be applied to VI, but VI is not very useful to monitorize the violation because
it accounts for the pfibe of voltage at all busbars (so, it is an average index).

To foresee thempact 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 @ccounts foroltage violations at all busbars.

The VSM index is dfined as follows:

[\/Irh _\/|M J (\/IH _Vlm]
Vlrh ! \/Irl

beingv,"™ the voltagehigh limit of busl, V," the voltagelow limit of busl, V," the maximum value

VSM = {1— mlin

jl leQ 5)

of voltage & busl,V,™ theminimum value of voltage of bus | arfd, theset of system bus.

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

However, the overload constrairdppearsooner then theoltage violations, so that evaluation can
probably omit the voltage violation verification.

Soadditionalstressn p.u.for EVscan be calculated by the following formula:

SM(p)~SM(0) _ K

AD(p) = SM(0) C

(6)

8.2 Increase of the power peak caused by EVs

The additiond powerdemand for EVEan be evaluated confronting the power peak with EVs on the
network with the power peak without EVs.

PP(p)
PR(p) =——= 7
(p) PP(0) ™
beingPP(p)the power peak with penetratignandPR(p) the power peak in p.u. with penetratipn
The RR(p) havdineardiagramcoursen 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 ha@@)RR(tlof 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;particular, the scenario 9 (charging infracstructure of 55 kW at Home)
give an impact between 50 % and 70 % more to the average.
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Figure I7: power peak for all the scenario in rural network
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Figure B: 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 rutedve more til{around 40% more).
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For example, foscenario 9:
for rural network PR(p) = Q0304p + 1
for urban networkPR(p) = 00207 + 1,
for suburban networl@R(p) = 00223 + 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 E&féase 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, becausepeiitdatage

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 loa@nd 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 netwaks, 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 ovalimensioned 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 thev.

With reference to the transformer overload, the charging strategies can assuage the problems (figures 2
and 3) or they can complicate the situation (figure £véXthelessthe strategies cannot be a solution
because the problem is inside the netwdrks 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 ovedd and voltage violations, the charging strategies can solve all

the violations or complicate seriously the situation.

In technical point of view, charging strategi@me of use tariffs with real time adjustmentsSoft-

charging andfAiBAU soft charging (mostly) can help the integration of the EVs in the MV network;
Day-aheadariffs with realtime adjustmentsharging strategy emphasize the stress on the network.

The LV networks the behaviour is not the same as the last point, in some cd3ag-dhead tariffs

with reattime adjustmentsharging strategy had good impafftgure 20); charging strategiégime

of use tariffs with real time adjustmeatg§iSoft-charging andfiBAU soft charging (mostly) remains

helpful in all the cases.

In the most part of the cases, the charging infrastructure doawet big impact on the results;
changing the infrastructe 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 thermsobl

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 dieguesaSM (penetration)

is linear

The voltage profile index (VIxccountdor the prdile of voltage at all busbars, the most important its
property is that the diagracourseVI (penetration)s linear

EDF, EDP, Endesa, Enel, Version 1.0 page 52 of 90
RWE, RWTH,Vattenfall G4V_WP5_D5 3 v1.9.docx



WP5 Confidential: No G4V"
D5.3 Grid for Vahicles
Report with the recommendations for the grid planning and operation

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 ikeaccount 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 otltkokapplication. 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 loadte 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 basw#sed
referance 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 duegase®f 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 allocatidnbadget. In particular the study has proposesinaplified

method to evaluate the full life cost of grid investmantl asimplified method to evaluatiée long

time budget planning in grid infrastructure

Most of the analysis performed, indicate thas ipossible 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 damiagd st
from some technical grid parameters.

Due to the elevatecomplexity 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
investgate 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

11.1.1ENEL
11.1.1.JENEL MV gri ddéds planning criteria
MV planning activity is carried on in order to repower existing networks and to face new needs.

The choice of appropriate planning critesamportant 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 tlamsts 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:

U definition of new network plasin order to obtain high levels of service continuity and power
quality according to CEIl EN 50160;

0 optimization of wiresd and cablesbdé size to b
needs of cost reduction and containment of losses;

U use of tehnologically innovative components;

U 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 haveonsider 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.
Toobtaintheforeast | oad curve we divide the customers i

We can consider the customer per:

0 voltage level;
0 final use of electricity;

On the distribution network customers are classified in two voltage levels
i MV 10 -20kV;
i LVO0,23-0,4kV

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

Voltage Connection Powe| Typical power| Typical Typical use factor
level (kV) | (kW) factor contemporary

Typical factor

10, 15 and Depends on th¢ 0,9 0,5 0,5 (for
20 electriccustomer plant -0,8 (P <0,5MW)
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LV customers are characterized in
ifResidential 0 LV customer s

Voltage levell Connection Powe| Typical power| Typical contemporary Typical use
(kV) (kW) factor ( c|factor factor
Typical

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

iNo Residential 0 LV customer s

Voltage levell Connection Powe| Typical power| Typical contemporary Typical use

(kV) (kW) fact or ( c|factor factor
Typical

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

Furthermore MV network control and automation, currently implemented by Enel andnédarm
network operation provide good level of performances in terms rafimber and duration of
interruptions. In particular, the benefits of network automation are evident infcasstiple failures,
since the recovery operations can be performed in parallel.

In ltaly, 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:

U distribute electricity to cstomers;

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

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

i make possible the #feeding in case of failure of feedamad the most important secondary
feeders, optimizing the opportunities offered by network automation;

i maintenance saving;

Here are the most common MV network structures.

Pure joining network scheme

It consists of feeders connecting a primary sulestatith another one (see Figure 1).
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A

Figure 1i 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 inigure 2:

Figure 2i 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 substatiostfial areas).

Figure 3i lobe on a joining line

MV networks connection schemes

With reference to Italian technical standardization GEB0the schemes concerning the connection of
a new user on the distribution netrk 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 4i Connection schemes

where:

D = delivery network plant;
M = measurement;

U = user connection plan
A = added network plant

Scheme A
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