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ABSTRACT

As the share of integrated renewable energy soRES) increases, traditional operation
principles of the power systameed to change in order to maintain reliable and secure service
provision on one handand minimal cost and environmentally friendly electricity generation
on the other. The challengéalleviatingadditionaluncertainty and variabilitprought bynew
sources to the systeoperationis seen as defining both flexibility capacities and flexibility
requirements through provision of multiple services. In this context the role of emerging
technologies, such as electric vehicles (EwWijl energy storage (ES), is recognized through
their active participation in providing both energy and reserve service.

This paper elaborates on the benefits of active EV participation in multiple system sservice
through various charging strategies. The presented mixed integer linear programming (MILP)
unit commitment problenfUC) considerghe capability of EV to provide primary, secondary

and tertiary reserve as we#l anergy, howevehe focus igutonthebenefits of EVproviding
spinning reserve serviceshe results clearly showenefits ofmultiple EV role to that of
providingenergyonly. In additionthe paperanalyses multiple power systems, with regards to
their energy mix and recognizelow integraton of EVs reflects on power system flexibility
through metrics expressed as operational cost, environmental benefits and reduced wind
curtailment
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1.INTRODUCTION

Electricpower systemareexperiening tremendous transformatiaverthe past few decades

as theintroduction of new low carbontechnologies(LCT) brings changes irconomic
environmentalnd regulatory aspectne of key challenges in power systems today is the
integration of renewable energy sources (RES) which are at the same time creating benefits to
national energy policiegenergy security, independence on import oil and gas), national
economy (new jobs in rural communities) and to human health (decrease of greenhouse gas
emissions and waste), but are also creating additional uncertainty and variability and
challenging tradional principles oimaintaininggeneration and consumptiequilibrium To
compensate these imbalances the system operator is compelled to have enough reserve in every
moment, meaning that the system must have enough flexibiliegeEbrvices are provetl by
controllable,generating unitshrough ancillary services farg traditional fossil fuel based
generators to operate in noptimal working statessometimes resulting inhe overall
operation cost and emissions increase despite the integratittanfenergy sourcefl] and

[2].

With the uptake oL.CT, new concepts for providingystens flexibility areemerging where

both interconnections to other, more flexible power systemgtegration of new market
participants, such as energy storage (ES), electric vehicles (EV) aneenerigly concepts],

will change the paradigm of how low carbon power systems op&m¢ancements in the field

of energy sorage technologies, improving theierformanceand reducing the investment

cost, are making them a relevant futuflexibility provider ascan be found irf4]Error!
Reference source not found[5], [6] and[7]Error! Reference source not found. Microgrids
areanothempromising concepivhere, byaggregahg groups ofgeographically closads and
generatorsthe focus is shifting from centiaéd service provision to local, more system
independenas described ifB] and[9]. However, arrentlytheonly integratecdconcepts that

of demand response programhich includes changes @lectric consumption by engsersn
response to changes in electricity prit@®ughout day[10] and[11]. This concephas the
potential to increase the systems flexibilitygrgviding reserve to power systesim exchange

for lower cost electricityor the enduses.

The focus othis paper ishighlight thebenefitsof controlled electric vehicles chargimghich

can be considered azambination of hithose aforementioned concepthe battery on board

acts as a storage unithile a parallel can be drown between behaviour of driedshousehold
consumers and their geographical dispanthich resembles that of multmicrogrid
componentsElectric vehicledEVs) are in factadditional demand to electrmower system
howeverdependingon their charging behaviour they can be seen as uncont(olfekible)

or controlled (flexible)Joad Controlledcharging of£Vs means that E\V@&@edemand responsive
loads whose interaction with electrigpower systenfcharging)is driven bymarket or gstem
operator signalshroughoutday. Since EVs can store energy they @so be observed as
mobile energy storage units that celmargeor dischargeenergy Although EVs could be
charged at home or work (slow charging) or arging stations (fast chging), this paper
observes only sloweharging EVslntegration of new electricity consumers is often followed
by additional investments into transmission and distribution network infrastructure, since
investmentgollow human activity. This in terms mean®sost ofpotentialnetwork upgrades
would beatresidentialevel. However, f EV chargingis managed wisely investing in electric
networls could be deferrediVhen all mentione is recapitulatedEVs seento havesignificant
potential for providindlexibility both in energyandancillary services

! Term of ancillary services in this paper is used for multiple reserve services, with focus on provision of spinning
reserve services (in particular secondary reserve).



This paper willprovide a critical estimation dEVs benefits to the high share RES power
systens through a detailed analyses of participation in both energy and reserve services
analysing different energy mixes and EV charging strategies.

2.MAIN CONTRIBUTIONS AND LITERATURE OVERVIEW

One of the most energyonsuming sectors, witmore thar25 % contribution in total energy
consumed worldwide, is transportation sedtdt], similar to the share of greenhouse gases
coming from it Regulatory trends drive theansformation ofransportation sector from eil
consumingo electricityconsuming sectot.arge number of EV¥is already on the roads and
more of them is predicted to be released intariaeket in the next few yearfd 8], [14]Error!
Reference source not found[15]Error! Reference source not found).

A number of papers focuses the capability of E¥to participate in thencillary service
markets However there is still a lack of researdefining what are the benefits adordinated

EVs chargingwith respect to different energy mix anderall system cosbr elaboration how
doesthe participation of EVs in these markets altiee role of traditional plants in providing
different servicesPaper[16] proposesaggregatd EVs commandarchitecturewhere EVs
communicate with their agegator whahenacts as a single market entity and pdsts on
energy and ancillary services market. The availability, reliability and value of EVs provided
ancillary services is calculated both fsmgle EV direct participation and aggregad
architecture and compared witthat of gas turbinesAggregative architecture has higher or
same availability and reliability as that of gas turbinesdmibne would expedgwer revenues

for ancillary services compared with dirde¥ participation There is gnificant potential for
financial return for the EV6s owners when V2
when combined with peak reduction (EVs power injectoiumrengpeak hours) as found jh7].
Authorsin [18] have revealed that profitabpeak reduction could be achievable through-real
time scheduling techniqueBrief descriptionof control reseres, similar to those used in this
paper,and V2Grevenuedor ancillary services provisiowith different levels of charging
infrastructureis provided in[19]. Costs and revenues for ancillary services provision for
di fferent EVG6s fl eet s iaprasentdd if20].Autrons tsedrfaug ul at i
regulation markets (NYISQCAISO, ERCOT and PJMor annual profit calculation which is

on some level similar to different energy mixes analyses ipé#puer Different markets entails
different internal generation structure, e.g. energy miXée. differenceis that this paper
observes savings for system operator whereas authors of aforementioned research analyse
profits for EV ownersPaperg21], [22] and[23] present primary frequency control of EVs on
smaller timescale, few hours, with higher power fluctuations resolution (minées)ary
reservan this papers analysedas preoccupiedspace which could be otherwise used for power
generationEVs as responsive demafid this case it means to unplug EVs if frequency drops)
for frequency suppothroughdifferent charging strategies with differentacgingprofiles are
observed inf24]. Detailed unit commitmentUC) modelis preseredin [25] where EVs are
analysed througfive modes: EVs charging, EVs discharging, EVs for reserve provision only,
EVs used for transport and idle pluggadEVs. The dudies in the paper focus qeak increase

in case wher&Vs areuncontrollablychargd charging and dischargingehaviourover day

for different markups for power injections, statd-charge (SOC) of EVs over day, reserve
provision by EVsover day for different price of reserve dtfowever, all the analyses are again
conducted only for a single day and from the aspect of the EV owner as market participant.
Stochastt EVs model is formulated if26] where objective function incorporates multiple
markets (dayahead energy, stochastic intraday energyjlegimg reserve) and costs (reserve
compensation and driver satisfaction coBe last mentioned cost represgrgnalties for non
supplied energy to EVsvhich results in a conclusion thabromitting EVs for reserve



introduces profit reductionfor EV. However, it does not provide insight into scheduling of

energy and reserve services and does not answer a question of how these services shift to new
units with the introduction of EV. In addition, it does not provide annual analyses to properly
evaluate théenefits of EV integration. Ij27], aUC model of thermajeneration basd power

system with incorporated EVs is presented. Authors modelled EVs as additional cost and
includedrevenues for ancillary service provisiofraditional units act differently when EVs

are used for ancillary services. EVs reserve provision increéfseigmecy of online units and

turn-off the most expensive ond |l t hough simil ari ti esexiswith t
mentioned paper provides shallower analyse of thermal units reserve provisiamit
commitment system decreased t@sc. Another detaihodelof V2G assets is defined [&8].

Di fferent EVés battery replacement costs at
simulations Higher battery replacement cost entails smaller amount of energy injected back to

grid and smaller amount of regulation up capacity sold tesyiseem operatorSO). Positive

i nteraction between high wind pow®usionpareoduct i
explained the case tish power systm (52% of wind penetration) §29]. Interesting work is
presentedn [30] where EVs chargings explored as an alternatif@ additionalcrossborder
transmission investments. Besides transmission investment detieerzper found that RES
curtailment, electricity price and energy storage use are redubed EVs charging is
controlled Coverirg EVs charging by means of variable renewable generation is df3H.in

Authors compre coordinated and uncoordinated charging in a week and annual simulations
with sensitivity analyses on chamg power, generation portfolio atiarging availabilityThe

last two paper observe only EVs charging, while EVs disgjiag and reserve provision has

not been discussedVorth mentioning studyfocusing on energy provision by E\5 [32].

Authors are observing EVs as distributed energy storage systamiongleday time scal®ut

they do not consideEVs as mtential reserve prowers Detail research on EVs emissions
performance on different driving patterns, charging profiles and electricity mix is df8&.in

Along with the presentetiterature a short review of the EVs participat in frequency

regulation is given ifi34]Error! Reference source not found.

Most of the abovementioned papers observe reventmspotential EV owners analysing
participation inancillary servicanarketsas paentially interesting business modeir theend

EVs usersor aggregatorsGoal of thispaperis to define impact oEVs integrationbut from a
standpointof electric power systerBenef i t s f r o m isbM the tope @fghise g at i «
paper;in other wordshes y st em doesnot car e wthemagglegator EV s ¢
principle or theywork alone as long as they provithee required servic&kesults of this paper

are primarilyrecognizing benefits and improvements for power system operiatiterms of
operational cost, environmental benefits and reduced wind curtailment

The important questions that will be amsed throughout papeare how do EVs affect

traditional unit commitment foenergyandreserveservice® How does provisionf reserve

f r o m afectdraditional unit commitment for power and reserve? When tvdlsystem

gain most from thdien ck\bass?®E H onwaliehoiles prafitebility@ nt a g e
EVOs r eser WHavdpEvVo(and thair anciffary servicesjffect wind curtailmentin

future high share windystems? Is there a positive correlation between increase in wind power
production and i nc nhiahseeergymixes&jitesnosp keemefittomt a g e ?
EVO6s rpeogisom®yv e

Compared to the esting literature the paperbrings novelty through detailed analysis of
provision of spinning reserve servicaad elaboratbn how service provision shifts from
traditional units to more flexible and environmehtdtiendlier units. It also recognizes tha

flexibility benefits are different for different energy mixésough annual analyses of all three
relevant flexibility metrics: operational cost, @@missions and wind curtailment.



The following Section, Section Illklaborats the unit commitment modebased on mixed
integer linear programming (MILPand input parametersised, focusing onthorough
explanation ofEVs behaviourequationsFirst part of sctionlV provides ananswerson the
above stated questions by analysomgweeksimulation resultsin second part osectionlV
annual analyses defisbenefits of EV coordinated participation in multiple markets for various
energy mix power systems. Sectionpvbvides concluding remarkemphasizinghe most
importantcontributionsof thepaper.

3. POWER SYSTEM COMPONENTS AND MODELLING

All simulatiors are run inFico Xpress programming environmd86] on aLenovo ThinkCentre
computer(4 GB RAM). The electric power systemdemposeaf conventionapower plants such

as hydro, fossil based thermal power plants and nuclear power plants with the capability of
changing the energy mand, by doing thatepresenting specific country system. T¢ydemis
upgraded with models of emerging néechnologiessuchas EVs,wind power plants (WR)
stationarybattery system@BS) etcSi mul at i on mo iddesighedto carrespondot e ct ur
differentnational power systemdepending on the input datacién provide results for whatever
powersystend s a r c.fd speedcup thersienulations thestem components are clustt by

typeof particular technolog since number of relevant papers have demonstrated accuracy of such
approach see[36] and [37]. The Pllowing sulsectionsexplain in detail vital components of
proposed model and their input paramet@&raphical representation of proposed EPS and used
scenarios are shown kBigure 1. For better understandirgf the mathematical expressioitsis
important to keep in mind

Decision variables are writteniialic lower casg

Input parameters are writtennomanupper caséor romanGreekletters;

Extended variable/parameter name is written as roman supebstap underling
Technology towhich variable/parameter is referring to is written as roman supeiiteipt
theunderline

Indexes are written as italic subscript

Indexi corresponds to type of particular technology

Indext corresponds to particular time step

All equations arevritten for one particular timstegtechnology but they all apply to all
time-step#&echnologiesn observed rangavth theexcepton of initial conditions)

Time step in this paper &5h which entail836time steps for one week period
Unless otherwise noted decision variables are nonnegative.values

E ] E N

= =4



Power } Electric Power System&P$ ’—
system 1
A

components \

Thermal Powe Hydro Power Wind Power f f
Plants(TPR { Plants(HPR Plants(WPR ‘ e Vehicle®®y ‘
—

—_——————————————

e P v o] e e isiniipiaieiieie” e I e 1
| Inflexible Flexible Hydro Thermal WPP¢> EV¢> G2V-NR :
| [Thermal(InTh Thermal(FITH (HyThH 0-60% 0-60% G2V-YR |

|

IChapter4.1.1 scenarios |
| WPP¢> EVg> [ UCHNR] |
| 0% 20% 7| UCHYR| |
}Chater4.1.25cenarios !
I
I
I
I

G2V-YR [
Low carbon WPP¢> EVc> V2G-NR
InTh(LoInT 20% 20% V2GYR

S

Figure 1 Modelled power system and scenarios used gimulations

3.1Power systemand electrical demand

Electric generation and consumption equilibrium must be satisfied in ale-dteps.
Mathematical notation of the last sentence is containé.iheft side of the equation present
conventionalthermali p®-"" hydroi p%"" pump storagé p%-F9 and RESgwind i p%-"h
generation and pump storage pumpip& with added EVdischarging(p®-£Y), charging
(p°-FY and fast chargingplEY), while left side present conventional electric demépfy.
Electric demand foK power systemwhich is a typical low flexible power system relaying
on thermal power plantss displayed irFigure2 for typical high and lowdemandwveek([38].
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Figure 2 Weekly demandand wind profiles

Other system related equatiof@ - (6) arereserve provisiomequirementsAs it can be seen
from thefollowing equations, five reseseservicesre modelled:

1 Primary reserve up (fup)

1 Primary reserve down (fdn)

1 Secondary reserve up (rup)



1 Secondary reserve down (rdn)
1 Tertiary up (qup)

é. i’\iil_TP ft,L:p_TP+ aNi; " ft,iup_HP + é\l.i;PSftjup_PS + iéfvfti =Y 2 l 2
: i’\iilJP ftc:n_TP + aNi;HP ft’idn_HP + aN;PSftjdn_PS + | é’;EVfH dn_EV Ez C (3)
a i'\‘:il_TP rtfiin_TP + aN;_HPrt'idn_HP + aN;P?.tjdn_PS + ié’f\f“ dn_EV F€ ¢ (5)

a. Ni_TP Lfip_TPZ Qtup (6)

i=1

Detailed description of mentioned contreserves could b@@indin [39]. Primary and secondary

reservan this work are provided by online units (thermal, hydro, EVs), whereas tertiary control

can beprovidedfrom both online anaffline quickstart (CCGT, OCGT) unit®Rrimary control
reserveboth up and dowrareat constantalues of 1.9 GWastheycorresponds to theserve for

frequency response WK power systenjd0]. Secondary and tertiary contrakaime vectors of
constant values. They depend on t heschalgiegct r i c a
mode Uncontrolled charging (UCH) mogddue toits uncontrollability cannotparticipate in

energy markets (in terms of shifting its charginga more favourable periods) narovide

ancillary services to the system operatoraddition due toits predictability and variability

UCH can increase sys AmreestithaionrofdJEe moderesenea qeraagsee me n
(7) is addedto standard reserve requirements formul@s- (10). Up reserve requirements

include thdargestonline unit this is taken into account as the larggsteratoobutage. Reserves

are modelled as i37] and[41].

Ni_ EVY (t—QUCHfV+1)
RtEV_O,Sh - al g’ S*Stsl(O,Sh)_EV* R max_EW t ? Nt’iarr_EV (7)2
= ¢
RP =35 #RY) 3,57 omp T (R 0T pun (®)
thn - \/(3*5.(1 *Ptd)z _(315* éo,sh)_WP*Pt _WF)2 (_Rt EV_O,S)Z 9)
"[JD — \/(3*5 d*Ptd)z _(31 5* ~$(4h)_WP,\»|:)t _lez (Rt EV_4D2 P+gme (10)

3.2Conventional power plants
As already mentionedhe core of the analys&P3 s a r therinal gemerating unitall
units are modded as clustered and participate in dailycheduletogether. Additional
explanation bthe conventionaland clustered UC thermal model could be foun{Bifi, [41]
and[42]. Thermal units are subjected to the following constraints:

1 Power generation constraints (pietiselinearcost curve)

1 Minimum up and down times

1 Ramping constraints

1 Reserve provisiononstraintgprimary, secondary arndrtiary);

2 The same formula applies for®t*"in (10),t he only di f f er @R Ewii tsA®Ebst i t uti o



1 Greenhouse gas emissions (included as additional cost in objective fynction)

Four different types of thermal p@wplantgTP) are considered:
1 Nuclear Power Rnts
71 Coalired thermal Power Plants
1 CombinedCycle Gas Trbines CCGT);
1 OpenCycle Gas Turbines (OCG]T)

Hydro power Plants (HPare modelled with eall adjustmentselative to the models in the
available literaturg1] and[43]Error! Reference source not found. Hydro units are subjected
to the following constraints

1 Water balance equatipn

1 Power generation constraints

1 Reservoir constraints

1 Hydro turbineconstraints

1 Spillage constraint

1 Reserve provisiononstraintgprimary, secondary aridrtiary);

Three different types of hydro power plafii) are considered:
1 Runof-River hydro power plants (RoR)
1 Conventional Hydro Power Plants with daily accumulation (CHPP)
1 Pump Storage (PS)

Thermaland hydro power plants parametesgedaresimilar to thosen [1].

3.3 Electric vehicles

As stated abovéRESintroduced newehallengedo traditionalE P Sdperation principles. The
incapabilityto accurately forecagheir next day schedutesulted imew operating costs the
EPS. Flexible and responsivenits have tobe scheduled in order to provid&able opeation
and wavailability of such units leads to wind curtailment, lovgenerationefficiency of
conventional uni t s, transmission congesti ol
infrastructure andE V 6 s b hastheepotensakto alleviate some of thkallenges antb
provide the needed flexibility enabling further integration of variable and uncertain RES
Depending on thewmperationmode EVs could behave as new source of flexibility or they could
furtherdamage systetn flexibility. Forthep ur pos e of arémoselled throkgh EV 6 s
six operationmodels as follows
1 UncontrolledCHarging with No additional Reserverequirement{UCH-NR) T EVs
plug-in when they stop driving and charge until fully chargad their charging o e s n 6 t
affect regrve requirements
1 Uncontrolled CHarging with (Yesinpacton Reserve (UCHR) 1 EVs plugin when
they stop drivingand charge until fully charged. The uncertainty of their arrival time
and SoC of batterieacreass reserve requirement$hese first twoypes focus on an
issue still not properly addressed in the literatli¥ as additional source of uncertainty
and variability

SPumpsto age units ar e aonstigins (uppercndtower i@éskair,géneration and pumping
etc.)



71 Controlled Gridto-Vehicle charging with No possibilityor providing Reserve (G2V
NR) 1 optimal allocation of EVs charging resoas without possibility to inject power
back to grid or to provide resergervices

71 Controlled Gridto-Vehicle charging with(Yes) possibility to provide Reserve (G2V
YR) 1 optimal allocation of EVs charging resources without possibility to inject power
back to gridout with possibilityto provideprimary and secondargserve;

1 Controlled Vehicleto-Grid charging with No possibilitjor providing Reserve (V26
NR) i optimal allocation of EVs charging resources with possibility to inject power
back to gridout without participating irdifferentreserveservices provision

1 Controlled Vehicleto-Grid charging with (Yes) possibility to provide Reserve (V2G
YR) 1 optimal allocation of EVs charging resources with possibility to inject power
back to gridandwith the possibility to provideeserveservices

All of these operating modese subjected to the following constraints

S{. _$ o +§rr EV_ t$eav EV tﬁ: E\k/7 c E)[D+ tplE.,v hc &V t ,d—FVi f?¥ t [ (11)
_‘iEV :S)_EV +§}rr_EV_ %yeav_EV + RC_EVk /? c_E\(I:I + let_lE)[ ﬁ =Y D Rd_lfvi /_?V t[ (12)
S 13

th’i_EV*Slmin EV+$?rr EV_ eav EV¢ ﬁ EV ‘IN Ig E¥$ max E¥_t$ afEVv - v_EV (14)
arr EV (u\llalrr EV*S cons_E' (15)

Nleav EV*S minc EV¢ S leav_EV qN[ iIeav_E){S max_E (16)

tf’_iEV 2 nf_Ev /100*Fijmax_EV *(GI_EV_N?_EV) /3 (17)

EVs are aggregated and observed as one unit with-deépendant parameterEnergy
conservation equation of aggregated EVeeesentedh (11). Energy stored in all EVs of

typei (the model observes three types of EV, as explained &tBme steft is on the left side

of equality sign(s-5Y), whereas right side is composed of energy stored at past tim8l step
energy stored in arriving/leavirig"-5¥/ 3°&-8Y EVs, Ncharged (slowp®-EVand fasp-F") and
dischargedp®-5¥) EVsenergy at actual time stelpitial and final conditions arenewn ag(12)

and(13). Equation(14) represent boundaries for EVs storage $txés usually do not discharge

their entire stored energy for drivingeaning that most of the energy is still stored when they
plug-in to thechargng point Three types of EVs are developed based on their trip lengths
(basedon their consumed energy for driving) as showmablel. Per cent agesinof EVO
EVbs fl eet i s ¢ hosenTablal) basadoo thédd]. Oreelweekp dridimgo r t i o
patterns arextracted fronthe same studi44]. Every dayis modelledwith representative

driving patters asshownon Figure3. Input vectordN:9-FY , N.;2™-EVand N,'*®-FVare derived

from those curvesVariable s2"-FV denotes unconsumed energy returning EVs(15).
Variables;*®-EVdenotes energy stored in EVs leavingthe (i®). |1t i s assumed t
owners requird 00% SOC when leaving the grig(""-EY = SMaEY, Although the number

of vehicles can benodelled as variabl€l7), fast chargingn this papers taken asconstant

value 5% of onroad EVs are allowed to use fastarging stationsp{-£V=5%). The assumed

duration of fast charging ten minutesand to assure thisight side 0f{17) is dividedby 3 ((30

min time period/3)} 10 minutés charging). Fast charging is assumed to be uncontrolled so it
increases reserve requirements in a similar manner as unconstollechargingasshown in
equationg8) - (10). This paper analys®nly slow charging effeain theEPSso no additional
descriptionof fast charging modevill be provided.



TablelEl ectric Vehiclebfs parameters

Input parameter Personal vehicle
Prmin [KW] 0,2
Prmax [KW] 2
Shin [KWh] 4
Shax [KWh] 20
Shinc [KWh] 20
"o'd 0,9%
Pimax [KW] 50
short 20
Range [km] medium 40
long 80
short 4
Consumed energy per trip [kWh] medium 8
long 16
short 82%
Percentgeof EVs type and range in total number of EVs | medium 10%
long 8%
8
7

Percetage of on road EVs
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Figure 3 EVs Driving Pattern

Specific constraints fatifferentchargingmodesare listed below18) - (26).
UCH:

Ay =0 (19
UCH_EV _ \'e'snax_EV _ scons_EV |
C =roundj e (19

1
o Nt
a (t=Nt + GYUCH-EV 1)

«« Nt arr_EV max_EV. aat arr_EV, max_EVk
¢ta (¢=Nt + GUCH-EY 1)»(Nf,i *Pi *1’1) +at1(:N 4 *Pi 1’1)

et

( N?’rir_EV* P| max_EVs 0, 9) + a [ 1( l\l z;rr_Ev* R max_E\/,’\—O’ 9) ¢Q lc_EV (20)

t

1 arr_EV max_EV. c_EV t arr_EVe y max_Ew 21
a(t:t cUcH_Bv 1}(vai P *0’9)¢ R; ¢a( tt gUSH-EV 1)(!r\I i R 1’1) @D
GaV:

R =0 (22
0 ¢ ptc’i_EV (u:i)max_EV * N[ ?_E\. (2 3)

V2G:



c EV (u\ltg EV (2 4)
ptcI EV quax EV c EV (25)

0¢ ptd,i_EV q:Fi)max_EV*( NI?_EV ic_Ev) (2 6)

Uncontroll ed char gi ntginjetipanver backietstimedistripatibonigedw E V' s
(18). Auxiliary constant ¢’°H-EV represents time necessary to fully cekargEVos battery
chargingis at ratedpower. Initial conditions are modelled i(20). EVés driving pa
constructedcontinuously from availableveeky data, meaning thal:;"™-& data from time

steps before time stepdrethe same athat of the last time stepdn other wordsequired

N.i@"-EV for periogs before first time step are not exclusively modelled but taken from last
periods.Charging in remaining periods is modellgdh (21).

The concept o0UCH isinflexible, meaningonce E\é arepluggedin they arebeing charged at

power ranging from 9%-110% of batteryp sated power tiltheyfully charged Controlled G2V

charging modallowsonly chargingduring periods beneficial for theystemas shown ir(22)

and(23). On the other hand in th@wtrolled V2Gregime, discharging energy into the gisd

additiorally allowedas modelled ir{25) and(26). Integer \ariable xi°-FV denoteghe number

of EVs beingcharged at timé (24), whereas (1x:i>-F") denoteshe number of EVsbeing

discharged at time

All of the charging modes (UCH, G2V and V2@&gyhave an impact oreservaequirements.
Due toits uncontrollability, variabilityand uncertaintylJCH will most likelynegatively affect
thereserverequirementsresulting inincreasan system reserve requiremerasshown in(8)

- (20). G2V and V2G due to theaontrollability canbe observed in the context adiditional
reserveprovision to the EPS In all three modeskEVE influence on reservis included or
excludedfrom consideratiorbased ora u t hdeaisiors resulting in multiple scenarios for
different service provisianThe secondary reservprovisionin the G2V charging modes
modelled with(27) and(28), andin the V2G modein (31) and(32). Same applies for primary
reserve plus additional decrease for already allocated secondary reg&7¥r"-5V) as can
be seen irf29), (30), (33) and(34).

G2V:.
up EV ¢ ptc EV (27)
dn EV ¢ Pmax EV*th EV c| E\ (28)
up EV nc EV [[.Jup EV (29)
fdn EV ¢ Pmax EV*N g_| Evn lc EVr dn_E) (30)
V2G:
r.tL:p EV ¢ Pmax EV*(N g_| EvX“c E\) QL |,C E\_/P min_Exé%(i’c_E (31)
dn EV ¢ ptd EV Pmln EV*(N g_| EV){ c E\)+P max Evc P cE (32)
i 1
ftl,llp EV ¢ Pmax EV*(N g EV){I \) tld Ev+pi’c_E\£P m|n_E\4<%(i’c_E\_:ri’ upY (33
ftfiin_EV ¢ gd EV Pmln EV*(N g EV. c_E\) +Fi) max_EVcXL c_E\_/Q c_E}iri.’ dBv (34)

3.4Renewable energy sources



Real historical data (P"F) from Error! Reference source not found.is used to modedctual
wind power productionp®-") and it isdisplayed inFigure2. Decision variale p"-"“Fallows

wind curtailment (shedding). Wind curtailment is undesiraipleit is a metric to evaluate the
E P Sféexibility; the larger the curtailment the less flexible BRSis. Wind Power Production

(WPP) is represented wit{B5).

3.5 Objective function

The djective function is minimization &PS s

g_Wp

(%)

sh.Wh_p _Wi

R ¢

(39

o p er a(36).dherantl (stetraps hid

down, fuel, O&M, greenhouse gas emissjoasd hydro (O&M) costs are included. Thermal

fuel consumption cwe is pieewise linearized (3 segmentg}7], [41]Error! Reference

source not found.

minCOST=

4. SIMULATION I R ESULTS

Ni

N gnLTP

t=1 i 2 i

ae¢a(gr)+ ¢

HP

E

QTHP)

(36)

Weekly andannuakimulatiors are performedn this fction to gain insight into EV impact on UC
performance and traditional principles of providing market servitesgt part of simulations aim
to show E\b physical and economimpact onpower and reserve ofvgeek unit commitment.

This is shown inFigure 4 and Figure 7 through hree different graphs presenting) EVs

chargingdischarging antheirimpact onconventionaenergy schedulingj) secondary up aniil)
secondarylown reserveAlthough thedesignednodel enables multeserve service analyses, as
alreadymentioned, due to space constraints only secondary reserve scheduling will be shown. The

results are showfor thebase case (without E\s NO-EV cas@ andcompared witlotherabove
listed E V 6operating modesin addition, wo different scenarios artaken into account
Conventionalinflexible Thermal(ColnTh) system with no wind penetratiorand Low carbon

Inflexible Thermal system with 20 % of RES(nFl).

Second part of simulatioriscuses orEVs and WPPsteraction for G2V charging mode with
and withoutE V Geserve provision capabilitiecBPS s

caused by EVOs

flexibility of high RES system&even differenpercentagesf EVs and WPPgsanging from
0%to 60% with 10% step increase, ahdee differenenergy mixscenariosre used: Inflexible

r thesneari vne

savi

ngs and wi

nd

c

I pnr doi vci asapednility taarfleandeV 6 s

Thermal (InTh), Flexible Thermal (FITh) and Hydftaermal (HyTh) systenDetails on these

scenarios are provided in later subsectidngegrationof particular technologiesised in

different scenari® is presented ifable2. EV 6 s

npu

Table 2 Scenarios GeneratiorMixes

t par aTadetl.er s

. Thermal Power Plants (TPP) Hydro Power Plant (HPP)
Generation Nuclear
type * [O/l: ]C Coal [%] COCGT%] OCGT%] CHPH%] RoR%)] PS%]
InTh 35 45 15 5 0 0 0
FITh 15 25 45 15 0 0 0
HyTh 20 20 15 0 15 15 15

*percentigeof totally needed generation capacity to cover demand, reserve and primary control requirements

ar

e

u

r

S



4.1 Oneweek simulations
4.1.1 Conventional inflexible thermal systei@gInFI)

Figured displayse V6s charging and discharging behavi o
reserve provisior(these are represented byhree graphsn each rowshown onx-axis) for

simulations of th€oInTh systemThe analyses are done frase case without E\(BIO-EV) and

are compared with 6 other scenarios changing charging/discharging modes of EV as well as type

of services they can provid@his are in order shown owaxis in Figure 4). For easier
understanding of the resultskigure4 the following should be kept inind:

1 First vertical column graphs present scheduling of energy in UC for total of 7 scenarios;
the first one without EV and six for different charging strategies of EV;

1 Second and third vertical column present secondary up and down reserve for total of 7
scenarios; the first one without EV and six for diéf& charging strategies of EV.

Although the presented UC model considers scheduling of multiple services, due to limited space,
Figure4 shows the results only for secondary reserve service. It should be mentioned that the same
comparison and analyses could be done for primary and tertiary reserve as well.

The analyse@&PSresembles that of the UK and for relevant analysis and comparison all the other
data is taken for the UK system as we&lereare approximately 30 million cars in UK at the
moment[45]. For the purposes of this simulatitie assumption is made tha0% of those
vehicles is going to be replaced with EVfsall those EVs would charge at the same moment it
would increasgheelectrigty demand by 20%, i.e. by 12 GW. Further in the paper number of EVs
will be expressed as percentage of total electricaeimot as percentage of total number of
vehicles on road

Base case (N@&V) represents conventional unit commitment model with no RESs and EVs.
Nuclear units cover base loaddlegyd on 6t al ter their producti on &
reserve Although NPPare not inflexible units, traditional approaches suggest NPP are not used
for provision of ancillary servicesvith the exception of contingency reservesr for following

net demand changeSoal power plants amnits of limited flexibility and they providéoththe

up and dowrreserve CCGT unitscoverw o r k ddaily @eakperiod demand, andre almost
completelyshut down on weekendsie toower electrity demandThe only period when CCGT
units provide p reserveare those days of the alke when they also cover part of the energy
demand. This is happening only durprepk periodsince lower costoalpower plants araunning

at their maximunand additional required reserve is provided by more expensive onlinsugtits
asCCGT. AlthoughsomeCCGTunits are scheduled to providewn reserveuringpeakperiods,
amost all davn reserve is provided byal. Aforementioned occursince oal unitsare used to
provide most of the energtaking into account dy units that can provide reserve, so excluding
NPP andthus, dogicalway to provide down reserve is to rapgal unitsdown.OCGTunits are

the most expensivenits andalso the mostiexible units however theyare offline most of the

time. With theexception of somepecific periodstheyare primarily used tprovidethe required
tertiary reserve.

The secon@nalyss shovs how EPSoperation changes with the integratiomoftflexible EVs.
Chargingof uncontrollable EV ipresentedby green linan first graph(energy graphsecond row
and first column ofFigure 4) of the unit commitment.The demand curveof EVs charging
requirementgollows their driving patterngFigure 3). Required power for E\¢hargingis high
throughout daywith peak charging powen the afternoon when most of the EVs return home.
Blue linein theenergy grapldisplays demand without EV, somparing itwith the black line
(total demand) itanbe seen that demand has increabenieased demande. increasednergy



consumptionentails increased powgeneratiorandthusincreased Tots&ystem Cost (TSC) and
Total System Emissions (TSHp addition, increase in TSC ishe result of runningmore
expensive uniti cover the higher demanthe hird reasorns larger requirements fap reserve,
in particular scheduling of mo@CGT units Cheapecoal and CCGT unitduringpeak periods
areproviding energyso OCGT unitsare requiredo providereservelncreased productiofiom
gas turbines d@enot necessarily mean timereasan TSE sincethe emissiongate of OCGT is
lower thanthat ofcoal. Down reserve is providgaurely from coal units samas in the base case.

In the third case scenatimcontrolled chargingesults inadditional reserveequirementgUCH-

YR case)this can be easily expladby the difficult to predict aival time and difficult to predict
state of charge of HY batteries. To cover this new reserve demaed; units need to be online
to provide it Although no additional energy requiredOCGT unitsneed to be scheduled to cover
energy demand during wdgkminimum to be able to correspondingly provide more reserve
Higher reserve requirements, provided ®¢GT, in addition to running expensive OCGT to
provide energymeans increase in TS(0dslight decrease in TSE (less power is produced from
moreemisson intensivecoal).

The fourth scenario analyses the controllable EV scenario, where EV can only be charged from
the power systentz2V-NR modefollows different charging pattercompared to thahiUCHas

shown inFigure4. EVs are charged at ledemand periods (at night and weekeraskhis results

in the lower TSC and highest systdrmanefis. Coordinatel charging results in ore evenly
distributed generatioand consumptiomnd due to lower number af n i staGup and shut

downs lower TSC.In addition,the flexible EV charging had an impamt both up and down
reservesequirements resulting in lower demand when compared to previous two cases

In the fifth analysed scenarmontrollable EVs can provide both energy and resém®isG2V-

YR scenarianode Unlike the previous caske charging does not occur only during the night, it
is ratheruniformly distributed througlthe day during the entingeek. TSC is lower than in all
previousscenariossinceE V owdll be assignedo provide secondary reserugstead of more
expensive coalCCGT or OCGT unitsAnother interesting phenomena@ssociated with G2
YR mode is aslightincrease in TSE. Sinceal power plantglo not provide down reserviney
are scheduled to operatetechnical minimunduringlow demand periodsAlthough this idess
costly tran to work at full powerthe emissions ratéexpressed as tCO2/MWIg higher.Also,
assigning lesap reserveto coalunits means they will participate moresinergyprovision during
peak periodgesulting in highetotal systememissions.

The sixth scenario allows both controlled charging and dischargM@@NR mode It can be
easily noticed thal SC additional decreasespmpared to G2\NR mode due to backo-grid

power injectiongduring peak periodsAlthough btal energydemandis higher in thisscenario
since partof the energy is lost due to charging/discharging efficiencies, but more energy is
generated by lower cost units. Energy discharged by Esfwisnwith light green area Figure

4 and can be noticed particularly duripgak demand periods. EVs are being chadyeithglow
demand periodsesulting ineven more flattenedet demand curvé\n interestingobservationis

that G2\VYR modehaslower TSC than V2E\R mode which ismostlycausedy moreenergy

that needs to bgeneratedby thermal units in théattercase Thesamecan be noticed foFSE.

The seventh scenario allows controlled EV charging and discharging dieipaaon in both

energy and reserve services. This scenario is characterizethevitwestTSC. Coal units are

being replaced completely from providing reservevhich enables them to operate at optimum
operation point for provision of energp. addtion, CCGT and OCGT units are completely shut
downsince EVs replace their flexibility services EV6s char ging and di sche
similar to those from V2E&NR mode. Up reserve is completely covered by EMsle a small



portion ofdown reseve is still covered by coalhis can be explained by practical reasons: if coal

power plants are run for provision of energy as this is the less cost option, it makes sense to use
their capability to provide down resereV 6 s ar e ¢ h adughgaptimalipesias ar ge d
during the dagothe algorithm does not assign them provision of down resgitheugh TSC is

the lowestTSE reaches highegtlue of all observed scenarsiacemost of tie enegy generated
comesrom highly pollutant coal units.
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Figure 5 Total system cost and emissions for ColnTh system
4.1.2 Low carbon inflexible thermal systerhdInFl)

Studies in this subsection are similar to thosthaprevious onewith addition of wind power
plants(WPP)and additional reserve requiremecdsised byhis variable and uncertain source

The system scheduling is analysed in detailsVi®P integratiorof 20% (12 GWfor the
observed systeimWeekly wind poweproduction for ahigh windgeneration weélkpattern is
displayedin Figure 2. Wind power production increas#ise required reserve ashownin
equationg8), (9) and(10). Figure7 displaysEe Vo6 s char gi ng andengrgyschargg
provision from thermal power plangs well acontributions ofsecondary up and down reserve
assigned to different units &bIinTh system. Conceptually afraphs in thé=igure 7 follow the
samdogic as those itheprevioussubgction The only rewvariablesin Figure7 arethat ofwind

power production. Grey area represents actual power generated by wind poigeapdhit is
displayed beeath loaddemand curve (black line).€d area represents curtaileoshd power and

it is displayed above power demand cusiece it is not being used and should be seen as
insufficientflexibility of the observed syster@ince #l scenarios are same asgban the previous
section, most of the explanations are very similar so thelgifferences betweethe two cases

will be highlighted.Whereas in the last chapter flexibilitgetricswere TSC and TSE, in this
chapter wind curtailment is added to those.tw

In the base case (NBV) Wind Power Production (WPP) is fully exploitddringwe e k day 6 s
peak periodswhile it is curtailed(WPcurt) duringlow demand periods, at night and weekends.
Comparing it to the previous section simulasighcan be seen thakgensive units, OCGT and
CCGT, have beereplacedoy WPPin energy provisionReservaequirements both directions

are almost completely covered with coal (gas turbines are not online so they are not able to provide
spinningresene servicg. Gas turbinesre scheduled tprovide up reservduring few specific
periodswhen there igither not enough coal or coal is shut dalue toow demandandtherefore

fast response unitgescheduledo substitute the coal

If the first sceario is upgraded with the additioninflexible EVs (UCHNR scenari), electricity

demand is higheandless wind is curtailedAlthough there isinincrease in TSC and TSthe

values are lower than in the previous section wthesamé=Vs chargingmodewas analysed but
without wind. This can be simply explainededs curtailedvind meandower generation from
expensive and environmentally less frientigermalp o we r generation. CCGT
provision during peak periods has increased (higher demaleds coalavailable to provide
reserve)howeverOCGT scheduled to provide reserfravedecreasetheir provisionduringlow



demand periods (higher demaméansmore coals scheduled to provide energy and therei®re
also availabldor reserveprovision).

Scenario twolJCH-YR mode results inhigher TSC, TSE and wind curtailmeharger reserve
requirementgause by variability and uncertainty of both wind and EV, sugdmegher number

of scheduled units.

Flexibility of EVs in G2V-NR mode allows higher WPPto be accommodated; lower wind
curtailment also meariswer thermal power generati@nd, correspondingly, lowéfSC and
TSE. EbMethgchasgedduringperiods when otherwise wirmbwerwould be curtailedThe
flexibility of EV to becharged when it benefits the systalso reducethe need for gas turbines
energyand reserve provision.

Allowing EVs to provide reservig&s2V-Y R) further increasesysterd #exibility since zero wind

is curtailedandprovision of energy and reserves frgas turbines is minimizedhis in turn also
meansT SE and TS@s additionally reducedimilar to the analyses in the previous section, it can
be seen thaEVsc har gi ng i s evenly di st rdadoeuonpldtelyt hr o u
providing down reserve and most of the up reserve, coal units are able topr@amg@own from
technical minimum to full poweenabling them to work at their optimal operating points (which
is not the case when they have to provide ressewices)

As it can be seen from analyses of scenario&G-NR modeis notable to utize all available
wind power thusery small wind curtailment exisiuringlow demand weekend period®eriods

of EV chargingarevery similar to those of G2R mode and t&/2G-NR mode of previous
sectionwhile dschargingarely happens due to production frePP(which was not the case in
previous section analyse3wo direction rols of EV resultsin reservebeing providednly by
coal units.

Last operating mde is the most flexible one where no wind is curtagedilar toG2V-YR mode.
Although the system behaviour @2V-YR and V2GYR modesis similar,the V2G modehas
lower TSC as it could be seenFagure6. Major difference is that V2G mode have the possibility
to dischargeDischarging is, similar to previous case, almost zero aga though that possibility

is not being used for provision of energy, tagpability contributes to rescheduling of up reserve
which is completelyrovidedby EVs as displayed &igure7. Consequently, coal power plants
have less statps, shutdowns and rampingndthus TSC is lower. Still the same amount of
energyis generated by coal so the TSE is the sasnia G2VVYR scenarioigure6).
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Figure 6 Total system cost and emissions for LoInTh system



Figure 7 LolnFl system results



