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Abstract—Variable Resource Renewable Energy (VRREpen- in this context, the increase the share oVRRE production
etration has grown rapidly in recent years, creating a need for has led to a decrease Iulk electricity prices. Consequently,
additional reserve powersupplies Distributed Energy Resources conventional electricity generation technologies #reling

(DERs) have also been identified as reservepower providers, . . . e e
if market rules are favorably modified for these new units. it increasinglydifficult to compete: first, as coal plants are

This paper aims to show that the ability of DERs to provide rather inflexible andelease large quantities of GG1000 g
reserve power is dependent on the market design considered, by CO,/kWh), the share of coal in the energy mig expected

focqsing on primary frequ_ency contr_ol an_d unidirectional Elecf[ric to drop significantly [1];the operating hours of gas power
Vehicles (EVs) A simulation model is built for an EV fleet taking plants have been drastically reduced in recent years, makin

account of user behaviors. Simulations are conducted considering . ... . .
two market designs: symmetrical (where upward and downward it difficult for them to cover their costs [4], [5]. Even if theare

reserves are procured jointly) and asymmetrical (where they ae  Well suited to balance RES variability, gas power plantd wil
procured separately). In the asymmetrical configuration, the &/ need to increase their flexibility with high ramping capisit

fleet performance is also comparedon the basis of1h and 4h  gnd the design of the gas market should also be adapted [4].
market clearing periods. Results show that the EV fleet provides  \/prrE are intermittent by nature. Even if progress has

on average nine times as much power under an asymmetrical been made in thi ) th re still | redictable than
framework as under a symmetrical one. Similarly, reducing the P€€N mMade S area, they are slil less predictable tha

product duration from 4h to 1h enables the EV fleet to provide Other power sources and reduce theuralinertia of power
more than two times as much reserve power. System operators systems. Increasing the share of VRRE could lead to power
could implement these favorable market rules for DERs, as it system imbalances and jeopardize grid stability [6], [7]).tBe
could maximize the provision of reservepower suppliesby DERS.  oherhand power systems will have less short-term flexibility
as fast-ramping power plants (gas)ay be shut down if
Index Terms—Electric Vehicles; Power System Reserves; Mar- their costs are not coveredfhis situation is a new challenge
ket Design; Distributed Energy Resources for System Operators (SO) responsitfter reserve power
| INTRODUCTION managgmerm deal with aII_types of system imbalance;. With
i ) increasing VRRE penetration artlde closure of conventional
T HE penetration of \(arlab!e Resource Reneyvable Energ)ﬁwer plants, reserve needs and associated costs wilbsere
(VRRE), such as wind mills and photovoltaic (PSQlar i e future [8]. Reference [9] illustrates this phenomefar
panels, has rapidly increased in the past few years and ious regions in the world.

trend is expected to continue as many governments committecbistributed Energy Resources (DERS), such as controllable
themselves to further develing VRRE within the framework | -+« micro-CHP units or Electric Vehicles (EVs), coalct

of the COP21 agreement. Thg International Ef“?rg-‘/ AgeNngy additional flexible and cost-effective reserve providend a
forecasts that renewables vvslhtls_fySO% of electricity needs ¢, replacetraditional power plants in SO’ reserves [10].
n Eur_ope by 2040, ar(_)und ?_’0% in China f_ind Japan, and ab%ﬂ?doing so, they wouldhelp to providethe reservaesources
25% in the US’/'.\ a_nd in India [1]. In the Iltera_tura,number needed and potentially iacreasethe share of VRRE that can
of papers convincingly argue th"?‘t the e_lectnc system co fely be integrated in the system. Howevee different types
be powered 90% to 99% of the time entirely from renewgb SO’ market designs, initiallyintended for conventional
power sources, at costs comparable to today's but only if tBSWer plants, have to evolve to enable the integration of ®ER

mix of generation and storage technologies is Op“”?i[@'%}d in SO’ reserves, at thboth distribution [11] and transmission
VRRE have very low marginal costs and are £énission levels[12], [13]

free. Thegrowth inglobal electricity demand has bedecel-

N . X - The aim of this paper is to show that DERs could signifi-
eratingin OECD countries and in Chini recentyears [3]; bap 9

cantly improve their participation in reserve markets #sato
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signs are considered and the performance of an EV fledtulation results are presented and discusfedonclusion
providing primary frequency control is appraised for thes® the article is included in section.V

different market designs and comparisons are made between

them. A dynamic, stochastic simulation model is developed [I. MODELING

for the purpose of quantitative analysis. A dynamic, stochasticsimulation model is builttaking

In order to provide the SO with a servioé this type EVS  account of EV users’ driving patterns and behaviors. An
need tobe clusteredn EV coalitions under the supervision Ofaggregator igesponsible forcontrolling the charging power
an aggregator [17], [18] responsible for: (a) presentifyEN  f the EV fleet to provide frequency control products through
fleet as a single entity to the SO, (b) forecasting future EY market dedicated to the trading of downward produtte
conditions and the corresponding fleet availability foreree role of the aggregator is specified in Figure 3 of reference
markets; and (cineasuring the frequency and distributing the 3): each EVi connected to a plug communicates its reserve
reserve power among the EVs in real time according to ”ﬁ)%wer R.q, to the aggregator who can offer the powey,fn
frequency deviations the frequency reserve market.

The possibility of having an EV fleet participate in the  According to the classification provided in reference [28],
frequency control mechanism hakeady been proposed andwhich reviews the existing smart charging approaches in the
the expected revenues have been calculated [19], while fidérature, we implement a decentralized algorithm cossid
fleet controls have been proposed in previous works by [2Q4g unidirectional capabilities for frequency control pases
[21]. EVs are either assumed to have bidirectional (V2G) ®jased on a multi-agent system strategy using Mati&ach
unidirectional capabilities (charging mode) only. THesign EV represents an individual agent, which decides by it$ef t
of the frequency control markes extremely importanf13];  amount of reserve power it can provide to the aggregator (see
in particular, the aforementioned surveys usually consétie  section 11-C3). The aggregator is then responsible for ibigld
hourly symmetrical markét In such a market, the EV fleet hasin the frequency control market and for distributing theeres
to bid the exact same amount of upward and downward resepever in real time among the EVs based on their individual
power for each hour. EVs with unidirectional capabilitiegjecisions.
perform very poorlyasuch market desigof this kind because  First, the EV fleet's characteristics are defined in section
they have to charge constantly at low power in order to peVvig|-A. Then, the EV usages for transportation are modeled in
symmetrical reserve power around their charging power, [23ection I1-B. Section II-C presenttrategies of the aggregator
[24]. and EVs for participating in the frequency control market. F

However asymmetrical markets, i.e. markets that are dividaally, section II-D features theharacteristics of thirequency
into two independent sub-markets (one dedicated to thexgaddata set.
of upward products, and the other to the trading of downward
products), already exist in some countries (e.g. Denm&y [2 o £y fleet characteristics
and they are likely to further develop the near future as the

ENTSO-E recommendthis type ofmarket design in the grid For the sa_ke ofs_implicity, all the vehicles are _assumed to
codes [26]. be full-electric vehicles (EVs) and to have a maximum bgtter

ceapacity (Graz) Of 22kWh likemore than 60% othe EVs sold

In France in 2015 [30]. The constraift2 < C'/Cia. < 0.9

95 added, withC' representingthe present battery capacity,
in order toavoid reachingextreme SOC valuesyhich could

severely damagthe battery [31].

The power level of the charging stationhe so-called

ectric Vehicle Supply Equipment (EVSE), is based aum-

rent French values [32]. Table | presents the charging level
istribution for both home and work EVSEs. All EV owners

are assumed to have the ability to charge at home and afwork

Similarly, the market clearing period is one hour in som
regions (e.g. in PIM [27]), but it may be higher in others (e.
four hours in Denmark [25], one week in Germany).

This paperassessethe possibility for an EV fleet with uni-
directional capabilities to participate in a market detiidato
the provision of DOWN products only. The fleet performancEI
under sucka market design is compared with tpherformance
of the same fleet operating in a symmetrical market. T
impacts of having different market clearing periaafsl hour
and 4 hoursare also evaluated.

The main contribution of this paper is to provide a quanti- .
tative assessment of the impacts of different frequencyrabn B. EV trip patterns
market designs on the ability of an EV fleet to provide Electric Vehicles (EVs), willprimarily be used for trans-
frequency control reserve power. The method and algorithrp@rtation purposes The EV driving patterns will then deter-

employed in this work are tools used for a more gener@line the ability of these vehicleso be used as distributed
purpose. energy storage units within the framework of electric grid

The paper is Organized as follows. Section Il provides rgserve. Data from the French ministerial National Tra"spo

description of the data usealong with a presentation ghe and Travel Survey (ENTD) was used to characterize the

simulation model and its operating principle. In sectidnttie ’Decentralized algorithms are scalable and require less coinatiom

means. On the other side, centralized algorithms perfornitglidetter in
1Reference [22] identified reserve transaction mechanistesrthan mar-  providing reserve [29].

kets such as bilateral contracts. However, such regulateditions are not 3A sensitivity analysis on the EVSE penetration level at whds already

ideal for new DERs [13]. been carried out in a previous work [23].



TABLE | State-of-charge

BREAKDOWN OF HOME AND WORKPLACE ELECTRIC VEHICLE SUPPLY A
EQUIPMENT (EVSE)BY CHARGING POWER LEVELS SOCax
. SOC g
Charging level Home EVSE  Workplace EVSE SOC,¢q
- Delta_SOC =
Slow charging A (3kW) 95% 35% I, x ¢
Slow charging B (7kW) 5% 34% P
Intermediate charging (22kW) 0% 29% Pevse_ome FVSE_work /_
Fast charging (43kW) 0% 2% SOCin _—
d; d;
0 td| L 1 L tr 3 Tim
0 T T T T > e
potential EV fleet’s driving patternand to identify the values ‘_7_’ ‘—7—‘ \—7—} \—y—‘ ‘—7—1
of trip-related dataThis survey provides information about home  trip 1 work trip2  home

the mobility patterns of a representative sample of French

residents. All the datalerived from this survey are made Fig. 1. Typical daily trip patterns for an EV, and the asstedaupper and
publicly available [33]. Ic())r\]/}/;r SOC allowed. Trip notations refer to table 1. For dttative purposes
In the ENTD survey, each respondent reportbdir mo- '

bility patterns for weekdays and weekends, providilegailed

information about theitrip durations, distances, transportatiojepends on the battery characteristics but also on theefutur
modes, departure and arrival times for all trips. The ihitijieeds for transportation and on the available EVSE power
database is very large armzbvers many different types of |evel. A typical daily SOC pattern is illustratéd figure 1 with
mobility patterns; it comprises 35,803 car trips made by89,6 the upper and lower SOC limitations (respectively SQC
drivers. and SOG,;,) and the different parameters from table 1.
For the sake of simplicity only commuting trips were | addition, in order to account for the users’ range anxiety
considered in this analysibecause of theirrepresentative the assumption described in equation (1) is made:
nature, considering thahey account for most of the trips and
kilometers driven (for instance in France [34]), which make Vi € 1..Npy,Vj € 1..Nypip,, SOCreq, ;, = ¢ x maxd; ; (1)
the results a goothitial basis for estimation. Similarly, only !
drivers who drove less than 100km per day were consider&dth Nz the number of EVs, N, the number of trips for
because other drivers’ car usages are not consistent wifie i" EV, SOG.,, , the required SOC for thé"jtrip of the
today’s EV driving ranges. i EV and d ; the distance of the" trip of the " EV. This
After having processed the initial data set accordingly, keneans that drivers estimate all their future trgguirements
parameters of work-related mobility patterns were deduces those of their longest trip the simulation.
means and standard deviations for trip distances, dusaind
departure and arrival times are summed up in table Il. T
energy consumption while driving is extracted from CROM
demonstration project results [3%];= 156.5Wh/km is used.

E?. Modeling of theparticipation in the DOWN primary fre-
guency control market

1) Market Design FrameworkThe grid frequencyalways
TABLE Il fluctuatesaround its nominal value (50Hz in Europe, 60Hz
EV TRIP PATTERN CHARACTERISTICS DEDUCED FROMENTD survey  in the US and in Japan for instanc&llowing the deviations
between production and demarBlrplus productiomesults in
Variable  Notation ~ Min ~ Max  Mean Median Std  afrequency increase, and vice versa. Transmission Sysgem O

Distance l 1 99 36 32 23 erators (TSOs) are responsible for maintaining the frequen
(km) o . . )

Duration 4 18 1530 5o 54 » within a given range on a continuous basis. Ip order tp do so,
(min) they usually implementthree control mechanisms (primary,

Departure  t4 0400 18:20 0813 07:50 127ndin  secondary and tertiar;)

time . . .
Return : 03:35 2359 1749 1815  171nfin T_he present paper focuses the contnbl_mon of el_ectrlc
time vehicles to the primary frequency contrdlhis control is an
Aalues provided in minutes automaticsystem At present this reserve power is mainly

delivered by large power plants. The power system frequency
. . is measured with a short sampling ratel§) and generators
Tf;]e v_al;\e/sﬂfrom taglel. I arhe Eu\?eg to_ build dyn_amur:], have to react accordingly by changing their operating power
stoc _a;tlc h.eﬁtd.nf;o ?' eac q as ;:ESEOWS trip charyp products are aimed to increase the frequency (they then
acteristics, which differ from one day to tiext Departure representither an increase igeneratiorpower, or a decrease

ar}:d return tlm?s, d'StanCiS and (zjyratltonf L?”ol‘?' Gausaias | in powerdemand and in contrast DOWN products are used
whoseparameters are set according to table Il. to reduce the frequency.

These values have an impact on the &\ailability for grid

reservepurposesas they direCtly impact the minimum State- 4More information about frequency control mechanisms is alvkilin [36],
of-Charge (SOG,;,,) allowed at each moment, which not only37].



Reference [13] already showed that there is a wide diversity
of frequency control market rules among the TSOs. In the Preg p
present paper, the primary reserve procurement method is A
assumed to be an auction with a given market clearing period.
Thus an aggregator representing the EV fleet is responsible Pia—
for bidding in the market in advance and fdistributing the
requested reserve power among the vehicles in real time.

The aim of the present papeis to test different market
designs in order to assess the impacts on the alofign EV
fleet to participate in this control mechanism. More prdgise
a comparison is made betweensgmmetricalmarket, i.e. a
market in which DOWN and UP products are procured jointly,
and anasymmetricalone in which there are two separate
markets for each kind of product. Within symmetrical Fi9: dz' o fleet power response 1o frquer‘.cy deviationaggtive power
market, the same amount of UP and DOWN res@owerhas stands for an increase in charging rate and vice yersa
to be bidin each market clearing period. The other objective
is to evaluate the impacts of having a longer market cleariegntrol power, by first requesting charging power from theseV
period: one-hour and four-hour market clearing periods atteat have the lowest State-of-Charge (SOC) compared to thei
compared. future energy needs for transportation.

Although economics are out of the scope of this paper, 3) Individual EV power for primary frequency controlthe
the EV fleet is considered to be a relatively small marketvailable power of each EV for frequency control is computed
player compared to the traditional competitors. Consetlyyenat the beginning of each market clearing period. The calcu-
the fleet is assumed to bepaice takerhaving no impact on lation method makes a distinction between the asymmetrical
the market clearing process. and symmetrical cases.

Two algorithms are therefore required :sahedulingal- a) Symmetrical Market designin this market design
gorithm (section 1I-C-3) that will assess the potentialecdf each EV has to provide the same amount of UP and DOWN
that can be made in the market in the future based on themary reserve powelAs only unidirectional capabilities are
expected EV conditions; anddispatchingalgorithm (section considered (charging only), EVs need to charge at a setpoint
[I-C-2) that distributes the power among the EVs in real time- which will be called the preferred operating point (POP)
Here, the emphasis is laid on the real time behavior of the EVin order to be able to modulate their charging power in
fleet, and how the dispatching algorithm operates to conttgpward and downward directions around this setpoint. The
the fleet. Thus, the results presented should be perceivedP&P is computed at each market clearing period as the power
an upper limit of the amount of power that can be provided dhat would allow the EV to reach its required energy for
the EV fleet at each moment; it could then be used to desitjansportation for its next departure:
appropriate scheduling algorithms.

In the rest of the section, thdispatchingalgorithm op- POP, = max (min (SOC’"%‘ _ SOCi(t),()) ,PEVSE)
erating principle isspecified both for the symmetricaland At
asymmetricaframeworks. ) ) - (_2)

2) Aggregator dispatch algorithmWhether operating in ~ With SOC..,, the required energy of thé"iEV for its

a symmetrical or in an asymmetrical market, the operatiégXt trip, SOC;(t) the current state of charge of thé Ev,
principle of the dispatching algorithm is the same. At eachevse: the EVSE power capacity andt the time before

market clearing period, each E¥ provides the aggregator "Xt dgparturelt is worth noting that negative_power stands for
with its available power for frequency contro}; until the CNharging paper throughout this paper, and vice versa (gtorer
next clearing period (see section 11-C3 theP,,,, calculation SIgn convention)The available individual power foprimary
method). The aggregator, by summing up all the individual EGPNtrolis then simply calculatedsing theequation (3):
contributions, can thus ded_uce the total flget power availab Pyiq, = min (POP,|,|Pevse, — POB|), A3)
for frequency control R, until the next clearing period. Then,

within this period, the aggregator measures the frequency aWith Fbia; the individual available power foprimary fre-

each time stamp (1s). Depending on the frequency valf€ncy controbf the EVi. Let us consider the following nu-
rical example: ifAt = 8h, SOC.,, = 0.9 andSOC;(t = 0)

it computes the power for frequency control that should'® :
be provided to the TSO,B, according to figure 2, where = 0.5 then POP= 0.4*22kWh/8h=1.1 kW and 7, = 1.1 kW
figures (2a) and (2b) respectively represent P-f curves und&ring 8h. _ _

asymmetrical and symmetrical frameworks. In these figures, b) Asymmetrical Market desigfor DOWN reserve .
positive power stands for an increase tie charging rate Figure 3 shows the different use cases for the EV decision

and vice versa. These figures reflect the required respons@@cess in an asymmetrical market, for a the slot during
primary reserve units to frequency deviations [38]. which the EV is plugged-in (related to figure®1)The thick

Fina"yv the aggreQ"f‘tor sends reqyeSts to the availableEVs 5The different situations depicted in figure 1 are not neaélgssequential
order to actually provide the TSO with the requested freqyenin this order; this will depend on the SOC evolutions of eash E

reg
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Fig. 3. Representation of the different use cases of an E\&idecprocess

T will compute its own available reserve power based on its SOC

Ener i i H H H
£l market clearing period situation (I to V). Depending on the frequency value at each

T
i
i
i
i
-

i SOC, (1) time stamp, the aggregator will then be able to determine the
i actual reserve power that should be provided for frequency
control purposes.

All in all, these bidding strategies always ensure: (a) that
all EVs will fulfill all their needs for transportation; andb)
that the total fleet power bid in the frequency control market
is alwayslower thanthe actual available fleet power.
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D. Frequency data
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P
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Time A frequency meter was used to build a frequency data set.
One full month of frequency data were recorded at Centrale-
Supelec in April 2014. These measurements abide by ENTSO-

o
=
<

regarding its individual power calculation E requirements, i.e. they have a resolution better than 0mH

and the frequency measurement period is 1s. A summary of
the frequency data set characteristics is provided in THble

black curves represent the maximum and minimum state-ofr order to check the consistency of the measurements, the
charges (SOC). For each market clearing period, a particutaracteristics of theecorded data set are compared over the

SOC condition is represented for the vehicle considereshme period of time with those of the RTE data set available
In each situation, the EV availability for frequency comtroon the RTE website [39] (which only has a 10-second time

purposes isassessed and the reserve power it can providestamp, and this is why we were not able to use it).

the aggregator is also calculated

Situation | stands for the basic and most common " TABLE I

H H . H H HE AIN CHARACTERISTICS OF THE FREQUENCY DATA SET USEDPAND
.S|t'uat|on.. the EV isfar from its SOC limits thus COMPARISON WITHRTE MEASUREMENTS

it is available for frequency control and cafffer a

reserve power equal tils maximum power, i.e. itS  Criteria Author data set RTE data set  Difference (%)
EVSE power level. _ Mean (Hz) 50 50 -0,002
In situation I, the EV's SOC is lower than the std (Hz) 0,02 0,02 0,4
minimum SOC at next clearing timefOC (t;;) < ~ Min (H2) 49,9 49,9 -0.01

. Max (Hz) 50,1 50,1 0
SOCmin(trrr). In this case, as the EV may need P(49,95f 50,05} 097 0.97 0,22

to charge for transportation before the next clearing=ssgnds foprobabiity
time, the aggregatatoes not rely on it for the fleet’s

bids in the market, and the available reserve power o
from this EV is considered null. However, the EV can The two data sets turn out &harevery similar character-

still be used to provide reserve power if necessa' tics. In particular, the frequency is contained in theial

This means that although the EV reserve power §'9.95Hz ; 50.05Hz] 97% of the time; within this interval,

not considered in the market bids, the EV chargin rimary reserve units should only provide less than 25% of
’ g'ueir reserve [38].

power can still be used in real-time dispatching t
provide the requested reserve power .
In situation IIl, the EV is available for frequency E. Simulation scenario

control. However the power that can be offered is Tyo consecutive comparisons are conducted: first, the per-
restricted to the maximum charging power that woulthrmance of an EV fleet operating in a symmetrical market is
fully charge the EV at the next clearing perioccompared with the performance of an EV fleet operating in
Pyia; = (SOCynau(trv) —SOC(trr)) /T. In @  an asymmetrical market, with a market clearing period of 1h
conservative scenario, extreme frequency deviatiopgection 111-A). Then, on the basis of an asymmetrical frame
could require the EV to charge at full power foryork, simulations for two different market clearing persod
the entire market clearing period. By restricting th@re conducted: one hour (as in the PIM regulation market)
reserve power in this way, the aggregator makes SWRq four hours (as in the Energinet.dk primary control mérke
that the EV will always be able to provide its full (section 111-B).

reserve power, even in conservative scenarios. For each use case, 100 simulations are run usinng the
In situation IV, the EV is not available for frequencyjonte Carlo approach for 100 EVs. One simulation consists
control as it needs to charge for transportation.  of five continuous week days (from Sunday midnight to
Finally, in situation V, the EV will leave before the Frigay midnight) of EV fleet behavior, including EV uses
next market clearing time: the strategy is then thgy transportation and EV participation in primary freqagn
same as in situation Il. control according to sections 1I-B and II-C, respectively.

At the beginning of each market clearing period, each EXt the beginning of a simulation, the driving patterns for



to charge for transportation while others are being drivére
\ Y EVs start with a SOC of 50%. In the simulatioapresented
in figure 4, it turned out that no EV trip required more than
-200 50% SOC (12kWh)consequentlyall EVs start with a SOC
-300 higher than their future needs for transportation. The pdc
in a symmetrical market is then null at the beginning of the
simulation and until the first departures (see equation B¢ T
Power Bid P, power only used for charging igreaterin an asymmetrical
thg'gpi“Pg framework because EVs do not chamgnstantlyasthey do
‘ in a symmetrical market design.

Power (kW)

o] 20 40 80 100 120

60
Time (hours) It is striking on these curves how the power bigthin an
asymmetrical framework is mudhrgerthanin a symmetrical
framework. On average, in the asymmetrical market design,
the power bid is nine times as high as in a symmetrical
situation. Table IV displays, for both market designs, the
minimum, maximum, first, second and third quartiles of the
power bid in the market ;. The results provided in table
IV show that EV fleets with unidirectional capabilities only
perform significantly better under an asymmetrical market
Power Bid (UP) designas opposed ta symmetrical market desigRegarding
o forreginton the symmetrical market, the minimum power bid in the market
Zrerong pover is OkW, while it reaches 125kW under an asymmetrical
Time?ﬂours) configuration. For the same fleet, 75% of the power provided

(b) Symmetrical framework in the market idigher thar243kW in an asymmetrical market,
Fig. 4. Instantaneous power flow of the fleet for the differmarket designs, while this value amounts tonly 22kW under a symmetrical
for one simulation. Y-axis feature different scales. framework.

(a) Asymmetrical framework

Power (kW)

20 40 80 100 120

all EVs are determined using the parameters from table II, TABLE IV
and five continuous days of frequency values are randonWNn\AUM, MAXIMUM AND QUARTILE VALUES FOR Py;4 FOR 1H MARKET

selected from the frequency data set. Then, departure times CLEARING TIME STAMPS
and durations can be computed for each EV. At each time
stamp (a time stamp of one second is used), the individuaMarket Min ~ Max 1% quartie 2™ 3d
situation of each EV is assessed: if the EV is driving, then 259" (kW) (kw) (kW) ?;’V?,r)t”e ?;’V?,r)me
its battery energy is decreased by the corresponding amourt ,

. . . . . . Asymmetrical 125 675 243 281 441
of energy; if the EV is parked, it participates in the primary parket
frequency control according to the strategy explained abov Symmetrical 0 61 22 31 37
All EVs start with a SOC of 50%. Market

Ill. RESULTS

A. Comparison between asymmetrical and symmetrical frame-rere is a significant difference in results between the asym

works metrical and the symmetrical market designs. This diffeeen

The aforementioned simulations are performed for thesides in the fact that EVs need to charge constantly around
asymmetrical and symmetrical frameworks. The aggregatrmpower setpoint to provide reserve power in a symmetrical
and EV strategies are implemented respectively accordingdispatch framework. Consequently, even if only a small part
sections 1I-C2 and [I-C3. The instantaneous EV fleet powef the fleet reserve power is used by the TSO, EVs are still
flows (for one simulation) for asymmetrical and symmetricalharging, and inevitably become fully charged at some point
use cases are shown in figures (4a) and (4b), respectivdlihen an EV is fully charged, it is not able to provide reserve
The red curve represents the power that has been bid in ffmever any more, so the overall fleet reserve power decreases.
market, i.e. ;4. The power actually provided foprimary On the contrary, in an asymmetrical market design, EVs are
frequency control P,..4, is depictedin blue. When EVs are able to provide their maximum power as reserve power in the
not available for frequency reserves and they need to cha@®WN market. They will only charge as a result of frequency
for transportation, their charging power is drawn in green. deviations, which happen to be restricted (see table Itl). |

As EVSE power levels are higher at workplaces than &illows that EVs charge very slowly due to their participati
home (see table 1), the power bidy P is higher during in the DOWN market and are able to maintain a high level
these periods. There are slight decreases,in\Rlues before of reserve power much longer than in the symmetrical market
shifting from one location to the other because some EVs negekign.
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Fig. 5. Instantaneous power flow of the fleet with market cigaperiods of (a) 1h and (b) 4h. Both Y-axis feature differscales.

B. Market clearing period sensitivity analysis costs.However, in the case of an EV fleet, it is likely that

The previous section showed thaghen only unidirec- the cost of providing primary reserve power will be low.
tional capabilities are considerean asymmetrical framework Indeed, with unidirectional capabilities, the only adulital
is much more suited for an EV fleet than a symmetric@@rdware required would be a frequency meter. Apart from
one; it enables the aggregator to increase substantially {}at: the remaining costs are: communications costs (quite
reserve power bids in the market. Here, only the asymmeétrid@W Pecause existing communication networan be used
framework is considered, and two different market clearirff’d "isk management costs. Thus, if the share of the whole
periods are selected: four hours and one hour. Simulatiens ES€rve provided by EVs riseand if EVs were actually proved
performed as explained in II-E. Figures (5a) and (5b) sho\ﬁlbe cost-effective reserve prowdmg uniteserve clearing
the results of one simulation test for the two market clegrirPriceswould naturally go down. Obviously, TSOs would bear
periods. They highlight the fact that having a finer grarityar the osts of changing their market rules; however, thests cos
enables the EV fleet to provide more reserve power. should remain low in comparison with the savings ach|e_ved
In Table V, the minimum, maximum, first, second and thirgnd proof of the availability of the reserve must be provided
quartiles of B;, are provided for both market clearing periods. Apart from lowering reserve costs, EV fleets could also
increase the overall available resepmverfor the TSOsThis
TABLE V could be helpful to some systems in order to integrate more
MINIMUM , MAXIMUM AND QUARTILE VALUES FOR Py, FOR1H AND 4+ Variable Resource Renewable Energy (VRRE).
MARKET CLEARING TIME STAMPS. ASYMMETRICAL MARKET It is worth noting that the solution proposed in the paper is
implementable in real-life. Indeed, a possible solutioruido

Q:;‘;ﬁ]tg '(Y'({,r\',) ('\f'({a,\),() %;;\?)uart'le Sr;darme f’z,\%uart”e be to have each EV read the frequency locally and respond
period (kw) automatically to frequency deviations. In this situati@&\/s
1hour 125 675 243 281 441 and the aggregator would need to communicate every hour
4 hours 19 271 70 133 202 (for the EV’s available power foprimary frequency contrdl

and fromtime to time if the EV conditions are updated by the
. . . . userslin the light ofthese constraints, current communication
.Th? |m[?act of haymg a short(_ar mgrket clearing penod_ Etandards alreadyake it possible to implement this solutfon
S'gr."f'c?‘”‘- the med|an pOWGI"bId W'th. a one-hour qlearlng The proposed bidding strategy ensures that the aggregators
period is more than twice as high as with a four-hperiod will always be able to fulfill their bids, irrespective of the

With a one-hour time stamp, 75% of the offers_made n t equency deviations (see section 1I-C3). However, umanti

market by the aggregator exceed 243kW, while they ong ted events (such as several EVs leaving unexpectedly at

exceed 70kW with a four-hour market clearing period. ba . g b y

the same time) could prevent the aggregator from dispaichin

the required reserve power. In such a situation, the agtinega

would be charged with penalties, whose size varies from one
Each year, TSOs spend a significant amount of money &0 to the next. In real life, aggregators would try to smooth

procure the amount of primary reserve they need. For instarfdit these risks by using statistical analysis and by relging

in France, with a regulated tariff of 16.88MW-h [40] and a large number of EVs in their fleet.

a primary reserve amounting to 600MW [41], the primary The present study is based on trip-related data collected

reserve procuremebmesto approximately 90 million Euros in 2008. As a consequence, the EV trip modelihgpends

each year to RTE (whighultimately, are spread out over all on the assumption that mobility patterns have not changed

final customers When the procurement method is an auctiorsjnce 2008. The use of personal vehicles has remdargdly

it is difficult to assesghe costs of each reserve providing

unit, because they do not necessarily bid at their marginaPSuch standards would be the ISO IEC 15118, OCPP, OCSP, etc.

IV. DISCUSSIONS



unchanged among French people wiave ownedheir vehi- Likewise, the rationale of the paper could be extended to
cles since the 2000's, as shown in [42]. However, new cather grid services. Apart from primary frequency control,
uses such as car-sharing or long-term car-leasing are nd®Os implement various mechanisms to balance production
emerging, especially in urban areas — where EVs are aldg likand demand: secondary and tertiary frequency controls, bal
to develop. A partial shift from an ownership economy to ancing mechanisms, spinning reserves, bulk electricitsketa
sharing and use economy has been observed recently. Ra#fter DERs could participate in all these markets provided th
than buying a vehicle, some people are today more interesigslOs adapt their market rules. Similarly, Distribution ®&ys
in buying mobility services, and even car manufacturersesha®@perators (DSOs) should promote solutions that would enabl
started to offer such services. In this situation, sellirmpitity DERS to participate in local voltage control and congestion
services together with energy services would make goodesensanagement.
However, the driving patterns of shared vehicles will beyver Such a complete framework, allowing most DERs to par-
different — in particular, more intensive uses are expeetadd ticipate in local and system-wide grid balancing mechagjsm
they aremore difficult to predict. The aggregator will have towould help stabilize the grid and enable a higheRRE
deal with several users’ preferences, and more uncesgaintipenetration.
Business models and revenue sharing will be more complexFuture work could consist in building more complex EV
Similarly, long-term car leasing raises important questio driving patterns. First, driving trips could be extendeatober
about revenue sharing between the EV user and the EVpurposes than work-related trips. Secoaddistinction could
or battery — owner. be made betweepar use and car ownershitaking account
The present study focuses on private EVSEs, where EUtemerging car-sharing and car-leasing solutidisnilarly,
have plenty of time to charge because they are not expectipijer initial conditions could be tested: for instance s#tirity
another EV to charge at this EVSE. Considering a publanalysis could be conducted on the initial SOC of each EV.
infrastructure network, the problem would be significantly
different. A trade-off would have to be found between slayin
the EV charging rates in order to participate in the reserve The authors would like thank Hakim Hammadou for his
market, and increasing the charging rate in order to Chaﬁ,;gevgluable support. The authors would a_lso I|k_e to thank Marti
many EVs as possible with the current infrastructure. gennebel (CentraleSupelec) for helping with the frequency
ata set.
Paul CodaniYannick Perez and Marc Petitenefit from
the support of the Chair "PSA Peugeot Citroen Automobile:
In this paper, the possibilitiesf an EV fleet withexclu- Hybrid technologies and Economy of Electromobility”, so-
sively unidirectional capabilitieparticipatingin the primary called Armand Peugeot Chair led by Ecole CentraleSupelec
frequency control market were investigated. The main figslinand ESSEC business school and sponsored by PEUGEOT
are twofold: first, considering unidirectional capabdgionly CITROEN Automobile.
for EVs, the power that can be bid in the market is much
greater under an asymmetrical than under a symmetrical
market design. Then, the impacts of having a shorter marké International Energy Agency, “Global EV
clear_ing p_eriod are significant:_the me.dian power bid is éwic hotgrt)l:(l)/?/\I/(\/\/\N.iea.orzg(;(]e-\?i:/Global-EKVe-yOutIook-ggll(gi\jvsggsgpage.pdf.2015’
as high with a one-hour clearing period as with a four-houf) c.” Budischak, D. Sewell, H. Thomson, L. Mach, D. E.
period Considering these results, System Operators (SO): Veron, and W. Kempton, “Cost-minimized combinations of

. . wind power, solar power and electrochemical storage, eri
1) could_make_every endegvoto al_low the integration of the gprid up to Sg,g% of the time” Journal 0? ng‘gr
Electric Vehicles fleets into their frequency resenes, Sources vol. 225, pp. 60-74, mar 2013. [Online]. Available:
thev are proved to be efficient reserve providers http://linkinghub.elsevier.com/retrieve/pii/S0378 12014759
y P P d {_'3] International Energy Agency, “Key World Energy Staitist” 2013,
2) could procure upward and downward products through™ . /sww.iea.org/publications/freepublicationstiaation/.
separate markets; [4] Eurelectric, “Flexible gas “markets for
Idr her ration variable renewable generation,” 2014,
3) coy d reduce t e oduct du at_o . http://www.eurelectric.org/media/130545/flexiblegaskepaperfinal_Ir-2014-2.
By doing so, SOs could lower their reserve purchasing costg] F. Paraschiv, D. Emi, and R. Pietsch, “The impact of
and increase the maximum Intermittent Renewable Energy renewable energies on EEX day-ahead electricity pricésjergy

- Policy, vol. 73, pp. 196-210, oct 2014. [Online]. Available:
Resources (VRRE) penetration level allowed. http://linkinghub.elsevier.com/retrieve/pii/S0301524002845

The approach presented in this paper could be extended [8) S. Eftekharnejad, V. Vittal, B. Keel, and J. Loehr, “Impad increased

all Distributed Energy Resources (DERs). Indeed, EV fleets penetration of photovoltaic generation on power systeiiZE Trans-
actions on Power Systemsol. 28, no. 2, pp. 893-901, may 2013.

were selected as an example, but other DER types such @F 3. O'sulivan, A. Rogers, D. Flynn, P. Smith, A. Mullanenc
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