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ERRATA

A scientific paper is being prepared based on the results presented in the tbesing the work withthe

scientificpaper, an error wasinfortunately discovered in the simulation moddkveloped in the thesisThe

error does not change any of the results for energy transactions, or the resultsefd®HE\profits generated

on the tertiary Swedish market, athe correspnding results forthe German marketsYet, the error

influencesthe results for profit generatethy the PHEVsn the Swedish primary control power markets (FNR

and FDR)Correct average profit generated per PHEWishe Kk Y2 Y (G K 2y G KS ChnthoYt N} Si= YR no
the FDR marketThus, aconclusion is thaPHEVs cannot generate profit on any of the Swedish control

power marketsg A G K (i 2 Ron&dt#iol ppdeh O S &

The profits generated by the PHEVSs on the different control power markets are summarizguar&Ar-

PHEVs could generate profit while acting on all the German but none of the Swedish control power markets.

In Figure B, the profit generated is divided into different categories and compared. Conclusions are that the
profit (or loss, in the case &wedish FNR) generated during the time parked at home is larger than the profit

(or loss) generated during the time parked at work; that capacity payments make important contributions to
total profit on all German markets but on none of the Swedish; &ad & PHEV delivering regulation down

always make a profit (although sometimes small) whereas a PHEV delivering regulation up might do so at a
loss. The sensitivity analysis made is presented in Fig#éigher transmission capacity gives a much higher
profit on all German markets, and a larger loss on the Swedish FNR market. Swedish FDR and tertiary markets
are insensitive to changes in all parameters.
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The following figures the master thesis repoxtontain faulty results for profit on the FNR and FDR markets:
- Figure 17Average profit for 500 PHEVs providing primary control in Sweden

- CA3QdzNBE HmY /2YLI NRazy 2F OFGS3aA2NRSaQ O2yGNRodziAzy (2 G2
- Figure 32. Comparison of average monthly profits from all types of control, both countries

- Figure 33: Comgrison of average monthly profits made from capacity and energy

- Figure 34: Comparison of average monthly profits made at home and at work

- Figure 35: Comparison of average monthly profits made from providing regulation up and down

- Figure 37: Sensitivity alysis of the profit made from primary control

- Figure 39: Sensitivity analysis of the profit made by delivering FNR in Sweden, absolute numbers

- Figure 41: Sensitivity analysis of the profit made by delivering FDR in Sweden, absolute numbers
Figures 17 and 2 arereplaced by Figure A. Figures 21 aneB33are replaced by Figure B. Figures 37, 39 and
41 are replaced by Figure C.






Abstract

Plugin Hybrid Electric VehicleBKIEVsare a large hope to the automotive industry. Many see them

as the bridging technology between traditional vehicles and sustainable ca®HEVsare
constructed for a bdirectional power flow, that is, also from the vehicle out to the grid, they can
participate in grid ancillary services such as frequency control. This would have two large advantages:
that it could make it more profitable to owm PHEV and thus aid the brethkough of the
technology, and thatmore control power in the system would allow for an increased share of
renewable intermittent power production

Thisthesisinvestigates howPHEV<ould be integrated on the frequency coatrpower markets of
Sweden and Germanyt maps control power market opportunities and barriers with respect to
PHEVsand estimagspotential profitsthat could be generated byHEVsicting on these markets.

An agent based model was constructed in Matlab simulate the possible profit ci PHEV could
generatewhen participating in the control power markets investigated. Simulations are set up for a
GoSaid OFrasS aO0SyINR2éI gKSNB O2yadNrAyida Ay GSNy
and whee the vehicles always make the highest possible prdfite results thus represent a
maximum profit that could be generated by a PHEV acting on the control power malketse
calculations, extra costs for battery degradation and for buying energy but for extra
infrastructure are included. Results show that all the German markets yield fairly high profits (30
ynekY2yiKo® hyS 2F (KS {6SRAAK YIN]JSda @AStR |
less interestingOffering regulation down @uivalent to charging the battery) is always profitable,
whereas regulation up (discharging the battery) is risky. The profit generated during the time parked

at home is higher than the profit from the time parked at work in all cases; this suggests that
infrastructure where cars are parked during night should be prioritized.

Moreover, a detailed mapping of the control power market structures in the two countries was
made, through literature studies and interviews. Consequences of these structures on PHEVs were
then analyzed, through a SW@malysis of the strengths, weaknesses, oppoittas and threats of
PHEVs as control power providers. It was concluded that the markets with the smallest bid sizes
would be easiest to enter in one respect, but that these markets today have the highest technical
requirements and are the most conservaiin other respects. The authors believe that it would be
Ll2aaAroftsS F2NIt19+a G2 OO 2y lye 2F G2RIFre&Qa 02y
PHEVs available to guarantee constant capacity. Moreover, it is concluded that this number is not
very large. On the contrary, it is shown thtae demandfor control powercould be saturatedy
PHEVsather fast. htroduction of PHEVs as control power to such an extent would affect the prices
on the control power marketHowever,since there are plasmto introduce more intermittent energy
sources in the power system, the demand for control power is likely to incrétese, PHEVs might

have an important role to fill.

KeywordsPHEVs, plut hybrid electric vehiclegncillary servicedrequency ontrol, control power
markets,market design, Sweden, Germany, profitability
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Sammanfattning

Laddelhybridbilen plugin hybrid electric vehicke eller laddhybridey ses av manga som ett
realistiskt alternativ till den konventionella bilen. Oladdhybriderférses medviss extrateknisk
utrustning t ex sadansom maojliggor stromflod i tva riktningar(dvs. aven fran bilen till natetsa
skulle bilen kunndeverera reglerkraft. Med forsaljning av reglerkraft sku#lddhybriderfa battre
ekonomiska forutsattningar och darmed bidra till att méjliggora inféranadetaddhybrideri stor
skala.Dessutom skulle en stdrre mangd reglerkraft i natet underlatta inforandet av mer fornyelsebar
intermittent elproduktion.

Arbetet har undersok hur laddhybrider skulle kunna integreras pa reglermarknaderna i Sverige och
Tyskland. Marknadsstukturernas mojligheter och barriaremed avseende pdaddhybrider som
aktor kartlades ochsimuleringargjordesfor att berakna den ekonomiska vinst &ddhybridskulle
kunnagenererapa dessa marknader.

Enagentbaseradanodell har tagits fram i Matlab for att simulera den mgjliga ekonomiska vinsten en
laddhybrid skulle kunna generera genom latterera reglerkraft pa de olika marknaderna.
Simulationerna har utgatt frantebasta mojliga fall dar.e€x antal inkopplade bilarinte begransar

mojligheten for laddhybrider att lamna reglerkraftshudch déar de deltagande bilarna alltid far

hogsta mojliga betalning for sin insatéostnader for batterislitage och €l NJ ¢ @+ yf A 3¢ dzLILI |
batteriet &r inkluderade i simuleringen. Infrastrukturkostnader ar dock exkluderade. Resultaten visar

att det finns en relativt hog potentiell vinst per bil pa de tyska reglermarknaderng (80 € K YA Y | RO ®
En av de svenska regtearknaderna ger en hoég potentiell vinst per, nilen generellt kan sédgas att

de svenska reglermarknaderna skulle vara mindre lonsamma &an de tyska for laddhyBtider.

erbjuda nedreglering (ladda batteriet) ar alltid Ibnsamt, medan uppréagiefladdaur batteriet) ar

ekonomiskt riskabeltVinsten som genereras under tiden bilarna &r parkerade hemntabgre an

vinsten som genereras under tiden bilarna star pa jobbet, vilket har betydelseafdsyggande av
infrastruktur bor prioriteras.

En detaljerad kartlaggnindpar gjorts av reglermarknadens struktur fér primar, sekundér och tertiar
reglerkraft i de tva landernamed hjalp av intervjuer och litteraturstudieDarefter har dessa
strukturersinnebdrd for laddhybridersom reglermarknadsaktéanalyseratsgenom en SWQGanalys

av laddhybrider som reglerkraftleverantorden slutsats var att marknaderna med minst budstorlek
skulle \ara enklasatt delta i pa ett satt, men att dessa marknader idag har de hogsta tekniska kraven
och de mest konseativa strukturerna.Forfattarna troratt laddhybrider skulle kunna delta pa alla
dagens reglermarknader, om det fanns ett stort antal bilar deltog for att kunna garantera konstant
kapacitet.En annan slutsats som dras ar att detta anté i&r sarskilt sirt. Arbetet visar att det
totala behovet av reglerkraft skullaikna tdckas av laddhybrider relativt snabbiock kan planerna

pa att bygga ut t.ex. andelen vindkraftelnatet gora att behovet av reglerkraft 6kar. Har kan
laddhybrider ha en viktig rolltefylla.
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Kurzfassung

Plugin Hybrid Electric Vehicles (PHEVS) stellen eine grosse Hoffnung der Autoindustrie dar. Viele
sehen sie als die verbindende Technologie zwischen traditionellen Fahrzeugen und nachhaltigen
Autos. Wenn PHEVs fur einen bidirektionalen Leistungsflusstrigtert werden, d.h. auch die Autos

ins Netz einspeisen kdnnen, sind sie bei den Netzdienstleistungen als Frequenzsteuerung einsetzbar.
Dies ergabe zwei grosse Vorteile: Erstens macht es den Besitz von PHEVs profitabler und unterstitzt
somit den Durchhrch der Technologie. Zweitens erlaubt diese zusatzliche Regelleistung den Einsatz
von weiteren erneuerbaren Energiequellen.

Diese Arbeit untersucht, wie die PHEVs in Bagelkkistungsmarkivon Deutschland und Schweden
integriert werden kénnen. Sie zeidie Moglichkeiten und Hurden fir den Regulierungsmarkt unter
Bericksichtigung der PHEVs auf und schatzt den potentiellen Profit fir PHEVs, die an diesem Markt
teilnehmen.

Ein Model, das auf Agenten basiert, wurde in Matlab implementiert, um den mogliehsit der

PHEVs zu simulieren, wenn sie im Regelungsmarkt integriert werden. Die Simulationen berechnen
den glnstigsten Fall, das bedeutet, dass die Einschrankungen wie die Anzahl von verbunden Autos
usw. vernachlassigt werden und der Profit der Autosnen dem hdchst mdoglichen entspricht.
Deshalb sind die Resultate als maximaler Profit zu verstehen, den PHEVs erwarten kdnnen, wenn sie
am Regelungsmarkt teilnehmen. In den Berechnungen sind Extrakosten fir die geringere
Lebenserwartung der Autobatterien drfiir den Kauf von Energie bertcksichtigt. Hingegen werden

die Extrakosten fur die Infrastruktur nicht betrachtet. Die Resultate haben ergeben, dass im
deutschen Markt ein beachtenswerter Gewinn erzielt werden k&B@y n € k a)2 Firenider
schwedischerMarkte wirft ebenfalls einen hohen Profit ab, allerdings ist der schwedische Markt
grundsatzlich weniger interessant. In allen Fallen ist der Profit hoher fir Autos, die zuhause, also
nicht am Arbeitsplatz, geparkt werden. Deshalb sollte es in Betracliiggazwerden, den Ausbau

der Infrastruktur der Parkplatze, wo die Autos nachts Uber geparkt sind, zu priorisieren.

Ausserdem wurde eine Untersuchung der Strukturen der Regelungsmarkten in Deutschland und
Schweden, mittels Literaturstudium und Interviewsrchgefthrt. Die Auswirkungen der Strukturen

auf PHEVs wurden anschliessend mit einer SWiGalyse analysiert, die die Starken, Schwachen,
Mdglichkeiten und Gefahren fir PHEVs als Steuermechanismen aufzeigt. Es wurde festgestellt, dass
beim Markt mit den le¢insten Gebotshdhen auf der einen Seite am einfachsten eingetreten werden
kann, auf der anderen Seite hingegen diese Méarkte heute die hdchsten technischen Anforderungen
haben und sehr konservativ sind. Die Autoren glauben, dass es PHEVs mdglich wédes, diejger

Markte einzutreten, falls eine genigend grosse Anzahl PHEVs teilnehmen, um eine konstante
Kapazitat zu garantieren. Zudem wurde festgestellt, dass diese Zahl nicht gross ist, sondern es sich
gezeigt hat, dass die Nachfrage nach Regelleistunghd®®HEVs schnell befriedigt wird. Die
Einfuhrung von PHEVs als Regelleistung in einem solchen Ausmass hat einen Einfluss auf die
Regelpreise. Allerdings ist mit einem Anstieg der Nachfrage zu rechnen, da viele Plane zur
Realisierung von mehr stochastischenergiequellen existieren. Falls dies zutrifft, spielen die PHEVs
moglicherweise eine grosse Rolle.
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Glossary andAbbreviations

Activation step
Black start capacity

BRP
Capacityprice
Congestion

Control area

Contract time
Energyprice payment

EV

FDR

FNR
MarginalHectricity

Marginal price system
Market time frame
Minimum bid size
Pay as bid

PHEV
Peak load reserves

Regulation down
Regulation up

SEK

Settlement period
Subsystem
Symmetric regulation
Synchronously
interconnected system
SK

TO

UCTE
V2G

XViii

The smallest capacity that can be ordered to be activated.

Special powereserves designated to be able to-start the power system aftel
a blackout.

Balance ResponsibRarty

Price per MW for holding a capacity available for a certain time period.
Congestion is capacity limitation, i.e. bottlenecks, on the transmission netv
Congestion is when not enough power can be transmitted duecapacity

limitation on the transmission network, so called bottlenecks.

A control areais a coherent part of the UCT&terconnected systemusually
coincident with the territory of a company, a country or a geographical a
physically demarcated by the position of points for measurement of
interchanged power and energy to the remaining interconnected netwo
operated by a single TS@ith physical loads and controllable generation un
connected within thecontrol area.

The time period holding a certain capacity available.

Price for the energy provided as contmmwer. In regulation up, a pricpaid to
the provider for selling energy. In regulation down, a price (lower than the :
price) paid by the provider for accepting energy.

Electric Vehicle

Frequency Control Disturbance Reserve, part of Swedish primary control
FrequencyControl Operation Reserve, part of Swedish primary control

The most expensive electricity in a system. The use of this increases if the
use of electricity increases.

Marginal Price System means the bigasd the price of the last accepted bid.
How close the bidding process and the actual delivery of control power is.
The minimum bid size in capacity to be accepted .

Pay As Bid means that the bid is paid the price indicated in the bid, and nc
marginal price.

Plugin Electric Hybrid &hicle

To use e.g. PHEVs to put extra energy on the grid when the demand |
highest

Control energy provided to lower the frequency when it is too high.

Control energy provided to raise the frequency when it is too low.

{6SRAAK YNRYl I=Md&EIRBBEYy O&Y wmn {9YF
The settlement period is thelanning period and accounting period on tt
electricity market.

Subsystem is the power system for which a system operator is responsit
system operator can be responsible for several subsystems.

Same amount of contigower must be available for ugnd down regulation
The frequency is the same in the whole power system

Svenska Kraftnat

Transmission System Operator

Union for the Coordination of TransmissionEdéctricity
Vehicle to Grid



1 Introduction

1.1 Background

With the climate change challenge the world is facing and with high oil prices, vehicles with
alternative propulsion are gaining more and more attention. Different kinds of electric vehicles, e.g.
Plugin Hybrid Electric Vehicles (PHEVS) are one of thitiso$ proposed and promoted. PHEVS have
both an electric motor with onboard electric energy storage (i.e. a battery), and a traditional internal
combustion engineAn average personal vehicle is parked for over 20h a(Bayoks and Gage

2001) Using the car for some sort of value generating activity during that time could make it much
more economically attractive to own this car. That could in turn aid a breakthrough of PHEVS,
because the current estimated prices of PHEVs are substantialigrhtan for corresponding
gasoline vehicles. One value generating activity that has been suggested and investigated is to use
the vehicles to support the electric power gridempton & Tomiq2005, Brooks & Gagé001),

Guille & Gros$2008), larsen, Chadrashekhara, & Ostergaf@009, Williams & Kurani2007)). If a

PHEYV is equipped with adirectional charger, it could not only charge on power from the grid, but
also deliver power from its battery back to the grid. This is called vetuaeid powea (V2G)With

V2G, PHEVs can deliver many services to the grid. One of them is real time frequency control: a
service constantly needed in all power systeththe PHEV not only is equipped for V2G &lsb has

some kind of communication device so that#n be remotely controlled, it can be activated by the
Transmission System Operator (TSO) when there is a need for frequency control in the grid. This
control could be that the car delivers energy to the grid if the frequency in the grid is too low; but
also that it withdraws energy from the grid to charge the battery if the frequency in the grid is too
high.

The potential value of this is substantial: the total annual market value of the German control power
markets(here defined as the markets where teame frequency control is traded¥ 770million €
(Regelleistung.netand 375 million SEK37.5 milllione) (Hjalmarsson & Séder, 200y the Swedish
control power market. Each PHEV is assumed to be connected to the grid with a 3.5kW commection
the rating of a normal household plug. In Swed&® 000plugged in PHEVs could manage to cover
the total demand of control power. The samember for Germany is 1.8 million PHE®sudies
made in Japan and the US have found that even during rush hour, more than 80% of all cars are
parked (Lund & Kempton, 2008A reasonable assumption tkerefore that 80% of the car fleet
would be plugged in at any time, whiagheansthat 2.25 million PHEVis Germany andl80 000
PHEVs in Swedemould be needed to participate as control power ¢over the total demand for
control power. This corresponds to84% of the car fleet in Germany, add® % in Swede. Every

year around 3.2 million new cars are registered in Germany and 280 000 in SwWademplies that
PHEVs could deliver all control power needed wittbout oneyearin both Sweden and Germany

all new cars sold were PHEV&e value of the market per participating vehicle would3@e k Y 2 y (i K
in Germany and arouhl16e K Y2 y (i K ATéAblel gr&viBeSayi dverview of market size in both
MW ande, as well as number of PHEVs that would be needed to cover the total demand.



Tablel Total size of the control paer markets in Germany and Sweden, in both monetary and capacity terms, and the
number of PHEVs needed to cover the market totalBegelleistung.net, 2008Hjalmarsson & Séder, 2003; Kristiansen,
2007;ACEA, 2009)

Germany Sweden

Total demand frequency control (MW) 11000 1000

Numbers of cargmillion) 46.6 4.3

Number of cars plugged in that cover total dema 16 0.15
(assuming 3.5kW/carfmillion)

Number of carsthat need to participate, assuming 809 2 0.19
alwaysplugged(million)

New cars/year (2008) (million) 3.2 0.3

Number of years needed to cover total demand, if all ne 0.6 0.6
carswould be PHEVs

Percent of the car fleet participating as control power 43 44
Value of the Control Power 2008 (Milliog/year) 770 375

AverageValue per PHEY /month) 32 16

Even if not taking over the market entirely, the above reasoning shows that PHEVs can quickly
become an important actor on the control power markets. The Swedish Energy Agency is about to
develop goals foshare of vehicles sold that should B&E¥in 2020, which areufficiently high to

make PHEVs an important actfiasche, 2008)Evidently, the higher power a single vehicle can
deliver, the more control power it can sell, and the fewer cars need to aggregate to compete with
standard contropower.

Ancather V2G servicas peak load reserves, which impliesingthe PEHY for storage of excess
energy during ofpeak hours, and discharge them onto the grid during peak hours.c@hibe of
economicinterest in some cases, according to Kempton and Tomic, but their own calculations render
too small net profits to be interestingWilliams & Kurani, 2007jnd some negative and some
positive net profits for PHEVs providitigis service PHEVs as providers of other types of ancillary
services such as reactive power and black start capacity have also been dis¢ifsed, 2008)
believe that black start capacity from PHEVs would be technicallgdowplicated, andBrooks &
Gage, 20013tate that therewasno market for reactive powen 2001

The purpose of PHEVs delivering control power is thus derived from monetary as well from
environmental aspects. The fundamentehson for investigating these tise possibility that PHEVs
could:

1 Generate extra value when parked (making PHEVs more attractive to own)
1 Cover increased need of control power (due to increased intermittent energy sources in
future power systems)



1.2 Purpose & Aim

The overall ainof this project is to investigate the potential profitability for PHEVs acting as control
power and the possibility to be such an actor. The question of suitability is twofold, and will be
investigated for Germany and Sweden:

1 From an economic perspective, is it interesting for PHEVs to act as control power on
2RI &Qa O2yiNRBf LI6SNI YIN]SdGak

1 From the market perspective, would it be possible for PHEVS to act as control power on
i 2 R lcénbipower markets?

The reason the contl power markets have been chosen as the area of investigation is that previous
work (e.g. several studies cited (Kempton & Tomic, 200p)shows that frequency control and
spinning reserves (corresponding to fast tertiary ttoh are the most interesting markets for PHEVSs.

To be able to answer these questions, there is a need to describe V2G, PHEV, frequency control and
control power market construction of today in Sweden and Germangddition, this report aimsto
discussfuture changes in control power demand and the influences of an introduction of PHEVs of
control power.The reportwill also tryto answer the question the result concerning the profitability

for PHEVs acting as control power on European market isasionilif there are major differences
compared to USA, where such studies already have been made.

1.3 Scope and Delimitations

Every power system needs frequency control but only two countries, Sweden and Germany are
included in this project. One reason fonaosing Sweden and Germany is the differences in the
power sourcs. Thisaffectsthe market construction and typical prices on control power.

Anotherdelimitation made is that only control power markedse investigated. This implies that the
modelling part of the projecinvestigates the power transactions between a vehicle and the grid that
are part of real time frequency contral both regulation up (selling energy) and regulation down
(buying energy).The concept of vehiclo-grid power {urther described in chapted) forms a basis

for this project. V2G contains all types of power flows indirection from the vehicle to the grid. A

car providing regulation down is actually not a vehiderid energy flow but a gritb-vehicle
energy flow: nonetheless, this is included in our investigation because it is as important as regulation
up for thereal time control of the grid. However, other features that are part of V2G such as using
vehicle batteries as storage for excess power during night time and discharge it during dggake
load reservesgare not included in this projectNeither is @layingcharging to offpeak hours(peak
shaving)ncluded For an investigation on this, sé@dransson2008.

The technical aspects of PHEVs as control power provideesdmy been treated superficially, in

the form of a literature studyFurther investigation regardin the feasibility and economics ohg
equipment necessarfor animplementationhave not been made. The infrastructure requirement

are not analysed further and the cost for infrastructure is not included in this report. Moreover, the
report focuses on PHEVs. There are no fundamental differences between PHEVs and e.g. electric
vehicles that disqualify the reasoning in this report froeing appliedo such vehiclesOne could

also imagine frequency control from other types of vehicles such as trucks or buses. These are
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probably too different from a personal PHEV ®dnvered by the reasoning in this report. The major
limitations in this report are illustrated iRigure 1

Othe_r = - Other control
electric N power

vehicles i ; N markets

Provider:
Personal Real time
PHEVs frequency
- -~ control

area: Sweden
and Germany

Technical
details

Future prices

Figurel: Scope and delimitations. Thaspects in the inner circle ar@cluded in this report. The aspects outside tleécle
are excluded.

1.4 Method

First current market constructiomwasinvestigated. The constraints and requirements for acting on
the different marketswere identified. To investigate the structure of the control power markets
today, a literature survey was made. This included documents from the different TSOs studied, as
well as general articles about control power and control power markets. Similar ressascdone
regarding PHEVs and V2G. Intervievith control power market experts and stakeholders to PHEVs
and the control power marketaere alsocarried out.

Secondly the project estimaté the profit that owners of PHEVs could earn by acting on the
investigated control power markets. To do this, a simulation madedconstructed in Matlab, using
real control power market data as input. @&model simulates the behaviour of 50@dividual
vehicles, responding to actual demand and price signals frdire control power markes
investigated. A more thorough description of the model can be fournthapter 6

A SWOT analysisas made to pinpoint theSrengths, WeaknessesOpportunities andThreats of
PHEVs as control power provideFse first to factors are internal to the PHEVs, whereas the last two
factors are externally placed on the PHEVs from e.g. the control power market and the political
scene.ldentification of the strengths and weaknesses enable construction of an ideabtpotver
market forPHEVs. This ideal market wexampared to the present markets. The opportunities and
threats formthe basis for thaliscussion. The structure of the reporiligstratedin Figure2.
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2 Frequency Control z Physical Balance and Financial Flows

This chapter will provide an understanding of why frequency control is needed. It will also explain
how the responsibility to guarantee a stable frequency and supplying different control services is
divided. Frequency control is divided into automatfjerimary and secondary controgynd manual
(tertiary control). These will be briefly described in this chapter. The market for these different
frequency controkervices will be descrilddn chapter5. The names of different types of frequency
control services differ between countries and people. In tejgort, the namedfrequency contrad
implies real time balancing of the frequenclo get a more thorough understanding general
overview of the electricity market will be given. Lasthe structures and services in Germany and
Sweden will be described and important differences between the countrikbe explained.

2.1 Overview of the Electricity Market

The electricity market consists of a physical flow of electricity and a findilmia The organization

of these two flows differs from country to country. The activities on the electricity market can be
sorted with respect tadime; before the day of delivery, duringnd before)the day of delivery and
after the day of deVery.

Before the day of deliveryproduction plans and load forecasts are made and reported to the TSO
This includes bilateral contracts between market players and trading on the spot market with public
pricing. The spot market is in Germany organizgdbropean Energy Exchange (EEX) and in Sweden
by Nord Pool. Supply and demand curves are submitted for the followingTti@ysupply curve is the
planned production of electricity anithe demand curve is the planned consumption of electricity for

a speciied producer or consumdKiener, 2006)

Since the supply and demand curves are only forecasts, the situation might change. After the spot
market has closed, adjustments can be made bgeaelaration of production plans and trading on

the intraday market.A redeclaration of the production plan can for example be necessary if
technical problems occur and the plaad electricity cannot be delivered. In this case, the power
producer must be able to rdeclare its production plan and buy the missing electricity on the
intraday market.The physical flow of electricity must represent a zero sum of consumption and
production at everymoment. Therefore there is a need of a balancing mechaniswihen the
intraday market closes the TSO takes over the responsibility for real time balancing; the frequency
control. To organize this there is a control power marnkéh activationof control ppwer in real time
(Kiener, 2006)The control power market is the focus of this report.

After the day of the delivery the expenditures and incomes between the market participants are
coordinated in the imbalance settlement. This is a financial part ob#ilancing mechanism based

on the physical flows of electricity during each settlement peridde coordination is done by the
TSQKiener 2006)All common principledescribed above are schematically showiT @ble 2



Table2: Common principle of the electricity market.

Activity Time Market

=igefo (V[eiile] g Mo -TaMETi (0| Years, Months, Weeks Bilateral Markets Future
load forecasts days before the day o & Forward Markets
delivery Spot Market

Sigolo[Uleiile] g o] ETaM=Talo| Day before, and durin¢ Intraday market
[eF-ToNTol=Ter-SIR=e [N NIENly the day of delivery

Activation of control JRGEIRINE! Control power market
power in real time

Financial InleEIER: After the day of delivery No market ca financial
settlement settlement

2.2 Responsibility for Keeping the Power System in Balance

The electricity producers deliver electricity to the networks and the network owners are responsible
for transmitting theelectricity from the producers to the consumers. The responsibility for keeping
the system in balance is divided between the TSO and Balance Responsible BRRies

The TSO is responsible for operating, maintaining and developing the transmission system for a
control area and its interconnectio®CTE2004) The TSO must ensure physical balance and safe
systemoperation, whichincludes frequency control and handling of operational disturbances and
bottlenecksin its control area $venska Kraftnat, 2007)

The BRPs held TAY I yOALF ff& NBaLRyaAotS F2N YFEAyGlrAyAy3
production and consumption. If agectricity consumer or producer is not a BPR itself, it nenser

into a contract with aBBRP, whiclovertakes the responsibility. In thigay, there always is éinancial

BRP for all electricity produced and consumell. is important to notice that thé responsibility

extends only to paying for the financial cost aridirgn the mismatch between predicted and actual
consumption or production. (Svenska Kraftnat,2007)

2.3 Frequency Control to Guarantee a Stable Frequency

Most modernsociefes are dependent on a secure and reliable power syst@iis implies that the
power system has to be in balance at every momehtpower system in balance has a stable
frequency, which corresponds to equal consumption and production of electricity in the sydtem
each instant of time Since it is impossible to accurately predict the instantaneous electricity
consumption at any momena frequencydeviation will be caused by thaequality of consumption

and production of electricityAn increasing frequency means that more electricity is produced than
consumeda decreasing frequency means the opposite. The frequency variation must be kept within
specified limits, otherwiselectronic devices can be damaged, and in the worst céisere is arisk of
blackouts

In order to maintain permanent frequency stabilityhree types of control are used: primary,
secondary and tertiary control. How these differ can be illustrated by a stable water level in a water

8



funnel as illustrated ifrigure3. If the water level should remaitonstant,the same volume of water
must be poured into thdunnel as the volume of water leaking, at every momedtherwise,the

water level will deviate from its nominal value. If the funnel lealtswater at a higher speed than

the inflow of water, the water level will decrease. The first action taken is to stop the water level
from decreasing even more in order to stabilizat a new level. In a power systethge first type of
frequencycontrol does this taskprimary control. The next action is to regain the nominal water
level, which corresponds to the task of secondary control in Germany during normal frequency
deviations and tertiary control when larger deviations oc&weden has ngecondary control, and
therefore thisis the task of the tertiary conttan the Swedish system

Figure3: A stable frequency can be illustrated by a stable water level in a funnel.

To be able to have a stable frequency themast be control power available in the system. The role
of the control power is to adjust the imbalance between electricity production, which includes
import of electricity, and electricity consumption, which includes export of electridityis is
descrbed in the following equations (4)-(c)).

Predicted: ProductionConsumption =0 (1a)
At every moment actual: Productiog/ 2 y 4 dzYLJGA 2y T k a2 K (1b)
kMWh=frequency control energy, up or down (1c)

The forecast concerning this balance is done for each hour in Sweden and for each quarter of an hour
in Germany(Larsen et.h2008) This is called the settlement period. Each subsystenresponsible

for planning itself into balance for easettlement period(Nordel,2006) The settlement period has

no physical influence on the frequency control but is a planning and accounting (8cbdlz, 2008)

Frequency control can be provided from the demanc @dd from the supply side. If a load can vary

its consumption of electricity, it can provide demand side frequency control. If an electricity producer
can vary itgproduction, it can provide frequency control from the supply side. Frequency control is
needed both when the frequency is too high and when is too low, which can be called regulation up
and down. When there is more electricity produced than consumed, the frequency will go up and

1Subsystem is the power system for which a TS@sponsible. A TSO can be responsible for several
subsystemgNordel, 2008)



regulation down is needed. Regulation down could be either higlemsumption of electricity
(demand side) or reduced productions@pply side). When the consumption is higher than
production, there is a need for upward regulatjowhich is delivered by decreasing a load or
increasing productionThis is schematically degwed inTable3.

Table3: Regulation up or down from supply or demand side.

Type of frequency control Frequency Demand side Supply side

Regulation up Too low Decrease load Increasesupply
Regulation down Too high Increase load Decrease supply

2.3.1 Payment system: Capacity and Energy Payment

A capacity price can be paid to an actor that is ready to deliver control power with short notice. In
the water funnel example above this corresponds to someone standing by the funnel ready to adjust
the flow. She/hecould be paid simply for standing thereven if an actual adjustment of the flow is
never needed. An energy price, on the other hand, can be paid for the cemeodythat is actually
delivered. In the case of regulation up, an energy price is paid to the actor that delivers energy, or
pourswater into the funnel irthis exampleln the case of regulation down, the actor that provides it
paysrather than is paid for the energy it extracts from the grid, but it pays a lower price than it
would have done if buying the energy on the spot marketthe water funnel example, an actor
GoSt2g (GKS FdzyySteée GKFdG OFy OOSLI | fFNBSN Ff 29
the extra water at a low cost.

2.3.2 Primary Control

The primary control is the first type of control to respond toregfiency deviation. This is done
automatically within seconds after the disturbance. The purpose of primary control is to stabilize the
frequency, which can be at another level than its nominal value, 50Hz. Both Sweden and Germany
have automatic frequencgrimary control.

To be able to deliver primary contra technical device that can measure the frequency deviation at
a certain level of detail must be installed at the entities delivering automatic control power. The
device is set to deliver a certain frequency response from the entity. The frequency respefirees

the correlation between a frequency deviation and a change of power production, which is shown in
equation (&). A concepknown asstatics is also used to describe this correlation. It is the inverse
function of frequency responself).
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(29 P, = production at the nominal frequency f
P=P,—R(f—f,) f4=50Hz
P=power output
R=Frequency response
F=frequency
E,=Statics

(2b)

2.3.3 Secondary Control

Secondary control is heedddr two reasons Kiener 2006) to restore the frequency to its nominal
value of 50Hz and to restore the primary control. Secondary control is also activated automatically.
Howeverin secondary contrglconsideration is taken to where the deviation from the planned
load/power output occurred. The affected TSO is responsible for delivering secondary cohirtyl
seconds after a disturbance the secondary control should start to deliver regulation up or down.
After 5 minutes, the secondary control must be fullgctivated. The secondary control should
normally be replaced by tertiary control after 15 minutes, but can sometimes operate ugooirl
(Dupuy, 2008)

2.3.4 Tertiary Control

According to UCTE, manually activated regulatiodeifined as tertiary control. The affected TSO
activates the tertiary control by a phone call. The purpose of the tertiary control is to restore the
automatic control. It is activated right afteutomatic frequencycontrol. Thetertiary control must

be provided within 15 minutesandcan be neededip to one hour. These controls need to be already
synchronized with the network to be able to start up quididiener, 2006)

2.4 Sweden: part of Nordel

Sweden is synchronously imt@nnected to the Nordic power system consisting of the subsystems
Norway, Sweden, Finland and Eastern Denmark. Iceland is a separate system and western Denmark is
connected to the continental Europe power system. In a synchronously interconnggséeim,the
frequency is the same in the whole system. This means that an outage or load change anywhere in
the system will affect the whole system. Nordel is the collaboration organisation of the Transmission
System Operators (TSOs) of Denmékerginet) Finla (Fingrid) Iceland (Landsnet) Norway
(Statnett)and Sweder{Svenska KraftnafseeFigure4) (Nordel, 2008. Nordel has a requirement to

keep the frequency within the range of 4%69.1 Hz during normal operatidBack, 2008)

11



"

FiINGRID

Svenska
Kraftnat

#
ENERGINEVDJ‘(

Figure4: Nordel is the collaboration organization of the TSOs of Denmark, Finland, Iceland, Norway and Svidetel
2008).

In Sweden,there is one single TSO, called Svenska Kraftnat (SvK), which is a public utility. SvK is
responsible é&r managing and operatinthe national gridof Sweden consisting of the 400/ and

220kV power lines, and overséaks. The regional and local network is neither owned nor managed

by SvKSvenska Kraftnat, 20Q7)yhe Swedish TSO has two categories ofrabaervices to balance

the frequency; primary control and tertiary control.

In Swedenthe BRP is called Balance Provider. The Swedish control power market requires the actors
to be BRPs, which implies that it is impossible for-B&Ps tglacebid on the control power market.

Via the balance settlemengvKdistributes the cost of frequency control and any imbalances among
the BRBon the electricity marke{Svenska kaftnat, 2007)

2.5 Germany: part of UCTE
Continental Europe has one synchronous power system. The TSOs in continental Europe are
collaborating in the Union for the Gwdination of Transmission of Electricity (UCTELTE.org,
2009) All countries parti@ating inthe UCTE are shown iRigure5. In the UCTEthe frequency
should be kept within 49-80.2 HAB&ck, 2008)
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Figure5 Countries included in the UCTHCTE, 2009

In Germany there are four TSOs. Each TSO owns the grid coitsol area as shown ifrigure6.
These TSOs are companies and not public utilities as in SWledpoy 2008) The TSOs in Germany
are:

RWE (RWE Transportnetz Strom GmbHNNET)
EnBW (EnBW Transportnetze AG)
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Figure6: The four Germarm SOs and their control aregguroenergie, 2008

The German TSOs are responsible for supplying control energy during the first hour of the incident.
Thereafter it is the responsibility of the BRwhere the incident occurredDupuy 2008) The
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responsibility for supplying primary control is shared by all TSOs in the UCTE system. For the
secondary controthe affected TSO, where the incident occurrésl responsible for supplying the
system with secondary control. The fasftiary control (Minutenreserve) is delivered within 15
minutes and is guaranteed by the affected TSRere are alstongterm controls called slow tertiary
control (Stundenreserve) and Emergency control (Notreserve). These are slower controls and
managed by théalance responsible of the affected balancing grokpom here on, German tertiary
control refers to fast tertiary control owl (Dupuy, 2008) An overview of these controls and
responsibilitiesare givenFigure7 and Table4.

Table4: Type of control GermanyDupuy, 2008)

Type of cotrol Response Responsible actor
time
Primary control <30 seconds

All the TSO in the
UCTE

Secondary control <5minutes The TSO of the
affected zone

Tertiary Fast tertiary <15minutes
control control
Hourly control <1 hour The balance
_ responsible othe
Emergency Variable affected balancing
control group
Primary cantral by all Secondary control and fast
powar [l 1505 witin the time tertiary control by the TSO _
frame of seconds affected Compensation through

the balancing group
affected

S A -

30 = 15 min = 60 min

Figure7: Response times and responsibilities ireuency control in GermanyDupuy, 2008)

In Germany the capacity price is paid by the TSOs. These costs are integrated to the network tariff.
The energy cost on the other hand is integrated in the imbaasattlement.Each BRP pays for ron
zero residual integralsThe frequency in the UCTE system can be seen in real time at the UCTE
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homepage Figure8 shows a ypical example: the frequency deviates from the nominal value of 50
Hz, but is still within the specified limits.

UCTE Frequency: 50,021 H:

50,000

49,964

Figure8: Frequency in the UCTE system provided on the UCTE homepage in redltdTd=2008)

2.6 Comparison of Control Services in Sweden and Germany
The power system of Sweden is composed of approximately half hydropower and half nuclear
power, whereas the German power systenrasighly composed oftwo-thirds thermal power and
one-third hydropower(Eurostat, 2008)

Most frequency control in Sweden comes fromdnopower, whichcan provide frequency control in
a cost efficient way(Hjalmarsson & S6de2003) The reason is thathe optimal efficiencyfor
hydropoweris at alower productionthan the maximal, which makes it possible for a hydro power
station to providefrequencycontrol at almost no costA hydro power station that delivers frequency
control thusruns steadily on its optimal efficiency, and wheiisictivatedfor frequencycontrol, it
simply opens or shuts its water gates slightlbhis results in a small decrease of efficiemgyen
activated but only a few percentage uni{&dder 2008) This makes the prices faontrol power
generally lower in Sweden than in Germany, anthésreason for Swedeihaving lower or absent
capacity payment. It simply does not cost anything extra to keep a hydro power station faxady
frequencycontrol (Back, 2008)

In Germany, most frequency control is provided by thermal poweheiVprovidingfrequency
control from athermal power plant, its efficiency is significantly reduced. Steam must be produced at
the sametemperature andpressureas when producing power on full load, and then be throttted

a lower pressureni a valve before it enters the turbine. This is the only way to change power output
fast enough to providdrequency contral The fuel cost for @hermal power plant that provides
frequency controland thus produces less ordinary power) is therefore the same as if it would have
produced power at full load. A capacity payment is thus necessary in Germany in order to get any
bids on thecontrol powermarket(S6der2008)

Bah Sweden and Germany have significant shares of nuclear power in their power systems. These
are generally not active on the control power markedon-pressurized nuclear reactors are not
evenable to provide frequency controlsince their steam is not perheated, and thus cannot be
throttled before entering the turbingSoder 2008)

In Swedencontrol poweris more expensive during the night, since the hydro power plargger to
save their water for the higher spot prices during the day. In Germanycah&ol poweris less
expensive during the night, because the efiad power plants need to run also during the night
when the electricity demand is lovithe reasoris that it is too expensive to stop and start these
plants(Sdder 2008)
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Important to notice is that secondary control exist in Germany but not in Swelas. isbecause

UCTE defines secondary control asoaatic. The primary control is in Sweden restored by manual
FOGAGEGAZ2Y 2F O2yGNRBEf LRogSND ¢KAA aSNBAOS Aa Ol
has the same purpose as the UCTE defined secondary control, namely to restore the prinraty con

and the frequencylni KA & NBLIR2 NI > GKS a{ 6SRAAK {tGadefidyl NBE wS:
control. If a major outage occuris Swedenthere are emergency controls availablzuring normal
i.e. 0.1 Han frequency deviations, the tertiary control in Sweden wétore the frequency at 50Hz
(Béack, 2008)

German ertiary control should restore the frequency to its nominal value 38 when the
disturbance is greater than manad®a for the secondary control. This is the reason why tertiary
control is not activated very often in Germanyost of thetime, the secondary control is able to
restore the frequency to its nominal value. In Germateytiary control should be able tbandle
large imbalances between production and demand, such as lalagg outage or load losses. For
example if a transmission line to another copynits subject to failure and the planned exported
power cannot be exported, there is a significant load loss. This will be liboylkertiary regulation
down (Dupuy, 2008)
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3 Plug-in Hybrid Electric Vehicles

This chapter gives an introduction taughin hybrid electric vehicles?HEVs Different types of drive
trains and batteries are described and compared. Moreover, the PHEV models that will enter the
market within the next few years ataiefly presented.

3.1 Whatis a PHEV?
A pugin hybrid electric vehicles a vehicle that has an internal combustion engine that runs on
gasoline or another fuel, and an electric motbat runs on electrical energy from a battery. This
battery can be charged from the grid, and is large enougintable the PHEV tan for some tens of
kilometerson electrical energy onjJglepending on the battery siznd control scheme

Although the first plugn hybrid actually reached the market already in 2Q@BKS 9f SOG QN2 I R
Renaulg the car was not versuccessfyland only a few hundred Elect’ roads were ever sold before
Renault discontinued the productigiBurgat 2003) However, vith the recentincreasing interest in
environmentaly friendly carsthe PHEV seems to approagmew dawn. Severalar manufacturers

now havePHEVMModels making their way to production within the next few yeésee below).

The combination of battery and gasoline propulsion can be dedigna number of different ways.
The most important of these are briefly described below, base{Gaius& Andersson2008)

- In aseries hybrid the wheels are entirely powered by an electric motor. The gasoline (or
otherwise) fuelled internal combustion engine (ICE) is used ontrit@ a generator, that
recharges the battery.

- A parallel hybrid on the other hand, is a setup where the engine and the motor
independently of each othezan make the wheels rotate

- Theseriesparallel hybridis a combination of the two, where the engieéher can drive the
wheels directly, or generate electricity to be stored in the battery.

To this date, there is no dominant PHEV desigjfierent automakers chose different layouts, as is
described in the section on PHEVdels. However, each layout idts strengths and weaknesses.
Table5 compares some of the maprosandconswith series, parallel and serigmrallel hybrids.

Table5: Comparison of series, parallel and seriparallel hybrid layouts(Bradley and Frank2007; Bergman2008; Galus
and Andersson2008; Tate, Harpster et gl2008)

Type of PHEV Advantages Disadvantages

Series hybrid 1 ICE utilized only in high efficiency regions { Extra energy conversion losse

1 No clutch needed = lighter, simpler and le (energy from fuel always converte:
losses. to chemical energy in battery befort
9 Electric motors have higher efficiencie it is used.)

than ICE:s

9 Will run more on electricity than the twc

others =smaller directemissions.

Parallel hybrid 9 No generator needed = lighter vehicle § Needs a clutch

simpler design

1 Flexibility

1 Higher fuel economy, higher overa

efficiencyand bwer cost than series hybrids
Seriesparallel 9 Combines the advantages of series a 1 High cost
hybrid parallel hybrids 1 High weight
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Driving a PHEV is made primarily with energy from the battery, which means that PHEVs have small
direct emissions, but can have emissions from power production elsewhere. Calculated reductions in
carbon emissions from driving a PHEV compared to a conventional vehicle depend on two sets of
assumptions: a) how much of the driving that is assumed to bdamon electricity, and b) how that
electricity is generated. The latter includes also whether the power is said to be marginal or average
electricity, and what time horizon and geographical system boundaries that are used. A typical
conclusion is howevehat even if the electricity used for propulsion comes from coal fired power
plants, the C@emissions are lower from a PHEV than from an conventiongBeadley and Frank

2007 Bergman 2008)

3.2 Batteries z a Key Factor for PHEVs

A ke component in the PHEV is its battery. In fact, it can be argued that development in battery
technology is what guides and decides the futuré®bfEVand electric vehicles (EVs) altogeth#re
batteries have to beome costefficient, light, energy denseand provide enough powegMarkel &
Simpson2006)

The last few years have seen a breakthrough of battery technology. Focus has shifted from nickel
metal hydride (NiMH) batteries to lithiusion (Ltion) batteries, which currently seem to be the most
promising technologyThese two types of batteries are comparedleble6.

Table6: Strenghts and weaknesses withtibn and NiMH batteriegWilliams & Kurani2007; Bergman, 2008)

Type of Advantages Disadvantages

Battery

NiMH 9 Longer lifetime: can endure more cycles

9 Too low energy density to enable use

i Safe PHEVs

1 Reliability proven in vehicle applicatior  Lower specific power (power per weight)
(e.g. in the Prius) 9 Higher self discharge rate

1 Higher energy densityboth volumetric 1 There have been safety incidents with |
and weight based) ion batteries catching fire

1 Higher specific power 1 Shorter lifetime

1 Lower seHdischarge rate

In the future, other types of energy storage might become of interest in vehicle applications. This
could e.g. be super condensators or magnetic fly wheels. Neither of these technologies is mature
enough yet, but both are investigated at an experimentadgst Moreover, neither of these
technologies can store energy for prolonged periods of time. It is therefore unlikely that they will be
able to replace batteries imehicleto-grid-applicationgBergman, 2008)
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3.3 PHEVModels to Come in the Near Future

To this dateat leastfour automobile companieplan onproducingplug-in hybrid cars. They will here
be described in order of stated release date. Numerical data for the cars is presented in a comparing
table (Table7). Figure9 shows pictures of the described car models.

3.3.1 BYD: F3DMand F6DM

The plugin hybrid thatisthe closest to mass production ameleasecomes from a Chinese company
called BYDwhich can be decIKk SNB R | & & . dzABYRis qne olzthk |8rgeRt [baftang
manufacturers in the world, and has also produced cars since it bought an automotive cosipany
years ago. During 2007 and 2008, BYD showedPi#BVs a smaller version, the F3DM in Europe,

and the bigger F6DM in the US. The F3DM is to be manufactured and sold from late 2008 in China,
the F6DMwill follow during 2009. In Europe, the first F3DMs will be sold during 2009 in Norway
(Ruud 2008) DM stands for Dual Mode, meaning that the car can drive both in hybrid and pure
electric mode. It can thus be classified as a sepaallel hybrid.The batteries are a form of-lan
oFLGGSNASas RSYPSt2LISR o6& . ,5 GKSyaStgSao ¢KS& Ol
phosphate.

3.3.2 Toyota: Plug-in HV

Since Toyota was the first automaker to sell a mass produced hybrid vehicle, expectatiertselen
high on them to hit the market with a pleig version. This has not yet happened, as Toyota has
awaited battery technology development. The original Prius has Nikttéries, but thesedo not
have sufficient energy density for pldig applications as noted inTable6. In early 2008 Toyota
announced that it would start to sell-lan PHEV$rom 2010(Toyotg 2008) It is not clear what this
model will be called or how it will loolReal life test driving of a Toyota PlugHV is going on in
Europe, Japan and the US, although these cars are equipped with-bitdHies(Toyotg 2008) The
purpose of this test driving is to optimize the size of the battery, so thattitesight sizeto meet
customer requirements. However, no more specific data on ltladtery or the vehicle will be
available until mid 200%nd no picture is available y@dalstrom 2008)

2)BYD F3DM. Fro(@ergman 2008) b) GM Volt. FronfGM 2008) ¢) Volvo ReCharge. Frdiviolvo 2008)

Figure9: Pictures of the presented PHEV modetscept the model from Toyotagf whichno picture is available yet.

3.3.3 GM: Volt

In September 2008, General Motors presented the Volt thatemiter the main production lines in
2010. The Volt is a series hybrid that usesiarLbattery packHowever,GM does not calthe Volta
plugin hybrid. They call it an electric vehicle witliange extender, the range extender being the ICE
(GeneralMotors, 2007. Due to its series hybrid layout, it has driving properties that are identical to
an electric vehicle.
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3.3.4 Volvo: ReCharge

Volvo presented the ReCharge in the autumn of 2007. So far, it is only a concept car and has not
been given a definite release date, but some sources claim this will happen aroundJ20dgnik,

2007) The ReCharge #sseries hybrid, with the special feature that it has one electric motor at each
wheel. The concept car has been presented in two versions, one with an ICE running on diesel, one
with an ICE that is a flexifuel ethanol engine. The battery pack will cafidiibn batteries, situated

in the luggage compartmerfy/olvo cars, 2008)

Table7: Data on the presented PHEV model/A impliesdata not available. Note that all data is provided by the
manufacturers and not externally verified: it is thus difficult to compar@eneral Motors, 2007Toyota 2008 BYD,
2008 Volvo cars, 2008S6derbom, 2008)

BYD Toyota GM Volvo
F3DM Plug-in HV  Volt ReCharge
Release year 2008 2010 2010 20157
Battery type Lkiron Lion Lion Lkion
phosphate
Drive train layout Series Series Series Series
parallell parallell
Pure electric drive jeislelgl N/A 64 km 100km
distance
Battery size 20kWh N/A 16 kWh  5-15kWh
Electric motor power 0\ N/A 120kW  35-75kW
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4 Vehicle-to-Grid Power (V2G)

A car that has onboard electrical energy storage and is plugged into the grid, could potentially not
only buy powerfrom the grid but also sell power back to the grid. That is the basic concept of
vehicleto-grid (V2G) power: power that flows from the vehicle, to the gfildis function could be
used not only as control power, but could also allow vehicles to functiangablackstart capacity

or peak load power(Kempton & Tomic, 2005 arsen, Chandrashekhara, & Ostergard, 2008)
Services like these could be ByHEVselectric vehicles, or fuel cell vehicl&his chapter provides a
vision of how a V2Getup could look, how itould be handled on an organisational levaid how

the energy transactions between the vehicle and the grid woulduranged It alsosuggess some
possible business models for V24ad finally describes the current status of the technology

4.1 AVision of a V2GSetup

Avision for a real life V2G systasdescribel in the series of paperéBrooks and Gage 2001; Brooks
2002; Gage 2003Y his vision isummarizedn Figurel0, and will be described belowhe basic idea

is that the vehicle is connected to the grid and can communicate with the TSO, so that the vehicle
can provide power to the grid whenever the TSO need#t iis mportant to note that what is
described in this chapter is a visiddot all the steps in this setup have beenakHife tested, and

much is based on simple suggestions and assumptions.

% ~ GPS

Power

Grid Operator

- Command Power
$ Response
ﬁ/—_\
- =N | V
Aggregator Wireless P
Provider I

<« Internet

<m Driver Usage Profile and
‘==. Preferences

Figurel0: Overviewof AC Propulsiols vision of V2G. Picture frorfBrooks 2002)

4.1.1 The Role of the Aggregator

One issue of having PHEVs as power providers is that the capacity provided by each vehicle is small.
In the system described BYC Propulsiofthis problem is solved througbrganizinghe V2Gservices

of many vehicles through a single actor, calltte aggregator(see Figure 10). The role of the
aggregator is to be the interface between the TSO and the vehicle owners. The contact between the
vehicle owners and the aggregator takes place mainly througmdimidualizedweb page, where
owners log in and enter at what times, at wHacations and for how long their car normally would

%Black start capacity is special reserves designated to be ablestantethe power system after a blacut.
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be plugged in, and what state of charge (SOC) they want their battery to have when they plug out.
a2NB20SNE G(GSYLRNINE SEOSLIiAz2ya FTNRBY GKAA& LI GaGSN
fromtheANAR F2NJ (g2 6SS1a 6KSYy LQY 2y K2fARF&¢& 2N
$6SS13> 6KSyYy Al Aalfisndted thdt hesdiidiSidual xbdpidigvid e important only

when the number of participating vehicles is small, and thatiations will smooth out with an

increasing number of cars. The actual times that the car is plugged in are also registered for each
vehicle, which combined with the predicted profile can make the prediction of available capacity

more accurateThe aggrgator can aggregate the individual user profiles into one, and know to some
certainty how much capacity will be available at what times and what locations.

4.1.2 Energy Transactions

The aggregator contracts the TSO @mntrol capacity. When the PHEVs are activatette TSO
communicates with the aggregator through the same kind of secure data link that is used for
communication with power stations. The aggregator forwards the demands from the TSO to the
appropriate number of plugged vedies. A wireless internet connection is suggested for this
communication. In this vision, a GPS transmitter in the vehicle solves the problem of knowing
throughwhich electricity meter the car is connectéaks shown irfFigurel0). Additionally, the vehicle

KFa AGa 2y St SOGNAROAGE YSGSNI 2yo02FNR® ¢KS SO2y
oFGGUGSNEE Aa KIYyRfSR GKNRIZAK (KA B NI K2Sg yiSNNIYaa | yCiN
NB3IdzA FGA2yé A& KIFIYRfSR &aSLINIGSte oeé fragerky | 33 NS
controlg KAt S LI NJSR 4 GKS 2gySNDRa SYLX 28SNna OF NJ L
bill (Brooks & Gage, 2001)

4.1.3 Business Models for V2G

The aggregator is paid by the TSO for proviflieguency controkervices, and shares this profit with
the vehicle owners in a way that makes it attractive enough to sign up for provickggency
control. In (Kempton and Tomj@2005) a number of business models for Vafe suggestedsome of
which are compatible with the Brooks & Gage visiofable8 shows competive advantages for
different types of companies, related to their core competence in tlegistingbusiness.

Table8: Different type ofO 2 Y LJI gofn&titice advantages concerning V2G busin¢gisempton & Tomic, 2005)

Type of compag Competitive advantage

Powerretail company Existing business relationships with electricity
customers. The aggregator could share the profit w
the PHEV owners through a discounted electricity
price or money back on the electricity bill.
/A\0e)glelo]| (SRRl V] = e R[S a1 (o g (o] o] | SRRSIETVTol: Use of digital communication with the vehicles
organisations

Cell phone network provider Experience with tracking many small transactions
with plenty of distributed customers.

Distributed power generation manager Similaritiesin infrastructure and legal regulation
needed for distributed generation and V2G.

Battery manufacturer Canshare profit with the vehicle owner by replacing
the battery when it has been exhausted.
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Another business model @evelopedin (Guille & Gross, 2008yhael & LI O lis3uggeRed, £ ¢
where the aggregator provides parking facilities, vehicle service, energy for charging and the battery.
As in the battery manufacturer model above, the battery woblke owned and replaced by the
aggregator, and the energy for charging would be provided by the aggregator, as in the power
retailer businessnodel above. How this would provide a large enough incentive to the vehicle owner
to keep his/her car plugged in®t explained.

4.1.4 Current Satus of V2G

V2G according to the Brooks and Ga&ggon has been tested both in lafatory environments and in

a real grid situatin, albeit with only one vehicl@Brooks 2002; Gage2003;AC Propulsior2007) AC
Propulsionalso séls some of theequipment thatis needed for V2G operation of vehicles. Another
company, V2Green, has us@e Propulsiorquipment to perform real grid demonstrations of V2G
with vehicle fleets on severakcasiongV2Geen, 2008)

Whetherthis V2Gvision can be accomplished in reality and whether the technical prerequisites are
valid also for the European case remains unknown, but nonetheless this vision provides an idea of
how the V2G system could be implemented.

4.2 Technical Requirements and Infrastructure

Someimportant questions concerning the future of V2G isavtechnical installations are needed to
provideit, and how large changes to the current infrastructuteat need to be doneObviously, the
smaller changs needed, the easier the implementation of V2G will Bhis section provides an
overview of the technology needed for V2G, divided into different levels of infrastructure: grid,
wiring, gridvehicle interface, communication and other equipment.

421 Grid

Thehighest infrastructural level, the grid, was initially developeda a G R RIg gosver flow, with

power flowingfrom the higher voltage levels to the lower and out to the consumers. There is nothing
inherently impossible about sending power the other wéyt some concerns have been raised.
Important to note is that these concerns apply to all kinds of distributed generation, and will thus
most likely have to be solved anyway when the number of small wind farms and roof top solar cells
increase. The conces can be divided in two areas: tripping of network protectors, and disruption of
distribution system voltage control systerfrooks, 2002)

Network protectors are security devices aiming to protect maintenance staff working on a closed
R2gy aSOlAz2zy 2F GKS INAR® ¢KSasS NS RS&AAIYSR
(from the consumers to the grid). Brooks state that it is highilikely that V2G would ever cause

this situation, because theontrol powerflows are very small compared tbe power flowsfrom the
producers to the consumel8rooks 2002)

The other concern, regarding voltage control in distribution systems, is that the transformation
between the different voltage levels in the giigl controlled discretely. Thu®HEVproviding V2G

could potentially push the grid voltage up before the transformer shifts to the next discrete step and
takesthe voltage downagain Againthe report statesthat this issue is unlikely to cause problems
because the natural voltage variations on the grid are higher than the variations induced by V2G.
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However, t could be a problem in aneighborhoodwhen many vehicles simultaneously get a
frequency controcommand, and they all send power to the same rdisition network. This needs
further investigation, buthe reportalso mentions ways of solving the problem without building new
infrastructure (Brooks 2002) SvKsees no grid related technical constraints wRIHEV9roviding
V2G(Back 2008) however, they only operate the high voltage grids that waubd be affected by
this type of disturbance. Further investigation in the issue is thus needed.

At the connection point, the PHEV needs to meet with technical grid interconnection standards.
Development of hese standardso apply also tPHEV$s taking face inAmerica(Kempton& Tomig
2005)

4.2.2 Wiring
The powerP that can be transmitted throug a line is limited by the line voltagé and maximum
current| before the line (or fuses) burn, as described by equai®n

P=1Q 3)

The cables for power transmission sigle electric vehiclesare normally capable of over 100kW
(Kempton and Tomj@005) The power tansmission limit will thus be on the plug side. The standard

EU voltage at the consumer level is 230V, and fuses are typically 10A, 16A or 20A in both in Swedish
and German homes. Many homes in Sweden and Germany have kitchen appliances connected to
delta voltage (three phases), in which case the voltage is 400V. The maximum power out from the
vehiclethus lies in the rang@.3kW (for 230V and 1049 24kW (for three phasesand 20A). As the

three phase plugs are situated only in kitchens, wiring upgraditgines would be needed to utilize

this.

Evidently, the higher power a single vehicle can deliver ntlbee control power it can sell, and the
fewer cars need to aggregate to compete with standemdtrol power. Kempton and Tomic find that
there is a substantial revenue increase if the line is upgraded from the Americkw &tandard

(with lower voltages but higher currentthan the European standaydo 1520kW (Kempton &
Tomig 2005) However, requiring people to upgrade their home wiring to take part on the V2G
market will seriously hampertsi developmentas it would take both time and monefp do.
Additionally,(Williams& Kuranj 2007)investigate net revenue from V2G at different levels of wiring
AYFNI a0 NHz2OGdzNBEE |yR O2yO0fdzRS GKIFG do6ATASNI Aay(C
installations are in some cases but not always paid faedisa V2G revenuévioreover, according to

the backof-an-envelope calculationsregarding the size of the control power markets maite
chapter 1.1, PHEVs could ifty soon take over the control power market even with a low
transmission capacity. Even if th@aximum profit per vehicle would increase with a higher
transmission capacity, the actual profit per vehicle would decrease if the market is saturated, which
would happen faster with a higher transmission capacity per Taws, upgrading to higher levels of
wiring might not be motivated from this respect.

Moreover, depending on whicbontrol power market the cars act on, they might also be limited by
their onboard energy storage rather than the lintae battery simply does not contain enough
energy to keep delivering long enough to be able to act on the leogkrmarkets(Kempton&
Tomig 2005) A backof-the-envelope calculatin gives that a car with a 10k\Wiattery (with

24



minimum SOC at 30%) and a 8kW plug couldsetitstored powefor a full hour but would have to
start the engine and deliver electricity from gasoline, which would be eathronmentally harmful
and expensie.

4.2.3 Grid-Vehicle Interface

Socketsare an important issue to PHEMgith or without V2Gpecause they all neetb be able to

charge somewhere. People that live in detached houses or rent a parking space in a garage already
have standard sockets close to &b their car spends most of its time. On the other hand, people
that live in flats and park their car on the street have not. In some places, this could be a quite
serious hinder to PHEV break through: e.g. in California orB0%5 of the population cuently have

the possibility to charge over niglf¢Villiams andKuranj 2007) It is probable that charging access
would be an issue also in Swedemd Germanyespecially in the citigBergman2008)

For V2G applications, more profian be made if the car is also plugged in during the, day
simulations later in the report willshoww ¢ KSy OKF NBAY 3 Ay FTNI &G NHzO G dzNB
park. Here as well as for home charging, Sweden is quite well ahead with its large (thaaghe

places latent) system of sockets for engine-peaiters. Cables have been prepared at many parking

lots even at places where sockets have not been instéBedgman2008).

The plug and the socket also need to be compatible. Automakers tend to install standard plugs that
go into standard voltage sockets. The first generatio®dEVall have a maximum rating of 220V

and 16A. Automakers are cautious about too high potgethe batteries, as they are unsure of
safety and life length under such conditions. For the next gener&id&Vspower companies and
automakers cooperate around a standard for 302, 64A plugSéderbom 2008) With the first
generatbn standard of 30V and 16A, the maximum power provided by one vehicle is 3.5kW.

4.2.4 Communication

Each vehicle needs a way of communicating withgdtid, the TSO and the aggregatin theV2G
vision described above, this is done through the internet amdraless modem in the car. This setup
was tested with one vehicle, and the response times were found to be satisfag@®y55% were
below 1 second, when 4 seconds is the time required by the Californian(Bi®0ks 2002)
Occasional difficulties with establishing the wireless link between the vehicle and the aggregator
were noted but development is quick in the area of wireless communication, aadéehort is six
years old alreadyAnothertechnologyfor communication is suggested (Guille & Gross, 2008l is

called ZigBeeand is used for communicatiobetween the car and the parking, where the
communication wouldjo overto the internet.

The advantage of using the internet and a wireless modem for communication is that both the
internet and wireless modems are well knowtechnolodges, which could quite easily be
implemented in vehicles. Moreover, it does not require any additional installations outside the cars,
on the clarging sitegBrooks & Gage, 20010 (Kempton and Tomjc2005) on the other handa
shortrangewireless protocol such as Bluetooih suggestedThis is also dcussed inBrooks and

Gage 2001) but is thereopposel becausat would beexpensive and requerextra infrastructure on

each site. Keeping in mind that both articles are some years old (with BroGlegj& being older) and

that the development in IT is rapid, it is difficult to say which makes more sense. However, Brooks
and Gage have gone a step further than Kempton and Tomic, as they have developed a complete
system for their infrastructure, and alsested it (Brooks 2002; Gage2003;AC Propulsior2007)
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4.2.5 Other Equipment in the Vehicle

To charge the battery, every PHEV needs a charger. Evidently, it will need the charger irrespectively if
it provides V2G services or not. However, there are diffetgpes of chargers and not all are
compatible with V2G power flows. There are conductive chargers, where the car is plugged in to a
socket and charged by a flowing current, and there are inductive chargers where the car is wirelessly
charged by a strong magtic field nearby. Conductive chargers are inherently capable -of bi
directional power flows, whereas inductive chargers are K(Btooks & Gage 2001) ¢ thus,
conductive chargers are preferable for V2G applications. Most automakers seem todentrating

on conductive charging, although some attempts are made to develop inductive charging. As an
SEFYLXSE I 2yRIF A& t221Ay3 4 I 4aOKINHS 6KAETS &2d
in the roads(Bergman2008) Other experts saghat both inductive and conductive chargers can be
constructed for V2G power figs, but that neither of them will bable to handle V2G power flows
unless the need for it is speigfl (Lindskog, 2008)

The vehicle also needs to have an electricity meter on boarel ndter needs to be reliable, exact
and tamperproof, and also able to communicate with the aggregator, possibly encriptedks&
Gage 2001; Kempto& Tomig 2005) It would be possible to keep the electricity meters in the
parking lots instead but this requires additional infrastructarel thus costs

A GPSeceiver is recommended as a means of letting the aggregator identify the electricity meter
the vehide is connected through, and which distribution network it is locatedBrooks& Gage
2001; Brooks2002; Kemptor& Tomig 2005) This is already becoming standard in personal vehicles,
and should not pose problem to automobile manufacturerg\nother idea suggested ifGuille &
Gross, 2008is to equip evey vehicle with a mobile phone Siéard, which would communicate both

the ID of the car and its approximate position.

Depending on which type of V2G services theE\RHaims to offer, it might need additional
equipment.For thecontrol powermarkets investigted in this project, some commenése made in
chapterO.

4.3 Earlier Estimations of V2G -Profitability
In (Kempton & Tomic, 200pprofits for battery and fuel cell vehicles providing different types of V2G
are estimated peak load power, spinningserves(approximatelycorresponding to tertiancontrol
in thisreport) and regulationgpproximatelycorresponding to primary and seodary controlin this
report). It is concludal that spinning reserves is very profitable for PHEVs, in the range of 112
MC p € K YEh stukytses estimated average values for both prices and how much the different
controls are activated, as opposed to the studiy hand where actual marked data is used for
simulations A continuation of Kempton & Tomic, 20058 found in(Williams & Kurani, 2007hich
uses the sane method to investigate a whole series of vehicles and levels of infrastruciugege
span of net profitsare found but more conservative than Kempt and Tomic: fromm ®p e Kk Y2 Yy 1 K F 2
ALIAYYAY3I NBASNBSasz (Thesy siudiesar? piader CAlidrNia, WEkH idgbliésti A 2 y @
that the price levels on the control power markets could be very different from in this report.

Brooks (2002¢alculates the value created b?HEV®n acontrol powermarket, probably equivalent
to the primary or secondaryontrol in this project.Brookscalculates gross value created, so battery
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degradation and other V2@lated costs need4o be subtracted from the values. The author
concludes that $100@ross valugoer year per car(correponding to about65e/month) might not
result in a compelling enough payment to the car owrBnooksresults are for regulation, and lie in
therange 1900 HCc e K Y2 Y (I K®

(Larsen, Chandrashekhara, & Ostergérd, 2@88)mate profits br electric drive vehicke (EDV:s)
providing secondary and tertiargontrol in the part of Denmark that is connected to the UCTE
system. As Germany is also a UCadintry, and price levels are similag theirstudyis the most
comparable tathe presentone. Contrary to Brookshe authors do not believe in EDVs as providers

of primary control, because of a slow V2G communication and activation sydtansen et.al. get

likely annual returns intherangedc n e K Y2y 1 KX RSLISYRAY 3 2y YI NJ S

The results from the cited studies are summarized@aible9. Clearly, there is a large variation in the
results from the different studies.

Table9: Summary of earlier estimations of V2G profitability

Which Incomelyear  Profit Capacity  Study Comments
market (original ek YZY (kW)
value)
Spinning 1731-2554% 112165 10-15 (Kempton &| Net profits: Costs for battery
reserves Tomic, 2005)| degradation, equipment anc
(approx -24% -1.5 1.8 (Williams &| infrastructure included.
tertiary 9% -0.6 17.9 Kurani, Prices, number of calls an
control) 2007) durations of each call art
Regulation 331% 21 15 estimatedaverages.
20% 6 1.8 Area:California.
(approx 1262% 82 17.9
SIUERANEUTE 12152015$ 79-130 7 (Brooks, Gross valuecreated: neither
secondary 30385038% 196326 18 2002) battery nor infrastructure
control) costs included. Prices are re
market prices for 3 weeks il
2001-2002.  Activation is
scaled from the activatior
pattern of a hydro power
station.
Area:California.
Secondary 1440 DKK 16 2 (Larsen, Likely annual return: nc
control 14400 DKK | 160 20 Chandrashek battery or infrastructure costs
Tertiary 1530 DKK 17 2 hara, & | included. Prices are
VOt 7430 DKK 84 20 Ostergard, | aggregations of real value
Tertiary 508 DKK 6 2 2008) from 2007.
CLUETE 4870 DKK | 55 20 AEIENEN - BEHETS S
down estimates.
Provides regulation dowr
only if the energy price it
negative.
Area:Denmark West.
*AssumingtP ' AYPRT®MBYY I ndmMope
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5 Control Power Market s 2008

This chapter willprovide information about theprimary, secondary and tertiargontrol power
marketsin Sweden and Germanyotalamountof control power in Germany 8230MW for upward
regulation and 473RIW for downward regulatiorfRegelleistung.net, 2008nd in Swedets around
1000MW (Hjalmarsson & Séder, 2003)he total value of the German control power market is 770
million € and thedaily volume of power corresponds to almost 9 percent of the available capacity
(Riedel & Weigt, 2007gnd for the Swedis22.5million € (B&ck, 2008)Each control service will be
described separately for each country. First the size of the market will be given, thes, ggment
system, time aspects and bid requirements will be descrifé@. marketime frame,i.e. how close

the bidding process and the actual delivery of control poaes;, contract time, i.e. the time period
that the offered capacity needs to be availabigl] be discussed. So will

Since December 200he Germanprimary, secondary and tediy controls areall tendered on a
common market. The prequalification and the market bidding process are harmonized between the
four German TSO§ESchulz, 2008)As this reorganization of the market has taken place fairly
recently, it is difficult to find written sources that contain #p-date information. The information in

this chapter is thus largely based on interviewdth a representativefor Vattenfall Europe
Transmission (Schyl200§. Older information can be found ie.g.Kiener(2006), ETSO (2007) and
ETSO (2006)

5.1 Primary Control - Sweden
The total demand of primary control in Sweden is [@%0. SvK yearly pays 150 million SEK (about 15
million €) in capacity price to be able to provide primary controladitlition, SvK pays energy prices
to the actual delivered control poweiThe responsibility for the provision of frequencgntrol
service is distributed among the TSOS8lordel (Back, 2008; Hjalmarsson & Sdder, 2003)

Primary control in Sweden can be divided into frequency controlled normal operediatnol (FNR
and frequency controlled disturbanamntrol (FDR. The difference oFNRand FDR is the frequency
interval when it is activatednd the activation timeThefrequency interval foFNRis 49.950.1Hz It

is decided that the Nordic System should have 6000M¥\ith FNR Each country is responsibier
supplhying the system with frequencgontrol proportionally to its electricity consumption in the prior
year. Swden contributes with around 40 percenf the total supply oFNR, which is equal to about
250MW (Kristiansen, 2007)The amount oFDReeded is decided weekly based on the defining fault
in the system, which is the largest power plant that could have an outage. NormalsDiRm the
whole Nordic system is around 1000MW aheé shareprovided by Sweden &bout400MW. FDRis
active when the frequency is in the interval8.549.9Hz and 50-50.5Hz(Kristiansen, 2007 his is
illustrated inFigure 11
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Nominal frequency, [
50Hz

Frequency (Hz) 49.5 49.9 50.1 50.5

Figurell: FNRand FDR operated in different frequency intervals

v

5.1.1 Actors

There are five large players bidding on the primary control market in Sweden. tddayplayers are
Vattenfall, Fortum, EoON, Statkraft (Sweden) and Skellefte ki@fteden) The largest player,
Vattenfall, hasa market share o70-80 % TheSwedish primary contraharketcanthus be called an
oligopoly.It can be discussed if the there is a real market for primary control, since the players also
are required tomaked K SANJ 6 A Ra Ay ,whichinjles thag tifedphicest gisen in ithe isid
must be in a certain rangéBack, 2008)To be able to bid on the primary control market, the
company has to be a PRThe primary control power is bought by SvK as one single buyer. The
market for Swedish primary control is haadinationallyin Sweder(Hjalmarsson & Sdéder, 2003)

5.1.2 Payment system

The BR®are paid by a capacity price and an energy pfl¢e capacity for primary control isigaas
bid*, with an additionof 1SEK/MW/Hz/hBids have to béased on costs. Extra charges for profit and
risks due to uncertainties in forecasts must be approved by BwKprices vary during day and night.
A typical bid for daytimés 24SEK/MW/Hz and 20SEK/MM# fornighttime. This price difference is
due to that hydro power plants want to save their water resefeethe day time (when the spot
prices are higher), and therefore do not wantregulate the frequency during the night. The price
for the energy actually delivergr primary control is set to thenergy prices determined in tertiary
control: theupward regulation priceppliesin case of an upward regulation within the hour and to
the downward regulation pricappliesin case of a downward regulation. The spot price is used
energy price if there werequal amouns of up anddown regulation during the houfFranzén, 2007
Nordel, 2002) Average prices for January, April, July 2@@8e for upward regulation 52¢/MWh
and for downward regulation 43¢/MWh. This can be compared to the average spot price during
the same period of time, which was 48 MWh (Ripstrand, 2008)The difference between upward,
downward and spot price thusrather small on the Swedish control market.

5.1.3 Time Aspects

Thereare two chances to bid on the primary control market. There is one weekly purchase and one
supplementary purchase hourly during the day of operation. For the weekly purchase, bids are given
no later than 16.00 offhursday for the period Saturdayt 00 until Fridayat 24. Each day is divided

into three periods independenfrom each other. In total, theweek therefore consistof 21

4 Pay as Bid means that the bid is paid the price indicated in the bid, and not the price of the last accepted bid (as in
marginal price).
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independentcontract time periods (Franzén, 2007)The weeklymarket supplies 600 % of SvK
demand(Kristiansen, 2007)

The hourly market is conducted daily after Nord Pool closes. h @gpan bidding process and the
price depends on the electricity priaa the spot marke(Kristiansen2007) Bids are given at 1i§o
later thanthe day before the coming 2dour period. Until 2 hours before theperation hour, the
bids can be changdg@ack, 2008)

If a bid is acceptedn the weekly market of primary contrahd the providerealizes that it will not

be able to déver the contracted power, it hato purchase primary control on the hourigarket,
whichusually is more expensive. If a bid is accepted on the hourly market and the providersrealize
that it will not be able to deliver the contracted power, it has two hobwefore activationto
purchaseprimary control on the market to cover its own outage. There are no other formal penalties
for failing to delivering contracted control powéBack, 2008).

5.1.4 Bid Requirements

Since primary control is automatic, the technical unit offering primary comdt have frequency
measurements installed. The offered frequency response (M¥Y/must be available fasymmetric

regulation, i.e. same amount of regulating capacity isilalsle for up and down regulatioriThe

minimum frequency resgnse accepted is 10 Wi/Hz. FNR must be activated witlBnminand 50%
of FDR must be activated withinsecondsind 100% within 30 secon@sristiansen, 2007)

Today (20085BVK requireshat a certain part of the offered primary control should be FDR (about
15 %)and a certain part FNR (about 10.%Mhe provider can freely choose how she/he is distributing
the rest ofthe offer onprimary control It isthusimpossible for a market play to offer only FDR or
FNRthey must offer a package deal. This will be chahdaring the next yearsvhen SvK wilbpen

up for offering of FDR and FNR separatBick, 2008)

To be able to deliver primary control, anit must fulfill a number oftechnical and functional
conditions Thedzy” Aspe@diand accuracy ithandng its power output is tested. Measurements of
how much power a unit actually delivers are made, as well as controls of the ability to handle
necessary information flon&ristiansen, 2007)

5.2 Primary control z Germany
The total demand on primary control in Germany is around 663 MW and the market has a value of
119 million € (Regelleistung.net, 2008The responsibility for providing primary control is shared by
the four German TSQ®upuy, 2008)UCTE requires that eweicountry participating in the UCTE
power system provide the system with a minimum amount of primary control, which is set relative to
0KS O2dzy iNEQ& | Y2dzy i 2F LI26SN) ISYSNI ({{Rofelddly NBaL
Boer,2002.

5.2.1 Actors
It is not compulsory to deliver primary control. The market consists ofainceymouslarge players.
Each player owns power plant parks consisting of mainly thermal and hydro g&ectsilz, 2008)
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5.2.2 Payment System

The primary control is only paid a capacity priceW) and no additional energy price when
activated. The Germanmarket forprimary control follows a pay as b&ystem The reason for this is
that it is perceived to be complicated to record all activatiorThe TSOs sort the bids by capacity
price and the total need for primary control determines the last accepted ®athulz, 2008)'ypical
prices on the primary control market in Germanylis 00014 000 Kk a 2 ome2ehtre month
(Regelleistung.net2008§.

5.2.3 Time Aspects

The primary control is procured monthly. The bidding prodsessround three weeks before the
upcoming month(www.rwetransportnetzstrom.com, 2009Yhis longnarket time frameis needed
by thefour TSO$0 organize the bids between them. There are plans to postpone the biddineg2to 1
weeks before the next mont{Schulz, 2008)

At the clearing dayall bids must be handed &t 13 and the clearing is donat 17. Thereare no
different periods during the month. The laidr must be able to deliver the given capacity during all
hours for the entire monthi.e. a contract time of one moht{Schulz, 2008)

The primary control provider can cancel bids and it is required that the provider informs the affected
TSO if it for some reasasnot able to deliver control power for a certain time. Today thare no
clealy formulated penalties for cancellation and technical problems, butythee under way. The
proposalconcernng primary, secondary and tertiary contrisithat the bidder will be required to pay

2 times the energy price for the time concerned ifancek the bid and3 times the energy price if it
does not cancel the dibut is not able to delivewhen activated This penalty should in addition be

at least 2 respectivg 3 times the EEX spot price. If a bidder would cancel its bids often, the lidder
prequalification would be cheekl again.The final penalty couldthus be that the bidderwould not

have its prequalification rapproved(Schulz, 2008)

5.2.4 Bid Requirements

Primary control must be fully activatedithin 30 seconds and be able to stay in operation for 15
minutes (VDN, 2005)The provider must offer at least 5SMW of primary control. The provided
capacity must be able teegulatesymmetricallyboth upwards and downwards. Since the activation
is totally controll@ by the frequency deviation, theie no stepsn activationor smallestamountof
capacitythat hasto be activated. It is possible to pool primary control if the entities all are located in
the same control area. Pooling crossing control aréasunder consideration, but not yet
implemented. Since the primary control is indepentlef geographical location is should be easier
to pool primary control than secondary and tertiary contf®thulz, 2008)

Since the primary condt is activatedautomatically, the entity is needed to havdrequency
measurement equipment installed. The sensitivity must be H@nThe technical requirements are
generally more complicated for primary control than for secondary control and tert@myrol (Shuk
2008)
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5.2.5 Summary Primary Control z Sweden /Germany
Table 10summarizes somef the most important facts described iBerman and Swedish primary

control.

Tablel0: Primary control in Germany and Sweden

Local names for Primary Control

Total quantity of Primary Control

Type of power
Seller

Responsible

Buyer
PriceSystem
Capacity payment

Energy payment
Market Time Frames
Contract time

Minimum capacity

Regulation upand/or down
Activation time

Frequency drop that

Control

triggers
activation of the entire Primary JORSIA SN (25 2 VA 20

Sweden

GCNBIljdzSy Oe o2y

2LISNI A2y O2vyi
Frequency controlled disturbanc
control (FDR)

FNR: 250 MW

FDR: 400 MW

Hydro power
5 large players

SvK

SvK

Pay as bid

Yes. Pay as bid + 1 SEK MW/Hz
hour

Up/or down regulation price from
tertiary control

Weekly and hourly markets
Three independent periods a day
10MW)/Hz, corresponding to abou
1MW

Symmetric

FNR: <3 min

FDR: 50% activated within 5 s al
100% within 30 seconds

Cb wf0.&kHz

Germany
Primary Control

663 MW

Hydro and thermal power
5 large players

Common responsible of th
German TSOs

The German TSOs as one buyer
Pay as Bid

Yes

No
Monthly
Monthly
5MW
Symmetric

<30 seconds

k f=0.2 Hz

5.3 Secondary Control - Germany
The total secondary controtapacity asked bgll the four German TSQs around 290MW upward
and 2400MW downwardThe value of this market is around 46Mllion €. Each TSO is repsiblefor
the secondary control in their control arg&chulz, 2008)The volume of secondary control é&n

minutes reserve powewithin a contiol area is determined by th&erman TSOs in such a way that

the defined residual rislprobability of apower surplus or deficit that &nnot be balance fi not

exceeded VDN, 2005).

5.3.1 Actors

It is not compulsory to deliver secondary control. The market consistiseofive large players also
acting on the primary marketach player owns power plantthat are mainly thermal andsome

hydro plants(Schulz, 2008)
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5.3.2 Payment System

The secondary controh Germanyis paid both a capacity priace/@W) for being availableand an
energy priceo #/MWh) when activated.The selection otontrol to be activated is done as follows:
each generator provides a bicdheg TSOsankthe bids by capacity prc The totalneedfor secondary
control determinesthe amount of control required, and #refore the accepted bid. In the
activation,a new list is made, sorting the bids by energy prices. For upwards regulation, the bids are
sorted by ascending energy prices dod downwards regulatiorby descending energy prices. The
bids are alwaygaid their individual bids given for capacity and enerigye apay as bid system
(Kiener 2006; Dupuy2008)

In order to guarantee the system security, the T&8&h be allowedto have a core portion
(Kernanteile) of the secondary contrwithin its own zoneThis means that the TSO has the right to
reject less expensive bids from other zones in order to accept more expensive bids within its own
zone. In thisvay,the TSO can be sure that the control power will be available when needkdan

being blocked byoottlenecksin the grid.Vattenfall is the only TS@at currently has this rightor
secondarycontrol. Due to these congestion issues it could be hard to pool secondary and tertiary
control over different control areas. Pooling crossing control areas are though under consideration,
but not yet implementedSchulz, 2008)

5.3.3 Time Aspects

The time aspectsfor secondary control is similar to the one for primary contrbhe secondary
control is procured monthly. The bidding procdaskes placethree weeks before the upcoming
month, but there are plans to postpone the bidding te2lweeks before e next month(Schulz,
2008)

At the clearing dayall bids must be handed in B8 and the clearing is donat 17. The month is
divided intwo contract time periodspeak time(a | | dzLXahd®ffpeak time ¢ b So SY Th8A G ¢
differsto the primary control where only one pericekists Peak timeis every working day between

8 and20. Off-peak timeis weekends, working days betwe&f and 8 and all federal holidays. A bid
must be able to deliver the gim capacity during alpeak hours oroff-peak hours for the entire
month (Schulz, 2008)

The secondary control provider has the same possibility to cancel asdthe primary control
provider.If problems occur,tte provideris required to inform the affected TSDhere areno formal

penalties for cancellatiomoday, but they areunder way.These will be the same as describied

primary controlin chapter5.2

5.3.4 Bid Requirements

The provider must offer at least MW of secondary cdrol. The bids are given separatefigr
upward and downward regulation. The TSO must actiatéeast I0MW to start with, and can
thereafter activate secondary control isteps ofone MW (Schulz,2008) It is possible to pool
secondary control if the entities all are located in the same control afesdn primary control, actors
providing secondargontrol must fulfill technical preequirements, but these are perceived to be
less complicated than for primary conti@chulz, 2008)
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5.3.5 Summary Secondary Control - Germany
Some of the mosimportant factsdescribed in secondary control are summarizedailell.

Tablel1l: Summary secondargontrol Sweden/Germany

SecondaryControl Germany

Total quantity of Secondary Control 2900 MW upward and 2400 MW downwal
regulation

Type of power Mainly thermal and hydro plants

Seller 5 large actors

Responsible The affected TSO

Buyer The affected TSO

Price system Pay as bid

Capacity payment Yes

Energy payment Yes

Market time frame Monthly

Contract time Two periods: Peak time, gffeak time

Minimum capacity 10 MW

Regulation up/down Asymmetric

Activation time Start after 30sec. Fully activated after 5min.

Activation step 1MW

5.4 Tertiary Control - Sweden
The total demand for tertiary control is in Swed@n5 MW. The value of the tertiary control market
is around22.5 Million e/year. The tertiary control market is a Nordic market and not organized
internally in Swedetfike the primary controimarket(Hjalmarsson & Sdder, 2003)

5.4.1 Actors

To be able to bid on the tertiary control in Sweden the company must beRPaoBR peak load
supplier. If the total volumeoffered on the market does not covethé needs of tertiarycontrol
power, SvK can request extra bids addition to the five actorsVattenfall (Swedish) Fortum
(Finnish) E.ONGerman) Statkraft(Norwegianland Skelleft&Kraft (Swedishpn the Swedish primary
control market,also other aabrs, for example JamtkrafSwedish)participate on the tertiary control
market. Justas the primary control, the tertiargontrol consistamainly hydro power but also some
thermalpower and demand reductioriBéack, 2008)

5.4.2 Payment System
Tertiary control is only paid an energy paymeNb capacityprice is paidThe price is givein per
MWh, but there is a maximum price allowed of 50001Wh. The bids are sorted according to the
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prices into a common Nordic merit order list. For terti@yntrol, marginal pricesystent is used. If
the operation hour in total has a negative imbalance, moreregulation has been activated than
down-regulation. In tls case the highest activated bidr upward regulation will be paid to all
activated bids. If the operation hour hasnegative balanceregulation downhas been used more
than upward regulation. All activated @dwill pay the lowest price activated for downward
regulation This is illusated in Figure12. This method of pricing is called a two price system:
different prices for regulation up and dowBids for regulation up activateduring an hour with a
positive imbalance will get paid the spot price, and vice vdrs&ours with notertiary regulation,
the price is set at thepotpriceat Nord PoolFranzén2007;Nordel,2008) This price is useoh the
primarycontrol market, as described above.

Upward regulation price

Spot price-. -. >
Demand

Downward regulation price

Regulation down Regulation up

Figurel2: Pricing system of contra@nergyin Sweden(Nordel,2008)Thedasheddotted line represent the total volume
needed for regulation up and down and therefore determine the marginal price paid to all bidders.

If there are nobottlenecks the cheapest bid will be activalefirst. If thereare bottlenecks in the
system, the Nordic TSOs activate the cheapest bid in the area where it is needed. Ifsthere
congestiofi, the control price wil be the same for all subsyster(Branzén2007;Nordel,2008) The
TSGs allowed to prioitize big volume bislor bids with fast activatia if necessary. The TSO can also
activate part of the total MW bid if the BRP agrees. If there is not enough tertiary control available
the TSO can activate the peak load control, withichprice of 8000SEK/MWh plus the variable cost,

or theupward regulation pricé this is highefNordel, 2008)

The energy price on the tertiary control markeumsed forthe primary control marketTypical prices
are around 4050¢/MWh, see chapter 5.1. The difference between upward, downward and spot
price is rather smattompared to price levels in Germany.

° Marginal Price System means that every bid is paid the price of the last accepted bid.

6 Congestion is when not enough power can be transmitted due to capacity limigatigche transmission
network, so called bottlenecks.
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5.4.3 Time Aspects

Bids carbe madeuntil 14 days before the beginning of the operation day and be changed until 30
minutes before the operation houri.e. a short market time framdn some cases bids can be
adjusted even closer to the operation hoafter special agreemds with SvKThe contract time is
one hour.The spot marketon Nord Pool closebefore the market for tertiary control. Thiallows
actorswhose bids were not accepted in the spot markebid any sparecapacity on the market for
tertiary control(Franzén2007; Nordel, 2008.

A bid on the tertiary control market can be cancelled 45 minutes before the hour of operation. If a
producer fails to provideontrol power when SvK activaté, the producer will have to pay theost
that SvKkreceivedor buying new tertiary contrgbower (Back, 2008)

5.4.4 Bid Requirements

Required bid information is power capacityfor up- or down regulation, price, regulation object
location and activation time The minimum capacity to offer is 10MW and a maximal capacity is
500MW. SvK can activate part of the total bid if the BRP agr&hs. capacity must be available
during the whole operation hou¢Franzen 200Mlordel,2008) The tertiarycontrol must be able to
deliver full capacity within 15 minutes. It is important know the location of the tertiary control
provider. If there is a bottleneck in the trsmission grid, thisieeds tobe handlel with higher
priority than tertiary controlKiener 2006)

5.5 Tertiary C ontrol - Germany
The demandor tertiary control is in Germany around 3000MW for upward regulation and 2000MW
for downward regulation. The value of the tertiary control market is aroundrilfon e. A TSO can
buy tertiarycontrol from other TSOs zong$chulz, 2008)

55.1 Actors

There are around 2anonymousactors on the tertiary control market. Five of these are the large
players also acting on the primary and secondary control markets. The market for tediargl is

more heterogenic and dynamic than the market for primary and secondary control. The load side
also contributes with bids, mainly from the industry. Pang entities as small as 100kW ax@mmon

on the tertiary control marketThe possibility tpool and toprovidetertiary controlon the load side

are reasonsenablingmore actors on the tertiary control market than on tpe@mary and secondary
control market(Schulz, 2008)

5.5.2 Payment System

Thetertiary control is paid both a gacity price €/ MW) and an energy price{MWh). The TSOs sort
the bids by capacity price and the total need fertiary control determines the last accepted bid.
When tertiary control needs to be activatethe bids are resorted according to their energy price
For upwardregulation, the bids are sortely ascending energy prices and for descending energy
prices for downwardegulation. The bids are always paid their individualgsides given for capacity
and energyj.e. a pay as bid systergKiener 2006; Dupuy2008 Schulz2008) There is a common
platform for the bidding procesfor all four TSOs. fi&r the pre-selectionof the bidsis doneon the

day before deliverythe bids aresorted in a new list with ascending energy priéesregulation up
and descending energy prices for regulation dowmndetermine which bid to activata real time
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(Dupuy 2008)As for secondary control, therthe TSO may be allowed to a have a core portion of
the tertiary control within its own zone. The tertiary core portion varies between 1 and 15 percent
(Dupuy 2008) All TSOs have the right to procure core parts for tertiary coffdctulz, 2008)

5.5.3 Time Aspects

Tertiary control is procured on a daily tender market relative sort market time frame. ltis
activatedin blocks of 15 min. The offers must be submitted att#® day before. One hour later, at
11, the selection oftertiary controls for the next day is published dhe Internet. This time frame
makes it possible to #aejectedbidson the spot market, which closes B8 (the opposite compared
with Nordel).

The bids must be available for blocks of 4 houes the contract timeEach day therefore consssbf

6 periods. Theertiary control provider is calledy phonelatest 7.5 minutes before the next 15
minutes block if thehe provider sbid will be activatedSchulz, 2008)rable12 shows an extract of
the tender results for downward tertiargontrol, including sora typical prices The difference

between the prices for upards and dowrwards regulation isvery large compaed to Sweden

(Schulz, 2008)

Table12: Extract ofsome representativaender results fortertiary control, on11.10.2008Regelleistung.net 2008)The
first column shows if the bid is for regulation down (NEG) or up (POS) and which time period it is given for.

Product Capacity Energy  Bid Accepted? Connection

name price price size zone
WeEKa' we K az2[MW]
NEG_00_04H3] 0 50 yes ENBW
NEG_00_O4GRs) 0 50 yes ENBW
NEG_00_04mr4 0 50 yes ENBW
NEG_00_O4r#s) 0 15 yes ENBW
N[SeqoloeY: 7.75 0 30 yes ENBW
NEG_00_04%: 0 50 yes ENBW
N[=Eeflo[ofer 8.493 0 57 yes EON
IN[SCRe[oleY 8.749 0 17 yes Vattenfall
(NS[eolle” 38.75 0 30 yes ENBW
(NS[eRe[le” 8.996 0 55 yes EON
NEG_00_04%e] 0 30 yes ENBW
NEG_00_O4cR:r! 0 48 yes EON
X
N[=Eflo/ofor 12.618 O 15 yes RWE
N=ERlo[ofe” 12,727 0O 100 vyes EON
INISEqooleZ 12.737 O 15 no RWE
N=ERle[ofe” 12.856 O 15 no RWE
N[=Eflo[ofer 12975 0 15 no RWE
X
MOSOWY: 8.29 179 15 yes RWE
POS_08_12gWa’] 179 15 yes RWE
POS 08 12:Wi°) 179 15 yes RWE
POS 08 12m:Wi) 250 20 yes RWE
POS 08 12m:Wie] 655 15 yes Vattenfall
POS_08_12:x¢ 277.27 30 yes Vattenfall
POS_08_12:%] 500 15 yes RWE
SOSToE 8.303 628 16 yes EON
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The bids on the tertiary control market can be cancelled as lateTamihutes before the next 15
minute block. Therare noformal penalties for cancellation of bids, but it is likely that an actor who
often canced bids will have its prequalification rexamined(Schulz, 2008)

5.5.4 Bid Requirements

The provider must offer at least 15 MW tairtiary control. The bid are given separatg for upward

and downward regulation. The smallelsid capacity size is larger for tertiary control since it is
activatedmanually Due to a lack cdutomization, the TSO®perceiveit to be too time demanding to
handlesmallerbid sizes. There are plans to make the activation of tertiary control automatic. That
would allow for smaller bidsizes The TSO must at least activate 15 MW and can thereafter activate
tertiary control insteps ofLMW. It is possible to pool tertiary control if the entities all are located in
the same control aredSchulz, 2008)The geographical locatig@nschlussregelzofef the entity
providing tertiary control must be give(Dupuy, 2008) The short cancelation time and easier
technical prequalification makes it easterenter the market(Schulz, 2008)

5.5.5 Summary Tertiary Control Sweden/Germany
Tablel3 summarizes some of the most important facts in tertiary control in Sweden and Germany.

Tablel3: Tertiary control in Sweden and GermanyKiener 2006)

Tertiary Control Sweden Germany
Local names { S1dzy RNNNBE It SNA Minuten reserve
O2y iUNRfa¢to®
Total quantity 375MW 3000 MW for upward regulation
and 2000MW
Type ofpower Hydro and soméhermal power mainly thermal, some hydro an
load side
Seller 5 largeactors 23 (5 largepctors
Responsible TSO Local TSO
Buyer Nordic TSOs 4 GermantSQ
Price system Marginal priceg two price system Pay as Bid
Capacity pyment No Yes
Energy ayment Yes Yes
Market time frame 14 day until 30 minutes befor¢ daily
operation hour
Contract time 1h 4h
Minimum capacity 1MW 15 MW
Regulation up/down asymmetric asymmetric
Activation time <15 min (fully activated) <15 min (fully activated)
Activation step MW Agreed between SvK and BRP 1
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6 Description of t he Model

To investigate the profitability for PHEVs to act on the control power markets, a simulation model
was constructed in Matlab. In this chapter, the model is described. The data that has been used is
listed, as well as important assumptions made duringrtizeleling.

In general terms, this is an agelmdsed model that simulates the behauroof PHEV®nN different
control power markets. This means that each simulated vehicle acts individtiglgo means that

the aggregator, who cordinates the PHEVSs, it visible in the model. The functional unit of the
model is one PHEV, so the profit generated is calculated per vehicle, without relation to the
aggregator.The model is static with respect to the markets: simulations are made based on the
current marketsituations in Sweden and Germany, though the real life opportunityPldEVsas
control power lies several years ahead.

Vehicle behavior on the control power markets is simulated for 4 months of 20@8model has a

time resolution of minutesln eachminute, the modedetermines which cars are parked, and fetches

data for the current market situation (whether regulation up or down or neitteeneeded at the

momentt YR OdzZNNByYyd LINAOSa0® 5SLISYRAY3I 2y hargeS Y I NJ
(SOC) and the time left to its departure, each parked car then charges, delivers regulation up or
down, or does nothing. Payments are made to each vehicle each minute depending on its actions.

The market data used in the model consists of real prasesvolumes traded during January, April,

July and October 2008. These months were chosen to cover seasonal variations in prices and
volumes. The model is schematically describeigure 13and further developed below.

The output from the model igrofit generated and energy transactions made by each vehicle each
day. The profit consists of three parts:

1 Capacity paymentson the markets where these existhis is counted as pure profit, as
PHEY are assumed to have no costs for being available.

1 Prdit from regulation down, defined as the savings made from charging the battery at the
regulation down price instead of the standard price for charging

1 Profit from regulation up defined as the price received for selling regulation up minus the
costs impoed (price paid for buying the energy sold as regulation up, plus costs for
additional degradation of the battery)

As the model simulates a best case scenario (described below), the profit represent a maximum
possible profit that can be generated by a ig on the control power markets. This profit is later to

be shared between several parties, e.g. the aggregétdaroduced inchapter4.1) and the PHEV

owner. Vehicles in the model are plugged in to the grid both during daytime (e.g. at work) and at
nighttime (e.g. athome} KSy GK2YS¢ FyR ag2N]l ¢ NS YSY(iA2ySR f
to physical places but rather to periods of time that the vehiglpligged in.
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Figurel3: A schematic description of the model. Cars are parked at home and at work. During each minute of t
parkedtime, cars will deliver regulation down or up, charge, or wait depending on the current market situation a
their individual battery status.

6.1 General Assumptions and Smplifications
It is assumed that there are always enough cars plugged in for poolitg tiye minimum capacity
needed to be able to act on the market. The cars in the model are thus assumed to be part of a larger
system: a system that is large enough to always have PHEV capacity available, bat ke
enough to influence the marketrices.

a2NB20SNE AdG A& lFaadadzySR GKFG adGKS NRIKG FY2dzyiaé
part of a contract. This implies that as soon as a car is plugged in, it is part of a bid, and can be called

for regulation. This is not an entirefgalistic assumption. Even if the market would evolve to make

the first assumption realistic (i.e. always enough cars plugged), some cars would still be superfluous

at some points (e.g. when there are enough cars plugged to fulfill a 1MW but not a 2Mvdathn

However, the assumptions are made to create the best possible set up f&®HE&/$0 act in, to find

AT GKSNB Aa |ye +LaNaDOSYI dNAPHENV®NtReyCookiphder matk&si (

will not be profitable in the real case bér.

Taxes and fees have not been includeall prices compared are only for energy. The price a normal
private customer pays for electricity consists of taxes to 41% in Sweden and 43% in Germany. Grid
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tariffs are added on top of this. The charging ptised in the model is thus roughly half of the price

a private costumer actually pays for energy. Having the profits defined as in this model, this
simplification implies that the results presented here show smaller profits for regulation down
compared to acase in whiclcharging on nosiaxed regulation down energy would also save some
tax expenses. Profits for regulation up, on the other hand, are larger in the model than they would be
in reality, where tax has been paid for the energy sold back as regubagi.

No startup times are included. The cars start delivery as soon as they get actiidteccars are
assumed to have no costs for delivering capacity, i.e. being plugged in. This implies that no costs for
infrastructure or extra equipment have been included in the model. If it is less time left until the car
will leave than is needed ttully charge the battey, and no regulation down is needed, the car will
charge. This assumes that the car always wants to leave with a fully charged battéarly does not
contribute tomaximizing profitas the car would have more time to generate profit tayed on the

market longer

6.2 Data
A lot of numerical data is needed for modelingTible 14this data is listed and explained together
with its sources.

Table14: Numerical data used in the model

Data

Definition & Numerical
value
o} Arrival times to a work

Explanation & Source of data

Arrival time The data comes fromimulations in a model develope

work

Departure
from work

time

Battery State of
Charge (SOC)at
arrival to work

Arrival
home

Departure
from home

SOC at
home

Battery size

time

to

time

arriva

parking lot, individual for
each car in the data set

Departure times from g
work parking lot,
individual for each car i
the data set

SOQGat arrival at the work
parking lot, individual for
each car in the data set

08 alddKAlF& DIfda FG 9¢
Energy Hubmodel for a PHEV, which simulates ene
consumption during driving. Input for this model is r¢
vehicle movements (from home to work etc) ar
standardized dxing cycles.This model is described ir
(Galus & Andersson, 2009)

Thearrival times, departure times and SO@sed in our
model isa data setof 500 individual vehicleshat is an
outputF NBY DI fdzaQ Y2RSft o

Arrival time to home =
Departure time from
work + 35min

Departure time from
home Arrival time to
work ¢ 35min

SOC at arrival home
SOC at arrival to work

DIFfdzaQ 2NAIAYLFE &AAYdz | GA
To simulate cars being parked at home also, aver
driving distance to homelf.5knk {1y 26y ¥
indata) and an average speed0Okm/h, assuned), has
been used. It is also assumed that the cars only d
between home and work. dattention to weekdays ang
weekends has been paid: the cars are assumed to |
the same driving pattern on all days.

The resultingtime that each vehicle iplugged m 22h
50min each dayor 94% of the time

10kWh

From(Galus &Andersson, 2009) This is consistent with
the interval 515kWh that applies for the Volvo

ReCharge The other PHEVs presented in chap88
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have larger batteries (seEable7).

and

Charging

discharging
efficiency

94%

From(Séderbom, 2008)

Maximum Depth
of Discharge
(DOD)

80%. How deep the
battery can be discharge!
without being harmed.

From(Galus & Andersson, 2009)

Capacity provided
by each PHEV

3.5kW. Power limited by
the fuse that the car ig
connected through.

3.5kW (or 230V, 16A) is chosen in line with the reasor
in chapter4.2.

Battery
degradation cost

Mnneka?2K T 2
control® ONneKkKa?
primary and secondar)
control.

The cost of wear on the
battery caused by
delivering one extra MWF
of energy = battery cost |
(DOD * number of
charging cycles during th
battery life time).

Volvo estimates a battery to cost 30W0$/KWhattery
(Soderbom, 2008)200-300%/kWhatery IS €Stimated in a
study cited by (Bergman 2008) 427-455%/kWh is
estimated in(Williams and Kurani 2007Estimations for|
cyclability are 200@000deep cycles for a dion battery
(Markel and Simpson 2006)This gives an estimate
range of battery degradation cost of 80c n € k ‘aTPhe
number chosen for tertiargontrol is somewhere in the
middle.

For primary and secondary contrpthe discharge cycle
are shallower. Thigesults in lessbattery degradation
(Kempton & Tomic, 2005Here, it is assumed that th
cost for shallow cycles is about 1/3 of the cost for dg
cycles.

Price for charging

TodPpe ka2 K A
Mncdneka?z K
Germany. The price thi

car pays for charging
when not part of
frequency control
services.

Charging is assumed to be done at a fixed price,
GKNRBdzaK GKS OFNJ 26y SNRa
prices F N GF1Sy FNRBY (¢2
customer contractsn Sweden and GermanyaXes and
other fees have been excludedecause it would
complicate the study considerably focludethem in a
correct way Moreover, exluding taxes and feggives an
estimate of the potential profits without interferenceof
tax and subsidy systemshat can easily be changetihe
Swedish priceis taken from+ | G G Sy ¥ & £ Q3
price contract(Vatterfall Production Nordic,2008) In
DSNXIyes GKS LINAROS 02YS
YEFaaal t(\hedfallEudo)elBO8) ¢

Profit margin on
regulation up

5%. Themarginadded to
the costs whenmaking a
bid for regulation up.

Assumed.

Historical
frequency in the
Nordic electricity
network

Frequencies in the Norde
system, 12 values pe
minute.

Real frequency data from thBordic power system fo
January, April, July and October 2008, provided
Svenska KraftnéThor, 2008) The A out of 12 values
per minute was selected to represent that minute,the
time resolution ofthe modelis minutes

"t aadzyAy3
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Market data for
primary control,
Sweden

Market data for
tertiary  control,
Sweden

Market data for
primary control,
Germany

Market data for
secondary
control, Germany

Market data for
tertiary  control,
Germany

Typical prices in bids fq

capacity.
3.5SEK/MW/Hh during
the day (7-22),
20SEK/MW/Hh  during
night (21-7),
+1SEK/MW/Hh.

Energy prices from price
of tertiary control each
hour.

Typical price intervals for capacity ares3EK/MW/Hh
for 7-21 and 1050SEK/MW/Hh for 21-7 given by(Back,
2008) 3.5 and 20 were chosen as representat
averages. SvK pays an extra 1SEK/MWWHan top of
the original bid, to all accepted bids.

Energy prices are real markéata for tertiary control in
Sweden for January, April, July and October 20108
cover seasonal differencegrom (Nordpool 2008) and
(Ripstrand, 2008)

Sold volumes and price
of tertiary control, and
spot price, for each hour.

Real market data for tertiarycontrol in Sweden for
January, April, July and October 2008. Frvordpool
2008)and (Ripstrand, 2008)

Bids on primarycontrol in
all of Germany, with
prices and bid sizes.

Real market data for primary control in Germany for
January, April, July and October 2008. Fr
(Regelleistung.neR008)

Bids on secondargontrol
in all of Germany, with
prices and bid sizes, fd

Real market data for secondary contrah Germany for
January, April, July and October 2008. Fr|
(Regelleistung.neR008)

peak and offpeak
periods.
Activated secondary Real market data for secondary contrah Germany for,

control in the Vattenfall
area. Volumes for each 1
min period.

January, April, July and October 2008. Frmattenfall
Transmission Europ2008)

Bids on tertiarycontrol in
all of Germany, with
prices and bid sizes, fc
each 4 hours.

Real market data for tertiary control in Germany for,
January, April, July and October 2008. Fr
(Regelleiging.net 2008)

Activated tertiary control
in the Vattenfall area,
Volumes for each 15 mil
period.

Real market data for tertiary control in Germany for,
January, April, July and October 2008. Frmattenfall
Transmission Europ2008)

6.3 How Primary Control is Modelled

The primary control follows the frequency in the grid, as describezhapter2.3.2 To modethis,

real historic frequency datkom the Nordel networkvas usedNo access could be gained to historic
frequency from the UCTE network,uthy the German system was also simulated using the Nordel
historic frequencies. This results in an ertaut it should not seriously impact the resylts both the
Nordel and the UCTE system have similar frequency qua(déeschaptess 2.4 and 2.5). In the
model, all vehicles are activated fapntrol as soon as the frequency deviates from 3fzOno
ramping is included.
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In the Swedish systefthe two types of primarycontrol, FNR and FDResultin two sets of staing
thresholds: one at0.0Hz for FNR, andone at 49.$1z and 50.Hz for FDR control up and down
respectively(seeFigure 1}. FNR and FDR were simulated together, with the vehicle acting as FNR in
the FNR frequency range, and FDR in the FDR frequency range.

As there are two types of automatic control in the German system, priroamyrol is phased out

when secondary control takes ovén the model, 10 minutes wasssumedas anaverageactivation

time duration for primary control In Sweden, primary control is constantly active when the
frequency deviates from 50k If thereis lesstimd STl (2 | @SKAOf SQa RSLI NI
up its battery from its current SOC, the car will leave the control market and charge its battery.

The mymentsystemis describedn chapter5.1 (Sweden) and 5.2 (Germanihergyin Swedens
paid with thecontrol powerprices resulting from tertiargontrol during that four. The frequency
band that FNR andOR operate in is Ot and 0.8Hzrespectively, and the payment each car gets
each minute of its pluggkin time is thus calculated @&s equation §)

6 #oya $Y0Q @
U= ———
60
P.=Capacity payment € K YA Yy 0 X
B = Bid for capacity paymeidte Kk a2 Kk | | K K0

Gouev~ Capacity provided by PHEYAV)
N E Frequency ban(Hz)

In Germany, only capacity is paid, and paid according to the bids of the actors. In order to simulate
the maximum profit scenario, the cars are assumed to be the last bid accepted, and thus get the
highest capacity payment that occurred during each moifthis unrealistically assumes that the bids

of the competitors are known beforehand. As no energy is paid in Germany, each minute of
delivering regulation up results in a loss to the car, equal to the costs for buying energy and
degrading the battery.

Both countries use a pagsbid system for capacity, with Sweden having an extra payment of 1
SEK/(MWHZh) on top of the bids. As the bids made are not official, the best available data was an
approximate average bid. Simulations were run as if BidEV3snade this average bid. This is a
RSOAI A2y Fdd®ay O Jiykbddetidg Suddimakes the comparison to Germany a bit
unfair as the cars make the highest accepted bid in Germany.

6.4 How Secondary and Tertiary Control are Modelled
For secondary and tertigicontrol, the variousactionsthe PHEVs can do are performed in the order
of prioritization and described ifiable15. The requirements that need to be fulfilled for a car to
choose a specific action are also presented.
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Tablel5: Order of prioritization of actions in modeling seodary and tertiary control.

Order of Action Requirements Comment
Prioritiz
i Market Battery
down down. charged charging it would still neec

1 Sell regulation| Need of regulation | Battery is not fully| Ehables the car to do the
to do, but at a lower price.

needed the car will leave| always wants to leave with
than is needed tqg fully charged battery

2 Charge No regulation down| Less time is left until This assumes that the cz
fully charge the

batte
3 Sell regulation up | Need of regulation Energri//in the battery| The bd will be accepted if it
up. Acceptance of is low enough. The
PHEV bid. definition of dow enoughi
differs between the two
countries, as describe
below.

described above apply, th
car does nothing.

4 None If none of the cases

The tertiary control market in Sweden is simulated to work as desciibeldapter5.4.2 No capacity
payment, and marginal pricing for both regulation up and doWme German markets for secondary
and tertiary control, on the other hand, uses pashbid pricing for both capacity and energy.

In both countries, eergy bids on regulation ugre in the modeimade as costs the cars have for
delivering regulation up (engy and extra battery degradation cost) plus an additional 5% for profit.

In Germany, complete information about the bids of the competitors and the need for control power

is known, thus, the PHEV bid gets activated if the need for regulation up is reredoby the bids

that have a lower energy prices than the PHEVS. In this case, the cars are assumed to be activated for
the entire 15min period. However, an actor does of course not have information about the
O2YLISGAG2NEQ 0ARA I Yy RwhekKtBe biisSaseRnade 2ablihe® ary publiBhed LJ2 ¢ S
only afterwards. To use them in the bidding process, as done here, is not feasible in reality, but is
LI NI 2 F-caseR S ¢ 6 SI& 2 ¢ In Sviededzind infder@atiod is available on what the bids

of the competitors are. These are therefore assumed to comprise a linearised marginal price curve (a
simplification of the ladder ifrigurel2). The demand of cdmol power during the hour is assumed to
increase linearlywith time, which implies that the price also increases linearly over time, as
illustrated inFigurel4. If the PHEV bid is between the spot price and the marginal price (equal to the
price of the highest bid activated during the hour), the time at which the PHEVs are actilvated
correspondo the price of their bid, as shown Figurel4.
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Figurel4: Decision of activation time of PHEVs for regulation up, tary control, Sweden

In Sweden, the bids the cars make for regulation down equal the spot price. This is a feasible bidding
strategy in realitysincethe spot market closes before the tertiary control market. As the PHEV bid is
the highest (bids on regulation down are lower than the spot price), it will be the first to be activated.
The cars thus always deliver regulation down when that is neededwilhise the most profitable
strategy for the cars, as all activated actors pay the price of the lowest bid accepted in a marginally
priced market. On regulation down energy in Germany, bids are made as the highest accepted bid.
This might seem less econarally favorable to the cars than making a lower bid, but the prices for
downwards regulation in Germany are generally very {aften zero. It is thus highly profitable to
charge on downward regulation even at the highest accepted bid. Hence, the manlistructed so

that the PHEVget activated first in both countries, and thus always get to charge on regulation
down as soon as it is regulation down period.

The data on the bids in Germany is a compiled list over all the bids in thd &Ds The markt is
common, and the bids cabe activated by any TSO. The data on activated tertiary and secondary
controls, however, come from VattenfallransmissiorEurope and thus only contain the activated
controld Ay I (G SOmeErl TSOsQuiobablyN&:eéddtiary control at other times than
Vattenfall, andfi the PHEV<ould also be activated by the oth&SOsthey woud probablyget to

deliver more energy¢ KA a KI YLISNE GKS Y2RSt I I ydasedA@S yI2NiR 2G2 y
concept. However, as terary controls are seldom activated in the UCTE, the share of energy
payments in the total profit would still be low. For secondamgntrols, the opposite is true.
Secondary control igractically alwayseeded meaning that the cars still have the chandegetting
activated at all times. As they can only salhtrol powerto one TSO ah time, inclusion of more

TSOs would not greatly alter the results. Capacity payments would not be changed by the inclusion of
more TSOs, as the model is constructed so tie cars are always accepted for capacity. The current
model thus still gives an idea of the profitability BHEVSor secondary and tertiargontrol in
Germany.
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Capacityis paid on the German secondary and tertiary control markets. Eaeh car getpaid for

each minute that it is available, that is, plugged in and with a battery that is neither full nor empty.
Bids on capacity are made equal to the highest accepted bid. The plugged in cars take part on both
regulation up and regulation down marketémailtaneously, and thus always get two capacity
payments.

Paymentdor capacityare madefor 4h-periods in tertiary control, and for the entire peak time or-off

peak time during a month in secondary control. The time under contract is calculafeablal6.

Since the cars always get paid for capacity, and capacity payment is assumed to be divided between
all participating cars, this payment for each car eadnggéd minute is calculated as shown in
equation b)

© 0
P. = Capacity paymemh € K YA Yy 0
B =Bid for capacity down € K gériad)

Grev= Capacity provided by each PHEWV)
t = Contract time(min/period)

Tablel16: Calculation of contract time for secondary and tertiary control in Germany assuming 31 days a month of which
4 weekends (8 days)

Type of control Period Calculation of Explanation
contracttime

(min/ period)

Secondary Peak time (31¢8)*12*60=  12h/day on weekdays
control 16 560 min

Off-peak time (8*24 + (3 8)* 12h/day on weekdays
12) * 60 = 28 028 mir and 24h/day on
weekends.
Tertiary control 4 * 60 = 240 min Contract time is always
4h
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7 Simulation Results

In this chapter, the results from the simulations are presented. Both profits and energy transactions
have been includedlhe results come from simulations of 500 individual vehicles, and are presented
as averaged totals over eashmulatedmonth. Figurel5 shows the baselingeglrawn from the model

for a casevhen the PHEVs do not take part on any control power market. From the dotted lines, one
can see when cai@rive (energy content plugged in increases) and when they leave (energgntont
connecteddecreases). Theontinuouslines show the behavior of the PHEVs when they are not
activated as control power: they arrive, wait until shortly before they leave, and then they charge
their batteries(represented by thepeaksin the morning and in the afternoongimilar graphs withe
presented as examples of vehicle behavior on all different types of control. Those graphs can be
compared toFigurels, to see the activation pattern ofie different types of control.

4,5
4
§3,5 —— At home,
_cgs' with charging
S 3
% . = At work, with
24 = charging
= _/
c -.... \ ",;--'/ \ /’-—
& 2 ‘." At home,
o D ¢ without
®1,5 :' charging
e S Vv
= '.\ X ------- At work,
=1 i without
:'\ charging
0,5 :‘ ~

Figurel5: Model baselinewhen no control power is providedEnergy content plugged in, when 500PHEVs arrive and
depart as they do in the model. Case with only charging also presented.

7.1 Primary Control
Primary control is active almost all the time, in Swedenwell asin Germany.Figure16 is an
example of how the energy content in the batteries plugged in at work and at home varies over time,
during one dayCompared tdrigurel5, thisfigure shows that much of both regulation down and up
is sold, and that activations range from a few minutes to about an H&ergause the same frequency
data has been used to model Sweden and Geyneggulation down and up starts at the same time
in Sweden and Germany. However, because the German secondary control takes over and primary
control is phased out after 10 minutes in the model, incidents of primary control last much shorter in
Germany tha in Sweden. The variations in energy content are thus much higher in Sweden.
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Figurel6: Energy in all plugged batteries during Oct 6th, when 500PHEVs provide primary cokinergy content varies
both up and down meaning thatboth regulation up and down is sold

In Figurel7 and Figurel9the results folPHEVss primary control in Sweden are presented. In total,

GKS | @SNFY3IS LINPFAG LISNI OF NJ LISNJ Y2y (K Kantroln dy e F:
(FNR), an@85  Frégiidnag Controlled Disturbanégontrol(FDR)In Figurel8 and Figure20 results

for primary control in Germany are presented. In total, the averag&prai LISNJ Ol NheA & pHe
0l NB WdzLJQ FRigyirel7 anRFRgarg1®shdwyenergy profits only, the capacity payment for

020K dzLJ YR R2gy A& aKz2gy Ay GKS 06F NI YFN]SR WOIL

In Figurel7 and Figurels, it is clear that the major income streams come from capacity payments in
both countries. In Sweden, the capacity payments for FDR are much higher than capacity payments
for FNR. This is because the frequency band that FDR operates in (0.8Hz) is wider than the frequency
band of FNR (0.2Hz), and the payment is made for frequencymsspthat is in SEK/(MW/Hz). Both

in Sweden and in Germany, the capacity payments from the time parked at home are much larger
than from the time parked at work. This is both due to a longer time parked at home, but also that
the price levels for primaryomtrol are higher in nighttime in both countrieBrice variations over the
moths exist. Thesare not significant in Swedemut larger in GermanyDelivering regulation up
results in a negative profit: the price paid for regulation up does not covecdsts. In Germany,
energy is paid nothing at all, which clearly does not cover the closweden, FDR is a much more
interesting market to act on for the PHEVs than FNR. This is both due to higher capacity payments
but also to more seldom activationsaach kWh of regulation up delivered is a loss to the car, the
profit is higher when it does not have to sell so much regulation up.
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Figurel8: Average profit for 500 PHEVs providing primary control in Genpauring 4 months of 2008. Capacity
payment is the most important income stream. Regulation up has a negative profit.

In Figure19 and Figure 20, it can be seen thategulation up and regulation down are activated
almost equal amounts. This reflects the grid frequency being above and below 50Hz approximately
equal amounts of timeln total, a lot more control power is sold by the PHEVs in Sweden. The reason
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for this is that primary control in Germany is phased out after 1@uteis,but in Sweden it continues

as long as the frequency deviatieem 50.0Hz. Moreover,hte cars have to charge quite a lot. As the
frequency varies up and down all the time, the battery can well be empty or close to empty when
time approaches the depture time of the cayand then they will leave the market to start charging.
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Figurel9: Average @ergy transactiongor 500 PHEVs providingrimary control in Sweden during 4 months of 2008. FNR
is activated very much, both up and down. FDR is not activated muécignificant amountof charging is needed.
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Figure20: Average energy transactions for 500 PHEVs proygdanimary control in Germany during 4 months of 2008.
Regulation up and down are delivered in almost identical amounts. Much less energy is sold compared to Sweden, due to
the fact that primary controlis replaced by secondary control after 10min in Gernyan
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Figure21 summarizes the contribution to the total profit from different categories. The total profit is
found as the sum of contributions from h@rand work, or from capacity and energy. The total
energy contribution is the sum of the contributions from up and down regulation. Here again it is
clear that profit from the time parked at home is larger than profit from the time parked at work, and
that profit from capacity can cover up for selling energy at a loss. The losses made by delivering
regulation up are substantial for both FNR and German primary control.
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income stream in all casesalmentsfrom time parked at homeare largerthan paymentsfrom time parked at work
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7.2 Secondary Control
The demand for secondary control is also fairly high, just as with primary control. The difference
compared to primary control is that the activation periods are longer. For the PHEVs in the model, a
large difference is also that activation is done inde2 ¥ Ay ONBI aAy3 Sy SNHE& LINJ
price on energy for regulation up is high compared to the other actors on the market, PHEVs are
never activated for regulation up. However, they are always activated for regulation down as soon as
that is neeled. Figure22 shows an example of this: compared fkagure 15 the PHEVs fill their
batteries atdifferent times, which implies that they are activated for regulation down. The plateaus
indicate that no regulation dowrs needed at that time. The plateau from@® in the morning is at
the maximumenergy;all parked PHEVs have then filled their batteries orul@gpn down energy.
The energy level plugged decreases only when cars leav&igcire 1%, which means that no
regulation up is activated.
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rgy in all plugged batteries during Oct 2nd in Germany, whenPBd&V®rovide secondary controlOnly

regulation down is activated: the plugged energy only decreases whars leave. Activation last®nger compared to

primary control.
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Figure23: Summary of profit for a PHEV providing secondary control in Germany during 4 months of Z0@8e are

56

smallvariations between the monthsexcept for capacity payments in July



Figure23 shows that he prices are fairly similar over the months, apart from Jofiering much
higher capacity payments. This is probably due to many powasrtp scheduledor maintenance
during thesummer.It canalsobe seen thatcapacity for regulation up worth more in daytime (at
work) then at nighttime (at homej, the profit is higher from capacity payments at work than at
home regardless of the fact that the car is parked at home for twice g fime. Capacity for
regulation down, on the contrary, is much more valuable at nighttime. It is almost not paid anything
during daytime, when more industries are running and happy to accept excess power at low prices.
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Figure24: Summary of energy transactions fBftHEV$roviding secondary control in Germany during 4 months 2008
Regulation up is never activated. Regulation down is activated so much that the cars hardly have to charge.

Figure24, in turn, shows thatthe PHEVs are never activated fegulation up but that regulation
down is activated so much that the cars hardly need to charge in the traditional way ahall.
amount of activation is fairly similar over the months.
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Figure25: Average monthly pofits from different categories, Secondargontrol, Germany The sum of each group of
categories equals the total average profit per cam8 1 € Kk Y2 y i Kd  a £firdthelti@pludgad athanes
because this time is longer. Payments for capacity is much more important than payments for energy. Regulation up and
down contribute fairly equal amounts.
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In Figure25, the total profit is divided into three pairs, for comparisdtayments from the time at
home are larger than the payments from the time at workainly because the time at home is
longer. Caacity gives a higher profit than energy, even if the energy profit is substantial compared to
primary and tertiary control. The profit from regulation up and down is almost equal: capacity for
regulation up pays more, but the energy profit comes only fregulation down.

7.3 Tertiary Control
Tertiary control is often activated in Sweden, but is almost never activated in Germany. In Germany,
tertiary control is typically called for a few hours each month, whereasgemerallycalled forall
hours except few each month in Sweden. Figure26, we seean example of thisThe Swedish cars
are activated for regulation down almost as soon as they arrive, and keep delivering regulation down
until they have filled their batteries. In Germany, the cars are passive until just before they leave,
when they start chargingComparing this to the modeldseline inFigurel5 shows thatthe German
curve is the same as the base line with charging.
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Figure26: Energy in all plugged battées duringl4 Januarywhen 500PHEV®rovide secondary controin Sweden and in
Germany In Swedenyegulation down is activatedat around 1000and 1900, and goes on until the cars have filled their
batteries (shown in the graph by a leveling out at the maximum plugged energy 4MVRR@gulation up is never
activated.In Germany, no regulation is activategithe cars charge before they leave, and the rest of the time they wait.

Below, results for simulations d®PHEV=n the tertiary control power markets in Sweden and
Germany are presented. lRigure27 and Figure28 the results for Sweden are visualized. Here it
becomes clear that theHEV®ever deliver regulation up. The reason is that their bid is much higher
than all other bids, so they are never aetigd. The total profit thus comes only from regulation

R26y SyYySNHeX YR Aa Ffaz2 avlftty c ochaptdeBaNBeOl NI LIS

difference between regulation prices and spot prices in Sweden are low, which is the expldoation
both the low profit and thelack of activation for regulation up.riée variations over the months

58



exist, butare fairly smallThe PHEVs do not hataecharge very much in the traditional way, but can

fill their batteries on regulation down energyiost of the time. This is especially true for the time
spent at home. The probability that regulation down will be needed at some point is larger during
the longer time spent at home, than during the shorter time spent at work.
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Figure27: Summary of profit for a PHEV providing tertiary control in Sweden during 4 months of 2068\l profit is
small. There prie variations between lhe months ae fairly small
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Figure28: Summary of energy transactions for a PHEV providing tertiary control in Sweden during 4 months of 2008
Regulation up is never activated. Regulation down is activated so much that the ltzardly need to charge.

59



Figure29 showsthe profits from tertiary control in GermanyThe average profit per car is much
higher herethan in Sweded H i ® M eTheYl@&gé $Ha@ of the payments comes from capacity
and @padty for regulation up is paid much higher than capacity for regulation dddowever,
capacity for regulation down is paid a lot more during night than during day, just as in secondary
control. One can also see that capacity for regulationisipvorth morein daytime. There is
substantial variation in both capacity and energy prices between the months.

In Figure30 we see that the PHEVs in Germany activated both for regulation up and down, but
that regulation down is more common (as the cars are always the first bid to get activated for
regulation down). Some variation in how much tertiary control is activated during the different
moths can be seenanuary had the highest occurrence of tertiary control, whereas no tertiary
control at all was activated during April.

The reason that the PHEVs are sometimes activated for regulation up in Germany but never in
Sweden is twdold. Firstly, pices for cotrol energy are generally more advantageous in Germany,
with higher prices for regulation up and lower prices for regulation down. The high price the PHEVs
offer for regulation up is not as extreme in Germa8gcondly, bidén Germanyare firstselectedon
capacity price. Since the vehicles do not haveaghigh pricefor capacity they are selected. When it

is time to activate the bids, the TSO can only chose from bids selected in this first round. Thus, the
PHEVs will still be called if the need for wohpower is large, even if their energy price is very high.
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Figure29: Summary of profit for a PHEV providing tertiary control in Germany during 4 months of 200&l profit is
large compared to tertiary control in Sweden, but low compared to secondary control in Germany. Price variations
between months and between daytime and nighttime are large.

60



140

120
100 _m January
80 —m April
60
40 July
20 I —m October
0 = - _ L

Up Down | Charge Up Down Charge

kWh/car

Average energy transactions,

Home ‘ Work ‘

Figure30: Summary of energy transactics for a PHEV providing tertiary control in Germany during 4 months of 2008
Tertiary controls are seldomly activated, resulting in a large need to charge. Regulation up and down are activated
approximately equally often.

Figure31 compares the average monthly profits in Sweden and Germamythe tertiary control

power markets A conclusions to be drawn from this is e.g. tha total profit per car i®ver 4 times
KAIKSNI F2NJ DSNXIFYEY HpdPMe K Y2 Y (i KloreOrrytbth dofinRieséi 2 ¢ @7
have a roughly equal distribution between profit made at home and at work. As the cars spend equal
amounts of time at home and at work in both countridisis shows that the relative price differences
day/night are similar in Sweden and in Germany. In Sweden all profit comes from energy payments,
as there is no capacity payment. In Germany 92% of the profit is capacity paydwemtver, he

total energy myment is higher in Sweden than in Germany, because the tertiary controls are
activated much more in SwedeRegulation up brings no income to the Swedish PHEV, while it
constitutes the major income stream to a German PHENerestingly, he total profit from
regulation down istill higher in Germany than in Sweden, due to the capacity payments.
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Figure31: Average monthly pofits from different categories, Tertiary control, Swedeand Germany The sum of each
pair ofcategoriesS Ij dz t & G KS G201t | @SNIAFS {LONPRFSAY(E  LISIND MG INEERegleiidKT eAky'Y 2DySiN
all payments come from energy and regulation down, while it is roughly equal from home and wiorkzermany,
payments for capacity and regulation up are momportant than energy and regulation down. Home and work
contribute approximately equally.
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8 Analysis of simulation results

Below, the results presented above will be analysed. First, a comparison between the three kinds of
control will be made. Then theesults from this study are compared to previous studies. Finally, a
sensitivity analysis with six cases of changed parameters is presented.

8.1 Comparison of the Three Kinds of Control
In Figure32 the profit from all types of control for both countries are presented. Here it can be seen
that the most profitable market overall is the disturbance control part of Swedish primary control,
(FDR). However, the normal operation part of the Swedish primary control (FNR) is the least
profitable of all markets. Providing control in Germany generates a constantly fairly high profit to the
PHEV owner: 39 ne kK Y2Y (G K® Ly {6SRSySAy#IYWINSaAaGKEIECSWY YEHRR
power market, FDR and FNR are not sold separately, but may only be offered as a package.

The reason for the big gap in profit between FNR and FDR #otdidrirstly, the capacity payment

for FDR is much larger as tfrequency band it operates in is wider (0.8Hz compared to 0.2Hz) and
the payment is made for frequency response (per Hertz). Secondly, FNR is almost constantly active,
resulting in an almost complete cancellation of the profit made from capacity and teguldown

by the loss made from selling regulation up at a price that does not cover the costs. FDR, on the other
hand, is seldom activated, which means that the capacity profit remains a pure profit.

For both countries, profits from energy payments impairy control are overestimated. The reason is

that the model calculates profit from all energy bought as regulation down, but as a lot of that
energy is later sold for regulation up, it does not actually generate value to the PHEV owner. The car
has to becharged on normal power tod.ertiary control does not result in a high enough profit to be
interesting in Sweden. It is questionable if the profit is high enough for Germany, considering that the
model gives a best case scenario, no infrastructure castsnaluded, and this profit is to be shared
between the aggregator and the PHEV owner. German tertiary control could possibly become of
interestwhen PHEVs have been introduced on the primary and secondary control power markets,
but it is likely that theeconomic incentive to enter the tertiary control power market is not large
enough for the PHEVSs to overcome all technical and market based barriers present

It must be remembered that these numbers are results from simulations of a best case scenario that

does not exist in reality. Real profits would most likely be lower. Moreover, the results presented are

total profits generated by a vehicle. This profit has to be shared between several actors, e.g. the
PHEV owner and the aggregator, and also covenfaastructure costs not included in the modeling.

Another important point is that control market volumes and prices from 2008 are used in the
AAYdzZ  GA2yad ¢KAAa Aa | Aa0NBy3aGK 0SOFdzaS A4 NBI
markets. Fromanother perspective it is a weakness, as no future changes of prices and volumes are

taken into account. If PHEVs enter the control power markets in large scale, they would affect the
prices.
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Figure32. Gmparison of averge monthly profits from all typef control, both countries. Swedish primargontrol
power gives both the most profit (FDR) and the least profit (FN&pntrol in Germany is generally more profitable than
control in Sweden.

Comparing the three types of ntrol in Figure33, it can be noted that capacity payments are very
important. A large capacity payment is what FDR has in common with the German markets. In
DSNX¥Iyes GKS YIFEIN]JSGaQ OFLIOAGE LI e&YSyda Nry3asS 71
LINRA Yl NBE O2yiGNRtX GKNRdIdZAK | afAadakidte avltftSN oc
LI @8YSY(ld O6HTekY2YUKO Ay (SNIfettedin thOdtgl profiz it thatih KS  NEB |
primary control a large share of the profit for capacity is cancelled out by the loss made from
delivering regulation up with no payment. In secondary control, the payment for capacity is high, at

the same time as e PHEV also makes a substantial profit from often being activated for regulation

down. In German tertiary control, capacity payments are medium, while activations are very few.
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Figure33: Comparison of average monthly profiteade from capacity and energy, in all types of control. The profit from
capacity payments is in all cases where it exists significant. Energy profits are negative on some primary markets.

64



In Figure34 it can be seen that profit from the time parked at home is in all cases larger than the
profit from the time parked at work. This is sometimes due to the longer time parked at home, and
sometimes due to higher mes during the night. Irrespectively, this implies that if PHEVsS are to act
as control power, it is more urgent to install infrastructure for it where the vehicles spend the nights,
than where they spend the days.
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Figure34: Conparison of average monthly profits made at home and at work, in all types of control. The profit from the
time parked at home is always higher than the profit from the time parked at work.

It is more difficult to draw conclusions around if regulation uglown is preferred by the PHEVS, as

seen inFigure35. Generally, delivering regulation down will always be interesting to PHEVSs, as it
implies thattheyca® K NAS &G | £ 26SN) 02ad (dKFy y2NXIfftead 5
it is sometimes done with a loss (on the markets where actors have no influence over the energy

price, such as the primary control markets). However, on markets with cgpaaitments, these

might more than well compensate for losses made in selling regulation up. Furthermore, capacity for
regulation up is generally more valuable than capacity for regulation down. On the Swedish FDR
market and German secondary and tertiary nkgts, providing regulation up still constitutes a large

share of the profit, thus, only offering regulation down would significantly lower the profits made on

these markets.
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Figure35: Comparison of average monthly profits madieom providing regulation up and down, in all types of control.
Providing regulation down is always profitable, whereas regulation up is more risky as it is sometimes done with at a net
loss.

In Figure36, the amount of control energy sold on the different markets is presented. Interesting to
note here is that primary control in all three cases sell approximately equal amounts of regulation up
and down, which indicates that the frequency is above and below 50Hz approximately equal
amounts of time. The fact that German primary control is used much less than Swedish FNR is a
result of the modeling feature that German primary control is deactivated aftenid@nd Swedish

FNR is not, which in turn reflects that Sweden has no secondary control.

In tertiary control in Germany the amounts of regulation up and down sold are similar to each other,
but very small, as tertiary control is hardly ever activated. @stetertiary and German secondary
control sell fairly equal amounts of regulation down. This seems reasonable as tertiary control in
Sweden largely plays the same role as secondary control does in Germany. Another similarity is that
on neither of the twomarkets, the PHEV bids on regulation up is attractive enough to be activated.
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Figure36: Comparison of the amount of control power sold on the different markets in both countries.
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8.2 Comparison to Other Studies
In the literature presented ichapter4.3, earlier estimations of the economy BHEVs®nN the control
power markets were given. Thestudies are made in different ways, for different markets, with
different costs and incomes included. Tinembers arehus not directly comparable with eaabther,
nor with the results presented heréNonetheless, they provide an order of magnitude estiimatof
the profitability of control power from PHEVs, which states that there seems to be money to be
made on some markets. In this very broad sense, the results from this study agree with earlier
estimations.

The higher range values come from Americamdits with a large transfer capacity (15kW). In the
sensitivity analysis below, simulations are run also with this high transfer capacity. This results in
higher profits(see below) but still not as high as in e @empton & Tomic2005) Because Kempton

and Tomicalsoinclude the infrastructure costs this model excludéseir results should be smaller
than the ones presented herd hat indicates either that the price picture is different in America, that
this study underesthates profit, or that Kempton and Tomic overestimates it.

In the only study made on European marketsarsen, Chandrashekhara, & Ostergard, 2008

numbers given for a 2kWonnection arecomparableto the results of this stdy. Larsen et.ato not

include any costs, so their numbers should be higher thathis study For tertiary control up, the

NBadzZ Ga 2F GKA&A adGdzReé YR GKSANE [IThBded@dd®df a A YA f
income on regulation dowrs different to the one used here: Larsen et.al. only count actual
monetary incomesC2 NJ G SNI Al NBE O2y (iNRf R2¢Yy Dy chaghgataSid |y
negative price Due to the high penetration of wind power in Denmark, the prices on regulation

down are sometimes negative (downtolessthanine ka2 K 0 GAYS&auv®d C2NJ a S
d0dzRé NBYRSNE || NBadZ & 2F ymekY2ydK Ay DSN¥YIlIye:
One explanation for this could be that Denmark buys most ofatstrol power from Norway, that

has a lot of hydro power like Sweden, which would result in lower price levels than in Germany.

8.3 Sensitivity Analysis
To check the robustness of the results with respect to different parameters, a sensitivity analysis was
performed. The simulation waperformed for July 2008, with 500 vehicles as above, but with six
cases of changed parametatescribed inTablel7® ¢ KS a S | NaBdésgwihkohe parameter
at the time changed to a much different value, rather than continuous variations of parameters. The
sensitivity analysis thus does not answer how variables vary with parameters, but gives an indication
of what the situationwould be like if some of the inputs to the model would change radically.
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Tablel7: Table of parameters varied in the sensitivity analysis.

Comment

Case Varying parameter

Range of variation

1 Battery size Increased from 10kWhto This case illustrates either future PHE
20kwh. The minimum SO with a larger battery than those predicte
was left at 20%, so the usabl today, or electric vehicles. Electric vehicl
battery size was increase need larger batteris because they do no
from 8kWh to 16kWh. have the option of driving on gasoline if tF

battery runs out, but apart from that, the)
are very similar to PHEVs in all imports
aspects of this study.

2 Transmission capacity Increased from 3.5kW tc 15kW iscloser to valuesised in past
15kwW studies (see chaptet.3). It is also closer to

the possible next generation connection
standard for PHEVs discussed in chapter
4.2

3 Control power prices  All capacity prices were This intends to illustrate a future with .
increased by 20% higher penetration of intermittent
Additionally, in the Swedisl renewable power sources, leading to
case, the prices for regulatio larger need for control power. This in tur
up were increased by 20% results in a largemwillingness to pay for
while the prices for regulatior regulation services.
down were decreased b
20%.

4 Battery degradation 5 SONBI a SR ¥ NZ Aims to simulate a future where batter

cost to Mmeka?zK T 2 N. technology has advancedgreatly and
control, ' YR F¥NRBY batteries are very inexpensive compared
to n®oekaz K T 2Itoday
and primary control
5 Pricee of chargingy p ®me k a? K A Y Lowered by 20% to illustrate a case whe
energy pchodme ka2 K Ay the vehicle owner has a special deal wi
his/her power retailer, and gets a lowe
price on electricity for the vehicle
6 Both battery A combination of case 4 an Run in order to see if regulation up wou
degradation costs and 5. be activated a lot in tertiary control ir
price of charging Sweden.
energy

8.3.1 Primary Control

The sensitivity analysis for the six cases described above is presantgdure37 showingrelative
change inprofit and Figure38 showingrelative change inenergytransactions Figures 3344 show
the corresponding absolute changes in profit and energy transactions.

The results for profit from FNR are very sensitive to changes in most of the factors. The extremely
high percentage®riginate mainlyfrom the very small profit folFNR in the base case, less than
MEKY2YUGK®Dd 1 ye OKIy3aS (Kdza HoBede? ¥driin dbdolNEtSrm tife |
profit made on the FNR market becomes reasonably highi(ROe k Y 2 yhié &ades withyhigher
transmission capacity, higher control power prices, lower battery degradation costs and both lower
battery degradation cosand lower price of charging energg shown irFigure39. As seen itkigure

38, amount of sold energy is noaffected byany price changesThe reason is thaactivation of
primary control idone irrespective of bids and pricesnly based on frequency deviations.

NE f
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Thefactor that has the largest effect on both profit and energy for FDR and German primary control

is a higher transmission capacity, and in bo#isesjt hasa large positive effedfsee Figures 344).

The absolute profits in this case becomes very highnx Kk Y2y G K F2NJ DSNXY Iy LINX Y
oynekY2yidK T2TNa réasoB RrithisAsartly hat More energy can be sold, but mainly

that a higher capacity is provided, and capacity is wipateratesthe large incomes in primary

control. Important to remember is that the model simulates a best case scenario, where all
participating cars are always part of a contract. However, as the control power markets are fairly

small (discussed in chapté&rl) they can also be saturated rather fast, and on a saturated market a

PHEV would not generate more profit by having a higher transmission capacity.

Battery size, on the other hand, is not very important. This indedhat the amount of control

power the cars can sell is not often limited by the size of the battery in the baseAaserease in
charging price results in a higher profit for regulation up, but a lower profit for regulation down
These two changes cancel each other out when equal amounts of regulation up and down are sold.
This is the case in German primary control. In Swedish FNR and FDR there is a negative change in
profit in this case it is only visible for FNR in the chartaasmaller original profit results in a larger
relative changdéseeFigure37).

In the analysis of the energy sold, another evident thing is that no phiaeges (case-8) affect the
energy sold. The reason is that primary control is activated by frequency deviations and not based on
bids. Prices thus have no effect on activation.

900%

800%

700%
600%
500%
= Sweden, FNF
400% Sweden, FDF
Germany
300% +——— e
200% +——m——— e
100% +——— e
0% T - T - - T - - T - - T - T - - 1

Case 1 Case 2 Case 3 Case 4 Case b5 Case 6

Change compared to base cas

-100%

Figure37: Sensitivity analysis of the profit madgom primary control.Case 1 = 100% larger battery, Case 2 = 430% larger
transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery degradation cost 1% of
original, Casé& = Price for charging 20% lower, and Case®ase 4 & Case 5, as described abdWeR profit is very
sensitiveto changes FDR and German primary control are fairly stable.
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Figure38: Sensitivity analysis of the energy transactions in primary cont@ase 1 = 100% largeattery, Case 2 = 430%
larger transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery tileycada
1% of original, Case 5 Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described ermrassion
capacity is the only factor that has a major impact on the control sdith price changes affect the power sold, as price is
not part of the activation.
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Figure39: Sensitivity analysis of the profit made by Figure40: Sensitivity analysis of the energy transactions
deliveringFNR in Sweden, in absolute numbers. Case 1 made whendelivering FNR in Swedem absolute

100% larger battery, Case 2 = 430% larger transmissio ~ numbers. Case 1 = 100% larger battery, Case 2 = 430
capacity, Case 3 = 20% higher control power and/or  larger transmissiorcapacity, Case 3 = 20% higher contrc
capacity prices, Case 4 = Battery degradation cost 1% « power and/or capacity prices, Case 4 = Battery degradati
original, Casé = Price for charging 20% loweand Case 6  costCaseb = Price for charging 20% lowend Case 6 =
= Case 4 & Case 5, as described above. Case 4 & Case 5, as described above.
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Figure4l: Sensitivity analysisf the profit made by Figure42: Sensitivity analysis of the energy transactions
delivering FDR in Sweden, in absolute numbers. Cases made whendelivering PR in Swedenin absolute
described above. numbers.Cases as describedave.
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Figure43: Sensitivity analysis of the profit made by Figure44: Sensitivity analysis of the enerdgyansactions
delivering primary control in Germany, in absolute made when delivering primary control in Germany, in
numbers. Cases as described above. absolute numbers. Cases as described above.

8.3.2 Secondary Control

Figure45 shows the elative changeand Figure47 the absolute changeis profit the six cases make
compared to the base case for secondary control in Germkigure46 and Figure48 show the
correspondingchanges in energy transaction&€omparing these figures, the following can be said
about the different cases:

1. The large battery has a medium effect on the profit, while it almost doubles the
energy sold.This is because secondary control is activadelit, and the battery
fairly often becomes a limiting factor in how much regulation down the vehicle can
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Figure45: Sensitivity analysis of the profit from Secondary contr@ase 1 = 100% larger battery, Case 2 = 430% larger
transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery degradation cost 1% of
original, Casé = Price for charging 20% lowend Case 6 = Case 4 & Case 5, as described aHayteer transmission
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Change compared to base cas

sell.lt still only has a medium effect on the profit due to the large share of payments
coming from capacity, which is not affected by battery size.

High transmission capacity has very large effect on the profias it directly
influences the share of the profit coming from capacity paymeirts.absolute
YdzZYOoSNEZ GKS LINRPTFTAG AYyONBI aSsaFigired7. The Y2 a i
energy sold increases slightly, representing the few cases when the car is limited by
the transmission line rather than the battery size in how much regulatiomn it can

sell. However, the higher transmission capacity per car, the smaller the number of
cars needed to cover the whole marké#tthe total market value remains the same,
higher transmission capacity would mean that fewer cars get more profit each.

Higher capacity prices increases the profit but not the energy s@d all capacity
prices increase with the same percentage, their relation to each other remains the
same, and the order of activation does not change.

A very low battery degradation costas a large effect on thesnergy sold ¢
regulation up is activated almost as much as regulation down in this Thseprofit

does not, however, become very much larger. The reason is thatbitiefor
regulation up energy is based on the battery cost, aadhis market has a pashbid
pricing, the incomefrom regulation upalso decreaswiith a low battery cost

A lower charging cost has a similar effect as a low battery degradation ,cagh

the same reasons. However, as the difference in charging ionly 20% compared

to the 100% in case 4, the changes in sold power are smaller. The change in profit is
negative because the savings made from charging on regulation down power are

smaller when the charging price is lower.

change in case 5.
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Combining low charging costnd low degradation costs (case 4 and 5) has the
expected effect on the results. All the activations made in case 4 occur also here, and
the profit is a compromise between the positive change in case 4 and the negative
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capacity has the largest effect on the profit
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Figure46: Sensitivity analysis of thenergysold in Secondary control. Case 1 = 100% larger battery, Case 2 = 430% larger
transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery degradation cost 1% of
original, Casé = Price for charging 20% loweand Casé = Case 4 & Case 5, as described above. A lower battery
degradation cost and a larger battery result in much more energy sold.
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Figure47: Sensitivity analysis of the profit made by delivering Figure48: Sensitivity analysis of the energy

secondary control in Germanyn absolute numbers. Case 1 = transactions made when delivering secondary contro
100% larger battery, Case 2 = 430% larger transmission in Germany, in absolute numbers. Case 1 = 100% lar
capacity, Case 3 = 20% higher control power and/or capaci  battery, Case 2 = 430% larger transmissgapacity,
prices, Case 4 = Battery degradation cost 1% of original, Ca  Case 3 = 20% higher control power and/or capacity
= Price for charging 20% lower, and Case®ase 4 & Case 5, prices, Case 4 = Battery degradation cost 1% of origir
as described above. Case 5 = Price for charging 20% lower, and Case 6
Case 4 & Case 5, as described above.

8.3.3 Tertiary Control

Figure 49shows the relative changesd Figure51 and Figure53 show the absolute changés profit
the six cases make compared to the base c#&sgure 50 Figure 52 and Figure 54 show the
corresponding changes in energy transactioiemparing thesdigures, the following can be said
about the different cases:
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1. A large battery is the most important change to profit in Swedeih almost doubles the

profit. The reason is that most vehicles fill their batteries on profitable regulation down
energy beforethe period of regulation down is over: a larger battery thus enables them to
buy more inexpensive power. For Germany, a larger battery has no relative effect on the
profit even though the relative change in bougtttergyis substantial. This is because the
share of energy payments in the German profit is low, and a large battery only affects the
amount of energy that can be bought or sold.

With a four-fold higher transmission capacity the profit in Germany also fefoids. This
reflects the importance of gaacity payments to the German profit: a higher transmission
capacity means a higher capacity offered to the TSO. For Sweden, the effect of a higher
transmission capacity is marginal. Because there is no capacity payment in Sweden, this
factor will only infuence how fast the energy can be transferred to the battery. As the
Swedish cars often fill their batteries on regulation down energy in the base case, the limiting
factor is still the battery size. The speed in which energy is transferred to the batierie
important only when regulation down is not needed anymore while the cars still have space
in their batteries.lt is interesting to compare the effect from a higher transmission capacity
with the effect from a larger battery on the sold energy, in thi#ferent kinds of control. In
primary control, transmission capacity is the limiting factor, and it has a large effect to
increase this. In secondary and Swedish tertiary control, the cars most often fill their
batteries on regulation down energy, and dheis limited by the battery size as to how much
control they can offer. The transmission capacity milinly affectthe speed by which the
batteries can be chargeid these two casesot the total energy transferredVioreover, the
comments made for case in secondary control apply here too: the higher the transmission
capacity, the higher the profit per car is, but the lower the amount of cars that can act on the
market.

Higher control power prices increases profit in both countrietn Sweden the prdfi
increases with 36% and in Germany it increases with 19%. These numbers are not directly
comparable with each other, since the pricing systems differ between the countries. The
amount of control energy delivered is almost constant in both countries. iipties for
Sweden that this price difference is not large enough to activate the PHEV bid for regulation
up.

Low battery degradation cost has a surprisingly small effect on the pr@#fit.6% in Sweden,
-0.1% in Germany). PHEVs in Germany even earn mssymvith the lower battery cost, but

this is entirely because of the definition of profit as 5% of the total costs. When the costs go
down, the profit per kWh goes down, and since tertiary control from PHEVs was always
activated when there was a demand Jdaly in Germany in the base case, the total profit
decreases.

In the Swedish case, a low battery degradation cost does result in occasional activation of
tertiary regulation up (responsible for the 5% larger amount of energy sold compared to the
base cas). However, the bid for regulation up is the battery degradation cost plus the
charging cost, and the latter is still relatively high compared to spot prices. Hence, the
battery cost alone does not affect the number of activations very much. A companson
case 6, with a lower charge price as well, should be made.

A lower charging cost results in a large net loss (55%) in the Swedish Taseis explained

by the definition of profit for regulation down as the savings made from charging on cheaper



energythan normally. When the normal price for charging decreases, so does the profit. This
effect is not noticeable for the German case, as the profit from energy is such a small share
of the total. The lower charging cost does however result in some morga#ictis of
regulation up in Germany, but the price difference is not large enough to have the same
effect for Sweden.

6. When a low charging cost and a low battery degradation cost is combined, tertiary
regulation up is often activated in SwederThis can be seen on the 106% increase of sold
energy. Interestingly, the increased profit from regulation up and the decreased profit from
regulation down almost cancel each other out: the net result is a 1.1% increase in profit. For
Germany, almost no ¢pa activations of regulation up take place in this case compared to
case 4 and 5 respectively. The net result is therefore a net profit change2és.
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Figure49: Sensitivity analysis of the profit from Tertiary control. Case 100% larger battery, Case 2 = 430% larger
transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery degradation cost 1% of
original, Casé = Price for charging 20% lowand Case 6 = Case 4 & Case 5, as destebeve. Increase in transmission

capacity is the most important factor in Germany, whereas a larger battery has the largest effect in Sweden.
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Figure50: Sensitivity analysis of thenergysold in Tertiary controlCase 1 = 100%riger battery, Case 2 = 430% larger
transmission capacity, Case 3 = 20% higher control power and/or capacity prices, Case 4 = Battery degradation cost 1% of
original, Casé& = Price for charging 20% lowand Case 6 = Case 4 & Case 5, as described aBowebining a low
battery degradation cost and a low charging price results in much more activation in Sweden. A larger battery has
important impact in both countries.
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Figure51: Sensitivity analysis of the profit made by Figure52: Sensitivity analysis of thenergy transactions
deliveringtertiary control in Sweden in absolute numbers. madewhen deliveringtertiary control in Sweden in

Case 1 = 100% larger battery, Case 2 = 430% larger absolute numbers. Case 1 = 100% larger battery, Case
transmission capacity, Case 3 = 20% higher control pow  430% larger transmission capacity, Case 3 = 20% high

and/or capacity prices, Case 4 = Battatggradation cost control power and/or capacity prices, Case 4 = Battery

1% of original, Case 5 = Price for charging 20% lower, a degradation cost 1% of original, Case 5 = Price for charg

Case 6 = Case 4 & Case 5, as described above. 20% lower, and Case 6 =$e4 & Case 5, as described
above.
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madewhen deliveringtertiary control in Germany, in
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9 SWOT Analysis of PHEVs as Control Power
A SWOTanalysis is a strategic planning tool used to analyse the int&rahgth andWeaknesses

and externalOpportunities andThreats for a particular objecfThis chapter has the structure of a

SWOT analysis of PHEVx@strol power. First, the strengthand weaknesses ?#FHEY¥ delivering

control power will beanalyzed This provides a foundation to construct a preferred market structure

from the PHEs point of view, which will be compared with the current market situatiof

conclusion around which markets are the most interesting will be drawn. At the end of the chapter,

the opportunities and threats of PHEVs as conpralver providersare aralyzed, in the form of a

discussion of the entire reporA summary of the SWOT analysis of PHEVs as control power is shown

in Tablel8.
Table18: SWOT analysis of PHEVs as control power.
Internal External
Strengths Opportunities

9 Fast delivery/acceptance of energyhort 1 Increased demand fazontrol power due to
activation time. increased intermittency (renewable energy

9 Possibility to use gasoline to charge the in the power system
battery I Increased demand for control power due tq

1 No cost for being available increased power demand

1 Many PHEVs could be seen aguaranted i Politicalinterestto introduce PHEV and to
capacity since it is likely that 80 % of all ca| support electrification of the car fleet
are parked. 9 Liberalisation otontrol power market;

1 Regulation down is charging of the battery, political pressure to lower entrance barrger
thus, it can be provided by PHEVs without I Other actors also pressure tlo®ntrol power
effort. marketto change

1 Potential economic incentive for PHEVs to
participate is substantial on some markets
Weaknesses Threats

1 Transfercapacity limited PHEVsmall units 1 Conservative and inflexible market structur
of control power = Need to pool to be able 1 Oligopoly market structure
to sign contract on the control power marke 1 Highsecurity and delivery requirements

' Limited energy content in the battery 1 Bid requirementstarge bid sizes and specif

1 Mobile devices Difficult to guarantee technicalstandards
constant capacity if a small number of cars| T Long market time frame
participate. 1 Long ontract time

' Variations ipeoples driving pattern: 1 Infrastructure development needed
Seasonal, weekly and daily variations 1 Standardisation issues

' Human factor: People can forget to plug in 1 Cooperational challenges- Automotive
their cars. Industry and Power Suppliers

1 Regulation up has a high cost. The cost for f  Lower prices due to PHEV on the control
up- and down regulation differs power market

1 Regulation up implies energy losses due td {1  Symmetric bids and packageices
npn-perfgct efficiencies ip charging and 1 Need of ehavioual change and risk of
discharging of the batteries psychological fear

1 Risk for technology loeik
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9.1 Strengths and Weaknesses of PHEV as Control Power
A PHEV can deliver electricity from its battery to the grid or start charging within seconds. This is a
strength since it enables short activation times and makes PHEVs fast enough for all types of
frequency control (primary, secondary and tertiary). Toaclusion is thathe activation time will
not be a problem on any of the markets.

A weakness is that the energy storage in a battery is limited, which put constraints on the length of
time that PHEVs can regulate the frequency. When the battery isntulinore regulation down can

be delivered. A PHEV has a possibility to deliver power to the grid even if the battery is empty, since
it also has another form of energy storage (e.g. gasoline) and a combustion engine, which is not the
case for a pure eledtr vehicle. However, as the combustion engine has a rather low efficiency, this
way of providing control powerould be expensive and result in high emissipes kWh

Theplug through which thePHEV is connectedlill also limit the power thathe PHE\Ean provide.

This power is very low compared to that of a power station, which is another weakness of PHEVs as
control power.In comparison to conventional control power from power stations a large number of
smallunits will need to be activated.

A secure power system is very important for an electrified society and the requirements of a stable
frequency are highn order not to risk black outand safe operation of electronic devices. This
implies that the control power provider needs to guarantdse delivery of the power contracted.
PHEVs differ from stationary power plargince they are mobile antheir primary function to the
owner is transport. Therefore, it is not known with 100% certainty when the car is parked or in
motion. There is always an uncertainty concerning if the P#& connectedor out driving or
parked at a place whertle carhas no access to a plug.

There are seasonal, weekly and daily variations known beforehand, for example what time people
normally drive to work (daily variation) and which weeks people normally have vacation (seasonal
variation). In addition, there is the human factor that people can forget to plug in their cars.
However, studies made in Japan and the US have found that exargdush hour, more than 80%

of all cars are parkefLund & Kempton, 2008)f many PHEM®uld beaggregated, these variations

will thus not be of very large significance, and a stable capacity can be guaranteed.

If the infrastructurecostsrequired for V2Gare excludedthe cost for keeping a PHEV available as
control power is zero. All the owner has to do is to keep her/his car plugged in. It can thus be claimed
that the capacity price received for being avaitalibr frequency control is 100% profitThe
potential profit needsto be shared between car ownehe aggregatorand possiblaliscounting of
infrastructure costs.

Upward regulatio from a PHEV is the same as charging and tiesgery profitable when it can be

done at a lower price. Regulation up is costly due to the extra degradation it causes on the batteries
and needs high compensations to be interesting to PHEV&Ssoimplies energy losses due to non
perfect efficiencies in charging and discharging of the batteries. The costs for a PHEV delivering
regulation up and down are thus very different. This can be a weakness on some markets, depending
on how the pgment systems are constructed (see further discussion on this below).

80



There is also an efficiency loss of up to 20% in total when energy is first charged and then discharged
from the battery, as when a PHEpYbvide upward regulatioiiGalus & Andersson, 2009}his can be
compared to a few percent for hydro and coal power delivering control poWee. higherefficiency

lossis a weakness in several respects for PHEVs as control power: it makes thiglvestit leads to

an energy loss in the system, and it makes the regulation up delivered from a RHM{EV
environmentally soundas in high emissions of gKWVh) if the energy it originally charged on was
provided bycoal power. When PHEVs provide regiglatdown, there is no energy loss, as the
battery needs to be charged in either case.

9.2 Market Structure Preferred by PHEVs Compared to the Situation

Today
The keyword considering the market struatpreferred is flexibility. The most important aspects of
the market structureare payment system, time aspects, bid requirements and number of actors. This
will be developed below.

9.2.1 Payment System - Energy and Capacity Payment

From the PHEV point of viemarkets with both energy and capacity payments are preferred. Since

the cost forthe capacity ready can be estimated to zero, capacity payments quickly become very
profitable. PHEVs also have an advantageous position for competing with othes act@ market

with capacity payments, since the PHEVs can make very low capacity bids. For similar reasons, an
energy payment is also preferred. PHEVs are cost efficient providers of regulation down, but have a
higher cost for providing regulation up. Aamergy payment makes it possible to compete on fair
terms with other actors on the market, as bids can be made in correspondence with the costs for
PHEVs providing control power.

Situation Today

The Swedish primargontrol power marketand the German secalary and tertiarycontrol power
markettoday offer both capacity and energy payment, and are therefore preferable concerning this
aspect. The Swedish tertiagontrol power marketonly offers energy payment and the German
primary control power markebnly capacity payment.

The reason for the Germawrimary control power markehot offering energy payment is said to be
that it would be too complicated because the actual energy delivered must be measured. On the
primary control power markein Sweden tisisnot seen as a problem, and a measurement system is
in operation. It is thus possible to organize a market with both capacity and energy payment.

The Swedish tertiargontrol power marketoes not offer a capacity price because the main provider
of tertiary control is hydro power, that has a very low cost for being available. On this market, the
PHEVs do not have such a big advantage in their low availability cost.

There are some package deals adapted to the historical players, for example the demasontieat
capacity must be FNR and some FDR to be able to sign a contract on the Swedish primary market.
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9.2.2 Time aspects

To utilize the capacity plugged in the aggregator needs to vary its bid in accordance with the amount
of PHEVs plugged in. Tbentract time isdefined as the timen actor guarantees control power, and
PHEVs in this sense need short contract time, for example one hour.

l'Yy20KSNJ GAYS FTNIYS AaadzS Aa adzRRSYy OKIy3a&sa Ay LIS
weather change that preventpeople fromtraveling by cato work. These unpredicted variations

imply a need of a short market time frame, i.e. a bidding process close to delivery, to be able to

adjust the bids to the amount of PHEVs plugged HEYs would gain from many bidding processes a

year, such as daily or even hourly before delivery.

Situation Today

Generally the Swedistontrol power markts are more flexibleregarding time aspectd.e. shorter
contract time and shorter time between ctracting and delivery. The Swedidrtiary control power
marketis the most flexible concerning both time aspects, the bid can be changed until 30 minutes
before operation hour, and concerning contract time, 1 h. Also the Swedish primary marksteoffer
rather short market time frame with both weekly and hourly markets ara@bntract time around 8
hours. The Germanontrol power markets ardess flexible concerning these time issues. Both the
primary and secondargontrol power marketsn Germanyrequire a constant capacity during a
whole month, which implies that the aggregator only can guarantee the loaeailablecapacity
during the week, there are no independent contract time periods of a few hours as in Sweden. The
German tertiarycontrol power markeis more flexible than the other German control power markets
with daily bidding process and 4 hours as contract time, but can still be seen as less flexible than the
Swedishcontrol power market

Since only stationary devices act orettontrol power markes$ today, these actors have no need to
bid on just one period a day. This is a probable reason why the primary and secondary control in
Germany is procured on a monthly basis, which does not suit the PHEV as an actor.

9.2.3 Minimum Bid Siz e

Since each car only can provide a limited amount of capacity and energy, the PHEV would gain from
small bid sizes. A best case scenario would be a bid size as small as the capacity of one PHEV. This
would lower the entrance barrier to the market, in tBense that also a small number of cars or even

one single car could enter the market. It would also be preferable if small control power sources
would be able tobe pooled. In an ideal case, no geographical consideration of the sources pooled
would be take, which would allow for pooling PHEVs over large areas.

Situation Today

The minimum bid sizes on control markets of todayyJvsgtween 1 MW, on the Swedish primary
control market, and 15 MW on the German tertiary control market. In this asgbet,Swedish
primary control market is most suitable for enaig PHEVS as an actor. There are also activation
steps on tlis market of 1 MW.

The reason for the large minimum bid size on the German tertangrol power markeis said to be
that it would be t@ time demanding to handle lower bid sizes manually. But there are plans to
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improve the communication flow concerning activation of bids, which would make this reason
invalid. On the manually managéettiary control maket in Sweden, the minimum bid sizelGMW.

A certain number oPHEV$s needed to enter the markefTo translate bid sizes to number of cars
with a transfer capacity of 3.5kW, the lowest minimum capacity of 1MW would require around 300
cars.Table19 shows the correlation between typical bid sizes on the control power markets today
andthe number of carghat need to be plugged ito cover a contractlt also shows the number of

cars thatone aggregator need to aggregate, if it is assumed that 80% of the cars are at any time
(Lund & Kempton, 2008)

Tablel9: Correlation between bid size (MW) and number of cars.

Capacity (MW) Number of plugged in cars Number of cars needed tq
(assuming 3.5kW transfel be aggregated (assumin
capacity) 80% always plugged in)

On allthe three German control power markets pooling is allowed if the entiéieslocated in the

same control area. Pooling crossing control arsasder consideration, but not yet implemented.
Since the primary control is independent of geographical location is should be easier to pool primary
control crossing control aredhan secondary and tertiary control.

9.2.4 Symmetric/lUnsymmetrical Bids

A PHEV delivering regulation down is actually charging its battery. For this it cquéddizecapacity

price, for being plugged in, andhen allowed tocharge the battery with cheap or even free
electricity. This is aosteffective deal for PHEV. On the other hand, when considering regulation up,
the case is much different. Then the costs for supplying the grid with electricity are battery
degradaton cost for extra cycling and the electricity cost for the energy stored in the battery. The
cost structure for up and down regulation thus differs a lot. Therefore, it is difficult for PHEVS to
compete on markets where bids are made symmetrically for lipiland down regulation. The PHEV
cannot use its very low (or zero) cost for regulation down as a competitive advantage, if it has to
make a bid that also covers for the high costs of selling regulation up. From the market point of view,
this is also unfdunate, as it will drive up the prices and prevent the most cost efficient solution
Hence, it is ideal for PHEY act with asymmetric bids, i.e. bids on either up or down regulation.
However, there is no témical problem for a PHEV to deliver symmetric capacity.

Situation Today

The primarycontrol power markes in both Sweden and Germany requioes to be symmetrical.
Since the cost for uand downward regulation idifferent for a PHEYV it is disadvantage tplace
symmetric bidsOn the secondargontrol power marketin Germany and the tertiargontrol power
marketin Sweden and Germany the bids atacedseparately for up and down regulation.
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9.2.5 Correlation between flexible market and number of players

A flexible market would probably open up for more and smaller actors. At the same deweral
smaller actors could put pressure on the large players to open up for a more flexible market and less
monopoly or oligopoly market structure. The market today is an oligopoly or monopoly, and there is
a risk that the large players have no incentive to peup and make it more flexible for new
entrants. Hexibility concerning the requirement® enter the market is needed toeach an ideal
market for PHEV®ther new and small actors entieig the control power market could algoessure

the marketto changento a more flexible one.

Situation Today

There are 5 large players on bottontrol power markes in Sweden and on the primary and
secondarycontrol power markein Germany. The competitors in Sweden offer primary control from
hydro powe, which implies that they have low prices. The German players are owners of large parks
of coal fired plants and some hydro power. The actors on the German prooatgol power market

also act on the secondagontrol power market Since the primargontrol power markes in both
countries, and the secondary in Germany, has few large players the market can be considered an
2f Ad2LR{ied LY | RRAGAZY GKS {6SRA&AK LI &SNE | NB

The German tertiargontrol power markethas more actors, around 23. The reason for this is that
pooling is allowed and actors from the load side are also active.

9.2.6 Technical Requirements

The technical requirements posed on the providers of this service shefléatt the actual needor

the service, while not requiring the service to be provided in one out of many possible technical
ways. The prequaifications should in other words be performance standard character, such as
activation time, and not of technological standard. This aykn up the market for new entrants and
other ways of providing control power than the conventional solutions. An ideal market for PHEVs
thus puts requirements on performance but does not use specific technology standards.

Situation Today

To act on the prary control power markets, a PHEV would need a frequency meteighaturate

enough to measure frequency variations down to 0.001Hz. To provide cars with this type of meters
could become a problenfAndersson 2008) However, it couldalso be possible that a frequency
meter would not be needed in each vehicle. The aggregator could have one, and pass on commands
to deliver regulation to the vehicles.

Secondary control is activatedhen the flow of paver in certain control points of the grid deviates
too much from its planned valugschulz, 2008)This is then communicated to power stations that
start delivery. The same type of communication devices as described for primary control would
probably be enough to cover this communication as well.
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Table20 summarizes the ideal conditions to enable PHEVs to act on the control power market.

Table20: Ideal conditions to enable PHEVs to act on the control power markets.

Category Ideal Reason

Actors Many To lower the monopoly positior
of large players

Energy/Capacity price Capacity and Energy Pricc Two possible income streams

One for being available and on
when energy is delivered.
Market time frame Daily orhourly Flexibility. Driving patterns diffe
between holidays, working day:
seasons etc.

Contract time Short Flexibility. Allows variation ir
cars available. Better utilizatiol
of PHEV capacity.

Minimum Bid Size Small and pooling Best case could be the capaci
possibilities of one car.
Regulation up and/or down RSl The cost for upward anc
downward regulation is
different.

Table21, Table22 and Table23 summarize the situatiothat PHE¥ would haveon the control
power markes of today divided in primary, secondary and tertiary control.
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Primary Control

Total quantity of
Primary Control

Type of controls
Seller
Energy/Capacity
Price

Market time

frame

Contract time

Minimum
capacity
(MWI/Hz)

Regulation
up/down

Activation time
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Table21: PHE¥ on the primary control marketin Sweden and Germany

Sweden

FNR: 250 MW
FDR: 400 MW

Hydro power

5 large players
Energy and
Capacity ipaid

Weekly and
hourly markets

Three
independent
periods a day

10 MW/Hz

Symmetric

FNR: <3 min
FDR: 50% withir
5's, 100% within
30 seconds

Comment

The total primary control
would correspond to about
190000 PHEVs plugged in.

Cheap competitor

Oligopolyg not a real market
Two income streams. Capaci
payment can cover selling
regulation energy up at a loss.

A relative short market time
frame provide flexibility.

A advantage since the number
of cars and therefore the
available capacity will var
during the day.

Relative low min bid size, whic
decrease the market entry
barrier. 10MW/Hz corresponds
to 1 MW, which is about 28¢
plugged in cars.

The downward regulation is les
costly since the car owner the
charges its car. But there is r
technical problem to delivel
symmetric capacity.

Possible for PHEV

Germany
661 MW

Thermal

5 large players
Only capacity
is paid

Monthly

Monthly

5 MW

Symmetric

<30 seconds

Comment
The total primary
control would

correspond to about
660 000 PHEVs plugge
in.
Expensive&eompetitor
Same as Sweden
Less need of
measurement systesn
but only generating
one income stream.
Less flexible than the
Swedish primary
control market
Requires a constan
capacity during a
whole month, which
implies  that the
aggregator only car
guarantee the lowest
capacity available
during the week.
Bigger min. bid siz¢
than on  Sweden
primary control
market  Corresponds
to 1429 cars.

Same as Sweden

Same as Sweden




Table22: PHE on the secondarycontrol power market in Germany

Secondary Control
Total quantity of Secondary Contro

Type of controls
Seller
Capacity/Energy price

Market time frame

Contract time

Minimum capacity

Regulation up/down

Activation step

Germany
60 % of total control power
(4200MW, total ca 7000MW)

Mainly thermal, some hydro plants
5 large actors
Energy and Capacity is paid

Monthly

Twoperiods: Peak time, offeak time

10 MW

Asymmetric

1 MW

Comment
1.2 million plugged in PHEVs

Expensive
Oligopoly. Not a real market.
Two income steams

Less flexible than hourly and
daily markets.

Two periods makes it more

flexible. The periods are still
long and notvery suitablefor

PHEVs.

Rather big min bid size.
Corresponds to 2857 cars.
Advantage sincthe cost for

upwardc¢and downward
regulation is different.

Disadvantage since it not
allows continuously increased
number of PHEV to be
activated.
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Table23: PHEV on the tertiary control power markets in Germany and Sweden.

Tertiary Control
Total quantity

Type of controls

Capacity/Energy price

Market time frame

Contract time

Minimum capacity

Regulation up/down

Activation time

9.3

Sweden
375MW

Hydro power
plants

5 large

Only Energy is
paid.

14 day until 30
minutes before
operation hour

1h

10 MW

asymmetric

<15 min (fully
activated)

Comment

107000 plugged in
PHEVs

Oligopoly

Only one income
stream

More flexible
compared to the
other control
power markets in
Sweden.

More flexible
compared to the
other control
power markets in
Sweden.
Biggermin bid size
than on the
Swedish primary
control power
market
Advantage since
the cost for upward
cand downward
regulation is
different.

Possible foPHEVs

Germany

30 % of 7400
MW(VDN 20@b)
Mainly thermal
power plants and
some hydro
power plants, and
load side

23 (5 large)

Capacity and
energyis paid.
Daily

4h

15 MW

asymmetric

<15 min (fully
activated)

Comment

630000 plugged in
PHEVs

More and smaller
actors than on the
other control
markets.

Two income
streams.

More flexible than
the other German
control power
marketsless flexible
than the Swedish
market for tertiary
control

Same as market time
frame

Even larger bid size
than on the Swedish
tertiary market.

Same as in Sweden.

Possible for PHEVs

Is It Possible for PHEVsto Act as Control Power Today?

This section will discuss if & possible to introduce PHEVs as control poifvéhe control power
markets of todaywould not change Theauthors of this report seévo mainconditions that needto
be fulfilled for PHEVs to act on the control power market today:

1 Technicainfrastructure availableinside and outside the car

1 A sufficient numberof PHEVseady to participate on the markets

This report has not investigated the technological statu®dEY and V2G to any depth, and does
not attempt to answer how far from reality the vision of V2GAssuming thathe infrastructure and
the technology needed for V2G is provideshd that there are enough PHEVs willing to act on the
control power markets, it would be possible ¢émter into acontract on the control power market of
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today. TSOs might beoncernedthat the capacity providedsinotreliable since the PHEVs might
leave at any timg¢Back, 2008)However, here is a critical mass of PHEVs at which the vehicles would
stop behaving like a collection of small, mobile devices from a market perspective, and start acting
like a power plant. A sufficient number of vehicles in the system would guarantee availphktga

and energy at all timesspeciallyconsidering the finding mentioned several times before in this
report: as many as 80% of the cars in a car fleet are parked at any givelfLume & Kempton,
2008)

If the number ofparticipating vehicles is smaller than the critical mass, it would not be possible for
them to enter the control power markets as they are constructed today. However, the PHEVs could
provide the service of frequency contranly in smaller unitslt could be stated thatsmall mobile

units of power, such as PHEVs, dgiscriminated2 y (i 2 RI & Qax hisoticAlJre8soris: the
markets were originally constructed for large power plants players. Historically, placing a demand on
technical solutions was edvalent to demanding a certain service. PHBi{fer a new way of
providing the same service

9.3.1 Germany more profitable than Sweden

It can be concluded that the economic incentive for PHEVs to enter control power markets is
substantial in Germany. All threBerman markets yield profits of 30n1e k Y2y 1 K LISNJ @SK.
{6SRSYy> GKS C5w LINAYINE O2y (iNRf 3 rh@&tker Swed@S NE KA
markets give very low profitsAdditionally, offering capacity as FDR can only be done in cotidnina

with offering capacity as FN& present. FNRyields a profit that is barely above zein the

simulations Thus, Sweden & present much lessconomically interestinghan Germanyor PHEVs

to enter the control power markets.

One more aspect ithe monetary value of the market and the physical sppegented in chapter 5,
summarized ifmable24). Each service has a total demand of capacity. In mases half the capacity

is needed for upward regulation and the other half for downward regulation. Since only upward or
downward regulation will be needed at a certain moment, PHEVs can offer both upward and
downward capacity at the same time from the saroar. Assuming that each PHEV is connected
through a 3.5kW plugas discussed in chaptet.2.2), and that 80% of participating cars are
constantly plugged ifas described e.g. in chaptérl), the number of cars needed to cover the total
demand ighus calculated as described by equation (6).

. & (6)
U T D e—
@it 2é35¢0.8

N.ars=number of cars needed
D =total demand for control power (kW)

In Sweden, the tertiary control generates the highest monetary value perlecaGermany, the
tertiary control has the highest demand of capacity, but the value per capacity offered is the lowest,
corresponding to the lowest value per PHEV. The primary market is in Germany the smallest in terms
of capacity, but is paid the most peapacity offered. Therefore is could be reasonablarguethat

the primary marketcould be the most profitable for PHEVs to act on. One problem vattay's
primary marketis, that the bids arsymmetric,influendng PHEVs negativelyt requires the cars to
deliver costly upvard regulation to enter the market. Since the primary market is the smallest, it
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would also be the market fastest to saturat€his implies thathe priceswould probablydecrease
already if a fairly small amourdf PHEVs enter the primary markefThe numbersin table 24
represent a maximum income that a vehicle could get by acting on a control power miarkbée
simulations a profit is estimated, which is not directly comparable thiehmarket value per vehie.
However, both sets of values provide an order of magnitude estimation of what could be earned on
the different marketsconsidering the prices and volumes of 2068om both sets of values we can
conclude thathere are economic incentives for PHEVe&mber the control powermarkets.

Table24: Monetary valueand physical volumeof the markets

Control Sweden: Number Market Value/car Germany: Number of Market Value/car
Power Market of cars value 0 € K Y2 Market cars value 0€KY2
Market size needed (Million size (MW) needed to (Million
(MW) to cover e k @ S| cover ekéSl|
demand demand

Primary 650 116 000 15 11 663 118000 119 84
Secondary & - - - 5 300 946 000 464 41
Tertiary 375 67 000 22.5 28 5000 893000 187 17

9.3.2 Sweden more flexible market structure than Germany

The time aspects on the Swedish power markats more flexible than on the German ones. In
addition the bid sizes are smaller, whictaigreat advantage at least during an introduction phase of
PHEYV as control power. Swedaiso belongs to a smaller synchronized power system and a smaller
organizational system, which could imply that the market structure issues ¢tmu@thange more
easilyby Nordelthan by UCTE. A physigamaller system coulde an advantage when introducing a
new concept.

9.3.3 What type of control power is most suitable?

It is often argued that the technical pigualifications for primary contrcdre hard to fulfill, due to
the automatic frequency dependent activation. This comidke tertiary control more attractive to
enter as a first control power markeHere,the pre-qualificationsare argued to beless strict
However, from the superficial look at technical aspdtiat has been done in this study, no major
technical barrierso PHEV$rovidingprimary controlhave been foundThe activation time is short
and there are communication systerand frequency measure equipment available.

Since the primary control is the first control activated, it can also be said to be the ©uist @ne,

and therefore be harder to changbe pre-qualifications Security has to be guaranteed:he TSO

could thus be more rigid concerning the primary market. One advantedggh delivering primary

control is that it is independentfovhere inthe system it is delivered, whids an advantageor

PHEVs as they could be pooled over a large area. The opposite is valid for secondary and tertiary
control where the geographical location of the control power iplofsicaimportance and therefore

would harm pooling.

The German tertiary market is the control market with the highest number of actors, which could be
an advantage when creating pressure to change the structure to be more flekibtther the
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tertiary control market has the modtexible time constraints in both Sweden and Germanyt on
the other handthe largesthid size requirementsTheprimary market in both Germany and Sweden
require the smallest bids

9.4 Discussion: Opportunities and Threats for PHEVs as Control Power
dimate change and increased energy demand are identified as two main driving factors influencing
the need for more control power. The climate change problenspetuirements reduction of CO
emissions, which will increase the need for renewable energy sources which in turn are of
intermittent character. Since energy demand is forecasted to increase in the years to come, it will
influence the expansion of intermittent energy technolodgylarger share of intermittent power
production in the electric system withply a larger demand for control power. This can be seen e.g.
in Denmarkwhere a very high penetration of wind poweas present Prices for regulation down in
Denmark canbe aslowagnne ka2 KX AYRAOFIGAy3 | KAIJQaRSYIl YR
Chandrashekhara, & Ostergérd, 2008)

Since the Swedislpower g/stem today mainly consists of €@eutral production with no
intermittency issues, there willrpbably be less need for new control power compared to Germany.
A very important factor for the Swedish power system, thoughwhgther nuclear power will be
phased out or not. Another factor is if more small hydro plants will be built, as thejdviloerease
the supply ofinexpensivecontrol power from hydro power. The Germ@ower system consists of
many coaffired powerplants, whichwill either need to close down or introduce carbon capture and
storageif Germany is to reach a g¢@eutral power systemIf the coaffired power plantsare
replaced by intermittent renewable energy sourcdsis likely that the demand for control power
increase. Simultaneously, the amount of control power available in the system might decrease, as
control power is mainly provided by cefited power plants today. This could provide a window of
opportunity for PHEVS.

The control market have few large players, and can thus be called an oligopoly. This affects the
speed and demand for change a flexipiliconcerning the bid requirements. The market is
constructed to suit the historically dominating players. A hydro plant or coal fired power plant has no
need for making small bsdMW) since thg have largecapacityavailable Becausesecurecontrol
power is important for a safe power system, it has high security and delivery requirements, which
could harm the willingness tchangeto a more flexible market constructio®incePHEVs are maobile
they are oftenconsideredas unpredictablewhile aggregation of many PHE®zuld enablesimilar to
stationary capacity.

The interest in reducing G@missions could also lead topalitical will tosupport an electrification

of the car fleet. One way of doing this could bertmkethe control power narket more flexiblg in
orderto open up for PHEVs as actors. Moreover, other smaller players would have interest in a more
flexible market. This coulidfluencethe pre-qualificationto be more performance standarmtiented

and less specific technical requirementsis could result inshorter contract times, lower bid sizes

and shorter market time frames. There is also a political movement to liberalize the entire electricity
market as far as possible, which in turn couldd¢o a higher pressure to avoid an oligopoly on
control power.
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The simulatiorresults presented in chaptei?7 show that PHEVs could earn substantial amounts of
money as control power, on some markets. However, as argued in chapdteand table 24 a
relatively small amount of PHEVs could cover the entire demand for control power. This implies that
a saturated supply of control powgrovided byPHEVs could be aehed rather fast. An introduction

of PHEVs to such an extent would most likely affect the prices on the control power nrarket
negative way for the PHEVs. However, as argued above, the plans to introduce more intermittent
energy sources in the grid sem will most likely increase the demand for control power, which in
turn couldkeep the prices high

In order to PHEMwners to take part in the market participation must not require much time or
knowledge. It must become dabit for the ownerto plug intheir car even on aegular basiseven

when external circumstances make thigre difficult The security issues concerningdbiectional

power flow must be solved in a convincing way. There are also questions concerning how the
financial flows will work in a secure and safe way. The PHEV owner must feel confident that she/he is
taking no economical risk when chargiMpreover,the owners must trust the systeenough tolet

it decide when the car is charging and discharging.

There will be demand for a standardized way of charging concerning adpxegtéinancial flows,
plugsiz etc. Moreover, questions regarding the battery cost and the guarantee of battery life time
must be answered. Tdistribute the risk for the private consumer the battery could be leased
instead of ownedas discussed in chaptérl

The infrastructure needed to implement PHEAS control power is @ew interfacebetweenthhe
automotive industry andthe power suppliers. A important question to resole is if this
infrastructure should be paid for by the car manufactures or by the power suppliers, or in other
words, if the technology needed should be placed in the car or as stationary devices at charging
places Kempton & Tomic (2005) anBrooks and Gage (200&ygue that the PHEVs should be
equipped with the technology needed for V2G. Actors on the vehicle siutk te believe that the
problem is best solved by placing the infrastructure outside the car, due to the long development
times in the automotive industryLindskog, 2008)The standardization and infrastructure decisions
must be made Without infrastructurefor chargingavailable there is no market for PHEMsSV2G,
without PHEVs there is no need for infrastructure: a étasisickeror the egg problem. Moreover, it

is important to be aware of the risk of technology lenk If the charginginfrastructureis initially
installed without V2G possibilitieg mightbe difficult to changethe standards afterwardsThere is

no clear answeto who should starthe battery development: as long as thatteries are not good
enough there is no market for batteries, and therefore there is no generation of money to support
research and development of batteriehis is why theboth battery development and V2G
infrastructure would be greatly aided Igypvernmental support.

Figure 55ives examples of stakeholddraving interest in the development of the control power
market. These are discussed in a stakeholder analysis below.
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Figure55: Stakeholder analysis of the contrplower market with respect to PHEVs

For power producers/supplierdfHEVs would be new category of costumer and a petential
competitor on the control power marketAn electrified car fleet that charges durinff-peak hours,
would imply be a better ufitation of power plants and actually hardly or no new power capacity
would be needed(Bergman, 2008; GoOransson, 2008Jhis implies a possibility for the power
producer to sell full capacity also during off peadurs with no new fixed cost. In addition, the
efficiency of the power plants is higher if they produce energy at the dimensioned paxuarh they

can do f they are not required to decrease the production during the night due to lower demand
Not providing control power also means a higher overall efficiency for the power plants. A higher
efficiency in turn means that more electricity is produced from the same coal, which is equivalent to
smaller CQ emissionsper kWh. In all these respects, PHEVs ares theneficial to the power
producers. However, as seen in the simulatiachge, PHEVs couldo all their chargingn regulation
downenergy on some market$his impliegshey would not be new consumers of electricity from the
power producer, onlya new competitors on the control power market. On the other hand, this
would not be true ifall carswould be PHEVS, sinedl of the market foregulation downwould be
covered by3%of the car fleetin Germany todayTo know how hard the competitionebween PEHVs

and power producers would be, one needs to know how profitabé control power market is for

the power producers, anthed K NE 2F | L2 ¢6SNJ LINPRdAzZOSNR&a AyoO02YS
power today.

Since the PHEVs can provide availabilftgontrol powerat no cost, their inclusion on the market
would probably lead to lower capacity payment or even only energy paynidng would affect the
PHEV®:egatively, as their profits would decreasthe comptitive situaion and new actors with
other cost structure might change the priceon the control power market However, decreasing
prices would be preferable from a societal point of view, since it implies that the service of control
power is provided i more cost efficient way.
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Other actors on the control power marlkshat would gain from a more flexible market structure are
small power producex These actors are also dependent on small bid sizestr@ngossibility to
pool. In addition, the renewablenergy industry and their advocators could be interested in PHEVs
as control power, since that coulehable theincreaseof the share of intermittent energy in the
power system.

CarmanufacturesPHE\bwners, the EU and politicians also have iastrof the development of the
control power marketo introduce PHEVsas it would make a PHEV less expensive to own, which in
turn could aid the electrification of the car flee¥loreover, batterymanufacturers who want to
increase the market for electrieehicles will probably have interest of making PHEVs more attractive
for the customers.
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10 Conclusion and Recommendations

This report sed out to investigate which control power markets would be most interesting to act on
for PHEVs, from an economic as well as an organizational perspective. Economically, the German
markets are generally more interesting than the Swedish ones. This is dpeamtoday, when the

only Swedish market that is interesting, primary FDR, is sold in a package with the least interesting
market primary FNR. This is about to change, and will probably be different already when the first
PHEN\s sold in Europe fewyears from now. Howevegs Swedish tertiary control also generates a
small profit,there would be less incentive to overcome the organizational barriers to enter any of the
Swedish control power marketS&incethe profit is high on all the Germanarkets, the interest in
enabling the PHEVs to act tre control power markets could be larger@ermany This makes &

more interesting country than Sweden to start introducing PHEVs as control poaxéders

From the organizational market perspedj it would probably be easiest to start introducing PHEVsS
on the markets with the smallest bid sizes, as this implies that fewer cars need to be aggregated. The
smallest bid sizes are fourtdday on the primary control markets in both countries. Howeubese

are the markets with the highest technical requirements. Even if PHEVs probably could fulfill these
requirements,it is expected that there would be significant resistance from the establisktmts to

allow something so small and seemingly unreliable as a car to provide this crucial declées,

they would bepartly right: PHEVs and V2G are new technologies, and surely have ohémy early
problems that all new technologies have. These would rtedzk solved beforePHEVare as reliable

as established power plants providing control power. With this in mind, the easiest market for PHEVs
to enter would probably be the tertiargontrol power markets in both countries. These are manually
activated, so less technical equipment is needed for activation, and the tertiary control power market
in Germany has already opened up for smaller actors and pooling of bids.

If PHEV control powes desiredone could recommendoased orthis report to test the concept in

a geographically limited areddeally,this areawould bea separate synchronous power system, such

as the Swedish island Gotland. The PHEVs used could be state ownee, affiridd cars oflocal
authority. This would shortcut the skepticism of individuals, restrict the geographical area the PHEVs
drive in and therefore the needed of infrastructure investment, and coalgb be a way for
governments to support the breakthugh of PHEVs without stipulating special policies to do so. By
testing the concept it is possible to verify the infrastructure, build up experiezoe,achieve the
systemreliability necessary for a large scale introductias well asgaining acceptance Political
involvement could force the creation of a market, thereby breaking the deadltigihwarises from

the situation where the lack of a market causes a lack of investment, and the lack of investment
prevents the existence of a market.

Based on the simulations, it can also be recommended to focuswsirciction of infrastructure in
places where PHEVs are parked during the night, rather than where they are parked in daytime. The
profits are higher during night, which both means that PHEVs as control power are more valuable
from a societal perspectiva inighttime, and also that the economic incentives for PHEV owners to
participate on control power markets are higher during the nightfficial cars or company cars are
used, these are parked in the same parking lot during daytime and nighttime, alsichsimplifies

the construction of infrastructure.
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A technicallyand psychologicallgas/ way to start introducing PHEVs as control power would be to
offer only regulation down.Concerns around bdirectional power flow then do not apply, all that is
needed is a way to remotely control when a vehicle chardealso reduces costs, as wear on the
battery is not an issuélVe perceive that markets in which only bids for downward regulation are
allowed should be investigated furthgoossibly with a real impmentation. Such an implementation
would be possible on markets with neymmetric bidding, i.e. secondary and tertiary markets
today.

Concerning the transfer capacity, this report finds nreasonto recommendthat a higher transfer
capacity per vehicle would be better from a system perspective. As seen in the seraitalitgis, on

most markets a high transfer capacity would indeed result in a higher profit per vehicle. However, as
the marketwould be saturated with PHEV control power rather quickly in either case, there is no
need to add extra infrastructural costs to have a higher capacitye¢beomic incentive to enter the
market is large enough already, at least in Germany.
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11 Future Wor k

PHEVs as control power is a relatively new subject, where much remains to be investigated. The
authors of this report have developed a model for simulating PHEVs on control markets, which could
be improvedand used forfurther investigation. One thing it could be tried without alteration of

the model is to test alternative bidding strategies, especially for regulation up energy, where an
arbitrary profit margin has been used in this report. It would also be interesting to include more
costs, such as irdstructure costs, taxes and grid tariffs, for a more realistic price picture than the
one presented here. With some reconstruction of the model, it would be possible to move away
from the bestcasescenario all together, and simulate a case where bidsbheamade only if enough
capacity is plugged iQuestions around howhe number of cars organized by one aggregatould

affect the profit andwhich system sizes needed before interesting profits can be madeuld then

be answeredIn addition, a moradetailed sensitivity analysis could be performed, with variation of
parameters in small steps. The purpose would be to see if the reldbetwgeen the parameterare

linear or not, and if there are peaks lreakpoints in the relations

Moreover, as discussed above, it is likely thattroduction of PHEVSn a large scale tthe control
power markets would shift the prices, or even saturate the market. Modeling a situation with
dynamic prices would bef interest That could answer quésns aroundhow many cars are needed

to affect the pricesorto dominate them A situation with an increased control power demand could
also be simulated. Wother suggestion is to simulatether countries. Denmark would be a very
interesting country, du¢o their interesting price picture for control power, with some occurrence of
highly negative prices on regulation dowxdditionally, the simulations find that cars can charge only
on regulation down on some marketswould beusefulto investigate ithis would be truealsofor a
large scalenclusion of PHEV#loreover, he estimations concerning the number of PHEVs needed
to saturate the market only concern capacity, not enerljyuestigation of how large the actual
energy flows areand how many PB¥ that would be needed to cover those energy flowsuld
also be of interest.

Another field that needs to be further investigated are the technical aspects of PHEVs as control
power. Several things that could become an issue are mentioned in this reflogse are e.g.
frequency measurement equipment and communication equipment in ¥kbicles tripping of
network protectors and disruption of distribution control systems in the grid, and measurement and
organization of payment of energy flow&ne more aspect that needs further attention is the
psychological andehavioral factors mentioned above. Both technical and psychological issues
would be thoroughly investigated in a larggzale real life trial of the concept.
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