Plug-in Hybrid Electric Vehiclesas
Control Power

Case studies of Sweden and Germany

Master thesis

SaralLinnéa Andersson Anna Elofsson
Department of Energy and Environment Power System Laboraton
Chalmers ETHirich

Goteborg,Sweden, 2009 Zurich, Switzerland, 200¢



Plug-in Hybrid Electric Vehicles as Control Power

Case studies of Sweden and Germany

SaraLinnéa AnderssofE-mail: saralinnea.@gmail.com
Anna Elofsso(Email: elofssoranna@gmail.com)

© SaralLinnéa Andersso& Anna Elofsson

Examiners: Filip Johnss(Energy Technology, Chalmers University of Technology) & Géran
Andersson (Power System Laboratory, ETH Zurich)

Supervisors: Lisa Goransg@mergy Technology, Chalmers University of Technology), Sten Karlsson
(Physical Resource Theory, Chalmers University of TechndWaghias Galus (Power System
Laboratory, ETH Zurick)Johan S6derbom (Vattenfall AB).

Report no: 72008317

Department of Enegy and Environment
Division of Energy Technology
ChalmerdJniversity of Technology
SE412 96 Goteborg

Sweden

www.chalmers.se

Chalmers Reproservice
Goteborg, Sweden, 2009



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
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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)
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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

13



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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