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ERRATA  

 

A scientific paper is being prepared based on the results presented in the thesis. During the work with the 
scientific paper, an error was unfortunately discovered in the simulation model developed in the thesis. The 
error does not change any of the results for energy transactions, or the results for the PHEV profits generated 
on the tertiary Swedish market, or the corresponding results for the German markets. Yet, the error 
influences the results for profit generated by the PHEVs on the Swedish primary control power markets (FNR 
and FDR).  Correct average profit generated per PHEV is мфϵκƳƻƴǘƘ ƻƴ ǘƘŜ Cbw ƳŀǊƪŜǘΣ ŀƴŘ лΦрϵκƳonth on 
the FDR market. Thus, a conclusion is that PHEVs cannot generate profit on any of the Swedish control 
power markets ǿƛǘƘ ǘƻŘŀȅΩǎ ǇǊƛŎŜǎ on control power. 
 
The profits generated by the PHEVs on the different control power markets are summarized in Figure A. 
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 of Swedish 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; and that a 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 Figure C. A higher 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.  

                      
Figure A: Profit generated 

 
Figure B: Comparison of profit generated from different 

categories. 

 
 

                        Figure C: Sensitivity analysis 

The following figures in the master thesis report contain faulty results for profit on the FNR and FDR markets: 
- Figure 17: Average profit for 500 PHEVs providing primary control in Sweden 
- CƛƎǳǊŜ нмΥ /ƻƳǇŀǊƛǎƻƴ ƻŦ ŎŀǘŜƎƻǊƛŜǎΩ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƻǘŀƭ ǇǊƻŦƛǘ ƛƴ ǇǊƛƳŀǊȅ ŎƻƴǘǊƻƭ 
- Figure 32. Comparison of average monthly profits from all types of control, both countries 
- Figure 33: Comparison 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 analysis 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 32 are replaced by Figure A. Figures 21 and 33-35 are replaced by Figure B. Figures 37, 39 and 
41 are replaced by Figure C. 
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Abstract 
 

Plug-in Hybrid Electric Vehicles (PHEVs) are a large hope to the automotive industry. Many see them 

as the bridging technology between traditional vehicles and sustainable cars. If PHEVs are 

constructed for a bi-directional 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 own a PHEV and thus aid the break-through of the 

technology, and that more control power in the system would allow for an increased share of 

renewable intermittent power production.  

This thesis investigates how PHEVs could be integrated on the frequency control power markets of 

Sweden and Germany. It maps control power market opportunities and barriers with respect to 

PHEVs, and estimates potential profits that could be generated by PHEVs acting on these markets. 

An agent based model was constructed in Matlab, to simulate the possible profit of a PHEV could 

generate when participating in the control power markets investigated. Simulations are set up for a 

άōŜǎǘ ŎŀǎŜ ǎŎŜƴŀǊƛƻέΣ ǿƘŜǊŜ ŎƻƴǎǘǊŀƛƴǘǎ ƛƴ ǘŜǊƳǎ ƻŦ ƴǳƳōŜǊ ƻŦ ŎƻƴƴŜŎǘŜŘ ŎŀǊǎ ŜǘŎΦ ŀǊŜ ŘƛǎǊŜƎŀǊŘŜŘ, 

and where the vehicles always make the highest possible profit. The results thus represent a 

maximum profit that could be generated by a PHEV acting on the control power markets. In the 

calculations, extra costs for battery degradation and for buying energy but not for extra 

infrastructure are included.  Results show that all the German markets yield fairly high profits (30-

улϵκƳƻƴǘƘύΦ hƴŜ ƻŦ ǘƘŜ {ǿŜŘƛǎƘ ƳŀǊƪŜǘǎ ȅƛŜƭŘ ŀ ƘƛƎƘ ǇǊƻŦƛǘΣ ōǳǘ ƎŜƴŜǊŀƭƭȅ ǘƘŜ {ǿŜŘƛǎƘ ƳŀǊƪŜǘǎ ŀǊŜ 

less interesting. Offering regulation down (equivalent 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 SWOT-analysis of the strengths, weaknesses, opportunities 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 conservative in other respects. The authors believe that it would be 

ǇƻǎǎƛōƭŜ ŦƻǊ tI9±ǎ ǘƻ ŀŎǘ ƻƴ ŀƴȅ ƻŦ ǘƻŘŀȅΩǎ ŎƻƴǘǊƻƭ ǇƻǿŜǊ ƳŀǊƪŜǘǎ ƛŦ ǘƘŜǊŜ ƛǎ ŀ ǎǳŦŦƛŎƛŜƴǘ ƴǳƳōŜǊ ƻŦ 

PHEVs available to guarantee constant capacity. Moreover, it is concluded that this number is not 

very large. On the contrary, it is shown that the demand for control power could be saturated by 

PHEVs rather fast. Introduction of PHEVs as control power to such an extent would affect the prices 

on the control power market. However, since there are plans to introduce more intermittent energy 

sources in the power system, the demand for control power is likely to increase. Here, PHEVs might 

have an important role to fill. 

Keywords: PHEVs, plug-in hybrid electric vehicles, ancillary services, frequency control, control power 

markets, market design, Sweden, Germany, profitability 
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Sammanfattning 
 

Ladd-elhybridbilen (plug-in hybrid electric vehicles, eller laddhybrider) ses av många som ett 

realistiskt alternativ till den konventionella bilen. Om laddhybrider förses med viss extra teknisk 

utrustning, t ex sådan som möjliggör strömflöde i två riktningar (dvs. även från bilen till nätet) så 

skulle bilen kunna leverera reglerkraft. Med försäljning av reglerkraft skulle laddhybrider få bättre 

ekonomiska förutsättningar och därmed bidra till att möjliggöra införandet av laddhybrider i stor 

skala. Dessutom skulle en större mängd reglerkraft i nätet underlätta införandet av mer förnyelsebar 

intermittent elproduktion. 

Arbetet har undersökt hur laddhybrider skulle kunna integreras på reglermarknaderna i Sverige och 

Tyskland.  Marknadsstrukturernas möjligheter och barriärer med avseende på laddhybrider som 

aktör kartlades, och simuleringar gjordes för att beräkna den ekonomiska vinst en laddhybrid skulle 

kunna generera på dessa marknader.  

En agentbaserad modell har tagits fram i Matlab för att simulera den möjliga ekonomiska vinsten en 

laddhybrid skulle kunna generera genom att leverera reglerkraft på de olika marknaderna. 

Simulationerna har utgått från ett bästa möjliga fall där t.ex. antal inkopplade bilar inte begränsar 

möjligheten för laddhybrider att lämna reglerkraftsbud, och där de deltagande bilarna alltid får 

högsta möjliga betalning för sin insats. Kostnader för batterislitage och el ŦǀǊ έǾŀƴƭƛƎέ ǳǇǇƭŀŘŘƴƛƴƎ ŀǾ 

batteriet är inkluderade i simuleringen. Infrastrukturkostnader är dock exkluderade. Resultaten visar 

att det finns en relativt hög potentiell vinst per bil på de tyska reglermarknaderna (30-ул ϵκƳňƴŀŘύΦ 

En av de svenska reglermarknaderna ger en hög potentiell vinst per bil, men generellt kan sägas att 

de svenska reglermarknaderna skulle vara mindre lönsamma än de tyska för laddhybrider. Att 

erbjuda nedreglering (ladda batteriet) är alltid lönsamt, medan uppreglering (ladda ur batteriet) är 

ekonomiskt riskabelt. Vinsten som genereras under tiden bilarna är parkerade hemma är högre än 

vinsten som genereras under tiden bilarna står på jobbet, vilket har betydelse för var byggande av 

infrastruktur bör prioriteras. 

En detaljerad kartläggning har gjorts av reglermarknadens struktur för primär, sekundär och tertiär 

reglerkraft i de två länderna, med hjälp av intervjuer och litteraturstudier. Därefter har dessa 

strukturers innebörd för laddhybrider som reglermarknadsaktör analyserats, genom en SWOT-analys 

av laddhybrider som reglerkraftleverantörer. En slutsats var att marknaderna med minst budstorlek 

skulle vara enklast att delta i på ett sätt, men att dessa marknader idag har de högsta tekniska kraven 

och de mest konservativa strukturerna. Författarna tror att laddhybrider skulle kunna delta på alla 

dagens reglermarknader, om det fanns ett stort antal bilar deltog för att kunna garantera konstant 

kapacitet. En annan slutsats som dras är att detta antal inte är särskilt stort. Arbetet visar att det 

totala behovet av reglerkraft skulle kunna täckas av laddhybrider relativt snabbt. Dock kan planerna 

på att bygga ut t.ex. andelen vindkraft i elnätet göra att behovet av reglerkraft ökar. Här kan 

laddhybrider ha en viktig roll att fylla. 
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Kurzfassung 

Plug-in 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 für einen bidirektionalen Leistungsfluss konstruiert werden, d.h. auch die Autos 

ins Netz einspeisen können, sind sie bei den Netzdienstleistungen als Frequenzsteuerung einsetzbar. 

Dies ergäbe zwei grosse Vorteile: Erstens macht es den Besitz von PHEVs profitabler und unterstützt  

somit den Durchbruch der Technologie. Zweitens erlaubt diese zusätzliche Regelleistung den Einsatz 

von weiteren erneuerbaren Energiequellen.  

Diese Arbeit untersucht, wie die PHEVs in den Regelleistungsmarkt von Deutschland und Schweden 

integriert werden können.  Sie zeigt die Möglichkeiten und Hürden für den  Regulierungsmarkt unter 

Berücksichtigung der PHEVs auf und schätzt den potentiellen Profit für PHEVs, die an diesem Markt 

teilnehmen. 

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

PHEVs zu simulieren, wenn sie im Regelungsmarkt integriert werden. Die Simulationen berechnen 

den günstigsten Fall, das bedeutet, dass die Einschränkungen wie die Anzahl von verbunden Autos 

usw. vernachlässigt werden und der Profit der Autos immer dem höchst möglichen entspricht. 

Deshalb sind die Resultate als maximaler Profit zu verstehen, den PHEVs erwarten können, wenn sie 

am Regelungsmarkt teilnehmen. In den Berechnungen sind Extrakosten für die geringere 

Lebenserwartung der Autobatterien und für den Kauf von Energie berücksichtigt. Hingegen werden 

die Extrakosten für die Infrastruktur nicht betrachtet. Die Resultate haben ergeben, dass im 

deutschen Markt ein beachtenswerter Gewinn erzielt werden kann (30-улϵκaƻƴŀǘ). Einer der 

schwedischen Märkte wirft ebenfalls einen hohen Profit ab, allerdings ist der schwedische Markt 

grundsätzlich weniger interessant. In allen Fällen ist der Profit höher für Autos, die zuhause, also 

nicht am Arbeitsplatz, geparkt werden. Deshalb sollte es in Betracht gezogen werden, den Ausbau 

der Infrastruktur der Parkplätze, wo die Autos nachts über geparkt sind, zu priorisieren. 

Ausserdem wurde eine Untersuchung der Strukturen der Regelungsmärkten in Deutschland und 

Schweden, mittels Literaturstudium und Interviews, durchgeführt. Die Auswirkungen der Strukturen 

auf PHEVs wurden anschliessend mit einer SWOT-Analyse analysiert, die die Stärken, Schwächen, 

Möglichkeiten und Gefahren für PHEVs als Steuermechanismen aufzeigt. Es wurde festgestellt, dass 

beim Markt mit den kleinsten Gebotshöhen auf der einen Seite am einfachsten eingetreten werden 

kann, auf der anderen Seite hingegen diese Märkte heute die höchsten technischen Anforderungen 

haben und sehr konservativ sind. Die Autoren glauben, dass es PHEVs möglich wäre, in jeden dieser 

Märkte einzutreten, falls eine genügend grosse Anzahl PHEVs teilnehmen, um eine konstante 

Kapazität zu garantieren. Zudem wurde festgestellt, dass diese Zahl nicht gross ist, sondern es sich 

gezeigt hat, dass die Nachfrage nach Regelleistung durch PHEVs schnell befriedigt wird. Die 

Einführung 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 Pläne zur 

Realisierung von mehr stochastischen Energiequellen existieren. Falls dies zutrifft, spielen die PHEVs 

möglicherweise eine grosse Rolle.  
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Glossary and Abbreviations 

Activation step The smallest capacity that can be ordered to be activated.  
Black start capacity Special power reserves designated to be able to re-start the power system after 

a black-out. 

BRP Balance Responsible Party 
Capacity price Price per MW for holding a capacity available for a certain time period. 
Congestion Congestion is capacity limitation, i.e. bottlenecks, on the transmission network. 

Congestion is when not enough power can be transmitted due to capacity 

limitation on the transmission network, so called bottlenecks. 

Control area A control area is a coherent part of the UCTE interconnected system, usually 

coincident with the territory of a company, a country or a geographical area, 

physically demarcated by the position of points for measurement of the 

interchanged power and energy to the remaining interconnected network), 

operated by a single TSO, with physical loads and controllable generation units 

connected within the control area. 

Contract time The time period holding a certain capacity available.  
Energy price payment Price for the energy provided as control power. In regulation up, a price paid to 

the provider for selling energy. In regulation down, a price (lower than the spot 
price) paid by the provider for accepting energy. 

EV Electric Vehicle 
FDR  Frequency Control Disturbance Reserve, part of Swedish primary control 
FNR  Frequency Control Operation Reserve, part of Swedish primary control 
Marginal Electricity The most expensive electricity in a system. The use of this increases if the total 

use of electricity increases. 
Marginal price system Marginal Price System means the bid is paid the price of the last accepted bid. 
Market time frame How close the bidding process and the actual delivery of control power is.  
Minimum bid size The minimum bid size in capacity to be accepted . 
Pay as bid Pay As Bid means that the bid is paid the price indicated in the bid, and not the 

marginal price.  
PHEV Plug-in Electric Hybrid Vehicle 
Peak load reserves To use e.g. PHEVs to put extra energy on the grid when the demand is the 

highest 
Regulation down 
 

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

Regulation up 
 

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

SEK  
 

{ǿŜŘƛǎƘ YǊƻƴŀΣ /ǳǊǊŜƴŎȅΥ мл {9YҒ= мϵ EURO 

Settlement period The settlement period is the planning period and accounting period on the 
electricity market. 

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

Symmetric regulation Same amount of control power must be available for up-and down regulation 
Synchronously 
interconnected system 

The frequency is the same in the whole power system, 

SvK Svenska Kraftnät 
TSO Transmission System Operator 
UCTE  Union for the Coordination of Transmission of Electricity 
V2G Vehicle to Grid  
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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. 

Plug-in Hybrid Electric Vehicles (PHEVs) are one of the solutions proposed and promoted. PHEVs have 

both an electric motor with onboard electric energy storage (i.e. a battery), and a traditional internal 

combustion engine. An average personal vehicle is parked for over 20h a day (Brooks 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 substantially higher than for corresponding 

gasoline vehicles. One value generating activity that has been suggested and investigated is to use 

the vehicles to support the electric power grid (Kempton & Tomic (2005), Brooks & Gage (2001), 

Guille & Gross (2008), Larsen, Chandrashekhara, & Östergård (2008), Williams & Kurani (2007)). If a 

PHEV is equipped with a bi-directional 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 vehicle-to-grid power (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 systems. If the PHEV not only is equipped for V2G but also has 

some kind of communication device so that it can 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 real time frequency control is traded) is 770 million ϵ 

(Regelleistung.net) and 375 million SEK (37.5 milllion ϵ) (Hjalmarsson & Söder, 2003) for the Swedish 

control power market. Each PHEV is assumed to be connected to the grid with a 3.5kW connection ς 

the rating of a normal household plug. In Sweden 150 000 plugged in PHEVs could manage to cover 

the total demand of control power. The same number for Germany is 1.8 million PHEVs. Studies 

made in Japan and the US have found that even during rush hour, more than 80% of all cars are 

parked (Lund & Kempton, 2008). A reasonable assumption is therefore that 80% of the car fleet 

would be plugged in at any time, which means that 2.25 million PHEVs in Germany and 180 000 

PHEVs in Sweden would be needed to participate as control power to cover the total demand for 

control power. This corresponds to 4.8 % of the car fleet in Germany, and 4.2 % in Sweden. Every 

year around 3.2 million new cars are registered in Germany and 280 000 in Sweden. This implies that 

PHEVs could deliver all control power needed within about one year in both Sweden and Germany, if 

all new cars sold were PHEVs. The value of the market per participating vehicle would be 32ϵκƳƻƴǘƘ 

in Germany and around 16ϵκƳƻƴǘƘ ƛƴ {ǿŜŘŜƴΦ Table 1 provides an overview of market size in both 

MW and ϵ, as well as number of PHEVs that would be needed to cover the total demand. 
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Table 1 Total size of the control power markets in Germany and Sweden, in both monetary and capacity terms, and the 
number of PHEVs needed to cover the market totally (Regelleistung.net, 2008; Hjalmarsson & Söder, 2003; Kristiansen, 

2007; ACEA, 2009). 

 Germany Sweden 

Total demand frequency control (MW) 
 

11 000 1000 

Numbers of cars (million) 
 

46.6 4.3 

Number of cars plugged in that cover total demand 
(assuming 3.5kW/car) (million) 
 

1.6 
 

0.15 

Number of cars that need to participate, assuming 80% 
always plugged (million) 
 

2 0.19 

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

Number of years needed to cover total demand, if all new 
cars would be PHEVs 
 

0.6 0.6 

Percent of the car fleet participating as control power 4.3 4.4 
Value of the Control Power 2008 (Million ϵ/year) 
 

770 37.5 

Average Value per PHEV όϵ/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 for share of vehicles sold that should be PHEVs in 2020, which are sufficiently high to 

make PHEVs an important actor (Kasche, 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 control power. 

Another V2G service is peak load reserves, which implies using the PEHVs for storage of excess 

energy during off-peak hours, and discharge them onto the grid during peak hours. This can be of 

economic interest in some cases, according to Kempton and Tomic, but their own calculations render 

too small net profits to be interesting. (Williams & Kurani, 2007) find some negative and some 

positive net profits for PHEVs providing this service. PHEVs as providers of other types of ancillary 

services such as reactive power and black start capacity have also been discussed. (Ebsen, 2008) 

believe that black start capacity from PHEVs would be technically too complicated, and (Brooks & 

Gage, 2001) state that there was no market for reactive power in 2001. 

The purpose of PHEVs delivering control power is thus derived from monetary as well from 

environmental aspects.  The fundamental reason for investigating these is the possibility that PHEVs 

could: 

¶ Generate extra value when parked (making PHEVs more attractive to own) 

¶ Cover increased need of control power (due to increased intermittent energy sources in 

future power systems) 
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1.2 Purpose & Aim  
The overall aim of 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:  

¶ From an economic perspective, is it interesting for PHEVs to act as control power on 

ǘƻŘŀȅΩǎ ŎƻƴǘǊƻƭ ǇƻǿŜǊ ƳŀǊƪŜǘǎΚ  

¶ From the market perspective, would it be possible for PHEVs to act as control power on 

ǘƻŘŀȅΩǎ control power markets?  

The reason the control power markets have been chosen as the area of investigation is that previous 

work (e.g. several studies cited in (Kempton & Tomic, 2005)) shows that frequency control and 

spinning reserves (corresponding to fast tertiary control) are the most interesting markets for PHEVs. 

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 Germany. In addition, this report aims to 

discuss future changes in control power demand and the influences of an introduction of PHEVs of 

control power. The report will also try to answer the question if the result concerning the profitability 

for PHEVs acting as control power on European market is similar or if 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 for choosing Sweden and Germany is the differences in the 

power sources. This affects the market construction and typical prices on control power.   

Another delimitation made is that only control power markets are investigated. This implies that the 

modelling part of the project investigates the power transactions between a vehicle and the grid that 

are part of real time frequency control ς both regulation up (selling energy) and regulation down 

(buying energy).  The concept of vehicle-to-grid power (further described in chapter 4) forms a basis 

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

car providing regulation down is actually not a vehicle-to-grid energy flow but a grid-to-vehicle 

energy flow: nonetheless, this is included in our investigation because it is as important as regulation 

up for the real 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 daytime (peak 

load reserves) are not included in this project. Neither is delaying charging to off-peak hours (peak 

shaving) included. For an investigation on this, see (Göransson, 2008).  

The technical aspects of PHEVs as control power providers have only been treated superficially, in 

the form of a literature study. Further investigation regarding  the feasibility and economics of any 

equipment necessary for an implementation have not been made. The infrastructure requirements 

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 from being applied to such vehicles. One 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 to be covered by the reasoning in this report. The major 

limitations in this report are illustrated in Figure 1. 

 

Figure 1: Scope and delimitations. The aspects in the inner circle are included in this report. The aspects outside the circle 
are excluded. 

      

1.4 Method  
First, current market construction was investigated. The constraints and requirements for acting on 

the different markets were 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 research was done 

regarding PHEVs and V2G. Interviews with control power market experts and stakeholders to PHEVs 

and the control power markets were also carried out. 

Secondly, the project estimated the profit that owners of PHEVs could earn by acting on the 

investigated control power markets. To do this, a simulation model was constructed in Matlab, using 

real control power market data as input. The model simulates the behaviour of 500 individual 

vehicles, responding to actual demand and price signals from  the control power markets 

investigated. A more thorough description of the model can be found in chapter 6.  

A SWOT analysis was made to pinpoint the Strengths, Weaknesses, Opportunities and Threats of 

PHEVs as control power providers. The 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. Identification of the strengths and weaknesses enable construction of an ideal control power 

market for PHEVs. This ideal market were compared to the present markets. The opportunities and 

threats form the basis for the discussion.  The structure of the report is illustrated in Figure 2. 
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Figure 2: Structure of the report 
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2 Frequency Control ɀ 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 automatic (primary and secondary control) and manual 

(tertiary control). These will be briefly described in this chapter. The market for these different 

frequency control services will be described in chapter 5. The names of different types of frequency 

control services differ between countries and people. In this report, the name άfrequency controlέ 

implies real time balancing of the frequency. To get a more thorough understanding, a general 

overview of the electricity market will be given. Lastly, the structures and services in Germany and 

Sweden will be described and important differences between the countries will be explained.    

 

2.1 Overview of the Electricity Market  
The electricity market consists of a physical flow of electricity and a financial flow. The organization 

of these two flows differs from country to country. The activities on the electricity market can be 

sorted with respect to time; before the day of delivery, during (and before) the day of delivery and 

after the day of delivery.  

Before the day of delivery, production 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 organized by European Energy Exchange (EEX) and in Sweden 

by Nord Pool. Supply and demand curves are submitted for the following day. The supply curve is the 

planned production of electricity and the demand curve is the planned consumption of electricity for 

a specified producer or consumer (Kiener, 2006).  

Since the supply and demand curves are only forecasts, the situation might change. After the spot 

market has closed, adjustments can be made by re-declaration of production plans and trading on 

the intraday market. A re-declaration of the production plan can for example be necessary if 

technical problems occur and the planned electricity cannot be delivered. In this case, the power 

producer must be able to re-declare 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 every moment. Therefore, there is a need of a balancing mechanism. When 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 market with activation of control power 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 of the balancing mechanism based 

on the physical flows of electricity during each settlement period. The coordination is done by the 

TSO (Kiener 2006). All common principles described above are schematically shown in Table 2. 

 

 



8 
 

Table 2: Common principle of the electricity market. 

Activity Time Market 

Production plan and 
load forecasts 

Years, Months, Weeks, 
days before the day of 
delivery 

Bilateral Markets Future 
& Forward Markets 
Spot Market 

Production plan and 
load forecast adjustment 
 

Day before, and during 
the day of delivery 
 

Intraday market 

Activation of control 
power in real time 

Real time Control power market 

Financial Imbalance 
settlement 

After the day of delivery No market ςa financial 
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 the electricity from the producers to the consumers. The responsibility for keeping 

the system in balance is divided between the TSO and Balance Responsible Parties (BRP).  

The TSO is responsible for operating, maintaining and developing the transmission system for a 

control area and its interconnections (UCTE, 2004). The TSO must ensure physical balance and safe 

system operation, which includes frequency control and handling of operational disturbances and 

bottlenecks in its control area (Svenska Kraftnät, 2007). 

The BRP is held ŦƛƴŀƴŎƛŀƭƭȅ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƳŀƛƴǘŀƛƴƛƴƎ ŀƴ ŀŎǘƻǊΩǎ ōŀƭŀƴŎŜ ōŜǘǿŜŜƴ ŜƭŜŎǘǊƛŎƛǘȅ 

production and consumption. If an electricity consumer or producer is not a BPR itself, it must enter 

into a contract with a BRP, which overtakes the responsibility. In this way, there always is a financial 

BRP for all electricity produced and consumed. It is important to notice that this responsibility 

extends only to paying for the financial cost arising from the mismatch between predicted and actual 

consumption or production. (Svenska Kraftnät,2007).  

 

2.3 Frequency Control to Guarantee a Stable Frequency  
Most modern societies are dependent on a secure and reliable power system. This implies that the 

power system has to be in balance at every moment. A power system in balance has a stable 

frequency, which corresponds to equal consumption and production of electricity in the system of 

each instant of time. Since it is impossible to accurately predict the instantaneous electricity 

consumption at any moment, a frequency deviation will be caused by the inequality of consumption 

and production of electricity. An increasing frequency means that more electricity is produced than 

consumed; a decreasing frequency means the opposite. The frequency variation must be kept within 

specified limits, otherwise electronic devices can be damaged, and in the worst case, there is a risk of 

blackouts.  

In order to maintain permanent frequency stability, three 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 in Figure 3. If the water level should remain constant, the same volume of water 

must be poured into the funnel as the volume of water leaking, at every moment. Otherwise, the 

water level will deviate from its nominal value.  If the funnel leaks out water 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 stabilize it at a new level. In a power system, the first type of 

frequency control does this task: primary 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 occur. Sweden has no secondary control, and 

therefore this is the task of the tertiary control in the Swedish system.   

 

Figure 3: A stable frequency can be illustrated by a stable water level in a funnel. 

To be able to have a stable frequency there must 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 electricity. This is 

described in the following equations (1(a)-(c)). 

Predicted:  Productionς Consumption = 0 
 

(1a) 

At every moment actual: Production  ς /ƻƴǎǳƳǇǘƛƻƴ Ґҟa²Ƙ 
 

(1b) 

ҟMWh=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.al 2008). This is called the settlement period. Each subsystem 1 is responsible 

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

no physical influence on the frequency control but is a planning and accounting period (Schulz, 2008).    

Frequency control can be provided from the demand side and 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 its production, 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 

                                                           
1
Subsystem is the power system for which a TSO is responsible. A TSO can be responsible for several 

subsystems (Nordel, 2008) 
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regulation down is needed. Regulation down could be either higher consumption of electricity 

(demand side) or reduced production (supply side). When the consumption is higher than 

production, there is a need for upward regulation, which is delivered by decreasing a load or 

increasing production. This is schematically described in Table 3. 

Table 3: Regulation up or down from supply or demand side. 

Type of frequency control Frequency Demand side Supply side 

Regulation up Too low Decrease load Increase supply 
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/he could be paid simply for standing there even if an actual adjustment of the flow is 

never needed. An energy price, on the other hand, can be paid for the control energy that is actually 

delivered. In the case of regulation up, an energy price is paid to the actor that delivers energy, or 

pours water into the funnel in this example. In the case of regulation down, the actor that provides it 

pays rather 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 market. In the water funnel example, an actor 

άōŜƭƻǿ ǘƘŜ ŦǳƴƴŜƭέ ǘƘŀǘ Ŏŀƴ ŀŎŎŜǇǘ ŀ ƭŀǊƎŜǊ Ŧƭƻǿ ƻŦ ǿŀǘŜǊ ǘƘŀƴ ǇƭŀƴƴŜŘ ƛǎ ǊŜǿŀǊŘŜŘ ŦƻǊ ǘƘƛǎ ōȅ ƎŜǘǘƛƴƎ 

the extra water at a low cost.  

2.3.2 Primary Control  

The primary control is the first type of control to respond to a frequency 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 frequency primary control.   

 To be able to deliver primary control, a 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 response defines 

the correlation between a frequency deviation and a change of power production, which is shown in 

equation (2a). A concept known as statics is also used to describe this correlation. It is the inverse 

function of frequency response (2b).  
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(2a) Pn = production at the nominal frequency f0 
f0=50Hz 
P=power output 
R=Frequency response 
F=frequency 
Ep=Statics 
 

 
 

(2b) 

 

 

2.3.3 Secondary Control  

Secondary control is needed for 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. 

However in secondary control, consideration is taken to where the deviation from the planned 

load/power output occurred. The affected TSO is responsible for delivering secondary control. Thirty 

seconds after a disturbance the secondary control should start to deliver regulation up or down. 

After 5 minutes, the secondary control must be fully activated. The secondary control should 

normally be replaced by tertiary control after 15 minutes, but can sometimes operate up to 1 hour 

(Dupuy, 2008).  

2.3.4 Tertiary Control  

According to UCTE, manually activated regulation is defined 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 after automatic frequency control. The tertiary control must 

be provided within 15 minutes, and can be needed up to one hour. These controls need to be already 

synchronized with the network to be able to start up quickly (Kiener, 2006).   

 

2.4 Sweden: part of Nordel  
Sweden is synchronously interconnected 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 interconnected system, 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 Denmark (Energinet), Finland (Fingrid), Iceland (Landsnet), Norway 

(Statnett) and Sweden (Svenska Kraftnät) (see Figure 4) (Nordel, 2008). Nordel has a requirement to 

keep the frequency within the range of 49.9-50.1 Hz during normal operation (Bäck, 2008).  
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Figure 4: Nordel is the collaboration organization of the TSOs of Denmark, Finland, Iceland, Norway and Sweden (Nordel 
2008). 

In Sweden, there is one single TSO, called Svenska Kraftnät (SvK), which is a public utility. SvK is 

responsible for managing and operating the national grid of Sweden, consisting of the 400kV and 

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

by SvK (Svenska Kraftnät, 2007). The Swedish TSO has two categories of control services to balance 

the frequency; primary control and tertiary control. 

In Sweden, the BRP is called Balance Provider. The Swedish control power market requires the actors 

to be BRPs, which implies that it is impossible for non-BRPs to place bid on the control power market. 

Via the balance settlement, SvK distributes the cost of frequency control and any imbalances among 

the BRPs on the electricity market (Svenska Kraftnät, 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 Co-ordination of Transmission of Electricity (UCTE) (UCTE.org, 

2009). All countries participating in the UCTE are shown in Figure 5. In the UCTE, the frequency 

should be kept within 49.8-50.2 Hz (Bäck, 2008).  
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Figure 5 Countries included in the UCTE (UCTE, 2009).  

 

In Germany, there are four TSOs. Each TSO owns the grid in its control area as shown in Figure 6. 

These TSOs are companies and not public utilities as in Sweden (Dupuy, 2008). The TSOs in Germany 

are: 

¶ RWE (RWE Transportnetz Strom GmbHnNET) 

¶ EnBW (EnBW Transportnetze AG) 

¶ E.ON (EON netz GMbH)  

¶ Vattenfall (Vattenfall Europe Transmission)   

 

Figure 6: The four German TSOs and their control areas (Euroenergie, 2008). 

The German TSOs are responsible for supplying control energy during the first hour of the incident. 

Thereafter, it is the responsibility of the BRP where the incident occurred (Dupuy, 2008). The 
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responsibility for supplying primary control is shared by all TSOs in the UCTE system. For the 

secondary control the affected TSO, where the incident occurred, is responsible for supplying the 

system with secondary control. The fast tertiary control (Minutenreserve) is delivered within 15 

minutes and is guaranteed by the affected TSO. There are also long-term controls called slow tertiary 

control (Stundenreserve) and Emergency control (Notreserve). These are slower controls and 

managed by the balance responsible of the affected balancing group.  From here on, German tertiary 

control refers to fast tertiary control only (Dupuy, 2008). An overview of these controls and 

responsibilities are given Figure 7 and Table 4. 

Table 4: Type of control Germany (Dupuy, 2008) 

Type of control  Response 
time 

Responsible actor 

Primary control <30 seconds All the TSO in the 

UCTE 

Secondary control <5minutes The TSO of the 
affected zone 

 

Tertiary 

control 

Fast tertiary 

control 

<15minutes 

Hourly control <1 hour The balance 

responsible of the 

affected balancing 

group 

Emergency 

control 

Variable 

 

 

 

Figure 7: Response times and responsibilities in frequency control in Germany (Dupuy, 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 imbalance settlement. Each BRP pays for non-

zero residual integrals. The frequency in the UCTE system can be seen in real time at the UCTE 
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homepage. Figure 8 shows a typical example: the frequency deviates from the nominal value of 50 

Hz, but is still within the specified limits. 

 

Figure 8: Frequency in the UCTE system provided on the UCTE homepage in real time (UCTE, 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 system is roughly composed of two-thirds thermal power and 

one-third hydropower (Eurostat, 2008).  

Most frequency control in Sweden comes from hydropower, which can provide frequency control in 

a cost efficient way (Hjalmarsson & Söder, 2003). The reason is that the optimal efficiency for 

hydropower is at a lower production than the maximal, which makes it possible for a hydro power 

station to provide frequency control at almost no cost. A hydro power station that delivers frequency 

control thus runs steadily on its optimal efficiency, and when it is activated for frequency control, it 

simply opens or shuts its water gates slightly. This results in a small decrease of efficiency when 

activated, but only a few percentage units (Söder, 2008). This makes the prices for control power 

generally lower in Sweden than in Germany, and is the reason for Sweden having lower or absent 

capacity payment. It simply does not cost anything extra to keep a hydro power station ready for 

frequency control (Bäck, 2008). 

In Germany, most frequency control is provided by thermal power. When providing frequency 

control from a thermal power plant, its efficiency is significantly reduced. Steam must be produced at 

the same temperature and pressure as when producing power on full load, and then be throttled to 

a lower pressure in a valve before it enters the turbine. This is the only way to change power output 

fast enough to provide frequency control. The fuel cost for a thermal power plant that provides 

frequency control (and 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 the control power market (Söder, 2008). 

Both Sweden and Germany have significant shares of nuclear power in their power systems. These 

are generally not active on the control power markets. Non-pressurized nuclear reactors are not 

even able to provide frequency control since their steam is not superheated, and thus cannot be 

throttled before entering the turbine (Söder, 2008). 

In Sweden, control power is more expensive during the night, since the hydro power plants prefer to  

save their water for the higher spot prices during the day. In Germany, the control power is less 

expensive during the night, because the coal-fired power plants need to run also during the night 

when the electricity demand is low. The reason is that it is too expensive to stop and start these 

plants (Söder, 2008).   
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Important to notice is that secondary control exist in Germany but not in Sweden. This is because 

UCTE defines secondary control as automatic. The primary control is in Sweden restored by manual 

ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŎƻƴǘǊƻƭ ǇƻǿŜǊΦ ¢Ƙƛǎ ǎŜǊǾƛŎŜ ƛǎ ŎŀƭƭŜŘ άǎŜŎƻƴŘŀǊȅ ǊŜƎǳƭŀǘƛƻƴέ ƛƴ ǘƘŜ bƻǊŘƛŎ {ȅǎǘŜƳΣ ŀƴŘ 

has the same purpose as the UCTE defined secondary control, namely to restore the primary control 

and the frequency. In ǘƘƛǎ ǊŜǇƻǊǘΣ ǘƘŜ ά{ǿŜŘƛǎƘ {ŜŎƻƴŘŀǊȅ wŜƎǳƭŀǘƛƻƴέ ǿƛƭƭ ōŜ ǊŜŦŜǊǊŜŘ to as tertiary 

control. If a major outage occurs in Sweden, there are emergency controls available. During normal, 

i.e. 0.1 Hz in frequency deviations, the tertiary control in Sweden will restore the frequency at 50Hz 

(Bäck, 2008).  

German tertiary control should restore the frequency to its nominal value 50 Hz when the 

disturbance is greater than manageable for the secondary control. This is the reason why tertiary 

control is not activated very often in Germany; most of the time, the secondary control is able to 

restore the frequency to its nominal value. In Germany, tertiary control should be able to handle 

large imbalances between production and demand, such as large plant outage or load losses. For 

example if a transmission line to another country is subject to failure  and the planned exported 

power cannot be exported, there is a significant load loss.  This will be handled by tertiary regulation 

down (Dupuy, 2008).  
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3 Plug-in Hybrid Electric Vehicles  
This chapter gives an introduction to plug-in hybrid electric vehicles (PHEVs). 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 are briefly presented.  

 

3.1 What is a PHEV? 
A plug-in hybrid electric vehicle is a vehicle that has an internal combustion engine that runs on 

gasoline or another fuel, and an electric motor that runs on electrical energy from a battery. This 

battery can be charged from the grid, and is large enough to enable the PHEV to run for some tens of 

kilometers on electrical energy only, depending on the battery size and control scheme. 

Although the first plug-in hybrid actually reached the market already in 2003 ςǘƘŜ 9ƭŜŎǘΩǊƻŀŘ ŦǊƻƳ 

Renaultς the car was not very successful, and only a few hundred Elect´roads were ever sold before 

Renault discontinued the production (Burgat, 2003). However, with the recent increasing interest in 

environmentally friendly cars, the PHEV seems to approach a new dawn. Several car manufacturers 

now have PHEV models making their way to production within the next few years (see below). 

The combination of battery and gasoline propulsion can be designed in a number of different ways. 

The most important of these are briefly described below, based on (Galus & Andersson, 2008). 

- In a series hybrid, the wheels are entirely powered by an electric motor. The gasoline (or 

otherwise) fuelled internal combustion engine (ICE) is used only to drive 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 other can make the wheels rotate.  

- The series-parallel hybrid is a combination of the two, where the engine either can drive the 

wheels directly, or generate electricity to be stored in the battery. 

To this date, there is no dominant PHEV design. Different automakers chose different layouts, as is 

described in the section on PHEV-models. However, each layout has its strengths and weaknesses. 

Table 5 compares some of the main pros and cons with series, parallel and series-parallel hybrids.  

Table 5: Comparison of series, parallel and series-parallel hybrid layouts (Bradley and Frank, 2007; Bergman, 2008; Galus 
and Andersson, 2008; Tate, Harpster et al., 2008) 

Type of PHEV Advantages Disadvantages 

Series hybrid ¶ ICE utilized only in high efficiency regions.  

¶ No clutch needed = lighter, simpler and less 
losses. 

¶  Electric motors have higher efficiencies 
than ICE:s 

¶ Will run more on electricity than the two 
others = smaller direct emissions. 

¶ Extra energy conversion losses 
(energy from fuel always converted 
to chemical energy in battery before 
it is used.) 

Parallel hybrid ¶ No generator needed = lighter vehicle, 
simpler design 

¶ Flexibility 

¶ Higher fuel economy, higher overall 
efficiency and lower cost than series hybrids 

¶ Needs a clutch 

Series-parallel 
hybrid 

¶ Combines the advantages of series and 
parallel hybrids 

¶ High cost 

¶ 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 be made on 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 however that even if the electricity used for propulsion comes from coal fired power 

plants, the CO2-emissions are lower from a PHEV than from an conventional car (Bradley and Frank, 

2007; Bergman, 2008). 

 

3.2 Batteries  ɀ a Key Factor for PHEVs 

A key component in the PHEV is its battery. In fact, it can be argued that development in battery 

technology is what guides and decides the future of PHEVs and electric vehicles (EVs) altogether. The 

batteries have to become cost-efficient, light, energy dense, and provide enough power (Markel & 

Simpson, 2006). 

The last few years have seen a breakthrough of battery technology. Focus has shifted from nickel-

metal hydride (NiMH) batteries to lithium-ion (Li-ion) batteries, which currently seem to be the most 

promising technology. These two types of batteries are compared in Table 6. 

Table 6: Strenghts and weaknesses with Li-ion and NiMH batteries (Williams & Kurani, 2007; Bergman, 2008)  

Type of 

Battery 

Advantages Disadvantages 

NiMH ¶ Longer lifetime: can endure more cycles  

¶ Safe 

¶ Reliability proven in vehicle applications 

(e.g. in the Prius) 

¶ Too low energy density to enable use in 

PHEVs 

¶ Lower specific power (power per weight) 

¶ Higher self discharge rate 

Li-ion ¶ Higher energy density (both volumetric 

and weight based) 

¶ Higher specific power 

¶ Lower self-discharge rate 

¶ There have been safety incidents with Li-

ion batteries catching fire 

¶ Shorter lifetime 

 

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 experimental stage. 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 in vehicle-to-grid-applications (Bergman, 2008). 
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3.3 PHEV Models to Come in the Near Future  

To this date, at least four automobile companies plan on producing plug-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 (Table 7). Figure 9 shows pictures of the described car models. 

3.3.1 BYD: F3DM and  F6DM 

The plug-in hybrid that is the closest to mass production and release comes from a Chinese company 

called BYD, which can be deciǇƘŜǊŜŘ ŀǎ ά.ǳƛƭŘ ¸ƻǳǊ 5ǊŜŀƳǎέ. BYD is one of the largest battery 

manufacturers in the world, and has also produced cars since it bought an automotive company six 

years ago. During 2007 and 2008, BYD showed two PHEVs - 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 F6DM will 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 series-parallel hybrid. The batteries are a form of Li-ion 

ōŀǘǘŜǊƛŜǎΣ ŘŜǾŜƭƻǇŜŘ ōȅ .¸5 ǘƘŜƳǎŜƭǾŜǎΦ ¢ƘŜȅ Ŏŀƭƭ ƛǘ ŀƴ άƛǊƻƴ ōŀǘǘŜǊȅέΣ ōŜŎŀǳǎŜ ǘƘŜ ƛƻƴ ƛǎ ŀƴ ƛǊƻƴ 

phosphate.  

3.3.2 Toyota: Plug -in HV 

Since Toyota was the first automaker to sell a mass produced hybrid vehicle, expectations have been 

high on them to hit the market with a plug-in version. This has not yet happened, as Toyota has 

awaited battery technology development. The original Prius has NiMH-batteries, but these do not 

have sufficient energy density for plug-in applications, as noted in Table 6. In early 2008 Toyota 

announced that it would start to sell Li-ion PHEVs from 2010 (Toyota, 2008). It is not clear what this 

model will be called or how it will look. Real life test driving of a Toyota Plug-in HV is going on in 

Europe, Japan and the US, although these cars are equipped with NiMH-batteries (Toyota, 2008). The 

purpose of this test driving is to optimize the size of the battery, so that it is the right size to meet 

customer requirements. However, no more specific data on the battery or the vehicle will be 

available until mid 2009, and no picture is available yet (Dalström, 2008).  

 
 

 a) BYD F3DM. From (Bergman 2008) b) GM Volt. From (GM 2008) 
 

c) Volvo ReCharge. From (Volvo 2008) 

Figure 9: Pictures of the presented PHEV models, except the model from Toyota, of which no picture is available yet. 

3.3.3 GM: Volt 

In September 2008, General Motors presented the Volt that will enter the main production lines in 

2010. The Volt is a series hybrid that uses a Li-ion battery pack. However, GM does not call the Volt a 

plug-in hybrid. They call it an electric vehicle with a range extender, the range extender being the ICE 

(General Motors, 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 around 2015 (Jalopnik, 

2007).  The ReCharge is a series 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 consist of Li-ion batteries, situated 

in the luggage compartment (Volvo cars, 2008). 

Table 7: Data on the presented PHEV models. N/A implies data not available. Note that all data is provided by the 
manufacturers and not externally verified: it is thus difficult to compare. (General Motors, 2007; Toyota, 2008; BYD, 

2008, Volvo cars, 2008; Söderbom, 2008) 

 BYD  
F3DM 

Toyota 
Plug-in HV 

GM  
Volt 

Volvo 
ReCharge 

Release year 2008 2010 2010 2015? 
Battery type Li-iron 

phosphate 
Li-ion Li-ion Li-ion 

Drive train layout Series-
parallell 

Series-
parallell 

Series Series 

Pure electric drive 
distance 

300km N/A 64 km 100km 

Battery size  20kWh  N/A 16 kWh 5-15kWh 
Electric motor power 50kW 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 power from the grid, but also sell power back to the grid. That is the basic concept of 

vehicle-to-grid (V2G) power: power that flows from the vehicle, to the grid. This function could be 

used not only as control power, but could also allow vehicles to function as e.g. black start capacity2 

or peak load power (Kempton & Tomic, 2005; Larsen, Chandrashekhara, & Östergård, 2008) . 

Services like these could be by PHEVs, electric vehicles, or fuel cell vehicles. This chapter provides a 

vision of how a V2G-setup could look, how it could be handled on an organisational level, and how 

the energy transactions between the vehicle and the grid would be arranged. It also suggests some 

possible business models for V2G, and finally describes the current status of the technology. 

 

4.1 A Vision o f a V2G Setup  

A vision for a real life V2G system is described in the series of papers (Brooks and Gage 2001; Brooks 

2002; Gage 2003). This vision is summarized in Figure 10, and will be described below. The 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 needs it. It is important to note that what is 

described in this chapter is a vision. Not all the steps in this setup have been real-life tested, and 

much is based on simple suggestions and assumptions. 

 

Figure 10: Overview of AC Propulsion's vision of V2G. Picture from (Brooks, 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 by AC Propulsion, this problem is solved through organizing the V2G-services 

of many vehicles through a single actor, called the 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 through an individualized web page, where 

owners log in and enter at what times, at what locations and for how long their car normally would 

                                                           
2
 Black start capacity is special reserves designated to be able to re-start the power system after a black-out. 
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be plugged in, and what state of charge (SOC) they want their battery to have when they plug out. 

aƻǊŜƻǾŜǊΣ ǘŜƳǇƻǊŀǊȅ ŜȄŎŜǇǘƛƻƴǎ ŦǊƻƳ ǘƘƛǎ ǇŀǘǘŜǊƴ Ŏŀƴ ōŜ ŜƴǘŜǊŜŘΣ ǎǳŎƘ ŀǎ άǘƘŜ ŎŀǊ ǿƛƭƭ ōŜ ŀǿŀȅ 

from the ƎǊƛŘ ŦƻǊ ǘǿƻ ǿŜŜƪǎ ǿƘŜƴ LΩƳ ƻƴ ƘƻƭƛŘŀȅέ ƻǊ άƳȅ ŎŀǊ ǿƛƭƭ ōŜ Ŏƻƴǎǘŀƴǘƭȅ ǇƭǳƎƎŜŘ ŘǳǊƛƴƎ ƴŜȄǘ 

ǿŜŜƪΣ ǿƘŜƴ ƛǘ ǎǘŀȅǎ ŀǘ ǘƘŜ ŀƛǊǇƻǊǘέΦ It is noted that these individual exceptions will be important only 

when the number of participating vehicles is small, and that variations 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 accurate. The aggregator 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 for control capacity. When the PHEVs are activated, the 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 vehicles. A wireless internet connection is suggested for this 

communication. In this vision, a GPS transmitter in the vehicle solves the problem of knowing 

through which electricity meter the car is connected (as shown in Figure 10). Additionally, the vehicle 

Ƙŀǎ ƛǘǎ ƻǿƴ ŜƭŜŎǘǊƛŎƛǘȅ ƳŜǘŜǊ ƻƴōƻŀǊŘΦ ¢ƘŜ ŜŎƻƴƻƳƛŎ ǘǊŀƴǎŀŎǘƛƻƴ άōǳȅƛƴƎ ŜƭŜŎǘǊƛŎƛǘȅ ǘƻ ŎƘŀǊƎŜ ǘƘŜ 

ōŀǘǘŜǊȅέ ƛǎ ƘŀƴŘƭŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŎŀǊ ƻǿƴŜǊΩǎ ƴƻǊƳŀƭ ǇƻǿŜǊ ǇǊƻǾƛŘŜǊΣ ǿƘƛƭŜ ǘƘŜ ǘǊŀƴǎŀŎǘƛƻƴ άǎŜƭƭƛƴƎ 

ǊŜƎǳƭŀǘƛƻƴέ ƛǎ ƘŀƴŘƭŜŘ ǎŜǇŀǊŀǘŜƭȅ ōȅ ǘƘŜ ŀƎƎǊŜƎŀǘƻǊΦ ¢Ƙƛǎ ƛƳǇƭƛŜǎ ǘƘŀǘ ŀ ŎŀǊ ǇǊƻǾƛŘƛƴƎ frequency 

control ǿƘƛƭŜ ǇŀǊƪŜŘ ŀǘ ǘƘŜ ƻǿƴŜǊΩǎ ŜƳǇƭƻȅŜǊΩǎ ŎŀǊ ǇŀǊƪ ǿƻǳƭŘ ƴƻǘ ŀŦŦŜŎǘ ǘƘŜ ŜƳǇƭƻȅŜǊΩǎ ŜƭŜŎǘǊƛŎƛǘȅ 

bill (Brooks & Gage, 2001).  

4.1.3 Business Models for V2G 

The aggregator is paid by the TSO for providing frequency control services, and shares this profit with 

the vehicle owners in a way that makes it attractive enough to sign up for providing frequency 

control. In (Kempton and Tomic, 2005), a number of business models for V2G are suggested, some of 

which are compatible with the Brooks & Gage vision.  Table 8 shows competitive advantages for 

different types of companies, related to their core competence in their existing business.  

Table 8: Different type of ŎƻƳǇŀƴƛŜǎΩ competitive advantages concerning V2G business (Kempton & Tomic, 2005). 

Type of company  Competitive advantage 

Power retail company Existing business relationships with electricity 
customers. The aggregator could share the profit with 
the PHEV owners through a discounted electricity 
price or money back on the electricity bill. 

Automobile manufacturers or automobile service 
organisations 

Use of digital communication with the vehicles 

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

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

Battery manufacturer Can share profit with the vehicle owner by replacing 
the battery when it has been exhausted. 
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Another business model is developed in (Guille & Gross, 2008). There ŀ άǇŀŎƪŀƎŜ ŘŜŀƭέ is suggested, 

where the aggregator provides parking facilities, vehicle service, energy for charging and the battery. 

As in the battery manufacturer model above, the battery would be owned and replaced by the 

aggregator, and the energy for charging would be provided by the aggregator, as in the power 

retailer business model above. How this would provide a large enough incentive to the vehicle owner 

to keep his/her car plugged in is not explained. 

4.1.4 Current Status of V2G 

V2G according to the Brooks and Gage-vision has been tested both in laboratory environments and in 

a real grid situation, albeit with only one vehicle (Brooks, 2002; Gage, 2003; AC Propulsion, 2007). AC 

Propulsion also sells some of the equipment that is needed for V2G operation of vehicles. Another 

company, V2Green, has used AC Propulsion equipment to perform real grid demonstrations of V2G 

with vehicle fleets on several occasions (V2Green, 2008). 

Whether this V2G vision 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  

Some important questions concerning the future of V2G is what technical installations are needed to 

provide it, and how large changes to the current infrastructure that need to be done. Obviously, the 

smaller changes needed, the easier the implementation of V2G will be.  This section provides an 

overview of the technology needed for V2G, divided into different levels of infrastructure: grid, 

wiring, grid-vehicle interface, communication and other equipment. 

4.2.1 Grid  

The highest infrastructural level, the grid, was initially developed for a άǘƻǇ-Řƻǿƴέ power flow, with 

power flowing from the higher voltage levels to the lower and out to the consumers. There is nothing 

inherently impossible about sending power the other way, but 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 concerns can be divided in two areas: tripping of network protectors, and disruption of 

distribution system voltage control systems (Brooks, 2002). 

Network protectors are security devices aiming to protect maintenance staff working on a closed 

Řƻǿƴ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ƎǊƛŘΦ ¢ƘŜǎŜ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ǎƘǳǘ Řƻǿƴ ǇƻǿŜǊ Ŧƭƻǿǎ ƛƴ άǘƘŜ ǿǊƻƴƎ ŘƛǊŜŎǘƛƻƴέ 

(from the consumers to the grid). Brooks state that it is highly unlikely that V2G would ever cause 

this situation, because the control power flows are very small compared to the power flows from the 

producers to the consumers (Brooks, 2002). 

The other concern, regarding voltage control in distribution systems, is that the transformation 

between the different voltage levels in the grid is controlled discretely. Thus, PHEVs providing V2G 

could potentially push the grid voltage up before the transformer shifts to the next discrete step and 

takes the voltage down again. Again, the report states that 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, it could be a problem in a neighborhood when many vehicles simultaneously get a 

frequency control command, and they all send power to the same distribution network. This needs 

further investigation, but the report also mentions ways of solving the problem without building new 

infrastructure (Brooks, 2002). SvK sees no grid related technical constraints with PHEVs providing 

V2G (Bäck, 2008), however, they only operate the high voltage grids that would not 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 these standards to apply also to PHEVs is taking place in America (Kempton & Tomic, 

2005). 

4.2.2 Wiring   

The power P that can be transmitted through a line is limited by the line voltage U and maximum 

current I before the line (or fuses) burn, as described by equation (3) 

UIP Ö=  (3) 

 

The cables for power transmission inside electric vehicles are normally capable of over 100kW 

(Kempton and Tomic, 2005). The power transmission 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 

vehicle thus lies in the range 2.3kW (for 230V and 10A) to 24kW (for three phases and 20A). As the 

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

this.  

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 control power. Kempton and Tomic find that 

there is a substantial revenue increase if the line is upgraded from the American 7.7kW standard 

(with lower voltages but higher currents than the European standard) to 15-20kW (Kempton & 

Tomic, 2005). However, requiring people to upgrade their home wiring to take part on the V2G 

market will seriously hamper its development as it would take both time and money to do. 

Additionally, (Williams & Kurani, 2007) investigate net revenue from V2G at different levels of wiring 

ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ŎƻƴŎƭǳŘŜ ǘƘŀǘ άōƛƎƎŜǊ ƛǎƴΩǘ ŀƭǿŀȅǎ ōŜǘǘŜǊέΦ ¢ƘŜ Ŏƻǎǘ ŦƻǊ ŜȄǘǊŀ ŜƭŜŎǘǊƛŎŀƭ 

installations are in some cases but not always paid for by extra V2G revenue. Moreover, according to 

the back-of-an-envelope calculations regarding the size of the control power markets made in 

chapter 1.1, PHEVs could fairly soon take over the control power market even with a low 

transmission capacity. Even if the maximum 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 car. Thus, upgrading to higher levels of 

wiring might not be motivated from this respect. 

Moreover, depending on which control power market the cars act on, they might also be limited by 

their onboard energy storage rather than the line: the battery simply does not contain enough 

energy to keep delivering long enough to be able to act on the longer-call markets (Kempton & 

Tomic, 2005). A back-of-the-envelope calculation gives that a car with a 10kWh-battery (with 
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minimum SOC at 30%) and a 8kW plug could not sell stored power for a full hour, but would have to 

start the engine and deliver electricity from gasoline, which would be both environmentally harmful 

and expensive. 

4.2.3 Grid -Vehicle Interface  

Sockets are an important issue to PHEVs, with or without V2G, because they all need to 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 where 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 only 15-30% of the population currently have 

the possibility to charge over night (Williams and Kurani, 2007). It is probable that charging access 

would be an issue also in Sweden and Germany, especially in the cities (Bergman, 2008). 

For V2G applications, more profit can be made if the car is also plugged in during the day, as 

simulations later in the report will showΦ ¢ƘŜƴ ŎƘŀǊƎƛƴƎ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛǎ ƴŜŜŘŜŘ ŀǘ ǘƘŜ ŜƳǇƭƻȅŜǊΩǎ ŎŀǊ 

park. Here as well as for home charging, Sweden is quite well ahead with its large (though in some 

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

lots even at places where sockets have not been installed (Bergman, 2008). 

The plug and the socket also need to be compatible. Automakers tend to install standard plugs that 

go into standard voltage sockets. The first generation of PHEVs all have a maximum rating of 220V 

and 16A. Automakers are cautious about too high power to the batteries, as they are unsure of 

safety and life length under such conditions. For the next generation PHEVs, power companies and 

automakers cooperate around a standard for a 230V, 64A plug (Söderbom, 2008). With the first 

generation standard of 230V and 16A, the maximum power provided by one vehicle is 3.5kW.  

4.2.4 Communication  

Each vehicle needs a way of communicating with the grid, the TSO and the aggregator. In the V2G 

vision described above, this is done through the internet and a wireless modem in the car. This setup 

was tested with one vehicle, and the response times were found to be satisfactory ς 99.55% were 

below 1 second, when 4 seconds is the time required by the Californian TSO (Brooks, 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, and the report is six 

years old already. Another technology for communication is suggested in (Guille & Gross, 2008). It is 

called ZigBee, and is used for communication between the car and the parking, where the 

communication would go over to the internet.  

The advantage of using the internet and a wireless modem for communication is that both the 

internet and wireless modems are well known technologies, which could quite easily be 

implemented in vehicles. Moreover, it does not require any additional installations outside the cars, 

on the charging sites (Brooks & Gage, 2001). In (Kempton and Tomic, 2005), on the other hand, a 

short-range wireless protocol such as Bluetooth is suggested. This is also discussed in (Brooks and 

Gage, 2001), but is there opposed because it would be expensive and require extra infrastructure on 

each site. Keeping in mind that both articles are some years old (with Brooks & Gage 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 also tested it (Brooks, 2002; Gage, 2003; AC Propulsion, 2007). 
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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 different types 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 magnetic field nearby. Conductive chargers are inherently capable of bi-

directional power flows, whereas inductive chargers are not (Brooks & Gage, 2001) ς thus, 

conductive chargers are preferable for V2G applications. Most automakers seem to be concentrating 

on conductive charging, although some attempts are made to develop inductive charging. As an 

ŜȄŀƳǇƭŜΣ IƻƴŘŀ ƛǎ ƭƻƻƪƛƴƎ ŀǘ ŀ άŎƘŀǊƎŜ ǿƘƛƭŜ ȅƻǳ ŘǊƛǾŜέ ŎƻƴŎŜǇǘ ǿƘŜǊŜ ǘƘŜ ŎƘŀǊƎŜǊǎ ǿƻǳƭŘ ōŜ ǇƭŀŎŜŘ 

in the roads (Bergman, 2008). Other experts say that both inductive and conductive chargers can be 

constructed for V2G power flows, but that neither of them will be able to handle V2G power flows 

unless the need for it is specified (Lindskog, 2008). 

The vehicle also needs to have an electricity meter on board. The meter needs to be reliable, exact 

and tamperproof, and also able to communicate with the aggregator, possibly encrypted (Brooks & 

Gage 2001; Kempton & Tomic, 2005). It would be possible to keep the electricity meters in the 

parking lots instead but this requires additional infrastructure and thus costs. 

A GPS-receiver is recommended as a means of letting the aggregator identify the electricity meter 

the vehicle is connected through, and which distribution network it is located in (Brooks & Gage, 

2001; Brooks, 2002; Kempton & Tomic, 2005). This is already becoming standard in personal vehicles, 

and should not pose a problem to automobile manufacturers. Another idea suggested in (Guille & 

Gross, 2008) is to equip every vehicle with a mobile phone SIM-card, which would communicate both 

the ID of the car and its approximate position. 

Depending on which type of V2G services the PHEVs aims to offer, it might need additional 

equipment. For the control power markets investigated in this project, some comments are made in 

chapter 0. 

 

4.3 Earlier Estimations of V2G -Profitability  
In (Kempton & Tomic, 2005), profits for battery and fuel cell vehicles providing different types of V2G 

are estimated: peak load power, spinning reserves (approximately corresponding to tertiary control 

in this report) and regulation (approximately corresponding to primary and secondary control in this 

report). It is concluded that spinning reserves is very profitable for PHEVs, in the range of 112-

мсрϵκƳƻƴǘƘΦ The study uses estimated average values for both prices and how much the different 

controls are activated, as opposed to the study at hand where actual marked data is used for 

simulations. A continuation of (Kempton & Tomic, 2005) is found in (Williams & Kurani, 2007), which 

uses the same method to investigate a whole series of vehicles and levels of infrastructure. A large 

span of net profits are found, but more conservative than Kempton and Tomic: from -мΦрϵκƳƻƴǘƘ ŦƻǊ 

ǎǇƛƴƴƛƴƎ ǊŜǎŜǊǾŜǎΣ ǘƻ унϵκƳƻƴǘƘ ŦƻǊ ǊŜƎǳƭŀǘƛƻƴΦ These studies are made for California, which implies 

that the price levels on the control power markets could be very different from in this report. 

Brooks (2002) calculates the value created by PHEVs on a control power market, probably equivalent 

to the primary or secondary control in this project. Brooks calculates gross value created, so battery 
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degradation and other V2G-related costs needs to be subtracted from the values. The author 

concludes that $1000 gross value per year per car (corresponding to about 65ϵ/month) might not 

result in a compelling enough payment to the car owner. Brooks results are for regulation, and lie in 

the range 196-онсϵκƳƻƴǘƘΦ 

(Larsen, Chandrashekhara, & Östergård, 2008) estimate profits for electric drive vehicles (EDV:s) 

providing secondary and tertiary control in the part of Denmark that is connected to the UCTE-

system. As Germany is also a UCTE-country, and price levels are similar, so their study is the most 

comparable to the present one. Contrary to Brooks, the authors do not believe in EDVs as providers 

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

likely annual returns in the range 6-мслϵκƳƻƴǘƘΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ƳŀǊƪŜǘ ŀƴŘ ƭŜǾŜƭ ƻŦ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΦ 

The results from the cited studies are summarized in Table 9. Clearly, there is a large variation in the 

results from the different studies. 

Table 9: Summary of earlier estimations of V2G profitability 

Which 
market 

Income/year 
(original 
value) 

Profit 
όϵκƳƻƴǘƘύ

3
 

Capacity 
(kW) 

Study Comments 

Spinning 
reserves 
(approx 
tertiary 
control) 

 1731-2554$ 112-165 10-15 (Kempton & 
Tomic, 2005) 

Net profits: Costs for battery 
degradation, equipment and 
infrastructure included.  
Prices, number of calls and 
durations of each call are 
estimated averages. 
Area: California. 

-24 $ -1.5 1.8 (Williams & 
Kurani, 
2007) 

-9 $ -0.6 17.9 

Regulation  
 
(approx 
primary and 
secondary 
control) 
 

331 $ 21 15 

90 $ 6 1.8 

1262 $ 82 17.9 

1215-2015 $ 79-130 7 (Brooks, 
2002) 

Gross value created: neither 
battery nor infrastructure 
costs included. Prices are real 
market prices for 3 weeks in 
2001-2002. Activation is 
scaled from the activation 
pattern of a hydro power 
station.  
Area: California. 

3038-5038 $ 196-326 18 

Secondary 
control 

1440 DKK 16 2 (Larsen, 
Chandrashek
hara, & 
Östergård, 
2008) 

Likely annual return: no 
battery or infrastructure costs 
included. Prices are 
aggregations of real values 
from 2007.  
Activation patterns are 
estimates. 
Provides regulation down 
only if the energy price is 
negative.  
Area: Denmark West. 

14400 DKK 160 20 
Tertiary 
regulation up 

1530 DKK 17 2 

7430 DKK 84 20 

Tertiary 
regulation 
down 

508 DKK 6 2 

4870 DKK 55 20 

 

  

                                                           
3
 Assuming мϷ Ґ лΦттсϵ ŀƴŘ м5YY Ґ лΦморϵ 
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5 Control Power  Market s 2008  
This chapter will provide information about the primary, secondary and tertiary control power 

markets in Sweden and Germany. Total amount of control power in Germany is 6230 MW for upward 

regulation and 4730MW for downward regulation (Regelleistung.net, 2008) and in Sweden is around 

1000MW (Hjalmarsson & Söder, 2003). The total value of the German control power market is 770 

million ϵ and the daily volume of power corresponds to almost 9 percent of the available capacity 

(Riedel & Weigt, 2007) and for the Swedish 22.5 million ϵ (Bäck, 2008). Each control service will be 

described separately for each country. First the size of the market will be given, then actors, payment 

system, time aspects and bid requirements will be described. The market time frame, i.e. how close 

the bidding process and the actual delivery of control power are, contract time, i.e. the time period 

that the offered capacity needs to be available, will be discussed. So will. 

Since December 2007 the German primary, secondary and tertiary controls are all tendered on a 

common market. The prequalification and the market bidding process are harmonized between the 

four German TSOs (Schulz, 2008). As this re-organization of the market has taken place fairly 

recently, it is difficult to find written sources that contain up-to-date information. The information in 

this chapter is thus largely based on interviews with a representative for Vattenfall Europe 

Transmission (Schulz, 2008). Older information can be found in e.g. Kiener (2006), ETSO (2007) and 

ETSO (2006).  

5.1 Primary Control - Sweden 

The total demand of primary control in Sweden is 650MW. SvK yearly pays 150 million SEK (about 15 

million ϵ) in capacity price to be able to provide primary control. In addition, SvK pays energy prices 

to the actual delivered control power. The responsibility for the provision of frequency control 

service is distributed among the TSOs in Nordel (Bäck, 2008; Hjalmarsson & Söder, 2003). 

Primary control in Sweden can be divided into frequency controlled normal operation control (FNR) 

and frequency controlled disturbance control (FDR).  The difference of FNR and FDR is the frequency 

interval when it is activated and the activation time. The frequency interval for FNR is 49.9-50.1Hz. It 

is decided that the Nordic System should have 6000MW/Hz in FNR. Each country is responsible for 

supplying the system with frequency control proportionally to its electricity consumption in the prior 

year.  Sweden contributes with around 40 percent of the total supply of FNR, which is equal to about 

250MW (Kristiansen, 2007). The amount of FDR needed is decided weekly based on the defining fault 

in the system, which is the largest power plant that could have an outage. Normally the FDR in the 

whole Nordic system is around 1000MW and the share provided by Sweden is about 400MW. FDR is 

active when the frequency is in the intervals 49.5-49.9Hz and 50.1-50.5Hz (Kristiansen, 2007). This is 

illustrated in Figure 11. 
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5.1.1 Actor s  

There are five large players bidding on the primary control market in Sweden today. The players are 

Vattenfall, Fortum, EoN, Statkraft (Sweden) and Skellefte kraft (Sweden). The largest player, 

Vattenfall, has a market share of 70-80 %. The Swedish primary control market can thus be called an 

oligopoly. It can be discussed if the there is a real market for primary control, since the players also 

are required to make ǘƘŜƛǊ ōƛŘǎ ƛƴ άŀ ǊŜǎǇƻƴǎƛōƭŜ ǿŀȅέ, which implies that the prices given in the bid 

must be in a certain range (Bäck, 2008). To be able to bid on the primary control market, the 

company has to be a BRP. The primary control power is bought by SvK as one single buyer. The 

market for Swedish primary control is handled nationally in Sweden (Hjalmarsson & Söder, 2003). 

5.1.2 Payment system  

The BRPs are paid by a capacity price and an energy price. The capacity for primary control is paid as 

bid4, with an addition of 1SEK/MW/Hz/h. Bids have to be based on costs. Extra charges for profit and 

risks due to uncertainties in forecasts must be approved by SvK. The prices vary during day and night. 

A typical bid for daytime is 2-4SEK/MW/Hz and 20SEK/MW/Hz for nighttime. This price difference is 

due to that hydro power plants want to save their water reserve for the day time (when the spot 

prices are higher), and therefore do not want to regulate the frequency during the night. The price 

for the energy actually delivered for primary control is set to the energy prices determined in tertiary 

control: the upward regulation price applies in case of an upward regulation within the hour and to 

the downward regulation price applies in case of a downward regulation. The spot price is used as 

energy price if there were equal amounts of up and down regulation during the hour (Franzèn, 2007; 

Nordel, 2002). Average prices for January, April, July 2008 were for upward regulation 52.2ϵ/MWh 

and for downward regulation 43.3ϵ/MWh. This can be compared to the average spot price during 

the same period of time, which was 49.7ϵκMWh (Ripstrand, 2008). The difference between upward, 

downward and spot price is thus rather small on the Swedish control market.  

5.1.3 Time Aspects 

There are 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 on Thursdays for the period Saturday at 00 until Friday at 24. Each day is divided 

into three periods independent from each other. In total, the week therefore consists of 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).  

 

 

FDR FDR FNR 

Frequency (Hz) 49.5 49.9 50.1 50.5 

Nominal frequency, 

50Hz 

Figure 11: FNR and FDR operated in different frequency intervals 
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independent contract time periods (Franzèn, 2007). The weekly market supplies 60-70 % of SvK 

demand (Kristiansen, 2007). 

The hourly market is conducted daily after Nord Pool closes. It is an open bidding process and the 

price depends on the electricity price on the spot market (Kristiansen, 2007). Bids are given at 16 no 

later than the day before the coming 24-hour period. Until 2 hours before the operation hour, the 

bids can be changed (Bäck, 2008).  

If a bid is accepted on the weekly market of primary control and the provider realizes that it will not 

be able to deliver the contracted power, it has to purchase primary control on the hourly market, 

which usually is more expensive. If a bid is accepted on the hourly market and the provider realizes 

that it will not be able to deliver the contracted power, it has two hours before activation to 

purchase primary control on the market to cover its own outage. There are no other formal penalties 

for failing to delivering contracted control power (Bäck, 2008).  

5.1.4 Bid  Requirements   

Since primary control is automatic, the technical unit offering primary control must have frequency 

measurements installed. The offered frequency response (MW/Hz), must be available for symmetric 

regulation, i.e. same amount of regulating capacity is available for up and down regulation. The 

minimum frequency response accepted is 10 MW/Hz. FNR must be activated within 3 min and 50% 

of FDR must be activated within 5 seconds and 100% within 30 seconds (Kristiansen, 2007). 

Today (2008) SvK requires that a certain part of the offered primary control should be FDR (about   

15 %) and a certain part FNR (about 10 %). The provider can freely choose how she/he is distributing 

the rest of the offer on primary control. It is thus impossible for a market player to offer only FDR or 

FNR, they must offer a package deal. This will be changed during the next years when SvK will open 

up for offering of FDR and FNR separately (Bäck, 2008).  

To be able to deliver primary control, a unit must fulfill a number of technical and functional 
conditions. The ǳƴƛǘΩǎ speed and accuracy in changing 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 flows (Kristiansen, 2007).  

 

5.2 Primary control ɀ Germany 
The total demand on primary control in Germany is around 663 MW and the market has a value of 

119 million ϵ (Regelleistung.net, 2008). The responsibility for providing primary control is shared by 

the four German TSOs (Dupuy, 2008). UCTE requires that every country participating in the UCTE 

power system provide the system with a minimum amount of primary control, which is set relative to 

ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŀƳƻǳƴǘ ƻŦ ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǘƻǘŀƭ ǇǊƻŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ¦/¢9 (Roffel & de 

Boer, 2002). 

5.2.1 Actors  

It is not compulsory to deliver primary control. The market consists of five anonymous large players. 

Each player owns power plant parks consisting of mainly thermal and hydro plants  (Schulz, 2008).  
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5.2.2 Payment System  

The primary control is only paid a capacity price όϵ/MW) and no additional energy price when 

activated. The German market for primary control follows a pay as bid system. The reason for this is 

that it is perceived to be too complicated to record all activation. The TSOs sort the bids by capacity 

price and the total need for primary control determines the last accepted bid (Schulz, 2008). Typical 

prices on the primary control market in Germany is 11 000-14 000ϵκa² ŦƻǊ one entire month 

(Regelleistung.net, 2008). 

5.2.3 Time Aspects 

The primary control is procured monthly. The bidding process is around three weeks before the 

upcoming month (www.rwetransportnetzstrom.com, 2009). This long market time frame is needed 

by the four TSOs to organize the bids between them. There are plans to postpone the bidding to 1-2 

weeks before the next month (Schulz, 2008). 

At the clearing day, all bids must be handed in at 13 and the clearing is done at 17. There are no 

different periods during the month. The bidder must be able to deliver the given capacity during all 

hours for the entire month, i.e. a contract time of one month (Schulz, 2008).    

The primary control provider can cancel bids and it is required that the provider informs the affected 

TSO if it for some reason is not able to deliver control power for a certain time. Today there are no 

clearly formulated penalties for cancellation and technical problems, but they are under way. The 

proposal concerning primary, secondary and tertiary control is that the bidder will be required to pay 

2 times the energy price for the time concerned if it cancels the bid and 3 times the energy price if it 

does not cancel the bid but is not able to deliver when activated. This penalty should in addition be 

at least 2 respectively 3 times the EEX spot price. If a bidder would cancel its bids often, the bidder´s 

prequalification would be checked again. The final penalty could thus be that the bidder would not 

have its prequalification re-approved (Schulz, 2008).  

5.2.4 Bid Requirements   

Primary control must be fully activated within 30 seconds and be able to stay in operation for 15 

minutes (VDN, 2005). The provider must offer at least 5MW of primary control. The provided 

capacity must be able to regulate symmetrically both upwards and downwards. Since the activation 

is totally controlled by the frequency deviation, there are no steps in activation or smallest amount of 

capacity that has to be activated. It is possible to pool primary control if the entities all are located in 

the same control area. Pooling crossing control areas is under consideration, but not yet 

implemented. Since the primary control is independent of geographical location is should be easier 

to pool primary control than secondary and tertiary control (Schulz, 2008).  

Since the primary control is activated automatically, the entity is needed to have frequency 

measurement equipment installed. The sensitivity must be 10mHz. The technical requirements are 

generally more complicated for primary control than for secondary control and tertiary control (Shulz 

2008).  
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5.2.5 Summary Primary Control ɀ Sweden /Germany  

 Table 10 summarizes some of the most important facts described in German and Swedish primary 

control.  

Table 10: Primary control in Germany and Sweden 

 Sweden Germany 

Local names for Primary Control  άCǊŜǉǳŜƴŎȅ ŎƻƴǘǊƻƭƭŜŘ ƴƻǊƳŀƭ 
ƻǇŜǊŀǘƛƻƴ ŎƻƴǘǊƻƭέ όCbwύ ŀƴŘ 
Frequency controlled disturbance 
control (FDR) 

Primary Control 

Total quantity of Primary Control FNR: 250 MW 
FDR: 400 MW 

663 MW  

Type of power Hydro power Hydro and thermal power 
Seller 5 large players 5 large players 

Responsible SvK Common responsible of the 
German TSOs 

Buyer SvK The German TSOs as one buyer 
Price System Pay as bid Pay as Bid 
Capacity payment Yes. Pay as bid + 1 SEK MW/Hz and 

hour 
Yes 

Energy payment Up/or down regulation price from 
tertiary control 

No 

Market Time Frames Weekly and hourly markets Monthly 
Contract time Three independent periods a day Monthly 
Minimum capacity 10MW/Hz, corresponding to about 

1MW 
5MW 

Regulation up and/or down Symmetric Symmetric 
Activation time FNR: <3 min 

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

<30 seconds 

Frequency drop that triggers 
activation of the entire Primary 
Control 

CbwΥ ҟ f=0.1 Hz 
C5wΥ лΦм ғҟ f<0.5 Hz 

ҟ f= 0.2 Hz 

 

 

5.3 Secondary Control - Germany 
The total secondary control capacity asked by all the four German TSOs is around 2900MW upward 

and 2400MW downward. The value of this market is around 464 million ϵ. Each TSO is reponsible for 

the secondary control in their control area (Schulz, 2008). The volume of secondary control and 

minutes reserve power within a control area is determined by the German TSOs in such a way that 

the defined residual risk probability of a power surplus or deficit that cannot be balance if not 

exceeded (VDN, 2005). 

5.3.1 Actors  

It is not compulsory to deliver secondary control. The market consists of the five large players also 

acting on the primary market. Each player owns power plants, that are mainly thermal and some 

hydro plants  (Schulz, 2008). 
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5.3.2 Payment System 

The secondary control in Germany is paid both a capacity price όϵ/MW) for being available, and an 

energy price όϵ/MWh) when activated. The selection of control to be activated is done as follows: 

each generator provides a bid, the TSOs rank the bids by capacity price. The total need for secondary 

control determines the amount of control required, and therefore the accepted bids. 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 and for downwards regulation by descending energy prices. The 

bids are always paid their individual bids given for capacity and energy, i. e a pay as bid system 

(Kiener, 2006; Dupuy, 2008). 

In order to guarantee the system security, the TSO can be allowed to have a core portion 

(Kernanteile) of the secondary control within its own zone. This 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 this way, the TSO can be sure that the control power will be available when needed and not 

being blocked by bottlenecks in the grid. Vattenfall is the only TSO that currently has this right for 

secondary control. 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 implemented (Schulz, 2008).  

5.3.3 Time Aspects 

The time aspects for secondary control is similar to the one for primary control. The secondary 

control is procured monthly. The bidding process takes place three weeks before the upcoming 

month, but there are plans to postpone the bidding to 1-2 weeks before the next month (Schulz, 

2008). 

At the clearing day, all bids must be handed in by 13 and the clearing is done at 17. The month is 

divided in two contract time periods, peak time (άIŀǳǇǘȊŜƛǘέ) and off-peak time (άbŜōŜƴȊŜƛǘέ). This 

differs to the primary control where only one period exists. Peak time is every working day between 

8 and 20. Off-peak time is weekends, working days between 20 and 8 and all federal holidays. A bid 

must be able to deliver the given capacity during all peak hours or off-peak hours for the entire 

month (Schulz, 2008).   

The secondary control provider has the same possibility to cancel bids as the primary control 

provider. If problems occur, the provider is required to inform the affected TSO. There are no formal 

penalties for cancellation today, but they are under way. These will be the same as described for 

primary control in chapter 5.2. 

5.3.4 Bid Requirements  

The provider must offer at least 10MW of secondary control. The bids are given separately for 

upward and downward regulation. The TSO must activate at least 10MW to start with, and can 

thereafter activate secondary control in steps of one MW (Schulz, 2008). It is possible to pool 

secondary control if the entities all are located in the same control area.  As in primary control, actors 

providing secondary control must fulfill technical pre-requirements, but these are perceived to be 

less complicated than for primary control (Schulz, 2008).  
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5.3.5 Summary Secondary Control - Germany 

Some of the most important facts described in secondary control are summarized in Table 11. 

Table 11: Summary secondary control Sweden/Germany. 

Secondary Control Germany 

Total quantity of Secondary Control 2900 MW upward and 2400 MW downward 
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, off-peak time 

Minimum capacity  10 MW 

Regulation up/down Asymmetric 

Activation time Start after 30sec. Fully activated after 5min. 
Activation step 1 MW 

 

5.4 Tert iary Control - Sweden 
The total demand for tertiary control is in Sweden 375 MW. The value of the tertiary control market 

is around 22.5 Million ϵ/year. The tertiary control market is a Nordic market and not organized 

internally in Sweden like the primary control market (Hjalmarsson & Söder, 2003). 

5.4.1 Actors  

To be able to bid on the tertiary control in Sweden the company must be a BRP or a peak load 

supplier. If the total volume offered on the market does not cover the needs of tertiary control 

power, SvK can request extra bids. In addition to the five actors; Vattenfall (Swedish), Fortum 

(Finnish), E.ON (German), Statkraft (Norwegian) and Skellefte Kraft (Swedish) on the Swedish primary 

control market, also other actors, for example Jämtkraft (Swedish), participate on the tertiary control 

market. Just as the primary control, the tertiary control consists mainly hydro power but also some 

thermal power and demand reduction  (Bäck, 2008).  

5.4.2 Payment System 

Tertiary control is only paid an energy payment. No capacity price is paid. The price is given in per 

MWh, but there is a maximum price allowed of 5000 ϵ/MWh.  The bids are sorted according to the 
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prices into a common Nordic merit order list. For tertiary control, marginal price system5 is used. If 

the operation hour in total has a negative imbalance, more up-regulation has been activated than 

down-regulation. In this case the highest activated bid for upward regulation will be paid to all 

activated bids. If the operation hour has a negative balance, regulation down has been used more 

than upward regulation. All activated bids will pay the lowest price activated for downward 

regulation. This is illustrated in Figure 12. This method of pricing is called a two price system: 

different prices for regulation up and down. Bids for regulation up activated during an hour with a 

positive imbalance will get paid the spot price, and vice versa. In hours with no tertiary regulation, 

the price is set at the spot price at Nord Pool (Franzèn, 2007; Nordel, 2008). This price is used on the 

primary control market, as described above. 

 

Figure 12: Pricing system of control energy in Sweden. (Nordel, 2008) The dashed-dotted line represent the total volume 
needed for regulation up and down and therefore determine the marginal price paid to all bidders. 

If there are no bottlenecks, the cheapest bid will be activated first. If there are bottlenecks in the 

system, the Nordic TSOs activate the cheapest bid in the area where it is needed. If there is no 

congestion6, the control price will be the same for all subsystems (Franzèn, 2007; Nordel, 2008). The 

TSO is allowed to prioritize big volume bids or bids with fast activation 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, with a bid price of 8000SEK/MWh plus the variable cost, 

or the upward regulation price if this is higher (Nordel, 2008). 

The energy price on the tertiary control market is used for the primary control market. Typical prices 

are around 40-50ϵ/MWh, see chapter 5.1. The difference between upward, downward and spot 

price is rather small compared to price levels in Germany. 

                                                           
5 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 limitations in the transmission 

network, so called bottlenecks.  

Downward regulation price 

Demand 

Price 

Regulation up Regulation down 

Upward regulation price 

Bids 

Spot price 
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5.4.3 Time  Aspects 

Bids can be made until 14 days before the beginning of the operation day and be changed until 30 

minutes before the operation hour, i.e. a short market time frame. In some cases bids can be 

adjusted even closer to the operation hour, after special agreements with SvK. The contract time is 

one hour. The spot market on Nord Pool closes before the market for tertiary control. This allows 

actors whose bids were not accepted in the spot market to bid any spare capacity on the market for 

tertiary control (Franzèn, 2007; Nordel, 2008) . 

A bid on the tertiary control market can be cancelled 45 minutes before the hour of operation. If a 

producer fails to provide control power when SvK activates it, the producer will have to pay the cost 

that SvK receives for buying new tertiary control power (Bäck, 2008).  

5.4.4 Bid Requirements   

Required bid information is power capacity for 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 agrees. The capacity must be available 

during the whole operation hour (Franzèn 2007; Nordel, 2008). The tertiary control must be able to 

deliver full capacity within 15 minutes. It is important to know the location of the tertiary control 

provider. If there is a bottleneck in the transmission grid,  this needs to be handled with higher 

priority than tertiary control (Kiener, 2006). 

 

5.5 Tertiary C ontrol - Germany 
The demand for tertiary control is in Germany around 3000MW for upward regulation and 2000MW 

for downward regulation. The value of the tertiary control market is around 187 million ϵ. A TSO can 

buy tertiary control from other TSOs zones (Schulz, 2008).  

5.5.1 Actors  

There are around 23 anonymous actors on the tertiary control market. Five of these are the large 

players also acting on the primary and secondary control markets. The market for tertiary control is 

more heterogenic and dynamic than the market for primary and secondary control. The load side 

also contributes with bids, mainly from the industry. Pooling entities as small as 100kW are common 

on the tertiary control market. The possibility to pool and to provide tertiary control on the load side 

are reasons enabling more actors on the tertiary control market than on the primary and secondary 

control market (Schulz, 2008).  

5.5.2 Payment  System 

The tertiary control is paid both a capacity price (ϵ/MW) and an energy price (ϵ/MWh). The TSOs sort 

the bids by capacity price and the total need for tertiary control determines the last accepted bid. 

When tertiary control needs to be activated, the bids are resorted according to their energy price. 

For upward regulation, the bids are sorted by ascending energy prices and for descending energy 

prices for downward regulation. The bids are always paid their individual bid prices given for capacity 

and energy, i.e. a pay as bid system (Kiener, 2006; Dupuy, 2008; Schulz, 2008). There is a common 

platform for the bidding process for all four TSOs.  After the pre-selection of the bids is done on the 

day before delivery, the bids are sorted in a new list with ascending energy prices for regulation up 

and descending energy prices for regulation down, to determine which bid to activate in real time 
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(Dupuy, 2008).As for secondary control, there the 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 control (Schulz, 2008). 

5.5.3 Time Aspects 

Tertiary control is procured on a daily tender market, a relative short market time frame. It is 

activated in blocks of 15 min. The offers must be submitted at 10 the day before. One hour later, at 

11, the selection of tertiary controls for the next day is published on the Internet. This time frame 

makes it possible to sell rejected bids on the spot market, which closes at 13 (the opposite compared 

with Nordel).  

The bids must be available for blocks of 4 hours, i.e. the contract time. Each day therefore consists of 

6 periods. The tertiary control provider is called by phone latest 7.5 minutes before the next 15 

minutes block if the the provider`s bid will be activated (Schulz, 2008). Table 12 shows an extract of 

the tender results for downward tertiary control, including some typical prices. The difference 

between the prices for upwards and downwards regulation is very large compared to Sweden 

(Schulz, 2008). 

Table 12: Extract of some representative tender results for tertiary control, on 11.10.2008 (Regelleistung.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 
name 

Capacity 
price 

Energy 
price 

Bid 
size 

Accepted? Connection 
zone 

 ώϵκa²ϐ  ώϵκa²Ƙϐ  [MW]    
NEG_00_04  6 0 50 yes  ENBW 
NEG_00_04  6.5 0 50 yes  ENBW 
NEG_00_04  7 0 50 yes  ENBW 
NEG_00_04  7.5 0 15 yes  ENBW 
NEG_00_04  7.75 0 30 yes  ENBW 
NEG_00_04  8 0 50 yes  ENBW 
NEG_00_04  8.493 0 57 yes  EON 
NEG_00_04  8.749 0 17 yes  Vattenfall 
NEG_00_04  8.75 0 30 yes  ENBW 
NEG_00_04  8.996 0 55 yes  EON 
NEG_00_04  9 0 30 yes  ENBW 
NEG_00_04  9.44 0 48 yes  EON 
Χ      
NEG_00_04   12.618 0 15 yes   RWE 
NEG_00_04  12.727 0 100 yes  EON 
NEG_00_04  12.737 0 15 no  RWE 
NEG_00_04  12.856 0 15 no  RWE 
NEG_00_04  12.975 0 15 no  RWE 
Χ      
POS_08_12   8.29 179 15 yes   RWE 
POS_08_12  8.29 179 15 yes  RWE 
POS_08_12  8.29 179 15 yes  RWE 
POS_08_12  8.29 250 20 yes  RWE 
POS_08_12  8.29 655 15 yes  Vattenfall 
POS_08_12  8.3 277.27 30 yes  Vattenfall 
POS_08_12  8.3 500 15 yes  RWE 
POS_08_12  8.303 628 16 yes  EON 
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The bids on the tertiary control market can be cancelled as late as 7.5 minutes before the next 15 

minute block. There are no formal penalties for cancellation of bids, but it is likely that an actor who 

often cancels bids will have its prequalification re-examined (Schulz, 2008).  

5.5.4 Bid Requirements  

The provider must offer at least 15 MW of tertiary control. The bids are given separately for upward 

and downward regulation. The smallest bid capacity size is larger for tertiary control since it is 

activated manually.  Due to a lack of automization, the TSOs perceive it to be too time demanding to 

handle smaller bid sizes. There are plans to make the activation of tertiary control automatic. That 

would allow for smaller bid sizes. The TSO must at least activate 15 MW and can thereafter activate 

tertiary control in steps of 1MW. It is possible to pool tertiary control if the entities all are located in 

the same control area (Schulz, 2008). The geographical location (Anschlussregelzone) of the entity 

providing tertiary control must be given (Dupuy, 2008). The short cancelation time and easier 

technical prequalification makes it easier to enter the market (Schulz, 2008).  

5.5.5 Summary Tertiary Control Sweden/Germany  

Table 13 summarizes some of the most important facts in tertiary control in Sweden and Germany. 

Table 13: Tertiary control in Sweden and Germany. (Kiener 2006) 

Tertiary Control Sweden Germany 

Local names  {ŜƪǳƴŘŅǊǊŜƎƭŜǊƛƴƎ ƻǊ άŦŀǎǘ 
ŎƻƴǘǊƻƭǎέΦ  

Minuten reserve 

Total quantity  375MW 3000 MW for upward regulation 
and 2000MW  

Type of power Hydro and some thermal power mainly thermal, some hydro and 
load side 

Seller 5 large actors 23 (5 large) actors 
Responsible TSO Local TSO 
Buyer Nordic TSOs 4 German TSOs 
Price system Marginal price ς two price system Pay as Bid 
Capacity payment No Yes 
Energy payment Yes Yes 
Market time frame 14 day until 30 minutes before 

operation hour 
daily 

Contract time 1 h 4 h 
Minimum capacity  1 MW 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 during the modeling.  

In general terms, this is an agent-based model that simulates the behaviour of PHEVs on different 

control power markets. This means that each simulated vehicle acts individually. It also means that 

the aggregator, who co-ordinates the PHEVs, is not 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 market situations in Sweden and Germany, though the real life opportunity for PHEVs as 

control power lies several years ahead.   

Vehicle behavior on the control power markets is simulated for 4 months of 2008. The model has a 

time resolution of minutes. In each minute, the model determines which cars are parked, and fetches 

data for the current market situation (whether regulation up or down or neither is needed at the 

momentΣ ŀƴŘ ŎǳǊǊŜƴǘ ǇǊƛŎŜǎύΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƳŀǊƪŜǘ ǎƛǘǳŀǘƛƻƴΣ ǘƘŜ ŎŀǊΩǎ ƛƴŘƛǾƛŘǳŀƭ ǎǘŀǘŜ ƻŦ Ŏharge 

(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 prices and volumes traded during January, April, 

July and October 2008. These months were chosen to cover seasonal variations in prices and 

volumes. The model is schematically described in Figure 13, and further developed below. 

The output from the model is profit generated and energy transactions made by each vehicle each 

day. The profit consists of three parts: 

¶ Capacity payments, on the markets where these exist. This is counted as pure profit, as 

PHEVs are assumed to have no costs for being available.  

¶ Profit from regulation down, defined as the savings made from charging the battery at the 

regulation down price instead of the standard price for charging 

¶ Profit from regulation up, defined as the price received for selling regulation up minus the 

costs imposed (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 vehicle on the control power markets. This profit is later to 

be shared between several parties, e.g. the aggregator (introduced in chapter 4.1) 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. at home). ²ƘŜƴ άƘƻƳŜέ ŀƴŘ άǿƻǊƪέ ŀǊŜ ƳŜƴǘƛƻƴŜŘ ƭŀǘŜǊ ƛƴ ǘƘŜ ǘŜȄǘΣ ǘƘŜȅ Řƻ ƴƻǘ ǊŜŦŜǊ 

to physical places but rather to periods of time that the vehicle is plugged in.  
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6.1 General Assumptions and Simplifications  
It is assumed that there are always enough cars plugged in for pooling up to the 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, but still not large 

enough to influence the market prices.  

aƻǊŜƻǾŜǊΣ ƛǘ ƛǎ ŀǎǎǳƳŜŘ ǘƘŀǘ άǘƘŜ ǊƛƎƘǘ ŀƳƻǳƴǘέ ƻŦ ŎŀǊǎ ƛǎ ŀƭǿŀȅǎ ǇƭǳƎƎŜŘΣ ǎƻ ǘƘŀǘ ŀƭƭ ƻŦ ǘƘŜƳ ŀǊŜ 

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 entirely realistic 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 2MW contract). 

However, the assumptions are made to create the best possible set up for the PHEVs to act in, to find 

ƛŦ ǘƘŜǊŜ ƛǎ ŀƴȅ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƛƴ ǘƘƛǎ άōŜǎǘ-case-ǎŎŜƴŀǊƛƻέΦ LŦ ƴƻǘΣ PHEVs on the control power markets 

will not be profitable in the real case either. 

Taxes and fees have not been included ς all 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 

¶ Car will leave 

soon 

¶ Battery not full 

Regulation 

down 

Charge 

Regulation 

up 

¶ Regulation 

down needed 

¶ Battery not full 

¶ Regulation up 

needed 

¶ Battery not 

empty 

Home/Work 

Data on 

arrival time 

and battery 

status 

 

Data on bids, 

demands and 

prices 
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departure 

time 

 

Wait ¶ None of the 

above 

Figure 13: A schematic description of the model. Cars are parked at home and at work. During each minute of their 
parked time, cars will deliver regulation down or up, charge, or wait depending on the current market situation and 

their individual battery status. 
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tariffs are added on top of this. The charging price used 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 a case in which charging on non-taxed 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 regulation up. 

No start-up times are included. The cars start delivery as soon as they get activated. The cars 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 to fully charge the battery, and no regulation down is needed, the car will 

charge. This assumes that the car always wants to leave with a fully charged battery, which does not 

contribute to maximizing profit as the car would have more time to generate profit if it stayed on the 

market longer. 

 

6.2 Data 
A lot of numerical data is needed for modeling. In Table 14 this data is listed and explained together 

with its sources. 

Table 14: Numerical data used in the model 

Data Definition & Numerical 
value 

Explanation & Source of data 

Arrival time to 
work 

Arrival times to a work 
parking lot, individual for 
each car in the data set. 
 

The data comes from simulations in a model developed 
ōȅ aŀǘǘƘƛŀǎ Dŀƭǳǎ ŀǘ 9¢I ½ǸǊƛŎƘΦ  DŀƭǳǎΩ ƳƻŘŜƭ ƛǎ ŀƴ 
Energy Hub-model for a PHEV, which simulates energy 
consumption during driving. Input for this model is real 
vehicle movements (from home to work etc) and 
standardized driving cycles. This model is described in 
(Galus & Andersson, 2009) 
The arrival times, departure times and SOC:s used in our 
model is a data set of 500 individual vehicles, that is an 
output ŦǊƻƳ DŀƭǳǎΩ ƳƻŘŜƭΦ 

Departure time 
from work 

Departure times from a 
work parking lot, 
individual for each car in 
the data set. 

Battery State of 
Charge (SOC)  at 
arrival to work 

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

 

Arrival time to 
home 

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

DŀƭǳǎΩ ƻǊƛƎƛƴŀƭ ǎƛƳǳƭŀǘƛƻƴǎ ŘŜǎŎǊƛōŜ ǘƘŜ ǿƻǊƪ ǇŀǊƪƛƴƎ ƭƻǘΦ 
To simulate cars being parked at home also, average 
driving distance to home (17.5kmΣ ƪƴƻǿƴ ŦǊƻƳ DŀƭǳǎΩ 
indata) and an average speed (30km/h, assumed), has 
been used. It is also assumed that the cars only drive 
between home and work. No attention to weekdays and 
weekends has been paid: the cars are assumed to have 
the same driving pattern on all days. 
The resulting time that each vehicle is plugged in 22h 
50min each day, or 94% of the time. 
 

Departure time 
from home 

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

SOC at arrival 
home 

SOC at arrival home = 
SOC at arrival to work 

Battery size 10kWh From (Galus & Andersson, 2009).  This is consistent with 
the interval 5-15kWh that applies for the Volvo 
ReCharge. The other PHEVs presented in chapter 3.3 
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have larger batteries (see Table 7).  
 

Charging and 
discharging 
efficiency  

94% From (Söderbom, 2008). 

Maximum Depth 
of Discharge 
(DOD) 

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

From (Galus & Andersson, 2009). 

Capacity provided 
by each PHEV 

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

3.5kW (or 230V, 16A) is chosen in line with the reasoning 
in chapter 4.2. 

Battery 
degradation cost 

мллϵκa²Ƙ ŦƻǊ ǘŜǊǘƛŀǊȅ 
controlΦ олϵκa²Ƙ ŦƻǊ 
primary and secondary 
control. 
The cost of wear on the 
battery caused by 
delivering one extra MWh 
of energy = battery cost / 
(DOD * number of 
charging cycles during the 
battery life time). 
 

Volvo estimates a battery to cost 300-700$/kWhbattery 
(Söderbom, 2008). 200-300$/kWhbattery is estimated in a 
study cited by (Bergman, 2008). 427-455$/kWh is 
estimated in (Williams and Kurani 2007). Estimations for 
cyclability are 2000-4000 deep cycles for a Li-ion battery 
(Markel and Simpson 2006). This gives an estimated 
range of battery degradation cost of 50-нслϵκa²Ƙ

7
. The 

number chosen for tertiary control is somewhere in the 
middle. 
For primary and secondary control, the discharge cycles 
are shallower. This results in less battery degradation 
(Kempton & Tomic, 2005). Here, it is assumed that the 
cost for shallow cycles is about 1/3 of the cost for deep 
cycles. 
 

Price for charging тоΦфϵκa²Ƙ ƛƴ {ǿŜŘŜƴΣ 
млсΦпϵκa²Ƙ ƛƴ 
Germany. The price the 
car pays for charging 
when not part of 
frequency control 
services. 

Charging is assumed to be done at a fixed price, e.g. 
ǘƘǊƻǳƎƘ ǘƘŜ ŎŀǊ ƻǿƴŜǊΩǎ ƴƻǊƳŀƭ ǇƻǿŜǊ ǎǳǇǇƭƛŜǊΦ ¢ƘŜǎŜ 
prices ŀǊŜ ǘŀƪŜƴ ŦǊƻƳ ǘǿƻ ƻŦ ±ŀǘǘŜƴŦŀƭƭΩǎ ǇǊƛǾŀǘŜ 
customer contracts in Sweden and Germany. Taxes and 
other fees have been excluded, because it would 
complicate the study considerably to include them in a 
correct way. Moreover, excluding taxes and fees gives an 
estimate of the potential profits without interference of 
tax and subsidy systems, that can easily be changed. The 
Swedish price is taken from ±ŀǘǘŜƴŦŀƭƭΩǎ  м ȅŜŀǊ ŦƛȄŜŘ 
price contract (Vattenfall Production Nordic, 2008). In 
DŜǊƳŀƴȅΣ ǘƘŜ ǇǊƛŎŜ ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ ŎƻƴǘǊŀŎǘ ά.ŜǊƭƛƴ 
Yƭŀǎǎƛƪ tǊƛǾŀǘǎǘǊƻƳέ (Vattenfall Europe, 2008). 
 

Profit margin on 
regulation up 

5%. The margin added to 
the costs when making a 
bid for regulation up. 
 

Assumed. 

Historical 
frequency in the 
Nordic electricity 
network 

Frequencies in the Nordel 
system, 12 values per 
minute. 

Real frequency data from the Nordic power system for 
January, April, July and October 2008, provided by 
Svenska Kraftnät (Thor, 2008). The 4

th
 out of 12 values 

per minute was selected to represent that minute, as the 
time resolution of the model is minutes. 
 

                                                           
7
 !ǎǎǳƳƛƴƎ мϷ Ґ лΦтпϵ 
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Market data for 
primary control, 
Sweden 
 

Typical prices in bids for 
capacity. 
3.5SEK/MW/Hz/h during 
the day (7-21), 
20SEK/MW/Hz/h during 
night (21-7), 
+1SEK/MW/Hz/h. 
 
Energy prices from prices 
of tertiary control each 
hour. 
 

Typical price intervals for capacity are 2-5SEK/MW/Hz/h 
for 7-21 and 10-50SEK/MW/Hz/h for 21-7 given by (Bäck, 
2008). 3.5 and 20 were chosen as representative 
averages. SvK pays an extra 1SEK/MW/Hz/h, on top of 
the original bid, to all accepted bids. 
 
Energy prices are real market data for tertiary control in 
Sweden for January, April, July and October 2008, to 
cover seasonal differences. From (Nordpool, 2008) and 
(Ripstrand, 2008) 

Market data for 
tertiary control, 
Sweden 
 

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

Real market data for tertiary control in Sweden for 
January, April, July and October 2008. From (Nordpool, 
2008) and (Ripstrand, 2008) 

Market data for 
primary control, 
Germany 
 

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

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

Market data for 
secondary 
control, Germany 

Bids on secondary control 
in all of Germany, with 
prices and bid sizes, for 
peak and off-peak 
periods. 
 

Real market data for secondary control in Germany for 
January, April, July and October 2008. From 
(Regelleistung.net, 2008). 

 Activated secondary 
control in the Vattenfall 
area. Volumes for each 15 
min period. 
 

Real market data for secondary control in Germany for 
January, April, July and October 2008. From (Vattenfall 
Transmission Europe, 2008). 

Market data for 
tertiary control, 
Germany 

Bids on tertiary control in 
all of Germany, with 
prices and bid sizes, for 
each 4 hours. 
 

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

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

Real market data for tertiary control in Germany for 
January, April, July and October 2008. From (Vattenfall 
Transmission Europe, 2008). 

 

 

6.3 How Primary Control  is Modelled  
The primary control follows the frequency in the grid, as described in chapter 2.3.2.  To model this, 

real historic frequency data from the Nordel network was used. No access could be gained to historic 

frequency from the UCTE network, thus, the German system was also simulated using the Nordel 

historic frequencies. This results in an error, but it should not seriously impact the results, as both the 

Nordel and the UCTE system have similar frequency qualities (see chapters 2.4 and 2.5). In the 

model, all vehicles are activated for control as soon as the frequency deviates from 50.0Hz, no 

ramping is included. 
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In the Swedish system, the two types of primary control, FNR and FDR, result in two sets of starting 

thresholds: one at 50.0Hz for FNR, and one at 49.9Hz and 50.1Hz for FDR control up and down 

respectively (see Figure 11) . 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, primary control is phased out 

when secondary control takes over. In the model, 10 minutes was assumed as an average activation 

time duration for primary control. In Sweden, primary control is constantly active when the 

frequency deviates from 50.0Hz. If there is less time ƭŜŦǘ ǘƻ ŀ ǾŜƘƛŎƭŜΩǎ ŘŜǇŀǊǘǳǊŜ ǘƘŀƴ ƴŜŜŘŜŘ ǘƻ Ŧƛƭƭ 

up its battery from its current SOC, the car will leave the control market and charge its battery.  

The payment system is described in chapter 5.1 (Sweden) and 5.2 (Germany). Energy in Sweden is 

paid with the control power prices resulting from tertiary control during that hour.  The frequency 

band that FNR and FDR operate in is 0.2Hz and 0.8Hz respectively, and the payment each car gets 

each minute of its plugged in time is thus calculated as in equation (4) 

 

ὖὧ=
ὄɇὅὖὌὉὠɇЎὪ

60
 

  
Pc = Capacity payment όϵκƳƛƴύ, 
B = Bid for capacity payment όϵκa²κIȊκƘύ  
CPHEV = Capacity provided by PHEV (MW)  
ɲŦ = Frequency band (Hz) 
 

(4) 

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 month. This 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 pay-as-bid system for capacity, with Sweden having an extra payment of 1 

SEK/(MW/Hz/h) 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 the PHEVs made this average bid. This is a 

ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ ǘƘŜ άōŜǎǘ-case-ǎŎŜƴŀǊƛƻέ-modeling, and makes 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 tertiary control, the various actions the PHEVs can do are performed in the order 

of prioritization and described in Table 15. The requirements that need to be fulfilled for a car to 

choose a specific action are also presented. 
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Table 15: Order of prioritization of actions in modeling secondary and tertiary control. 

Order of 
Prioritiz
ation 

Action Requirements Comment 

Market Battery 

1 Sell regulation 
down 

Need of regulation 
down.  

Battery is not fully 
charged 

Enables the car to do the 
charging it would still need 
to do, but at a lower price. 

2 Charge No regulation down 
needed  

Less time is left until 
the car will leave 
than is needed to 
fully charge the 
battery 

This assumes that the car 
always wants to leave with a 
fully charged battery. 

3 Sell regulation up Need of regulation 
up. Acceptance of 
PHEV bid. 

Energy in the battery The bid will be accepted if it 

is low enough.  The 

definition of άlow enoughά 

differs between the two 

countries, as described 

below. 

4 None  If none of the cases 

described above apply, the 

car does nothing. 

 

The tertiary control market in Sweden is simulated to work as described in chapter 5.4.2: No capacity 

payment, and marginal pricing for both regulation up and down. The German markets for secondary 

and tertiary control, on the other hand, uses pay-as-bid pricing for both capacity and energy.  

In both countries, energy bids on regulation up are in the model made as costs the cars have for 

delivering regulation up (energy 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 not covered by 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 

ŎƻƳǇŜǘƛǘƻǊǎΩ ōƛŘǎ ŀƴŘ ǘƘŜ ƴŜŜŘ ŦƻǊ ŎƻƴǘǊƻƭ ǇƻǿŜr when the bids are made, as they are published 

only afterwards. To use them in the bidding process, as done here, is not feasible in reality, but is 

ǇŀǊǘ ƻŦ ǘƘŜ άōŜǎǘ-case-ǎŎŜƴŀǊƛƻέ ǎƛƳǳƭŀǘƛƻƴΦ In Sweden, no information 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 in Figure 12). The demand of control power during the hour is assumed to 

increase linearly with time, which implies that the price also increases linearly over time, as 

illustrated in Figure 14. 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 activated then 

correspond to the price of their bid, as shown in Figure 14.  
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In Sweden, the bids the cars make for regulation down equal the spot price. This is a feasible bidding 

strategy in reality since the 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 needed. This will be 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 economically favorable to the cars than making a lower bid, but the prices for 

downwards regulation in Germany are generally very low - often zero. It is thus highly profitable to 

charge on downward regulation even at the highest accepted bid. Hence, the model is constructed so 

that the PHEVs get 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 the four TSOs. The market is 

common, and the bids can be activated by any TSO. The data on activated tertiary and secondary 

controls, however, come from Vattenfall Transmission Europe, and thus only contain the activated 

controlǎ ƛƴ ±ŀǘǘŜƴŦŀƭƭΩǎ ŀǊŜŀΦ Other TSOs probably need tertiary control at other times than 

Vattenfall, and if the PHEVs could also be activated by the other TSOs, they would probably get to 

deliver more energy. ¢Ƙƛǎ ƘŀƳǇŜǊǎ ǘƘŜ ƳƻŘŜƭΣ ŀƴŘ ƛǎ ƴƻǘ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ άōŜǎǘ-case-ǎŎŜƴŀǊƛƻέ 

concept. However, as tertiary controls are seldom activated in the UCTE, the share of energy 

payments in the total profit would still be low. For secondary controls, the opposite is true. 

Secondary control is practically always needed, meaning that the cars still have the chance of getting 

activated at all times. As they can only sell control power to one TSO at a 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 that the cars are always accepted for capacity. The current 

model thus still gives an idea of the profitability of PHEVs for secondary and tertiary control in 

Germany. 

PHEV activation time 

Spot 

price 

1h 

Marginal 

price 

PHEV bid 

Time 

Price 

Price on activated bids for 

regulation up 

Figure 14: Decision of activation time of PHEVs for regulation up, tertiary control, Sweden 
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Capacity is paid on the German secondary and tertiary control markets. Then each car gets paid 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 markets simultaneously, and thus always get two capacity 

payments. 

Payments for capacity are made for 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 calculated in Table 16. 

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 each plugged minute is calculated as shown in 

equation (5) 

ὖὅ=
ὄɇὅὖὌὉὠ
ὸ

 

Pc = Capacity payment όϵκƳƛƴύ 

B = Bid for capacity down όϵκa²κperiod) 
CPHEV = Capacity provided by each PHEV (MW) 

t =  Contract time (min/period) 

 

(5) 

Table 16: 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 
contract time 
(min/period) 

Explanation 

Secondary 
control 

Peak time  (31 ς 8) * 12 * 60 = 
16 560 min  
 

12h/day on weekdays 
 

Off-peak time (8 * 24 + (31 ς 8) * 
12) * 60 = 28 028 min  
 

12h/day on weekdays 
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 included. The results come from simulations of 500 individual vehicles, and are presented 

as averaged totals over each simulated month. Figure 15 shows the baselines, drawn from the model 

for a case when the PHEVs do not take part on any control power market.  From the dotted lines, one 

can see when cars arrive (energy content plugged in increases) and when they leave (energy content 

connected decreases). The continuous lines 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 the peaks in the morning and in the afternoon). Similar graphs will be 

presented as examples of vehicle behavior on all different types of control. Those graphs can be 

compared to Figure 15, to see the activation pattern of the different types of control. 

 

Figure 15: Model baseline when no control power is provided. Energy 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 Sweden as well as in Germany. Figure 16 is an 

example of how the energy content in the batteries plugged in at work and at home varies over time, 

during one day. Compared to Figure 15, this figure shows that much of both regulation down and up 

is sold, and that activations range from a few minutes to about an hour. Because the same frequency 

data has been used to model Sweden and Germany, regulation 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 than in Sweden. The variations in energy content are thus much higher in Sweden.  
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Figure 16: Energy in all plugged batteries during Oct 6th, when 500PHEVs provide primary control. Energy content varies 
both up and down, meaning that both regulation up and down is sold. 

In Figure 17 and Figure 19 the results for PHEVs as primary control in Sweden are presented. In total, 

ǘƘŜ ŀǾŜǊŀƎŜ ǇǊƻŦƛǘ ǇŜǊ ŎŀǊ ǇŜǊ ƳƻƴǘƘ ƛǎ лΦуϵ ŦƻǊ CǊŜǉǳŜƴŎȅ /ƻƴǘǊƻƭƭŜŘ bƻǊƳŀƭ hǇŜǊŀǘƛƻƴ Control 

(FNR), and 85ϵ ŦƻǊ Crequency Controlled Disturbance Control (FDR). In Figure 18 and Figure 20 results 

for primary control in Germany are presented. In total, the average proŦƛǘ ǇŜǊ ŎŀǊ ƛǎ рнϵκƳƻƴǘƘΦ The 

ōŀǊǎ ΨǳǇΩ ŀƴŘ ΨŘƻǿƴΩ ƛƴ Figure 17 and Figure 18 show energy profits only, the capacity payment for 

ōƻǘƘ ǳǇ ŀƴŘ Řƻǿƴ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ōŀǊ ƳŀǊƪŜŘ ΨŎŀǇŀŎƛǘȅΩΦ  

In Figure 17 and Figure 18, 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 frequency response, that 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 primary control are higher in nighttime in both countries. Price variations over the 

moths exist. These are not significant in Sweden, but larger in Germany. Delivering regulation up 

results in a negative profit: the price paid for regulation up does not cover the costs. In Germany, 

energy is paid nothing at all, which clearly does not cover the costs. In Sweden, 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 activation: as each 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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Figure 17: Average profit f or 500 PHEVs providing primary control in Sweden during 4 months of 2008. FDR is much more 
ǇǊƻŦƛǘŀōƭŜ ǘƘŀƴ Cbw όмлпϵ ŎƻƳǇŀǊŜŘ ǘƻ лΦуϵ ǇŜǊ ŎŀǊ ǇŜǊ ƳƻƴǘƘ ƛƴ ŀǾŜǊŀƎŜύΣ ōŜŎŀǳǎŜ ƻŦ ƭŀǊƎŜǊ ŎŀǇŀŎƛǘȅ ǇŀȅƳŜƴǘǎ ŀƴŘ less 

activation. 

 

Figure 18: Average profit for 500 PHEVs providing primary control in Germany during 4 months of 2008. Capacity 
payment is the most important income stream. Regulation up has a negative profit. 

 

In Figure 19 and Figure 20, it can be seen that regulation up and regulation down are activated 

almost equal amounts. This reflects the grid frequency being above and below 50Hz approximately 

equal amounts of time. In 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 10 minutes, but in Sweden it continues 

as long as the frequency deviates from 50.0Hz. Moreover, the 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 departure time of the car, and then they will leave the market to start charging. 

 

 

Figure 19: Average energy transactions for 500 PHEVs providing primary control in Sweden during 4 months of 2008. FNR 
is activated very much, both up and down. FDR is not activated much. A significant amount of charging is needed. 

 

Figure 20: Average energy transactions for 500 PHEVs providing primary 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 control is replaced by secondary control after 10min in Germany. 

0

100

200

300

400

500

600

Up Down Up Down Up Down Up Down

FNR FDR Charge FNR FDR Charge

Home Work 

A
ve

rg
a

e
 e

n
e

rg
y 

tr
a

n
sa

ct
io

n
s,

 k
W

h
/c

a
r

January

April

July

October

0
20
40
60
80

100
120
140
160
180
200

Up Down Charge Up Down Charge

Home Work

Average energy 
transactions, 

kWh/car

Jan

Apr

Jul

Oct



55 
 

Figure 21 summarizes the contribution to the total profit from different categories. The total profit is 

found as the sum of contributions from home and 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. 

 

Figure 21Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ŎŀǘŜƎƻǊƛŜǎΩ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƻǘŀƭ ǇǊƻŦƛǘ ƛƴ ǇǊƛƳŀǊȅ ŎƻƴǘǊƻƭΦ Total profit from each type of control 
= Home + Work = Capacity + Energy = Capacity + Energy Up + Energy Down. Capacity payment is the most important 
income stream in all cases. Payments from time parked at home are larger than payments from time parked at work. 

¢ƻǘŀƭ ŀǾŜǊŀƎŜ ǇǊƻŦƛǘ ǇŜǊ ŎŀǊ ƛǎ лΣуϵ ŦƻǊ CbwΣ млпϵ ŦƻǊ C5w ŀƴŘ рнϵ ŦƻǊ DŜǊƳŀƴȅ. 

 

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 in ordeǊ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ŜƴŜǊƎȅ ǇǊƛŎŜΦ !ǎ ǘƘŜ tI9±ǎΩ ōƛŘ 

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 needed. Figure 22 shows an example of this: compared to Figure 15, the PHEVs fill their 

batteries at different times, which implies that they are activated for regulation down. The plateaus 

indicate that no regulation down is needed at that time. The plateau from 2.00  in the morning is at 

the maximum energy; all parked PHEVs have then filled their batteries on regulation down energy. 

The energy level plugged decreases only when cars leave (cf. Figure 15), which means that no 

regulation up is activated. 
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Figure 22: Energy in all plugged batteries during Oct 2nd in Germany, when 500 PHEVs provide secondary control. Only 
regulation down is activated: the plugged energy only decreases when cars leave. Activation lasts longer compared to 

primary control. 

Figure 23 - Figure 25 summarize the results for secondary control in Germany. The average profit per 

ŎŀǊ ƛǎ ƘƛƎƘΥ умΦтϵκƳƻƴǘƘΦ  

 

Figure 23: Summary of profit for a PHEV providing secondary control in Germany during 4 months of 2008. There are 
small variations between the months, except for capacity payments in July. 
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Figure 23 shows that the prices are fairly similar over the months, apart from July offering much 

higher capacity payments. This is probably due to many power plants scheduled for maintenance 

during the summer. It can also be seen that capacity for regulation up worth more in daytime (at 

work) then at nighttime (at home) ς 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 as long time. 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.  

 

Figure 24: Summary of energy transactions for PHEVs providing 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. 

Figure 24, in turn, shows that the PHEVs are never activated for regulation up, but that regulation 

down is activated so much that the cars hardly need to charge in the traditional way at all. The 

amount of activation is fairly similar over the months. 

 

Figure 25: Average monthly profits from different categories, Secondary control, Germany. The sum of each group of 
categories equals the total average profit per car, 8мΦтϵκƳƻƴǘƘΦ aƻǊŜ ǇǊƻŦƛǘ ŎƻƳŜs from the time plugged at home, 

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 Figure 25, the total profit is divided into three pairs, for comparison. Payments from the time at 

home are larger than the payments from the time at work, mainly because the time at home is 

longer. Capacity 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 from regulation 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, whereas it is generally called for all 

hours except a few each month in Sweden. In Figure 26, we see an example of this. The 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 charging. Comparing this to the model baseline in Figure 15 shows that the German 

curve is the same as the base line with charging. 

 

Figure 26: Energy in all plugged batteries during 14 January, when 500 PHEVs provide secondary control in Sweden and in 
Germany. In Sweden, regulation down is activated at around 10.00 and 19.00, and goes on until the cars have filled their 

batteries (shown in the graph by a leveling out at the maximum plugged energy 4MWh). Regulation up is never 
activated. In Germany, no regulation is activated ς the cars charge before they leave, and the rest of the time they wait. 

Below, results for simulations of PHEVs on the tertiary control power markets in Sweden and 

Germany are presented. In Figure 27 and Figure 28 the results for Sweden are visualized. Here it 

becomes clear that the PHEVs never deliver regulation up. The reason is that their bid is much higher 

than all other bids, so they are never activated. The total profit thus comes only from regulation 

Řƻǿƴ ŜƴŜǊƎȅΣ ŀƴŘ ƛǎ ŀƭǎƻ ǎƳŀƭƭΥ сΦтϵ ǇŜǊ ŎŀǊ ǇŜǊ ƳƻƴǘƘΣ ƛƴ ŀǾŜǊŀƎŜΦ !ǎ ŜȄǇƭŀƛƴŜŘ ƛƴ chapter 5.4, the 

difference between regulation prices and spot prices in Sweden are low, which is the explanation for 

both the low profit and the lack of activation for regulation up. Price variations over the months 
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exist, but are fairly small. The PHEVs do not have to charge very much in the traditional way, but can 

fill their batteries on regulation down energy most 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. 

 

Figure 27: Summary of profit for a PHEV providing tertiary control in Sweden during 4 months of 2008. Total profit is 
small. There price variations between the months are fairly small. 

 

Figure 28: 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 cars hardly need to charge. 
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Figure 29 shows the profits from tertiary control in Germany.  The average profit per car is much 

higher here than in SwedenΥ нфΦмϵκƳƻƴǘƘΦ The large share of the payments comes from capacity, 

and capacity for regulation up is paid much higher than capacity for regulation down. However, 

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 regulation up is worth more in daytime. There is 

substantial variation in both capacity and energy prices between the months.  

In Figure 30 we see that the PHEVs in Germany are 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 seen: January 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 two-fold. Firstly, prices for control 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 Germany. Secondly, bids in Germany are first selected on 

capacity price. Since the vehicles do not have a too high price for 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 control power is large, even if their energy price is very high. 

 

 

Figure 29: Summary of profit for a PHEV providing tertiary control in Germany during 4 months of 2008. Total 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. 
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Figure 30: Summary of energy transactions 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. 

Figure 31 compares the average monthly profits in Sweden and Germany on the tertiary control 

power markets. A conclusions to be drawn from this is e.g. that the total profit per car is over 4 times 

ƘƛƎƘŜǊ ŦƻǊ DŜǊƳŀƴȅΥ нфΦмϵκƳƻƴǘƘ ŎƻƳǇŀǊŜŘ ǘƻ сΦтϵκƳƻƴǘƘ ƛƴ {ǿŜŘŜƴΦ Moreover, both countries 

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 countries, this 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 payment. However, the 

total energy payment is higher in Sweden than in Germany, because the tertiary controls are 

activated much more in Sweden. Regulation up brings no income to the Swedish PHEV, while it 

constitutes the major income stream to a German PHEV. Interestingly, the total profit from 

regulation down is still higher in Germany than in Sweden, due to the capacity payments. 

 

Figure 31: Average monthly profits from different categories, Tertiary control, Sweden and Germany. The sum of each 
pair of categories Ŝǉǳŀƭǎ ǘƘŜ ǘƻǘŀƭ ŀǾŜǊŀƎŜ ǇǊƻŦƛǘ ǇŜǊ ŎŀǊΣ сΦтϵκƳƻƴǘƘ ƛƴ {ǿŜŘŜƴΣ нфΦмϵκƳƻƴǘƘ ƛƴ DŜǊƳŀƴȅ. In Sweden, 

all payments come from energy and regulation down, while it is roughly equal from home and work. In Germany, 
payments for capacity and regulation up are more important 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 the results 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 Figure 32 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: 30-улϵκƳƻƴǘƘΦ Lƴ {ǿŜŘŜƴΣ ƻƴƭȅ ǘƘŜ C5w ƳŀǊƪŜǘ ƛǎ ƛƴǘŜǊŜǎǘƛƴƎΦ hƴ ǘƻŘŀȅΩǎ ŎƻƴǘǊƻƭ 

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 is two-fold. Firstly, the capacity payment 

for FDR is much larger as the frequency 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 regulation down 

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 in primary 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 be charged on normal power too. Tertiary 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 costs are included, and this profit is to be shared 

between the aggregator and the PHEV owner. German tertiary control could possibly become of 

interest when PHEVs have been introduced on the primary and secondary control power markets, 

but it is likely that the economic incentive to enter the tertiary control power market is not large 

enough for the PHEVs 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 cover for infrastructure costs not included in the modeling.  

Another important point is that control market volumes and prices from 2008 are used in the 

ǎƛƳǳƭŀǘƛƻƴǎΦ ¢Ƙƛǎ ƛǎ ŀ ǎǘǊŜƴƎǘƘ ōŜŎŀǳǎŜ ƛǘ ǊŜŀƭƭȅ ŀƴǎǿŜǊǎ ǘƘŜ ǉǳŜǎǘƛƻƴ ƻŦ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƻƴ ǘƻŘŀȅΩǎ 

markets. From another 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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Figure 32. Comparison of average monthly profits from all types of control, both countries. Swedish primary control 
power gives both the most profit (FDR) and the least profit (FNR). Control in Germany is generally more profitable than 

control in Sweden. 

Comparing the three types of control in Figure 33, 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 

DŜǊƳŀƴȅΣ ǘƘŜ ƳŀǊƪŜǘǎΩ ŎŀǇŀŎƛǘȅ ǇŀȅƳŜƴǘǎ ǊŀƴƎŜ ŦǊƻƳ ŀ ǾŜǊȅ ƘƛƎƘ ŀǾŜǊŀƎŜ ǇŀȅƳŜƴǘ όтнϵκƳƻƴǘƘύ ŦƻǊ 

ǇǊƛƳŀǊȅ ŎƻƴǘǊƻƭΣ ǘƘǊƻǳƎƘ ŀ ǎƭƛƎƘǘƭȅ ǎƳŀƭƭŜǊ όслϵκƳƻƴǘƘύ ŦƻǊ ǎŜŎƻƴŘŀǊȅ ŎƻƴǘǊƻƭΣ ǘƻ ǘƘŜ ǎƳŀƭƭŜǎǘ 

ǇŀȅƳŜƴǘ όнтϵκƳƻƴǘƘύ ƛƴ ǘŜǊǘƛŀǊȅ ŎƻƴǘǊƻƭΦ ¢ƘŜ ǊŜŀǎƻƴ ǘƘƛǎ ƛǎ ƴƻǘ ǊŜflected in the total profit, is that in 

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 each 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.  

 

Figure 33: Comparison of average monthly profits made 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. 
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In Figure 34 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 prices during the night. Irrespectively, this implies that if PHEVs 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.  

 

Figure 34: Comparison 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 up or down is preferred by the PHEVs, as 

seen in Figure 35. Generally, delivering regulation down will always be interesting to PHEVs, as it 

implies that they can ŎƘŀǊƎŜ ŀǘ ŀ ƭƻǿŜǊ Ŏƻǎǘ ǘƘŀƴ ƴƻǊƳŀƭƭȅΦ 5ŜƭƛǾŜǊƛƴƎ ǊŜƎǳƭŀǘƛƻƴ ǳǇ ƛǎ ƳƻǊŜ άǊƛǎƪȅέ ŀǎ 

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 capacity payments, 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 markets, 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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Figure 35: Comparison of average monthly profits made from 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 Figure 36, 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 after 10min and 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. Swedish tertiary 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 two markets, the PHEV bids on regulation up is attractive enough to be activated. 

 

Figure 36: 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 in chapter 4.3, earlier estimations of the economy of PHEVs on the control 

power markets were given. These studies are made in different ways, for different markets, with 

different costs and incomes included. The numbers are thus not directly comparable with each other, 

nor with the results presented here. Nonetheless, they provide an order of magnitude estimation of 

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 American studies 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.g. (Kempton & Tomic, 2005). Because Kempton 

and Tomic also include the infrastructure costs this model excludes, their results should be smaller 

than the ones presented here. That indicates either that the price picture is different in America, that 

this study underestimates profit, or that Kempton and Tomic overestimates it.  

In the only study made on European markets (Larsen, Chandrashekhara, & Östergård, 2008), the 

numbers given for a 2kW-connection are comparable to the results of this study. Larsen et.al. do not 

include any costs, so their numbers should be higher than in this study. For tertiary control up, the 

ǊŜǎǳƭǘǎ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ŀƴŘ ǘƘŜƛǊǎ ŀǊŜ ǾŜǊȅ ǎƛƳƛƭŀǊ όнм ŀƴŘ мтϵκƳƻƴǘƘ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ Their definition of 

income on regulation down is different to the one used here: Larsen et.al. only count actual 

monetary incomes. CƻǊ ǘŜǊǘƛŀǊȅ ŎƻƴǘǊƻƭ ŘƻǿƴΣ ǘƘŜȅ ƎŜǘ ŀƴ ƛƴŎƻƳŜ ƻŦ уϵκƳƻƴǘƘ by charging at a 

negative price. Due to the high penetration of wind power in Denmark, the prices on regulation 

down are sometimes negative (down to less than -мллϵκa²Ƙ ŀǘ ǘƛƳŜǎύΦ CƻǊ ǎŜŎƻƴŘŀǊȅ ŎƻƴǘǊƻƭΣ ǘƘƛǎ 

ǎǘǳŘȅ ǊŜƴŘŜǊǎ ŀ ǊŜǎǳƭǘ ƻŦ умϵκƳƻƴǘƘ ƛƴ DŜǊƳŀƴȅΣ ǿƘƛƭŜ [ŀǊǎŜƴ ŜǘΦŀƭ ŦƛƴŘ ŀƴ ƛƴŎƻƳŜ ƻŦ мсϵκƳƻƴǘƘΦ 

One explanation for this could be that Denmark buys most of its control 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 was performed for July 2008, with 500 vehicles as above, but with six 

cases of changed parameters described in Table 17Φ ¢ƘŜǎŜ ŀǊŜ άǿƘŀǘ ƛŦΚέ-cases, with one 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 situation would be like if some of the inputs to the model would change radically. 
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Table 17: Table of parameters varied in the sensitivity analysis. 

Case Varying parameter Range of variation Comment 

1 Battery size Increased from 10kWh to 
20kWh. The minimum SOC 
was left at 20%, so the usable 
battery size was increased 
from 8kWh to 16kWh. 

This case illustrates either future PHEVs 
with a larger battery than those predicted 
today, or electric vehicles. Electric vehicles 
need larger batteries because they do not 
have the option of driving on gasoline if the 
battery runs out, but apart from that, they 
are very similar to PHEVs in all important 
aspects of this study. 

2 Transmission capacity Increased from 3.5kW to 
15kW 

15kW is closer to values used in past 
studies (see chapter 4.3). 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 
increased by 20%. 
Additionally, in the Swedish 
case, the prices for regulation 
up were increased by 20% 
while the prices for regulation 
down were decreased by 
20%. 

This intends to illustrate a future with a 
higher penetration of intermittent 
renewable power sources, leading to a 
larger need for control power. This in turn 
results in a larger willingness to pay for 
regulation services. 

4 Battery degradation 
cost 

5ŜŎǊŜŀǎŜŘ ŦǊƻƳ мллϵκa²Ƙ 
to мϵκa²Ƙ ŦƻǊ ǘŜǊǘƛŀǊȅ 
control, ŀƴŘ ŦǊƻƳ олϵκa²Ƙ 
to лΦоϵκa²Ƙ ŦƻǊ ǎŜŎƻƴŘŀǊȅ 
and primary control 

Aims to simulate a future where battery 
technology has advanced greatly and 
batteries are very inexpensive compared to 
today 

5 Price of charging 
energy 

урΦмϵκa²Ƙ ƛƴ DŜǊƳŀƴȅΣ 
рфΦмϵκa²Ƙ ƛƴ {ǿŜŘŜƴ 

Lowered by 20% to illustrate a case where 
the vehicle owner has a special deal with 
his/her power retailer, and gets a lower 
price on electricity for the vehicle 

6 Both battery 
degradation costs and 
price of charging 
energy 

A combination of case 4 and 
5. 

Run in order to see if regulation up would 
be activated a lot in tertiary control in 
Sweden. 

 

8.3.1 Primary Control  

The sensitivity analysis for the six cases described above is presented in Figure 37 showing relative 

change in profit and Figure 38 showing relative change in energy transactions. Figures 39-44 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 percentages originate mainly from the very small profit for FNR in the base case, less than 

мϵκƳƻƴǘƘΦ !ƴȅ ŎƘŀƴƎŜ ǘƘǳǎ ōŜŎƻƳŜǎ ƭŀǊƎŜ ƻƴ ŀ ǊŜƭŀǘƛǾŜ ǎŎŀƭŜΦ However, even in absolute terms, the 

profit made on the FNR market becomes reasonably high (20-нрϵκƳƻƴǘƘύ ƛƴ the cases with higher 

transmission capacity, higher control power prices, lower battery degradation costs and both lower 

battery degradation cost and lower price of charging energy as shown in Figure 39. As seen in Figure 

38, amount of sold energy is not affected by any price changes. The reason is that activation of 

primary control is done irrespective of bids and prices, only based on frequency deviations. 
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The factor that has the largest effect on both profit and energy for FDR and German primary control 

is a higher transmission capacity, and in both cases, it has a large positive effect (see Figures 37-44). 

The absolute profits in this case becomes very high, 2слϵκƳƻƴǘƘ ŦƻǊ DŜǊƳŀƴ ǇǊƛƳŀǊȅ ŎƻƴǘǊƻƭ ŀƴŘ 

оулϵκƳƻƴǘƘ ŦƻǊ {ǿŜŘƛǎƘ C5wΦ The reason for this is partly that more energy can be sold, but mainly 

that a higher capacity is provided, and capacity is what generates the 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 chapter 1.1) 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 indicates that the amount of control 

power the cars can sell is not often limited by the size of the battery in the base case. A decrease 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 ς it is only visible for FNR in the chart as a smaller original profit results in a larger 

relative change (see Figure 37).  

In the analysis of the energy sold, another evident thing is that no price changes (case 3-6) 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. 

 

Figure 37: Sensitivity analysis of the profit made from 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. FNR profit is very 
sensitive to changes, FDR and German primary control are fairly stable. 
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Figure 38: Sensitivity analysis of the energy transactions in 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. Transmission 
capacity is the only factor that has a major impact on the control sold. No price changes affect the power sold, as price is 

not part of the activation. 

 
 

 
Figure 39: Sensitivity analysis of the profit made by 

delivering FNR in Sweden, in absolute numbers. 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, Case 5 = Price for charging 20% lower, and Case 6 
= Case 4 & Case 5, as described above. 

Figure 40: Sensitivity analysis of the energy transactions 
made when delivering FNR in Sweden, in absolute 

numbers. 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 Case 5 = Price for charging 20% lower, and Case 6 = 

Case 4 & Case 5, as described above. 
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Figure 41: Sensitivity analysis of the profit made by 
delivering FDR in Sweden, in absolute numbers. Cases as 

described above. 

Figure 42: Sensitivity analysis of the energy transactions 
made when delivering FDR in Sweden, in absolute 

numbers. Cases as described above. 

 
 

 
 

Figure 43: Sensitivity analysis of the profit made by 
delivering primary control in Germany, in absolute 

numbers. Cases as described above. 

Figure 44: Sensitivity analysis of the energy transactions 
made when delivering primary control in Germany, in 

absolute numbers. Cases as described above. 

 

8.3.2 Secondary Control  

Figure 45 shows the relative changes and Figure 47 the absolute changes in profit the six cases make 
compared to the base case for secondary control in Germany. Figure 46 and Figure 48 show the 
corresponding changes in energy transactions.  Comparing 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 activated a lot, and the battery 

fairly often becomes a limiting factor in how much regulation down the vehicle can 
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sell. It 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. 

2. High transmission capacity has very large effect on the profit, as it directly 

influences the share of the profit coming from capacity payments. In absolute 

ƴǳƳōŜǊǎΣ ǘƘŜ ǇǊƻŦƛǘ ƛƴŎǊŜŀǎŜǎ ǘƻ ŀƭƳƻǎǘ пллϵκŎŀǊκƳƻƴǘƘ ŀǎ ǎƘƻǿƴ ƛƴ Figure 47. The 

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 regulation down it can 

sell. However, the higher transmission capacity per car, the smaller the number of 

cars needed to cover the whole market. If the total market value remains the same, 

higher transmission capacity would mean that fewer cars get more profit each. 

3. Higher capacity prices increases the profit but not the energy sold. As all capacity 

prices increase with the same percentage, their relation to each other remains the 

same, and the order of activation does not change.  

4.  A very low battery degradation cost has a large effect on the energy sold ς 

regulation up is activated almost as much as regulation down in this case. The profit 

does not, however, become very much larger. The reason is that the bid for 

regulation up energy is based on the battery cost, and as this market has a pay-as-bid 

pricing, the incomes from regulation up also decrease with a low battery cost. 

5. A lower charging cost has a similar effect as a low battery degradation cost, with 

the same reasons. However, as the difference in charging price is only 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. 

6. Combining low charging costs and 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 

change in case 5. 

 

Figure 45: Sensitivity analysis of the profit from 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. Higher transmission 
capacity has the largest effect on the profit 
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Figure 46: Sensitivity analysis of the energy sold 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. A lower battery 
degradation cost and a larger battery result in much more energy sold. 

 

 
 

 
 

Figure 47: Sensitivity analysis of the profit made by delivering 
secondary control in Germany, in absolute numbers. 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, Case 5 
= Price for charging 20% lower, and Case 6 = Case 4 & Case 5, 

as described above. 

Figure 48: Sensitivity analysis of the energy 
transactions made when delivering secondary control 

in Germany, in absolute numbers. 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, 
Case 5 = Price for charging 20% lower, and Case 6 = 

Case 4 & Case 5, as described above. 

 

8.3.3 Tertiary Control  

Figure 49 shows the relative changes and Figure 51 and Figure 53 show the absolute changes in profit 
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corresponding changes in energy transactions. Comparing these figures, 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 Sweden, it almost doubles the 

profit. The reason is that most vehicles fill their batteries on profitable regulation down 

energy before the 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 bought energy is 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. 

2. With a four-fold higher transmission capacity the profit in Germany also four-folds. This 

reflects the importance of capacity 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 influence 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 batteries is 

important only when regulation down is not needed anymore while the cars still have space 

in their batteries. It is interesting to compare the effect from a higher transmission capacity 

with the effect from a larger battery on the sold energy, in the different 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 are thus limited by the battery size as to how much 

control they can offer. The transmission capacity will mainly affect the speed by which the 

batteries can be charged in these two cases, not the total energy transferred. Moreover, the 

comments made for case 2 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. 

3. Higher control power prices increases profit in both countries. In Sweden the profit 

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. This implies for 

Sweden that this price difference is not large enough to activate the PHEV bid for regulation 

up.  

4. Low battery degradation cost has a surprisingly small effect on the profit (+1.6% in Sweden, 

-0.1% in Germany). PHEVs in Germany even earn less money with 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 in July 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 case). 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 comparison to 

case 6, with a lower charge price as well, should be made. 

5. A lower charging cost results in a large net loss (55%) in the Swedish case. This is explained 

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



75 
 

energy than 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 more activations 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 Sweden. This 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 extra activations of regulation up take place in this case compared to 

case 4 and 5 respectively. The net result is therefore a net profit change of -1.2%. 

 

Figure 49: Sensitivity analysis of the profit from Tertiary 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. 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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Figure 50: Sensitivity analysis of the energy sold in Tertiary 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, Case 5 = Price for charging 20% lower, and Case 6 = Case 4 & Case 5, as described above. Combining 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. 

 
 

 
 

Figure 51: Sensitivity analysis of the profit made by 
delivering tertiary control in Sweden, in absolute numbers. 

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, Case 5 = Price for charging 20% lower, and 

Case 6 = Case 4 & Case 5, as described above. 

Figure 52: Sensitivity analysis of the energy transactions 
made when delivering tertiary control in Sweden, in 

absolute numbers. 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, Case 5 = Price for charging 
20% lower, and Case 6 = Case 4 & Case 5, as described 

above. 
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Figure 53: Sensitivity analysis of the profit made by 
delivering tertiary control in Germany, in absolute 

numbers. Cases as described above. 

Figure 54: Sensitivity analysis of the energy transactions 
made when delivering tertiary control in Germany, in 

absolute numbers. Cases as described above. 
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9 SWOT Analysis of PHEVs as Control Power 
A SWOT analysis is a strategic planning tool used to analyse the internal Strength and Weaknesses 

and external Opportunities and Threats for a particular object. This chapter has the structure of a 

SWOT analysis of PHEVs as control power. First, the strengths and weaknesses of PHEVs delivering 

control power will be analyzed. This provides a foundation to construct a preferred market structure 

from the PHEVs point of view, which will be compared with the current market situations. A 

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

the opportunities and threats of PHEVs as control power providers are analyzed, in the form of a 

discussion of the entire report. A summary of the SWOT analysis of PHEVs as control power is shown 

in Table 18.  

Table 18: SWOT analysis of PHEVs as control power. 

Internal  External  

Strengths 

¶ Fast delivery/acceptance of energy = short 
activation time. 

¶ Possibility to use gasoline to charge the 
battery  

¶ No cost for being available 

¶ Many PHEVs could be seen as a guaranteed 
capacity since it is likely that 80 % of all cars 
are parked. 

¶ Regulation down is charging of the battery, 
thus, it can be provided by PHEVs without 
effort. 

Opportunities 

¶ Increased demand for control power due to 
increased intermittency (renewable energy) 
in the power system 

¶ Increased demand for control power due to 
increased power demand 

¶ Political interest to introduce PHEV and to 
support electrification of the car fleet 

¶ Liberalisation of control power market ς 
political pressure to lower entrance barriers 

¶ Other actors also pressure the control power 
market to change 

¶ Potential economic incentive for PHEVs to 
participate is substantial on some markets 

Weaknesses 

¶ Transfer capacity limited = PHEVs small units 
of control power = Need to pool to be able 
to sign contract on the control power market 

¶ Limited energy content in the battery 

¶ Mobile devices - Difficult to guarantee 
constant capacity if a small number of cars 
participate. 

¶ Variations in peoples driving pattern: 
Seasonal, weekly and daily variations  

¶ Human factor: People can forget to plug in 
their cars. 

¶ Regulation up has a high cost. The cost for 
up- and down regulation differs.  

¶ Regulation up implies energy losses due to 
non-perfect efficiencies in charging and 
discharging of the batteries 

Threats 

¶ Conservative and inflexible market structure  

¶ Oligopoly market structure 

¶ High security and delivery requirements 

¶ Bid requirements: large bid sizes and specific 
technical standards 

¶ Long market time frame 

¶ Long contract time 

¶ Infrastructure development needed 

¶ Standardisation issues 

¶ Co-operational challenges - Automotive 
Industry and Power Suppliers 

¶ Lower prices due to PHEV on the control 
power market 

¶ Symmetric bids and package prices 

¶ Need of behavioural change and risk of 
psychological fear 

¶ Risk for technology lock-in 
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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).  The conclusion is that the 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 is full, no more 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 electric vehicle. However, as the combustion engine has a rather low efficiency, this 

way of providing control power would be expensive and result in high emissions per kWh. 

The plug through which the PHEV is connected will also limit the power that the PHEV can 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 

small units will need to be activated.  

A secure power system is very important for an electrified society and the requirements of a stable 

frequency are high in order not to risk black outs and safe operation of electronic devices. This 

implies that the control power provider needs to guarantee the delivery of the power contracted. 

PHEVs differ from stationary power plants since they are mobile and their 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 PHEVs are connected or out driving or 

parked at a place where the car has 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 even during rush hour, more than 80% 

of all cars are parked (Lund & Kempton, 2008). If many PHEVs could be aggregated, these variations 

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

If the infrastructure costs required for V2G are excluded, the 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 available for frequency control is 100% profit.  The 

potential profit  needs to be shared between car owner, the aggregator, and possible discounting of 

infrastructure costs.  

Upward regulation from a PHEV is the same as charging and thus is very 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 PHEVs.  It also implies 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 payment systems are constructed (see further discussion on this below).  
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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 PHEV provide upward regulation (Galus & Andersson, 2009). This can be 

compared to a few percent for hydro and coal power delivering control power. The higher efficiency 

loss is a weakness in several respects for PHEVs as control power: it makes the cost higher, it leads to 

an energy loss in the system, and it makes the regulation up delivered from a PHEV not 

environmentally sound (as in high emissions of CO2/kWh) if the energy it originally charged on was 

provided by coal power. When PHEVs provide regulation down, 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 structure preferred is flexibility. The most important aspects of 

the market structure are 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 view, markets with both energy and capacity payments are preferred. Since 

the cost for the capacity ready can be estimated to zero, capacity payments quickly become very 

profitable. PHEVs also have an advantageous position for competing with other actors on a 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. An energy 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 primary control power market and the German secondary and tertiary control power 

market today offer both capacity and energy payment, and are therefore preferable concerning this 

aspect. The Swedish tertiary control power market only offers energy payment and the German 

primary control power market only capacity payment.  

The reason for the German primary control power market not 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 market in Sweden this is not 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 tertiary control power market does 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 demand that some 

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. The contract time is defined as the time an actor guarantees control power, and 

PHEVs in this sense need short contract time, for example one hour.  

!ƴƻǘƘŜǊ ǘƛƳŜ ŦǊŀƳŜ ƛǎǎǳŜ ƛǎ ǎǳŘŘŜƴ ŎƘŀƴƎŜǎ ƛƴ ǇŜƻǇƭŜΩǎ ŘǊƛǾƛƴƎ ǇŀǘǘŜǊƴǎΣ ŦƻǊ ŜȄŀƳǇƭŜ ŀƴ ǳƴŜȄǇŜŎǘŜd 

weather change that prevents people from traveling by car to 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 in. PHEVs would gain from many bidding processes a 

year, such as daily or even hourly before delivery.  

Situation Today 

Generally the Swedish control power markets are more flexible regarding time aspects, i.e. shorter 

contract time and shorter time between contracting and delivery. The Swedish tertiary control power 

market is 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 market offers a 

rather short market time frame with both weekly and hourly markets and a contract time around 8 

hours. The German control power markets are less flexible concerning these time issues. Both the 

primary and secondary control power markets in Germany require a constant capacity during a 

whole month, which implies that the aggregator only can guarantee the lowest available capacity 

during the week, there are no independent contract time periods of a few hours as in Sweden. The 

German tertiary control power market is 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 

Swedish control power market. 

Since only stationary devices act on the control power markets 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 the sense 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 to be pooled. In an ideal case, no geographical consideration of the sources pooled 

would be taken, which would allow for pooling PHEVs over large areas.    

Situation Today 

The minimum bid sizes on control markets of today vary between 1 MW, on the Swedish primary 

control market, and 15 MW on the German tertiary control market. In this aspect, the Swedish 

primary control market is most suitable for enabling PHEVs as an actor. There are also  activation 

steps on this market of 1 MW. 

The reason for the large minimum bid size on the German tertiary control power market is said to be 

that it would be too 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 reasoning 

invalid. On the manually managed tertiary control market in Sweden, the minimum bid size is 10MW. 

A certain number of PHEVs is needed to enter the market. To 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. Table 19 shows the correlation between typical bid sizes on the control power markets today 

and the number of cars that need to be plugged in to cover a contract. It also shows the number of 

cars that one aggregator need to aggregate, if it is assumed that 80% of the cars are at any time 

(Lund & Kempton, 2008). 

Table 19: Correlation between bid size (MW) and number of cars. 

Capacity (MW) Number of plugged in cars 
(assuming 3.5kW transfer 
capacity) 

Number of cars needed to 
be aggregated (assuming 
80% always plugged in) 

1 300 380 
5 1400 1800 
10 2900 3600 
15 4300 5400 

 

On all the three German control power markets pooling is allowed if the entities are located in the 

same control area. Pooling crossing control areas is under consideration, but not yet implemented. 

Since the primary control is independent of geographical location is should be easier to pool primary 

control crossing control areas than secondary and tertiary control.  

9.2.4 Symmetric/Unsymmetrical Bids  

A PHEV delivering regulation down is actually charging its battery. For this it could be paid a capacity 

price, for being plugged in, and then allowed to charge the battery with cheap or even free 

electricity. This is a cost-effective 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 

degradation 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 both up and 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 unfortunate, as it will drive up the prices and prevent the most cost efficient solution. 

Hence, it is ideal for PHEVs to act with asymmetric bids, i.e. bids on either up or down regulation. 

However, there is no technical problem for a PHEV to deliver symmetric capacity.  

Situation Today 

The primary control power markets in both Sweden and Germany require bids to be symmetrical. 

Since the cost for up-and downward regulation is different for a PHEV it is a disadvantage to place 

symmetric bids. On the secondary control power market in Germany and the tertiary control power 

market in Sweden and Germany the bids are placed separately 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 time, several 

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 open it up and make it more flexible for new 

entrants. Flexibility concerning the requirements to enter the market is needed to reach an ideal 

market for PHEVs. Other new and small actors entering the control power market could also pressure 

the market to change into a more flexible one.  

Situation Today 

There are 5 large players on both control power markets in Sweden and on the primary and 

secondary control power market in Germany. The competitors in Sweden offer primary control from 

hydro power, 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 primary control power market 

also act on the secondary control power market. Since the primary control power markets in both 

countries, and the secondary in Germany, has few large players the market can be considered an 

ƻƭƛƎƻǇƻƭȅΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƘŜ {ǿŜŘƛǎƘ ǇƭŀȅŜǊǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ƳŀƪŜ άǊŜǎǇƻƴǎƛōƭŜέ ōƛŘǎΦ  

The German tertiary control power market has 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 should reflect the actual need for 

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 will open 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 primary control power markets, a PHEV would need a frequency meter that is accurate 

enough to measure frequency variations down to 0.001Hz. To provide cars with this type of meters 

could become a problem (Andersson, 2008). However, it could also 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 activated when the flow of power in certain control points of the grid deviates 

too much from its planned value (Schulz, 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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Table 20 summarizes the ideal conditions to enable PHEVs to act on the control power market.  

Table 20: Ideal conditions to enable PHEVs to act on the control power markets. 

Category Ideal Reason 

Actors  Many  To lower the monopoly position 
of large players 

Energy/Capacity price  Capacity and Energy Price Two possible income streams. 
One for being available and one 
when energy is delivered.  

Market time frame  Daily or hourly Flexibility. Driving patterns differ 
between holidays, working days, 
seasons etc.   

Contract time Short Flexibility. Allows variation in 
cars available. Better utilization 
of PHEV capacity. 

Minimum Bid Size Small and pooling 
possibilities 

Best case could be the capacity 
of one car.  

Regulation up and/or down  Asymmetric  The cost for upward and 
downward regulation is 
different. 

 

Table 21, Table 22 and Table 23 summarize the situation that PHEVs would have on the control 

power markets of today divided in primary, secondary  and tertiary control. 
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Table 21: PHEVs on the primary control market in Sweden and Germany 

Primary Control Sweden Comment Germany Comment 

Total quantity of 
Primary Control 

FNR: 250 MW 
FDR: 400 MW 

 The total primary control 
would correspond to about 
190 000 PHEVs plugged in. 

661 MW  The total primary 
control would 
correspond to about 
660 000 PHEVs plugged 
in. 

Type of controls Hydro power Cheap competitor  Thermal Expensive competitor 
Seller 5 large players Oligopoly ς not a real market 5 large players Same as Sweden 
Energy/Capacity 
Price 

Energy and 
Capacity is paid 

Two income streams. Capacity 
payment can cover selling 
regulation energy up at a loss.  

Only capacity 
is paid 

Less need of 
measurement systems 
but only generating 
one income stream. 

Market time 
frame 

Weekly and 
hourly markets 

A relative short market time 
frame provide flexibility. 

Monthly Less flexible than the 
Swedish primary 
control market. 

Contract time Three 
independent 
periods a day 

A advantage since the numbers 
of cars and therefore the 
available capacity will vary 
during the day. 

Monthly Requires a constant 
capacity during a 
whole month, which 
implies that the 
aggregator only can 
guarantee the lowest 
capacity available 
during the week. 

Minimum 
capacity 
(MW/Hz) 

10 MW/Hz Relative low min bid size, which 
decreases the market entry 
barrier. 10MW/Hz corresponds 
to 1 MW, which is about 286 
plugged in cars. 

5 MW Bigger min. bid size 
than on Sweden 
primary control 
market. Corresponds 
to 1429 cars. 

Regulation 
up/down 

Symmetric The downward regulation is less 
costly since the car owner then 
charges its car. But there is no 
technical problem to deliver 
symmetric capacity. 

Symmetric Same as Sweden 

Activation time FNR: <3 min 
FDR: 50% within 
5 s, 100% within 
30 seconds 

Possible for PHEV <30 seconds Same as Sweden 
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Table 22: PHEVs on the secondary control power market in Germany 

Secondary Control Germany Comment 

Total quantity of Secondary Control 60 % of total control power 

(4200MW, total ca 7000MW) 

1.2 million plugged in PHEVs 

Type of controls Mainly thermal, some hydro plants Expensive 

Seller 5 large actors Oligopoly. Not a real market. 

Capacity/Energy price Energy and Capacity is paid Two income steams 

Market time frame Monthly Less flexible than hourly and 

daily markets. 

Contract time Two periods: Peak time, off-peak time Two periods makes it more 

flexible. The periods are still 

long and not very suitable for 

PHEVs. 

Minimum capacity  10 MW Rather big min bid size. 
Corresponds to 2857 cars. 

Regulation up/down Asymmetric Advantage since the cost for 

upward ςand downward 

regulation is different. 

Activation step 1 MW Disadvantage since it not 

allows continuously increased 

number of PHEV to be 

activated. 
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Table 23: PHEV on the tertiary control power markets in Germany and Sweden. 

Tertiary Control Sweden Comment Germany Comment 

Total quantity  375MW 107 000 plugged in 
PHEVs 

30 % of 7400 
MW(VDN, 2005) 

630 000 plugged in 
PHEVs 

Type of controls Hydro power 
plants 

 Mainly thermal 
power plants and 
some hydro 
power plants, and 
load side 

 

Seller 5 large Oligopoly 23 (5 large) More and smaller 
actors than on the 
other control 
markets. 

Capacity/Energy price Only Energy is 
paid. 

Only one income 
stream 

Capacity and 
energy is paid. 

Two income 
streams. 

Market time frame 14 day until 30 
minutes before 
operation hour 

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

Daily  More flexible than 
the other German 
control power 
markets less flexible 
than the Swedish 
market for tertiary 
control 

Contract time 1 h More flexible 
compared to the 
other control 
power markets in 
Sweden. 

4 h Same as market time 
frame 

Minimum capacity  10 MW Bigger min bid size 
than on the 
Swedish primary 
control power 
market.  

15 MW Even larger bid size 
than on the Swedish 
tertiary market.  

Regulation up/down asymmetric Advantage since 
the cost for upward 
ςand downward 
regulation is 
different. 

asymmetric Same as in Sweden.  
 

Activation time <15 min (fully 
activated) 

Possible for PHEVs <15 min (fully 
activated) 

Possible for PHEVs 

 

9.3 Is It Possible for PHEVs to Act as Control Power Today?  
This section will discuss if it is possible to introduce PHEVs as control power if the control power 

markets of today would not change. The authors of this report see two main conditions that need to 

be fulfilled for PHEVs to act on the control power market today: 

¶ Technical infrastructure available inside and outside the car  

¶ A sufficient number of PHEVs ready to participate on the markets 

This report has not investigated the technological status of PHEVs and V2G to any depth, and does 

not attempt to answer how far from reality the vision of V2G is. Assuming that the infrastructure and 

the technology needed for V2G is provided, and that there are enough PHEVs willing to act on the 

control power markets, it would be possible to enter into a contract on the control power market of 



89 
 

today. TSOs might be concerned that the capacity provided is not reliable, since the PHEVs might 

leave at any time (Bäck, 2008). However, there 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 available capacity 

and energy at all times. Especially, considering the finding mentioned several times before in this 

report: as many as 80% of the cars in a car fleet are parked at any given time (Lund & Kempton, 

2008). 

 

If the number of participating 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 control, only in smaller units. It could be stated that small mobile 

units of power, such as PHEVs, are discriminated ƻƴ ǘƻŘŀȅΩǎ ƳŀǊƪŜǘǎ for historical reasons: the 

markets were originally constructed for large power plants players. Historically, placing a demand on 

technical solutions was equivalent to demanding a certain service. PHEVs offer 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 three German markets yield profits of 30-улϵκƳƻƴǘƘ ǇŜǊ ǾŜƘƛŎƭŜΦ Lƴ 

{ǿŜŘŜƴΣ ǘƘŜ C5w ǇǊƛƳŀǊȅ ŎƻƴǘǊƻƭ ƎƛǾŜǎ ŀ ǾŜǊȅ ƘƛƎƘ ǇǊƻŦƛǘΣ ƻǾŜǊ мллϵκƳƻƴǘƘΣ ōǳǘ the other Swedish 

markets give very low profits. Additionally, offering capacity as FDR can only be done in combination 

with offering capacity as FNR at present. FNR yields a profit that is barely above zero in the 

simulations. Thus, Sweden is at present much less economically interesting than Germany for PHEVs 

to enter the control power markets.  

One more aspect is the monetary value of the market and the physical size (presented in chapter 5, 

summarized in Table 24). Each service has a total demand of capacity. In most cases 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 same car. Assuming that each PHEV is connected 

through a 3.5kW plug (as discussed in chapter 4.2.2), and that 80% of participating cars are 

constantly plugged in (as described e.g. in chapter 1.1), the number of cars needed to cover the total 

demand is thus calculated as described by equation (6).  

ὔὧὥὶί=
Ὀ

2ɇ3.5ɇ0.8
 

(6) 

Ncars = number of cars needed 

D = total demand for control power (kW) 

 

In Sweden, the tertiary control generates the highest monetary value per car. In Germany, 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 per capacity offered. Therefore is could be reasonable to argue that 

the primary market could be the most profitable for PHEVs to act on. One problem with today`s 

primary market is, that the bids are symmetric, influencing PHEVs negatively. It requires the cars to 

deliver costly upward regulation to enter the market. Since the primary market is the smallest, it 
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would also be the market fastest to saturate. This implies that the prices would probably decrease 

already if a fairly small amount of PHEVs enter the primary market.  The numbers in table 24 

represent a maximum income that a vehicle could get by acting on a control power market. In the 

simulations a profit is estimated, which is not directly comparable with the market value per vehicle. 

However, both sets of values provide an order of magnitude estimation of what could be earned on 

the different markets considering the prices and volumes of 2008. From both sets of values we can 

conclude that there are economic incentives for PHEVs to enter the control power markets. 

Table 24:  Monetary value and physical volume of the markets  

Control 
Power 
Market 

Sweden: 
Market 
size 
(MW) 

Number 
of cars 
needed 
to cover 
demand 

Market 
value 
(Million 
ϵκȅŜŀǊύ  

Value/car 
όϵκƳƻƴǘƘύ 

Germany: 
Market 
size (MW) 

Number of 
cars 
needed to 
cover 
demand 

Market 
value 
(Million 
ϵκȅŜŀǊύ 

Value/car 
όϵκƳƻƴǘƘύ 

Primary  650 
 

116 000 15  11 663 
 

118 000 119 84  

Secondary  - - - - 5 300  
 

946 000 
 

464 41 

Tertiary  375 67 000 22.5 28 5 000 
 

893 000 187 17 

 

9.3.2 Sweden more flexible  market structure than Germany  

The time aspects on the Swedish power markets are more flexible than on the German ones. In 

addition the bid sizes are smaller, which is a great advantage at least during an introduction phase of 

PHEV as control power. Sweden also belongs to a smaller synchronized power system and a smaller 

organizational system, which could imply that the market structure issues could be changed more 

easily by Nordel than by UCTE. A physically smaller system could be 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 pre-qualifications for primary control are hard to fulfill, due to 

the automatic frequency dependent activation. This could make tertiary control more attractive to 

enter as a first control power market. Here, the pre-qualifications are argued to be less strict. 

However, from the superficial look at technical aspects that has been done in this study, no major 

technical barriers to PHEVs providing primary control have been found. The activation time is short 

and there are communication systems and frequency measure equipment available.  

Since the primary control is the first control activated, it can also be said to be the most acute one, 

and therefore be harder to change the pre-qualifications. Security has to be guaranteed. The TSO 

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

control is that it is independent of where in the system it is delivered, which is an advantage for 

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 is of physical importance 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 flexible. Further the 
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tertiary control market has the most flexible time constraints in both Sweden and Germany, but on 

the other hand the largest bid size requirements. The primary market in both Germany and Sweden 

require the smallest bids.   

 

9.4 Discussion: Opportunities and Threats for PHEVs as Control Power  
Climate change and increased energy demand are identified as two main driving factors influencing 

the need for more control power. The climate change problem puts requirements reduction of CO2 

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 technology. A larger share of intermittent power 

production in the electric system will imply a larger demand for control power. This can be seen e.g. 

in Denmark, where a very high penetration of wind power is present. Prices for regulation down in 

Denmark can be as low as -мллϵκa²ƘΣ ƛƴŘƛŎŀǘƛƴƎ ŀ ƘƛƎƘ ŘŜƳŀƴŘ ŦƻǊ ƳƻǊŜ ŎƻƴǘǊƻƭ ǇƻǿŜǊ (Larsen, 

Chandrashekhara, & Östergård, 2008). 

Since the Swedish power system today mainly consists of CO2 neutral production with no 

intermittency issues, there will probably be less need for new control power compared to Germany. 

A very important factor for the Swedish power system, though, is whether nuclear power will be 

phased out or not. Another factor is if more small hydro plants will be built, as they would increase 

the supply of inexpensive control power from hydro power. The German power system consists of 

many coal-fired power plants, which will either need to close down or introduce carbon capture and 

storage if Germany is to reach a CO2 neutral power system. If the coal-fired power plants are 

replaced by intermittent renewable energy sources, it is likely that the demand for control power 

increases. Simultaneously, the amount of control power available in the system might decrease, as 

control power is mainly provided by coal-fired power plants today. This could provide a window of 

opportunity for PHEVs. 

The control markets have few large players, and can thus be called an oligopoly. This affects the 

speed and demand for change a flexibility concerning 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 bids (MW) since they have large capacity available. Because secure control 

power is important for a safe power system, it has high security and delivery requirements, which 

could harm the willingness to change to a more flexible market construction. Since PHEVs are mobile 

they are often considered as unpredictable, while aggregation of many PHEVs could enable similar to 

stationary capacity.  

The interest in reducing CO2 emissions could also lead to a political will to support an electrification 

of the car fleet. One way of doing this could be to make the control power market more flexible, in 

order to open up for PHEVs as actors. Moreover, other smaller players would have interest in a more 

flexible market. This could influence the pre-qualification to be more performance standard oriented 

and less specific technical requirements. This could result in shorter 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 could lead to a higher pressure to avoid an oligopoly on 

control power. 
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The simulation results presented in chapter 7 show that PHEVs could earn substantial amounts of 

money as control power, on some markets. However, as argued in chapter 1.1 and table 24, a 

relatively small amount of PHEVs could cover the entire demand for control power. This implies that 

a saturated supply of control power provided by PHEVs could be reached rather fast. An introduction 

of PHEVs to such an extent would most likely affect the prices on the control power market in a 

negative way for the PHEVs. However, as argued above, the plans to introduce more intermittent 

energy sources in the grid system will most likely increase the demand for control power, which in 

turn could keep the prices high. 

In order to PHEV-owners to take part in the market participation must not require much time or 

knowledge.  It must become a habit for the owner to plug in their car even on a regular basis, even 

when external circumstances make this more difficult. The security issues concerning bi-directional 

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 charging. Moreover, the owners must trust the system enough to let 

it decide when the car is charging and discharging.  

There will be demand for a standardized way of charging concerning aspects like; financial flows, 

plug-size etc. Moreover, questions regarding the battery cost and the guarantee of battery life time 

must be answered. To distribute the risk for the private consumer the battery could be leased 

instead of owned, as discussed in chapter 4.1.   

The infrastructure needed to implement PHEVs as control power is a new interface between thhe 

automotive industry and the power suppliers.  An important question to resolve 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) and Brooks and Gage (2001) argue that the PHEVs should be 

equipped with the technology needed for V2G. Actors on the vehicle side tend to believe that the 

problem is best solved by placing the infrastructure outside the car, due to the long development 

times in the automotive industry (Lindskog, 2008). The standardization and infrastructure decisions 

must be made.  Without infrastructure for charging available there is no market for PHEVs or V2G, 

without PHEVs there is no need for infrastructure: a classic chicken or the egg problem. Moreover, it 

is important to be aware of the risk of technology lock-in. If the charging infrastructure is initially 

installed without V2G possibilities, it might be difficult to change the standards afterwards. There is 

no clear answer to who should start the battery development: as long as the batteries are not good 

enough there is no market for batteries, and therefore there is no generation of money to support 

research and development of batteries. This is why the both battery development and V2G 

infrastructure would be greatly aided by governmental support. 

Figure 55 gives examples of stakeholders having interest in the development of the control power 

market. These are discussed in a stakeholder analysis below. 
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Figure 55: Stakeholder analysis of the control power market with respect to PHEVs 

For power producers/suppliers, PHEVs would be new category of costumer and a new potential 

competitor on the control power market.  An electrified car fleet that charges during off-peak hours, 

would imply be a better utilization of power plants and actually hardly or no new power capacity 

would be needed (Bergman, 2008; Göransson, 2008). This implies a possibility for the power 

producer to sell full capacity also during off peak hours with no new fixed cost. In addition, the 

efficiency of the power plants is higher if they produce energy at the dimensioned power, which they 

can do if 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 CO2 emissions per kWh. In all these respects, PHEVs are thus beneficial to the power 

producers. However, as seen in the simulations, the PHEVs could do all their charging on regulation 

down energy on some markets. This implies they would not be new consumers of electricity from the 

power producer, only a new competitors on the control power market. On the other hand, this 

would not be true if all cars would be PHEVs, since all of the market for regulation down would be 

covered by 3% of the car fleet in Germany today. To know how hard the competition between PEHVs 

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

the power producers, and the ǎƘŀǊŜ ƻŦ ŀ ǇƻǿŜǊ ǇǊƻŘǳŎŜǊΩǎ ƛƴŎƻƳŜ ǘƘŀǘ ǘȅǇƛŎŀƭƭȅ ŎƻƳŜǎ ŦǊƻƳ  ŎƻƴǘǊƻƭ 

power today. 

Since the PHEVs can provide availability of control power at no cost, their inclusion on the market 

would probably lead to lower capacity payment or even only energy payment. This would affect the 

PHEVs negatively, as their profits would decrease. The competitive situation and new actors with 

other cost structures might change the prices on 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 in a more cost efficient way. 
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Other actors on the control power markets that would gain from a more flexible market structure are 

small power producers. These actors are also dependent on small bid sizes and the possibility to 

pool. In addition, the renewable energy industry and their advocators could be interested in PHEVs 

as control power, since that could enable the increase of the share of intermittent energy in the 

power system.   

Car manufactures, PHEV owners, the EU and politicians also have interest of the development of the 

control power market to introduce PHEVs, as it would make a PHEV less expensive to own, which in 

turn could aid the electrification of the car fleet. Moreover, battery manufacturers who want to 

increase the market for electric vehicles will probably have interest of making PHEVs more attractive 

for the customers.  
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10 Conclusion and Recommendations  
This report sets 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 especially true today, 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 

PHEV is sold in Europe a few years from now. However, as 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. Since the profit is high on all the German markets, the interest in 

enabling the PHEVs to act on the control power markets could be larger in Germany. This makes it a 

more interesting country than Sweden to start introducing PHEVs as control power providers.  

From the organizational market perspective, it would probably be easiest to start introducing PHEVs 

on the markets with the smallest bid sizes, as this implies that fewer cars need to be aggregated. The 

smallest bid sizes are found today on the primary control markets in both countries. However, these 

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 established actors to 

allow something so small and seemingly unreliable as a car to provide this crucial service. Indeed, 

they would be partly right: PHEVs and V2G are new technologies, and surely have many of the early 

problems that all new technologies have. These would need to be solved before PHEVs are as reliable 

as established power plants providing control power. With this in mind, the easiest market for PHEVs 

to enter would probably be the tertiary control 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 power is desired, one could recommend, based on this report, to test the concept in 

a geographically limited area.  Ideally, this area would be a separate synchronous power system, such 

as the Swedish island Gotland. The PHEVs used could be state owned, e.g. be official cars of local 

authority. This would shortcut the skepticism of individuals, restrict the geographical area the PHEVs 

drive in and therefore the needed of infrastructure investment, and could also be a way for 

governments to support the breakthrough of PHEVs without stipulating special policies to do so. By 

testing the concept it is possible to verify the infrastructure, build up experience, and achieve the 

system reliability necessary for a large scale introduction, as well as gaining acceptance. Political 

involvement could force the creation of a market, thereby breaking the deadlock which arises 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 focus on construction 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 perspective in nighttime, and also that the economic incentives for PHEV owners to 

participate on control power markets are higher during the night. If official cars or company cars are 

used, these are parked in the same parking lot during daytime and nighttime, which also simplifies 

the construction of infrastructure. 
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A technically and psychologically easy way to start introducing PHEVs as control power would be to 

offer only regulation down. Concerns around bi-directional power flow then do not apply, all that is 

needed is a way to remotely control when a vehicle charges. It also reduces costs, as wear on the 

battery is not an issue. We perceive that markets in which only bids for downward regulation are 

allowed should be investigated further, possibly with a real implementation. Such an implementation 

would be possible on markets with non-symmetric bidding, i.e. secondary and tertiary markets 

today.  

Concerning the transfer capacity, this report finds no reason to recommend that a higher transfer 

capacity per vehicle would be better from a system perspective. As seen in the sensitivity analysis, on 

most markets a high transfer capacity would indeed result in a higher profit per vehicle. However, as 

the market would be saturated with PHEV control power rather quickly in either case, there is no 

need to add extra infrastructural costs to have a higher capacity. The economic 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 improved and used for further investigation. One thing that 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 infrastructure 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 best-case-scenario all together, and simulate a case where bids can be made only if enough 

capacity is plugged in. Questions around how the number of cars organized by one aggregator would 

affect the profit, and which system size is needed before interesting profits can be made, could then 

be answered. In addition, a more detailed sensitivity analysis could be performed, with variation of 

parameters in small steps. The purpose would be to see if the relations between the parameters are 

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

Moreover, as discussed above, it is likely that a introduction of PHEVs on a large scale to the control 

power markets would shift the prices, or even saturate the market. Modeling a situation with 

dynamic prices would be of interest. That could answer questions around how many cars are needed 

to affect the prices, or to dominate them. A situation with an increased control power demand could 

also be simulated. Another suggestion is to simulate other countries. Denmark would be a very 

interesting country, due to their interesting price picture for control power, with some occurrence of 

highly negative prices on regulation down. Additionally, the simulations find that cars can charge only 

on regulation down on some markets. It would be useful to investigate if this would be true also for a 

large scale inclusion of PHEVs. Moreover, the estimations concerning the number of PHEVs needed 

to saturate the market only concern capacity, not energy. Investigation of how large the actual 

energy flows are, and how many PEHVs that would be needed to cover those energy flows, would 

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 report. These are e.g. 

frequency measurement equipment and communication equipment in the vehicles, tripping of 

network protectors and disruption of distribution control systems in the grid, and measurement and 

organization of payment of energy flows. One more aspect that needs further attention is the 

psychological and behavioral factors mentioned above. Both technical and psychological issues 

would be thoroughly investigated in a larger-scale real life trial of the concept.  
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