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Executive summary

Climate change and CO5 emissions is an important issue on the agenda of many
politicians. Trying to decrease CO emissions, influences transportation, power
production, etc. The power system is characterised by an increasing amount
of renewables, with one of the most expanding renewable power sources being
wind. Wind energy is fluctuating by nature, calling for increasing flexibility
elsewhere in the energy system.

For Denmark, hydro power from Norway help stabilizing the system, as does
export of excess wind to Germany, although the latter is decreasing in use
because of large correlations between high wind production in northern Germany
and western Denmark. To decrease CO4 emissions through a decrease in the use
of fossil fuelled plants, along with an increase the amount of renewable energy,
the power system needs more flexibility such as flexible demands, storage etc.

Flexibility could also come from the road transport system. Counting for 24%
of the CO4 emissions in Denmark in 2009, the road transport system needs to
move towards, e.g. electric drive vehicles. However, the electric drive vehicles are
also demanding electricity from the power system. This brings both challenges
and opportunities to the power system. One challenge is, that intelligence is
needed unless peak-load is to increase drastically. With intelligent charging of
the vehicles, though, the electric drive vehicles can be of great benefit providing
flexible demand and charging at night time, instead of being regarded as yet
another load and challenge for the energy system. Furthermore, discharging of
vehicles can provide services to the power system.

The batteries in the electric drive vehicles are batteries invested in anyway.



ii Executive summary

Hence, why not use these actively for cheap storage by the energy system? Fur-
thermore, the use of vehicles are opposite to the remaining demand for energy;
e.g. while people are making dinner their vehicles will often be parked, being
able to deliver back-up power - again, a great opportunity for the power system.
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&

Figure 1: An integrated power and transport system with battery storage avail-
ability for both systems

In this PhD project I have focussed on modelling and analysis of a future inte-
grated transport and power system. An integrated power and transport system
enables analyses of the interactions between different parts of the energy system.
The object of interest is an optimal configuration of an integrated power and
transport system as well as I will be focussing on the drawbacks and benefits
for the power system incorporating an electrified transport system.

I have performed analyses in terms of integrating more renewable energy, for
both Denmark as an isolated system and for the northern European countries
including Denmark, Sweden, Norway, Finland, and Germany. The analyses
are performed using the deterministic energy systems analysis model, Balmorel.
Furthermore, analyses have been made for the Irish power system on the influ-
ence of introducing electric drive vehicles in a predefined power system, using
the stochastic energy systems analysis model, Wilmar.

Interesting is, that it turns out to be most profitable to invest in enough wind
to more than cover the electrified transport in Denmark. This holds, both when
modelling Denmark as an isolated country, and when including the interactions
between the Nordic countries.

Furthermore, analyses show that fuel cell electric vehicles are not yet ready for
competing with the other vehicle types. This is, among other things, due the
technologies not being cheap enough, thus, the development is not expected to



have reached a competitive stage.

Another interesting finding is the results showing that it is beneficial for Ireland
to have electric drive vehicles in terms of both costs and COy emissions. How-
ever, introducing the electric drive vehicles in Ireland, imply an increase in both
costs and COs in the Great British side, as most of the power for the vehicles
is produced on British coal power plants. Thus, focusing nationally, Ireland
should invest in the electric drive vehicles, although, on an international level,
the investments are costly.






Dansk Resumeé

Klimaaendringer og COs-emissioner star hgjt pa mange politikeres dagsorden.
Vil man nedsatte COs-emissionerne, vil det have indflydelse pa hele energisy-
stemet - bade varme, elektricitet og transport. Elsystemet er karakteriseret ved
stigende meengder af vedvarende energi, hvoraf en af de storst voksende er vind-
energi. Vindenergi er meget varierende, hvorfor stigende maengder vind kraever
stigende fleksibilitet i andre dele af systemet. For Danmark kan dette blandt
andet komme fra nabolandene, hvor fx import af vandkraft fra Norge og eksport
af overskydende vind til Tyskland hjeelper med til at stabilisere systemet.

Onsket om at fa mere vedvarende energi i systemet medforer blandt andet en
nedgradering i brugen af kulkraft og gasturbiner, hvilket betyder yderligere krav
for andre typer af fleksibilitet, sasom fleksibelt forbrug eller energilagring. Flek-
sibiliteten kunne komme fra transportsektoren, som star over for samme ud-
fordring som elsystemet med at blive mere miljgvenlig. Transportsektoren for-
ventes @endret indenfor en arraekke, hvilket blandt andet kan betyde, at denne
rykker i retning af eldrevne biler. Dette skaber en yderligere eleftersporgsel,
men ogsa muligheden for fleksibel op- og afladning og dermed mange sma el-
lagre. Bilerne vil hermed ogsa kunne bidrage til nogle af de services, der er
brug for i det resterende energisystem. For at fa alt dette til at fungere skal der
indbygges en intelligens i systemet og i bilerne.

Nar nu batterierne er tilgeengelige og investeringerne er foretaget, hvorfor sa
ikke ggre brug af disse nar de ikke bruges til korsel?

I dette ph.d.-projekt fokuserer jeg pa modellering og analyse af fremtidens in-
tegrerede varme-, el- og transportsystem. Jeg udvikler en optimeringsmodel
for vejtransport, som integreres med en eksisterende energisystemmodel, Bal-
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Figure 2: Et integreret varme-, el- og transportsystem med batteriet som falles
interesse for bade el- og transportsystemet

morel, hvilket skaber mulighed for at analysere samspil i det integrerede system.
Analyserne tager udgangspunkt i optimale investeringer og optimal drift af det
integrerede energisystem, ud fra hvilke ogsa fordele og ulemper ved indfgrsel af
elektrisk transport kan analyseres.

Jeg har udarbejdet analyser af et isoleret dansk energisystem savel som det
Nordeuropziske energisystem, for Danmark, Sverige, Norge, Finland og Tysk-
land. Analyserne er udarbejdet i den egenudviklede vejtransportmodel inte-
greret med den deterministiske energisystemmodel, Balmorel. Derudover har jeg
analyseret, hvad der sker med det irske energisystem, hvis der indfgres eldrevne
biler i et eksisterende system, der er sammensat til at mode en eftersporgsel,
der ikke inkluderer transport. Disse analyser er foretaget i den stokastiske e-
nergisystemmodel, Wilmar.

Resultater viser blandt andet, at det er optimalt at investere i sa meget mere
vind ved indfgrsel af transport i Danmark, at det mere end daekker den efter-
sporgsel, der er fra vejtransporten. Dette betyder, at eldrevne biler i Danmark
vil kunne kgre pa vedvarende energi, sa laeenge de kgrer pa elektricitet.

Derudover viser analyser, at breendselscellebiler ikke er klar til at kunne konkur-
rere med de andre typer biler endnu. Dette skyldes blandt andet at teknolo-
gierne endnu ikke er billige nok - udviklingen forventes altsa ikke at have naet
et konkurrencedygtigt niveau i 2030.

Analyserne i Irland viser, at det er en fordel for landet at indfgre eldrevne
biler bade med hensyn til gkonomi og hvis man ser pa COs-emissioner. Inklu-
deres imidlertid tallene for Storbritanien ser resultatet markant anderledes ud.
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I dette tilfselde resulterer indfersel af eldrevne biler i Irland i en stigning i bade
omkostninger og COs-emissioner. Saledes er det vigtigt at veere opmaerksom pa
forskellene mellem de nationale og de internationale konsekvenser.
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Abbreviations

V2G

G2V
ICE

EDV

PHEV

BEV
FCEV

OCGT
CCGT
CHP
WtE
SOFC
AC
DC
TSO

Vehicle-to-Grid. Power going from the vehicle to be used elsewhere in the
power grid.

Grid-to-Vehicle. Power from the grid used to charge the vehicles.

Internal Combustion Engines. Used for vehicles only using the internal
combustion engine (not for hybrids).

Electric Drive Vehicles. All vehicles able to drive with electricity as pro-
pellant.

Plug-in serial Hybrid Electric Vehicle. The plug-in parallel hybrid electric
vehicles are not represented in this thesis.

Battery Electric Vehicle. Vehicles using only electricity as propellant.

Plug-in hybrid Fuel Cell Electric Vehicle. Fuel cell electric vehicles are
only interesting for the power system if plug ins.

Open Cycle Gas Turbine
Combined Cycle Gas Turbine
Combined Heat and Power
Waste to Energy

Solid Oxide Fuel Cell
Alternate Current

Direct Current

Transmission System Operator
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Nomenclature

Lists of indices, parameters, and variables, used in this thesis are provided below.

Indices

Description Symbol
Areas in which investments can take place, set of areas a, A
Countries, set of countries c,C
Generation technology (plant), set of generation techn. p, P
Regions, set of regions R
Time steps, set of time steps t,T
Time period where vehicles leave the grid i
Time period where vehicles return to the grid J
Time period when storage is depleted, use of engine starts te
Vehicle technologies, set of vehicle technologies v,V
Vehicle technologies without grid connection capability yNGC
Vehicle technologies with grid connection capability yee
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Parameters
Description Symbol Unit
Energy consumption of accessories in
vehicle technology v at time ¢ ConsZ4¢ | MWh/km
Propulsion system energy consumption in
vehicle technology v at time ¢ ConsZP™ | MWh/km
Fuel consumption of vehicle v at time ¢ Consfj“el MWh/km
Hydrogen consumed by vehicle v at time ¢ Consfz MWh/km
Cost of emitting CO, CLoz € /tonnes
Yearly fuel costs for vehicle type v (using a
particular fuel type)in area a at time ¢ Cfuelveh € /Veh
Annualised vehicle investment costs for
vehicles v at time ¢ in area a Cinvuch €/Veh
Yearly operation and management costs of
vehicles v at time ¢ in area a Ct?i\'ﬁ“eh €/Veh
Costs from add-ons cAr €
Fuel costs of plant p in area a at time ¢ glﬂ €/MWh
Investment costs of plant p in area a at time ¢ it €/ MW
Operation and management costs of plant
p in area a at time ¢ coM €/MWh
Transmission costs from plant p in area a at time ¢ Clroms €/MWh
Demand for electricity in region r at time ¢ Dﬁltec MWh
Demand for heat in area a at time ¢ Dheat MWh
Peak-load demand for electricity in area a
at time ¢ preaktoad MWh
Yearly transport demand in region r Disp kmyers
Average distance driven in the hour of
return from the trip DD, km/h
Average hourly distance driven when on
the road for a full hour DD, km/h
Distance driven between time i and j DD, ;_; km
Distance driven until storage is depleted
for vehicle type v D Dderlete km
Annual driving of vehicle technology v Dr, km
Energy left from braking when being stored
in vehicle v at time ¢ EBrk MWh/km
Energy used for driving in vehicle v at time ¢ EDPT MWh/km
COg emissions, vehicle v EmS? | ton/MWh
Electricity transmission loss, region r, time ¢ Lelee %
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Parameters continued

Description Symbol Unit
Heat transmission loss in area a at time ¢ LZ%‘” %
Storage load factor for vehicles v leaving LF,

Plug in pattern. Percentage of vehicles v
in area a leaving at time 7, returning time j |PPgy.4,
Penalty costs for electricity demand not

meeting supply at time ¢ Peni"f €
Amount of energy regenerated in vehicle v

when braking REBT™ | MWh/km
Fuel taxes in country ¢ on plant type p

at time ¢ T/ Zetl €/MWh
Emission taxes in country ¢ on plant type p

at time ¢ e | €/MWh
Other taxes in area a on plant type p at

time ¢ Tother | €/MWh
Utilisation of capacity in vehicle v UC, |kmpeps/km,
Loading capacity of electricity storage in

vehicle technology v Sl MW
Storage capacity of electricity storage of

vehicle technology v v MWh
Grid capacity of grid connection to

vehicle v A GT MWh

Average efficiency of engine in vehicle
technology v

Average efficiency of fuel cell in vehicle

technology v nkc
Average efficiency of generator converting
the mechanical power output from the engine nIen
to electric power in vehicle v

Average efficiency of inverter from grid to

Eng
v

electricity storage for vehicle technology v pinverter
Average efficiency of the electric motor

on-board vehicle technology v nmet
Average efficiency of power bus converting

power on-board vehicle v nkB

Average electric storage efficiency
proportional to unloading of vehicle v 7);?
Average efficiency of transmission from engine

or electric motor to driving wheels of vehicle v| nirens




Xviii

Nomenclature

Variables

a,v,t

Description Symbol | Unit
Electricity generation on existing power plants p

at time ¢ in region r ot MWh
Electricity generation on new power plants p

at time ¢ in region r vt |[MWh
Electricity generation on power plants p from

electricity add-ons, time ¢, region r Gfﬁ?lec MWh
Heat generation on back pressure plants p

at time ¢ in area a GZ‘_I;? " IMWh
Heat generation on extraction plants p

at time ¢ in area a crin. |[MWh
Heat generation on plants p producing heat only

at time ¢ in area a Gg;itonly MWh
Heat generated from electricity on plant p at

time ¢ in area a GEleqToHeat N[Wh
Heat generation on heat plants p from add-ons

generating heat at time ¢ in area a foft[mt MWh
Power loaded from the grid to the vehicle

at time t for vehicle type v in area a Gri . IMWh
Power loaded to the grid from the vehicle

at time t for vehicle type v in area a Grff’v!t MWh
Number of vehicles of technology v in area a Naw

Engine output going into the generator at

time ¢ for vehicle type v in area a OFnGen  \MWh
Engine output going into the generator for

vehicles v plugged in at time ¢ in area a Ofﬁ?e”P ' IMWh
Engine output going into the generator for

vehicles v not plugged in at time t in area a Ofﬁ?e”N PIINMWh
Engine output going to propulsion of the vehicle

v in area a at time ¢ orrEre IMWh
Fuel cell output going into the generator at

time ¢ for vehicle type v in area a or¢, |MWh
Fuel cell output going into the generator for

vehicles v plugged in at time ¢ in area a or (vjf I IMWh
Fuel cell output going into the generator for

vehicles v plugged in at time ¢ in area a OFGNPL \MWh
Storage level in vehicles v arriving at time ¢

in area a gArr MWh




Xix

Variables continued

Electricity storage in region r on plant p at time ¢ S,?lpect MWh
Storage level in vehicles v leaving at time ¢ in

area a SaLgag’ MWh
Net heat storage in area a on plant p at time ¢ Spetieat IMWh
Storage level in vehicles v plugged in at time ¢
in area a Sff) . |MWh
Unloading of on-board storage in vehicles v at
time ¢ in area a SUnid \MWh

Net electricity transmission into region r at time ¢ Transf’jt MWh
Change in utility of electricity consumption in

region r at time ¢ AUge
Change in utility of heat consumption in area a at

time ¢ AUat

Total system costs, the variable to minimise Vou;j €
The dispatchable electricity capacity in area a at

plant p, at time ¢ yjji;’;““h MW

The wind power capacity in area a at plant p,
at time ¢ ’yg’;"td MW
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Part 1

Introducing Chapters






CHAPTER 1

Introduction

Renewable energy is of increasing interest, and focus on climate change, COq
emissions etc. all point towards an energy system consisting of a large share of
renewable energy sources. Many renewable energy sources are fluctuating and,
thus, calling for flexibility in the remainder of the power system.

The entire energy system includes the transport system, e.g. passenger road
transport and aviation. Hence, renewables in the energy system also includes
renewables in the transport system. In 2009, the road transport system counted
for 24% of the total CO2 emission in Denmark [8]. Renewable energy in the road
transport system can be introduced through alternative fuels such as hydrogen in
fuel cells and electricity in electric drive vehicles (EDVs). Electrifying the road
transport increases electricity demand and generation, thus, in order to increase
the share of renewable energy, more electricity production on renewable energy
sources is needed.

A challenge in the power system is the need for supply to meet demand exactly
at all times. In order to keep the power system as reliable as it is today, more
flexibility is required with more fluctuating power generation. This flexibility
can be provided through, e.g. flexible demands or different kinds of energy stor-
age. This is where the power system possibly can benefit from the pluggable
EDVs.



a4 Introduction

Imagine if all the batteries in the future EDVs can provide some or all of the
flexibility needed. The EDVs can charge and discharge when needed, of course
within certain boundaries. Hybrid electric vehicles that are pluggable can even
provide power to the grid by running the engines, e.g. in times of low power
production or high demand.

With the development towards an electric transport sector it is no longer suf-
ficient to operate and configure the transport and power systems separately as
has been done so far. But how does integration of the two systems influence
the optimal configuration and operation of both the power and transport sys-
tem? And do the two systems experience synergies affecting optimality? Or
do the EDVs drive on electricity produced on coal, thus, eliminating renewable
energy in the transport system? These are some of the questions arising when
integrating the systems.

In order for the power system to get the best use of the transport system, the
charging and discharging should be controlled. Integration of the power and
transport system gives, amongst others, the following advantages, when control
of charging and discharging is introduced:

e Low power prices reflect less restrictions on the power generation, thus,
not much of the capacity is used. This could be due to, e.g. large amounts
of wind power. Low prices are also favourable for the EDVs. Hence,
charging EDVs in times of low prices is of benefit to both the power and
transport system. Even if batteries contain the power required for the
next trip, this is a way to store the electricity.

e In times of lack of power production, e.g. peak hours, the EDVs can pro-
vide power to the grid. These are the situations when the power is rather
expensive, thus, again it is favourable for both the power and transport
system.

e EDVs have a fast response time, enabling them to deliver many kinds of
ancillary services.

The EDVs should not only be regarded as another load in the power system,
but rather as a flexible demand and a possibility of storage. Storage decouples
supply and demand enabling less strict constraints and, hence, is of benefit to
the power system. Quantifying the benefits for the power system in terms of
reduced costs, is of importance to the politicians choosing which technologies to
support, e.g. in terms of building of infrastructure.

From above, the following research questions arise:



1 What is the economically optimal configuration of the integrated power
and transport system?

2 What is the optimal use of the EDVs with regard to the power system?

3 Does the power system benefit from the EDVs in terms of integrating more
renewable energy/wind in the power system?

4 What are the consequences of incorporating EDVs in a power system
configured for power demand excluding transport?

During the last few years, simulation models have been developed for electricity
generation and demand. Among others, the deterministic energy systems analy-
sis model, Balmorel, and the stochastic energy systems analyses model, Wilmar,
have been developed. These are used in this thesis to try to find optimality in
operation and investments in the energy system. Optimality is measured in
terms of overall costs of the system. Influence on the configuration and influ-
ence of the EDVs will be measured in terms of COs emissions and use of fossil
fuels.

The objective of this Ph.D. project is:

e Introduction of decision support tools for the energy system including the
road transport system. These support tools help improve decision making
on a national and international level.

e Integration of the power and road transport system by introducing an
investment and operation model for vehicles to be integrated with an ex-
isting investment model for the power system.

e Improve the understanding of the effects of introducing EDVs in the power
system, based on energy system analyses, primarily using the energy sys-
tem model, Balmorel.

e Projection of technological development to 2030 and presentation of future
vehicle configurations to be used in the interaction with the power system.

e Forecast of a driving pattern and a possible future plug-in pattern for the
passenger vehicles.

The research questions are primarily considered in a Northern European context.
Some analyses include only Denmark, others both Denmark, Finland, Germany,
Norway, and Sweden. The last analysis includes the Irish power system as this
is interesting with the limited interconnection to the remaining European power
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system. Forecasts are primarily based on the developments up until now, and
are projections of these, thus, assuming that the developments continue as of
now.

1.1 Delimitations

Projections of technological development, price forecasts etc. are subject to
uncertainty. However, these are based on the best prognoses and forecasts given
by leading experts within the fields. Furthermore, sensitivity analyses have
been made on most parameters, ending up with valuable results, although only
estimates of what the future brings.

Analyses have been made for the Danish system without transmissions, the
Northern European system including transmissions between the countries in
the model and the Irish system with transmission from Great Britain. It could
be argued that transmissions to the surrounding countries should be included as
well, ending up with a global model. However, the studies have been restricted
to the above mentioned transmissions for computation reasons and the desire to
keep the details in the model. Furthermore, results from the Danish case versus
the Northern European case show that the differences in the Danish optima are
not very large (see Chapter [6). Thus, the results give a very good indication
of optimality and including transmissions will of course be subject to changes,
although these are not expected to be very large.

Only road transport in passenger vehicles has been taken into account. Includ-
ing other transport sectors will increase the amount of storage and most likely
decrease the marginal value of the EDVs. However, results show that EDVs are
still preferred even with very large batteries, yet only if the price of batteries is
not extremely high (Paper V).

An average vehicle has been modelled for each vehicle type, in order to keep the
investments simple. In reality, some vehicles will be smaller and some larger. In-
cluding these involves introduction of different preferences and driving patterns,
thus, increasing the details of the model substantially. And still, the inclusion
of average vehicles gives results that are very valuable for, e.g. decision making.

Considering investments in only 2030, a gap of more than 20 years is experienced
from existing vehicles, heat and power plants until investments are made possible
again. Therefore, the analyses can be used as an indication of the direction of
optimality, and thus a picture of what is optimal in 2030. Decisions can still be
based on these analyses, keeping in mind the optimal configuration by 2030 (or
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2020 in the Irish case).

1.1.1 Politics

Political decisions and focus on, e.g. climate changes, influence the configura-
tion and operation of the power system. No model can take into account the
upcoming decisions, but the most obvious decisions can be implemented. As an
example, it is expected that high percentage of renewable energy will be forced
into the energy system in Denmark, due to both EU-agreements and climate
changes.

On the other hand, models and analyses like the ones presented in Papers IT1-VI,
provide the politicians with decision support tools. In the analyses no taxes are
included, thus, they present a socio-economically optimal investment decisions.
Including upcoming decisions, gives an idea of the economically reasonable in-
vestments on top of the decision already taken. Furthermore, taxes can be
included for analyses of, e.g. effects of introducing different tax structures.

1.1.2 Environmental aspects

The environmental impact of producing batteries have not been taken into ac-
count in the thesis at hand. Neither has the impacts of producing new vehi-
cles. Producing both vehicles and batteries will have an impact, on e.g. COq
emissions. Whether the impacts of producing EDVs as opposed to internal
combustion engine vehicles (ICEs) are better or worse has not been considered.

1.2 Content Overview

The thesis in hand includes six papers dealing with modelling and analysis of
a power system including EDVs. Papers I and III address the modelling of the
electric drive vehicles. Papers II-V address different analyses on the integrated
power and transport system based on the model developed and described in the
previous papers. Paper VI focuses on the issue with introduction of EDVs in
a predefined power system. Many scenarios are relevant for research, but due
to exhaustive calculation time it has been necessary to chose between scenarios.
References are made to the articles in the thesis, where relevant.
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Paper I “Optimal configuration of future energy systems including road trans-
port and vehicle-to-grid capabilities” has been published in the scientific pro-
ceedings of the “European Wind Energy Conference 2009”. The paper presents
a new model capable of calculating optimal investments in both power plants
and vehicle technologies; Balmorel with a road transport model add-on. The
model includes interactions between the power system and the transport sys-
tem including the competition between flexibility measures such as hydrogen
storage, heat storage and plug-in hybrid electric vehicles (PHEVSs).

Paper II “Transport and Power System Scenarios for Northern Europe in
2030” has been published in the proceedings of “Risg International Energy
Conference 2009”. The paper presents scenario analyses based on the model de-
veloped in Paper I. Scenarios are defined for a Northern European case, whereas
preliminary results presented in the paper are based on a Danish case. Optimal
investments are in wind power to cover the demand for PHEVSs.

Paper IIT “Optimal Configuration of an integrated power and transport sys-
tem” is an article submitted to “Energy” adding an illustrative case for the
Danish power and transport system in the year 2030, based on Paper I. Run-
ning Balmorel with the road transport add-on for the Danish case, shows that
optimal investments are in PHEVs along with a large increase in investments
in wind power. The increase in wind power when introducing the possibility
to invest in EDVs more than exceeds the increase in power demand due to the
EDVs.

Paper IV “Road Transport and Power System Scenarios for Northern Europe
in 20307 is an article submitted to “Applied Energy”, presenting an analysis
of the optimal configuration and operation of the integrated power and road
transport system in Northern Europe, including Denmark, Finland, Germany,
Norway, and Sweden. The paper is based in Paper II, using the energy system
analysis model, Balmorel with the transport model extension. A number of
scenarios have been set up, including sensitivity on COy and oil prices, inclu-
sion/exclusion of EDVs, and change in investment possibilities in flexible power
plants. The optimal investment path in the Nordic countries results in an in-
crease in renewable energy; primarily wind energy, as well as investments in
EDVs and none in ICEs. The increase in wind power depends on the coun-
try and its resources. Thus, the vehicles will drive on, wind, coal, or lignite
depending on the country in which they are situated.
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Paper V  “Sensitivity on Battery Prices versus Battery Capacity on Electric
Drive Vehicles and the Effects on the Power System Configuration” is an article
submitted to “Journal of Power Sources”. The paper presents an analysis of
the integrated power and transport system focusing on the sensitivity in the
power system according to battery capacity and price. The sensitivity analyses
are performed in a situation where the vehicles use smart charge and are able
to deliver power back to the grid (vehicle-to-grid, V2G). The analyses indicate
that investments in PHEVs are very robust when it comes to battery prices.
Only at very high prices along with high capacity batteries, ICEs are optimal
for investment. Furthermore, when the vehicle fleet consists of 25% battery
electric vehicles (BEVs) and 75% PHEVs, then batteries in the PHEVs are of
greatest benefit to the integrated power and road transport system at a size of
6-7.5 kWh. As for the BEVs, the marginal benefits are almost eliminated when
reaching a size of 42-58 kWh.

Paper VI “Influences on dispatch of power generation when introducing elec-
tric drive vehicles in an Irish power system year 2020” is an article submitted
to “Energy Policy”. The paper presents investigations of different charging
regimes’ influence on the power dispatch in the Irish power system including
an inter-connector to Great Britain. Analyses show that base load plants are
to generate power on a more constant level, thus, they are experiencing less
start-ups. On the other hand, mid-merit power plants have more start-ups due
to the introduction of EDVs. Furthermore, costs and CO5 emissions decrease in
the all-Ireland power system, but COs emissions increase in the power system in
Great Britain. All together, CO4 emissions increase - an argument for making
decisions regarding the energy system on an international level as opposed to a
national level.

The remaining part of the thesis contains the following: in Chapter 2 the back-
ground for the model and the analyses is described. The configuration of today’s
heat, power, and transport system is presented as is the challenges of integrating
the transport system with the heat and power system. Chapter 3 discusses the
methods to be used for answering the research questions starting off with a short
literature review, also placing the papers included in this thesis. This is followed
by a discussion of the choice of models and some crucial assumptions for the
models are commented upon. The models are described in Chapter 4. Over-
all descriptions of Balmorel and Wilmar are provided. Balmorel is described
with enough details to understand the interaction with the transport system.
The transport system model is described in details including comments on the
use of the EDVs in the power system. Chapter 5 contains a description of the
technologies used in the models, starting of with the vehicle technologies. Heat
and power technologies are explained in brief and an overview of the services
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provided by the different plant types is given. Also, the possible competition
between the power plants and EDVs is commented upon. Main results from
the scenarios are presented in Chapter 6, commenting on the results across the
papers. Finally, Chapter 7 provides conclusions and discussions along with an
outline of further research possibilities.



CHAPTER 2

Background

The Danish energy system is very different from most other energy systems. It
is characterised by a large share of renewable energy with fluctuating produc-
tion (28% of the electricity production in 2009 [g]), a large share of combined
combined heat and power with power production to a large extend depending on
heat demand (81% of electricity production, 77% of district heating in 2009 [§]),
and a large share of waste being incinerated producing a rather fixed level of
heat and power (accounting for 5% of the electricity production and 18% of
district heating in 2009 [§]). Based on the large amounts of inflexible power
production, flexibility is needed in the remainder of the power system.

COy emissions from the entire energy system amounted to 49 Mtonnes for Den-
mark in 2009, of which the transport system accounted for 15 Mtonnes and
district heating for 4 Mtonnes [8]. The emissions split on fuel types are shown
in Figure ZI1 All transport emissions come from oil. Subtracting these, the
remaining COq emissions from oil in the heat and power system amounts to 7
Mtonnes.

With an increasing penetration of fluctuating renewable energy, it will be in-
creasingly harder to fulfil the security of supply in the energy system. However,
new technologies can enable storage of energy and more flexible demand and
supply. This chapter presents an introduction to the power, heat, and road
transport systems. The introduction is followed by a section about expectations
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Figure 2.1: Split of CO5 emissions in Denmark, 2009 [8] (1,000 tonnes).

of directions of development primarily for the road transport system.

2.1 The Power System

In 2009, the Danish power system was primarily characterised by 49% of the
electricity generation being on coal, secondarily 28% of the electricity production
being renewable, Figure [8]. Wind power covers by far the largest share of
the renewable energy. Many renewable energy sources, especially wind, provide
fluctuating amounts of power. Fluctuating power supply requires flexibility from
other parts of the system.

Due to differences in available resources, countries have different configurations
of their power systems. The integration of renewable energy depends on these
national resources, and in Denmark, a large amount of the renewable energy
most likely will be coming from wind power. Norway, on the other hand, has
a large amount of hydro power, including reservoirs, and Germany primarily
produces electricity on coal [22]. Denmark is in between these two countries
and benefits from the good and flexible power from Norway (and Sweden) and
the option of sending excess wind power to Germany. The latter becomes a
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Figure 2.2: Electricity production on fuels in Denmark, 2009.

more and more limited option with the expectations of Germany increasing
wind installations in the North Sea. Wind power production from these sites
are highly correlated to production from wind turbines in western Denmark.

The power system is challenged by the fact that supply must meet demand ex-
actly and at all times. Every time we turn on a switch, we expect the light to
turn on, causing a change in demand and, thus, generation. In order for gener-
ation to meet demand, different types of power generating plants are required
in the system:

e Base-load plants: Usually power generating plants with high fixed costs
and low variable costs. The plants are often generating power at a steady
rate, and have slow respond time to changes in demand when off-line.
These are, e.g. nuclear power plants and steam turbines (see Section [1.2]).

e Mid-merit plants: Power plants that have fast response to changes in
power demand. The power plants are typically very efficient and come
on-line to produce power when demand is high and can go off-line again
when demand decreases.

e Peak-load plants: Characterised by power generating plants with low fixed
costs and rather high variable costs. These power plants have fast response
time, reacting to the increase and decrease in power demand primarily in
peak-load hours.

Renewables are hard to place in these categories. However, I would place the
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wind turbines among the base load plants. This is due to the fact that power
from, e.g. wind turbines cannot be used as regulating power as mid-merit and
peak-load plants. The wind turbines are not producing power at a steady rate,
though, but with the cheap production, the renewable energy resources will
most likely be used before other power sources.

Ancillary services (see also [53] for more details) are needed to ensure a secure
and stable operation of the power system. A number of ancillary services are
required, all with different activation times: seconds, minutes and longer. Fur-
thermore, the introduction of wind power production will require back-up power
when experiencing longer time periods with no wind. It will also be beneficial
to have technologies enabling reduction in the variability of the electricity load,
e.g. power consumption during low load and reverse during high net load.

Examples of ancillary services, that could be of relevance to the EDVs are:

e Primary reserves. According to the Nordic Grid Code [45] each of the
Nordic countries is obligated to provide primary reserves. Primary re-
serves are up or down regulation of power generation to be provided within
seconds. Providing primary reserves requires short response time.

e Secondary reserves. Secondary reserves are like primary reserves, except
secondary reserves are operating in agreed cross-boarder exchange lev-
els [34], such as the area between western Denmark and northern Ger-
many.

e Tertiary reserves. Tertiary reserves are reserves with response within min-
utes (a maximum of 15 minutes activation time).

Besides these reserves, capacities are needed for long time periods with no wind
and for enabling up and down regulation in order to meet the differences in
night and day time demand.

Different plant types are to provide the different ancillary services. As for the
EDVs, they can provide all of these three services. However, when reserves are
needed for longer times, e.g. in weeks without wind, the EDVs cannot provide
the necessary reserves.

2.1.1 Electricity grid

Security of supply requires a transmission grid for both electricity and heat,
the latter including natural gas pipelines as in the system today. As can be
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seen from Figure 2.3] Denmark has interconnections to Norway, Sweden and
Germany. The blue lines are HVDC-lines, whereas the red, green, black and
yellow lines are 400 kV, 220 kV, 132 kV, and 60 kV system AC-lines respectively.
Dotted lines are not operating yet, except for the great belt transmission line.
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Figure 2.3: High voltage grid and placement of central electricity plants in
Denmark, 2009 (source energinet.dk).

The electricity grid is build to handle the transmissions we see today. With
increased distributed generation the electricity grid needs to be scaled up. Some
up-scaling is already planned [5], but introducing EDVs increase the flow in the
transmission lines further, thus, calling for even more up-scaling.
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2.2 The Heating System

The Danish heating system is interesting with the large share of district heating,
based on primarily combined heat and power. In 2009, the system consisted of
47% district heating and 53% individual heating [8]. In 2009, district heating
was produced primarily on renewable energy sources, natural gas, and coal, as

can be seen in Figure 241

Figure 2.4: Danish district heating production on fuels, 2009 [§].
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Municipal waste has to be treated. It has been politically decided that waste
treatment plants, like combined heat and power (CHP) plants, are to cover
the expected waste load. Thus, a large share of the municipal waste is used for
district heating. District heating systems usually include heat storages, enabling
a more constant load and a decoupling of supply and demand.

2.3 The Road Transport System

The Danish transport system is characterised by a high use of oil. The CO»
emissions from road transport counts for 77% of the total CO5 emissions from
transport, as can be seen in Figure

Denmark’s road transport system is characterised by almost only internal com-
bustion engine vehicles (ICEs) among the passenger vehicles. The amount of
hybrid electric vehicles and battery electric vehicles (BEVs) with quite small
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Figure 2.5: 1,000 tonnes COs emissions from transportation in Denmark,
2009 [8].

batteries is increasing, but today electricity only counts for 0.01% of the pas-
senger road transport [11].

The Danish road transport system is also characterised by a very high willingness
to pay for driving your own vehicle. Denmark experiences some of the highest
taxes on vehicles and fuels, yet, the vehicle fleet still increases. Furthermore,
many people rather go through rush traffic, than travel with public means of
transport. The freedom from having your own vehicle and deciding where and
when to go for the next trip is very important and has to be taken into account
when planning infrastructure etc. for a future road transport system.

With gas stations situated at many a street corner, people are accustomed to
refuelling whenever needed or in times of temporary price reductions. Further-
more, people are accustomed to be able to drive far, and might not want to
give up this habit. These expectations and habits may be hard to challenge and
even harder to change. Again, flexibility is a key driver for many people. On
the other hand, many families have more than one car and the 27, 37¢, 4" etc.
vehicle is usually primarily used for commuting. Hence, the flexibility needed
for the primary vehicle is often not needed for the other vehicles, as long as they
can make the commuting distance.
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2.4 Expectations of the Future Road Transport
System and the Integration with the Power
System

The previous sections have described the energy system as it is today, whereas,
this section describes some expectations on the future road transport system.
Moving towards large shares of renewable energy calls for a shift in means of
road transport. Renewable energy in the transport sector can be in terms of
bio-fuels, electricity, or fuel cells. Bio-fuels are available in limited quantities
and are not of interest for the power system. Thus, the focus of this thesis is
EDVs, including an integration with the power system. The types of EDVs in
focus in this thesis is:

e BEV: The battery electric vehicle is driving on electricity only. No range
extender in terms of an engine or fuel cell is included. Hence, the BEV
has limited driving range before charging the battery.

e PHEV: The plug-in hybrid electric vehicle is a vehicle with a battery for
driving short distances, in the cities or the like. Besides the battery the
vehicle has an engine using, e.g. diesel as propellant. The engine can be
regarded as a range extender, ensuring that the PHEV can drive the long
distances.

e FCEV: The fuel cell plug-in hybrid electric vehicle has a battery like the
PHEV. Besides the battery, the FCEV has fuel cells using, e.g. hydrogen
as propellant.

Expected change in fuels also changes demand for electricity. Integration of the
power and road transport systems experience a number of challenges, but also
a number of possibilities both mentioned in this section (based on Section 3.5

in [53]).

2.4.1 Challenges

Introducing electricity and charging in the road transport system requires a
number of changes in infrastructure etc. Many challenges have to be dealt with.
In the following a number of interesting challenges are touched upon.

One of the first challenges that comes to mind is the way of charging the EDVs.
Dumb charging of the EDVs, hence, charging as soon as they are plugged-in,
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increases, e.g. the peak-load demand. If, on the other hand, intelligence is built
into the system, the EDVs can help stabilising the demand or the power gener-
ation. With a large penetration of fluctuating renewable energy, this flexibility
can be of great importance to the power system. The intelligence should, ob-
viously, include functionalities like lower boundaries for the discharging of the
vehicle, enabling smaller trips, e.g. in case of emergencies.

Infrastructure covers, e.g. grids and chargers. How much extension is needed
in the grid in order to be able to meet demand? In Denmark, the first steps
towards meeting the demand for electricity in the road transport system have
been taken by projects like “Project Better Place” [47]. Chargers are being
developed and placements are decided upon. Charging of the plug-in EDVs
can be done in different ways. Discussions are still how much and what to
implement. Researchers investigate the challenges and benefits for the different
methods. Possible ways of loading the batteries are discussed below.

e Charging when parked at home: This is the most obvious solution. When
introducing EDVs we would want these to be able to charge at home at
night time. There should be no problem in charging at home when you
have your own garage or driveway. In areas with apartments, on the other
hand, installation of charging spots is of discussion. A lot of them are
needed in very little place, they need to be guarded against malicious
damage, and somehow they need to be able to tell which vehicles are
plugged in and where (discussed in Section 2Z12)).

e Charging when parked at work or in public parking spots: Here we ex-
perience the same challenges as with charging spots in apartment areas,
although, some locations are easier to handle than others. Yet, how many
chargers are needed in public parking spots?

e Fast charge, e.g. at gas stations: Fast charge is charge of the battery
within about 5-15 minutes. If on longer trips and a larger driving range is
needed this is a possible solution. Fast charging does tear on the battery
and should not be the primary way of charging the EDVs. Decisions on
whether to use fast charge or not has to be made and concerns have been
expressed regarding the power system in that respect. What will happen
when a vehicle needs to charge within 5-15 minutes? There will be a
massive demand in one point for a short period of time. And, how can
the system be prepared for that?

e Battery swap: “Project Better Place” has introduced the mindset of bat-
tery changing stations [47]. The thought is to drive the EDV into a
place like a garage, where machinery swaps the empty battery with a
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fully charged battery. Thus, the battery swapping station needs to have
fully charged batteries in store.

However, batteries loose power over time. Therefore, this requires for
the batteries to be plugged to the electricity grid, which on the other
hand can enable more reserves for the power system. Furthermore, it is
rather expensive to have extra batteries and it is, thus, a large investment
that has to be overcome for these stations. Also, due to the costs of the
batteries, one can expect the charging stations will not invest in very many
batteries. With few batteries, charging will often have to be done straight
away, resulting in dumb charging.

Finally, if you own your battery most people would hesitate to swap their
battery with a battery of which they do not know the condition. Hence,
battery swapping stations probably does require a scenery where the EDVs
are privately owned, but the batteries are, e.g. leased.

Decisions have to be made on the power flow. It must be decided whether the
system should support power flow in only one direction; grid-to-vehicle(G2V)
or in both directions; that is including vehicle-to-grid (V2G). The last option
demands for a grid that supports two-directional power flow as well as the vehicle
being able to both charge and discharge to the grid. In Denmark, it has not yet
been decided whether the power flow is to go in one direction or both ways.

If the power system desires to use the EDVs as flexible power supply and de-
mand, it has to be made attractive to plug in the vehicles. An economic benefit
from plugging in the vehicle and letting the battery be used by third party needs
to be present, otherwise, a lot of people might as well stick to dumb charging.
Furthermore, security of minimum battery capacity needs to be present. The
vehicle owners need to be assured that plugging in the vehicle still means that
unexpected trips can be made, such as a trip to the hospital. Finally, not only
incentives, but also the infrastructure has to be in place, thus, chargers have
to be placed in a way, that make the EDVs available when needed by both the
power system and the vehicle owners.

2.4.2 Communication

A number of challenges must be considered when setting up communication with
the vehicles. Communication from the market to the vehicles may be through
price signals. Optimising market economics, high prices would make vehicles
discharge, whereas, low prices would make vehicles charge. The vehicle owners
need incentives to let the power system use the battery. Some incentives are
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given through the profit of the vehicles charging at low prices and discharging
at high prices. However, the incentives have to be strong enough to overrule the
high willingness to pay for the freedom of driving your own vehicle, as mentioned

in Section 231

A flow of information from the vehicles to the market is required for planning
the use of the services to be provided by the EDVs [55]. As the power system
is structured today, one cannot expect the transmission system operator (TSO)
to be dealing with every single vehicle. Therefore, some sort of aggregation of
vehicles has to take place. Furthermore, a monitoring of the vehicles state-of-
charge is needed in order to know how much charge or discharge capacity is on
board each vehicle. And, when the EDVs are providing services to the grid,
some kind of metering and settling has to take place. All the above mentioned
aspects are discussed in this section.

Day-ahead forecasts. As the power market works today, players can place
bids on the day-ahead market [46]. In case of the EDVs, the bids on the day-
ahead market would most likely contain informations about the amount of power
needed for charging the vehicles during the next day, thus, the flexible demand
from the EDVs. In order to place the bids one would make a day-ahead forecast,
based on a number of informations and/or assumptions; e.g. availability and
need for charge. Both have to do with scheduling of the trips. Furthermore,
need for charge has to do with, e.g. state-of-charge, expected driving range (need
for battery capacity the next day), and expectations of needed battery capacity
for each trip. Since none of these parameters are known for sure, forecasts are
to be made — most likely according to prior driving patterns.

Aggregators. With a minimum of 10MW to be bid on the market for minute
reserves [I8], the EDVs will have to be pooled or the market structure has to
change. Even without the restriction on production, the transmission system
operator most likely would not be dealing with every single EDV owner. There-
fore, a third party may be introduced acting as an aggregator. As mentioned
by Brooks and Gage [2] and Kempton and Tomic [32], the aggregator could be
one of many, e.g. a retail power delivery company, an automobile manufacturer,
a cell phone network provider etc. The aggregator, adding a great number of
vehicles, could offer large amounts of reserves to the power market.

One way to aggregate the EDVs could be by region (western Denmark and
eastern Denmark) and by type of vehicle, because of the different grid services to
be provided by the different types of EDVs. Another way could be to aggregate
the vehicles in a way that ensures that each aggregator could provide all of
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the above mentioned services to the grid. An aggregator could also cover fleets
of vehicles parked in a number of parking facilities, e.g. parked rental cars or
vehicles used during work hours to be charged before the next day.

The role of the aggregator will be to place the bids on the day-ahead market
and on the reserve markets. All the information needed by the transmission
system operator could be received either from the aggregator or from online
communication. Also, the aggregator needs to make the choice of which vehicles
to use when. In order to do so, the aggregator needs real time monitoring of
the vehicles.

Monitoring the vehicles/On-line communication. Real time knowledge
of state-of-charge, next scheduled trip, minimum capacity required by user,
interconnection capacity etc. has great importance to the planning. Monitoring
could be done by computers incorporated in the vehicle, measuring, e.g. battery
capacity and state-of-charge. These computers could be intelligent in a way
that according to prior driving patterns the computer estimates the needed
battery capacity. Or the computers could contain a feature where the vehicle
owner types, e.g. the hour of the next trip, reserved capacity for unexpected
trips, and distance of next trip [28]. There is a risk in having people doing the
programming, though. The optimal way would probably be for the computer to
contain both features in order for the user to be able to override the computer
if, as an example, an expected trip differs from the standard.

Furthermore, the on board computer should be able to communicate with the
aggregators in order for them to make the choice between EDVs and finding
the vehicles most suitable for the services asked for by the TSO. There are a
number of different factors to consider when choosing, e.g.:

e Wear-and-tear. Considering only wear-and tear of the vehicle speaks in
favour of using the vehicles randomly or using the vehicles in rotation —
using the least used vehicles first.

e Prices. One could imagine a case where we have a “negotiation” with the
EDVs signalling a price and the service asked for. The vehicle will return
a respond whether or not to actually provide the service [50)].

e State-of-charge. How much power can be supplied or stored from the
particular vehicle.

Metering and settling. Every time a vehicle is providing services to the
grid it has to somehow be metered in order to make the correct settlements



2.4 Expectations of the Future Road Transport System and the Integration
with the Power System 23

afterwards. The metering could be done by the on board computer sending
messages to the aggregator, either when connecting and disconnecting [3] or
every time a service has been provided. The message should contain time,
duration, amount of power, type of service provided etc. According to this
information the accounts could be settled every day, every week, or maybe just
once a month. Today, cell-phone companies are delivering a similar “billing”
system, charging customers according to different types of use of their cell-
phones.

For metering and settling the aggregators also need to know which vehicle is
connected to the grid and where. This is to ensure, that the electricity charges
or payments goes to the right vehicle owner. This information can, e.g. be
given through an on board GPS device, reporting the GPS position to the
aggregator [2] or through information given through the plug.

2.4.3 Grid services to be provided by the EDVs

The EDVs are potential providers of some of the ancillary services demanded by
the power system. Providing these services might be of benefit to both the power
system and the EDVs, when payments are in place. The power electronics in
EDVs may be designed in a way, that enables deliverance of ultra-fast reserves,
i.e. power to the grid as a response to a frequency drop, with an activation time
of 1-2 seconds.

Primary reserves can be provided from the EDVs in terms of charging or dis-
charging of the batteries in vehicles. Furthermore, a pause in either charging or
discharging can also be regarded as delivering primary reserve. Primary reserves
can equally be delivered by all types of EDVs.

The power delivered from an EDV is typically limited by the grid connection [31].
Therefore, in order to provide reserves of 100 MW about 27,180 plugged in BEVs
are needed. American studies have shown that even during rush hours at least
92% of the vehicles are parked/plugged in at all times [36]. Assuming that this
is also the case in Denmark, the number of BEVs/PHEVs needed in order to
meet the 100 MW demand for reserves is 29,540. Using a three phase connection
would reduce this number to only 2,680 BEVs/PHEVs.

Tertiary reserves, hence, providing reserves within minutes, could be provided by
both BEVs, PHEVs, and FCEVs. Net revenues calculated by both Moura [43]
and Kempton et al. [30] are strongly in favour of using BEVs for these types of
reserves. This is due to the quite high battery-degradation costs and battery
costs of the small batteries (PHEVs and FCEVs). Small batteries cannot be
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used very much, before state-of-charge is very low, thus, deep cycles will be
experienced rather often with small batteries. The deeper the cycle of the
batteries, the faster the degradation. As technology evolves, it is likely that
the cost of the small batteries approach the costs of the larger ones.

Stabilising the demand curve, e.g. moving load from peak-load hours to the
night time, calls for either no charge, discharge of on board batteries or power
production from the engines during peak-load hours. The TSO being in control
of when to charge will give the ultimate flexibility. All three types of EDVs
could provide this service. Although, Kempton and Kubo [29] argue that the
economics of using BEVs are far better because of the rather small batteries in
both PHEVs and FCEVs.

From time to time we are experiencing a period of up to 2-3 weeks without wind.
In these situations stored electricity from BEVs will not last long. The option
here is to have FCEVs and/or PHEVs producing power to the grid. Since the
engines will have to be running, FCEVs are preferred in these situations, due to
the pollution of having diesel engines running. Although, there are differences in
wear-and-tear and maximum output of the vehicles [32]. This power production
is rather costly, i.e. because of the low efficiencies.

Table 2.1l summarises the choice of vehicles to provide the different kinds of
services to the grid.

Vehicle|Primary|Secondary|Tertiary |Day /Night |2-3 weeks
type |reserves| reserves |reserves

BEV + + + + -
PHEV| + + (+) + (+)
FCEV | + + (+) + +

Table 2.1: EDVSs’ possibilities of acting as reserves.

With no infrastructure in place, the BEVs are not very attractive. On the
other hand, PHEVs can load at night time and still save both money and CO»
emissions. Thus, it will be likely that investments and driving in PHEVs will
be the main driver in electrifying the road transport system by demanding
construction of the necessary infrastructure for the BEVs to seriously enter the
market.



CHAPTER 3

Methods

In this chapter I discuss the research done within the relevant field and how the
work in this thesis differentiate from other studies. Furthermore, answering the
research questions stated in Chapter [ calls for an analysis tool. No analysis
tool integrating the power and transport systems including both investments
and operation has been developed. However, energy systems analysis models
have been developed, therefore, a new transport system model will be developed
and integrated with an existing energy system model for these analyses. Other
analyses do not include investments, nor detailed transport system modelling,
hence, different power system models can be considered. Choice of model and
thoughts for a road transport model is described in separate sections below.

3.1 Research Within the Field

A number of aspects are related to integration of the power and road transport
systems. Research has been done within various fields such as potential benefits
for the power system and for the customer, infrastructure, transition paths,
and quantification of the impact and benefits. Kempton and Tomic defined
and explained the concept of V2G and potential benefits of V2G in [3I]. This
article was followed by an article including business models as well as thoughts
on dispatch of vehicles [32].
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Many articles have followed and interest has increased within the fields. Focus
on potential benefits of particular services has been taken in terms of peak load
shaving in Japan [29], and regulation and ancillary services [54]. In [3] Brooks
has looked into integration of BEVs with particular focus on the benefits of the
vehicles providing ancillary services. Cost comparisons of providing different
kinds of services has been made in [43], comparing the different kinds of EDVs
with the technologies providing the services today. In general, the papers find
that it is beneficial to introduce EDVs, although, the economics of using these
for only peak load shaving (in Japan) is not very profitable without a change in
the rate schedules [29].

So far, the impact on power production from integrating the power and road
transport has been quantified by few. In [41] McCarthy, Yang and Ogden have
developed a simplified dispatch model for California’s energy market to inves-
tigate the impacts of EDVs as part of the energy system. However, this model
does not take the fluctuation in power production and, thus, the need for flexi-
bility into account. Kiviluoma and Meibom compare power system investments
and COs, emissions in scenarios with different amounts of wind, heat pumps,
and PHEVs in the Finnish power system [33]. However, the paper does not
include co-optimisation of the investments in the vehicle fleet. The authors
also compare the output of the stochastic optimisation model, Wilmar, and the
deterministic optimisation model, Balmorel. In [38] Lund and Kempton have
made a rule based model of the integrated power and transport system, focusing
on the value of V2G in different levels of wind penetration.

Paper I in this thesis contributes with an investment model for the integrated
power and road transport system. This model makes it possible to analyse the
impact of interaction on future investments in far more detail and potentially
provides more changes and benefits in the power system than in the papers
mentioned above. Calculation of investments in different vehicle types has not
been included in any of the above, but has been introduced in [24] in terms of
illustrative cases and Papers II-V illustrates the use of the detailed transport
system model. Paper II defines a Northern European case, although, present-
ing results on the investment and operation in the integrated power and road
transport system from a Danish case.

Paper IIT shows how introduction of electrical power in the transport sector
and co-optimising investment decisions regarding vehicle types and power sys-
tem configuration has consequences for the entire power system in terms of,
e.g. optimal mix of production and storage units, fuel consumption and COs
emissions. The case study in Paper III is limited to Denmark as an illustrative
case, whereas Paper IV investigates the optimal investment paths and configu-
ration of the power and road transport system for various scenarios for northern
Europe in 2030. These analyses are based on the model developed in Paper I
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and III. Thereby, key drivers contributing to the path towards a 100% renewable
energy system can be found. Competition between the different vehicle types as
well as competition between sources of flexibility, e.g. EDVs versus heat storage
in combination with electric heat boilers, is studied.

As for the transition path, studies have been made on how to ensure a smooth
transition path going from today’s vehicle fleet to PHEVs and BEVs [32]. In [39],
Lund and Mathiesen have analysed the needs for reaching a 100% renewable
energy system, including the needs for transport on non-fossil fuels such as
electricity. Changes in the power system due to the increased demand from
EDVs have been studied in [23]. Paper VI presents analyses of how different
charging regimes change the operation of a predefined power system for the
year 2020. The focus in this paper is the transition path and how EDVs can
be integrated in a power system not configured to include the transport system,
introducing different penetrations of EDVs with different charging regimes.

A possibly very important, yet very uncertain factor in the introduction of the
EDVs, is the batteries. The batteries are under development and expectations
to the prices and capacities are many, as are the possibilities of how to charge
and discharge the batteries. Fast charge versus slow charge and the impacts on
the power system and, thus, the electricity price, has been studied by Shortt
and O’Malley [51]. The Danish Energy Authority has focused on the challenges
in interactions between the electricity grid and the transport system [I0]. The
technological innovation of batteries and EDVs has been touched upon by Lip-
man and Hwang [37], and the Danish Center for Green Energy [I] compares
battery types for EDVs as well as price expectations of the batteries. For valu-
ing a change in battery capacity, Lemoine [35] has used real options, capturing
the uncertainty of the electricity prices.

The contribution of Paper V is analyses of the consequences of different battery
price and capacity. The analyses are done by a sensitivity analysis of battery
price vs. battery capacity in the EDVs, finding the situations where the EDVs
are most beneficial for the power system. These sensitivity analyses are, as
Paper IV, also based on the model developed in Paper I and III. Scenarios are
analysed for the northern European power system.

For a more thorough and, for the papers, more targeted literature review, see
the introduction in the respective papers.
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3.2 Choosing Analysis Tool

Various models have been developed for analysing the power system. FEach
model has its own area of expertise. Most energy system models have been
described and categorised in [4]. This section touches on the most relevant
models for the area of focus in the present PhD project. The models used for
the analyses will be analysed in more details in Chapter [l

The most interesting models relevant for energy system analysis are (see Table
B0 for outline):

e Balmorel: A linear optimisation model, optimising both operation and
investments for the integrated electricity and district heating system. The
model is a bottom-up model, and has the strengths of both optimising
investments and operation in the same simulation.

e EnergyPLAN [40]: A rule based model, simulating electricity, district
heating, and transport system operation. Investments are not included,
but the model can easily be run several times, to investigate benefits in
different investment strategies. The model has the advantage of being user
friendly and very fast to run. On the other hand, in order to find opti-
mal investments, manual iterations have to be made. Manual iterations
and configuration of possible outcomes for the power system can be time
consuming.

e MARKAL/Times [20]: An investment model, configuring an optimal
(least-cost) energy system. MARKAL /Times includes not only power gen-
eration, but also fuel production and all demand sectors’ energy consump-
tion. The model includes emissions, efficiencies etc. The model is widely
used, among others within politics as a decision support tool. However,
this model does not include optimal dispatch and, thus, is not suitable for
considering the potential benefits in terms of, e.g. flexibility from electri-
fying the road transport system.

e Sivael [19]: A model to optimise operation of a given energy system, con-
sidering fuel economics, emissions etc. The wind error is simulated using
a stochastic process, enabling the model to estimate a need for reserves.
This model is developed and used by the national TSO in Denmark.

e Wilmar [42]: A stochastic programming model, optimising operation
of a given electricity, district heating, and transport system, introducing
stochastic wind forecasts. The model has the advantage of optimising op-
eration more precisely than, e.g. Balmorel, due to inclusion of stochastic
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programming, mixed integer programming, and more detailed unit restric-

tions.
optimi-| rule |determi-
Model sation |based| nistic [stochastic|inv.|dispatch
Balmorel + - + - + +
EnergyPLAN| + + - - (H)| +
MARKAL + - + - + -
Sivael + - + - - +
Wilmar + - - + - +

Table 3.1: Energy system analysis models

In order to investigate an optimal configuration of an integrated power and road
transport system, an investment model is needed. Although investments are not
enough when estimating the benefits from the EDVs in terms of integration of
more renewables/wind in the power system. Hence, a model being able to opti-
mise both investments and operation of the power system is needed. The only
model of the above including both to a sufficiently detailed degree is Balmorel.
Thus, a transportation add-on for the Balmorel model has been developed in
order to enable analysis of a detailed integrated power and transport system.

Investigation of the impact of introduction of EDVs on a predefined power sys-
tem does not call for an investment model. Balmorel can be used without
investments, however, as shown in [33], Wilmar provides more accurate results
when only estimating optimal dispatch. Thus, the Wilmar model is used to try
to answer this research question.

3.2.1 Strengths and Weaknesses in the Models

Models for finding a socio-economic optimum have both strengths and weak-
nesses. Some of the strengths are the possibilities of optimising very large and
complex systems, comparing different future scenarios, and having some very
strong decision support tools. Having said that, it is important also to be aware
of some of the weaknesses. Examples of these are the rationality assumption,
the models cannot take preferences into account (thus, it is assumed that all
actors within a category have the same optimum), and the fact that the value of
different things cannot always just be given by prices. Hence, the model often
acts as if the world is black and white, but as Tina Dickow says it “Between
black and white, Is a thousand shades of grey” (Tina Dickow, Break of Day).
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3.3 Thoughts About the Road Transport Sys-
tem Model

A lot of decisions and assumptions have to be made before modelling the road
transport system. Important for an investment model is, of course, the in-
vestment and operation and management costs of the vehicles. For the power
system, the electricity flow in the EDVs are of great importance. Therefore,
modelling the road transport system has off-set in the electricity flow for charg-
ing, discharging and the use of electricity for driving, and the cost of use of other
types of propellant, such as gasoline and diesel. Using yet other types of propel-
lants, such as hydrogen or bio-diesel, has to be modelled in terms of hydrogen
production to be used for both power generation and fuel, and limitations on
total use of biomass.

In modelling the vehicles, one of the first things to be decided is which kinds of
propulsion systems to represent in the model. In order to be able to analyse the
competition between different vehicle types the following types are included so
far:

e Internal Combustion Engine (ICE): defined as vehicles with an engine
using either diesel or gasoline as propellant, like most of the vehicles on
the roads today.

e Battery Electric Vehicle (BEV): vehicles using only electric power from an
on-board battery as propellant.

e Plug-in serial Hybrid Electric Vehicle (PHEV): defined as pluggable vehi-
cles with a serial propulsion system using either battery or diesel/gasoline
as propellant. This could also be enhanced to include bio-diesel as propel-
lant, as well.

e Fuel Cell plug-in hybrid Electric Vehicle (FCEV): defined as pluggable
vehicles using either battery or hydrogen as propellant.

The latter three vehicles are all defined as electric drive vehicles (EDV), since
they have the ability to use battery only for driving. Furthermore, the hybrid
electric vehicles will, most likely, primarily use the battery for driving, since
electric power is somewhat cheaper and more efficient than the other propellants.
Thus, the other propellants are viewed as “range extenders”.

The PHEVs are modelled with a serial drive train as opposed to a parallel drive
train, as the one seen in the Toyota Prius. The parallel drive train is somewhat
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more complicated to model, because of a more complicated configuration of the
drive train. From Figure B.1]it is seen, that for the parallel drive train, output
from engine can go to both transmission and the power bus, whereas output only
goes to the power bus for the serial drive train. Thus, modelling the parallel
plug-in hybrid electric vehicle would require a decision on optimality in how to
use the engine/motor when driving as well as how to optimise the power flow
between the EDVs and the power system when the vehicles are parked (in case
the EDV uses the engine for producing power to the grid). Therefore, it has
been decided not to include the parallel plug-in hybrid electric vehicles in the
modelling.
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CHAPTER 4

Models

In this chapter I present the models used for the analyses. In Section [L1] the
Balmorel model is described followed by a more thorough description of the
vehicle modelling, thus, the transport add-on to Balmorel. The chapter ends
with a brief description of the advanced hourly dispatch model, Wilmar, used
for analyses in Paper VI.

4.1 Balmorel Model Characteristics

The Balmorel model was initially developed to support energy systems analysis
in the Baltic Sea region, focusing on both electricity and combined heat and
power sectors [48]. In the Balmorel model, experts, researchers, or the like can
analyse aspects regarding economy, energy, or environment, including future
configuration of the energy sector within a region or in all the countries analysed.

Balmorel is a deterministic, partial equilibrium model assuming perfect competi-
tion [48]. The model maximises social surplus subject to a) technical restrictions,
e.g. capacity limits on generation and transmission, and relations between heat
and power production in combined heat and power plants, b) renewable energy
potentials in geographical areas, and c) electricity and heat balance equations.
The energy sector experiences price inflexible demands, thus, maximising social
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surplus corresponds to minimising costs. Balmorel generates investments and
dispatch resulting in economically optimal configuration and operation of the
power system. Market prices for electricity can be derived from marginal system
operation costs. Input data changes allow for sensitivity and scenario analyses.

In Balmorel, countries are divided into regions connected by transmission lines.
Regions are then further subdivided into areas. Electricity and transport de-
mand is balanced on a regional level, whereas district heating is balanced on
an area level. Balmorel has a yearly optimisation horizon, with an hourly time
resolution. Long term investments are typically run with either aggregated time
steps or weeks, depending on, e.g. the amount of data. For some scenarios an
hourly time resolution is important, therefore, an aggregation of weeks is used.
Thus, the model can be run with either all hours in all weeks, all hours in se-
lected weeks, selected hours in all weeks, or selected hours in selected weeks.
Storage in Balmorel is modelled on a weekly basis. Thus, the storage level in
the first and last hour of the week has to equal each other, for each week.

The investment decisions in the model are based on demand and technology
costs including annualised investment costs given the particular year. Invest-
ments in Balmorel can be both endogenous and exogenous. If investments are
exogenous only the operation of the power system is optimised, under the given
power system configuration. Furthermore, some investments can be given be-
forehand, enabling the model to optimise remaining investments based on the
given configuration. Data about the existing heat and power system is given on
a detailed level, whereas investments are given on plant technology level in each
region (for heat production in each area).

The Balmorel model is modelled in a way that allows for add-ons. That is,
inclusion of more specific models for an area that needs special investigation in
relation to the rest of the energy system is possible. The add-on will become
part of the model, and, thus, when chosen active, the energy system model and
add-on can be considered to be one model. Add-ons have previously been made
for analysis of, e.g. hydrogen and detailed waste treatment [27], [44].

4.1.1 The objective function

In minimising costs the objective function of the problem is the sum of all the
costs in the given year. The objective function is given by Equation(@Il), where

C({qﬂ are the fuel costs at time ¢ on plant p in area a. Likewise, C’aoﬁflt are the

Ctr(zns

apt are the transmission costs, and C;")

operation and management costs, apt

are the investment costs. Then, taxes are added; TCJ: Zil for fuel taxes at time
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t on plant p in country ¢, TZ' for emission taxes, and T(fsz”" for other taxes
for district heating and heat only plants. Furthermore, the changes in utility of
both electricity and heat consumption are added (A Ufffc and A U%"), making
it possible to model the flexible demand for heat and electricity. Fiﬁally, penalty
costs of infeasibility Peninf and costs of add-on (application) contributions C4?
are added. Penalty costs are to be high enough to dominate the other costs, but

yet, so small as to prevent numerical problems [49].

a,p,t c,p,t c,p,t

c,r,a,p,t (41)
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4.1.2 Balance equations on electricity and heat

Numerous constraints are present in Balmorel. The two most evident are the
balance equations for electricity and heat. Balancing requires for supply and
demand to meet exactly. Including storage does relax the problem, making
the electricity supply more reliable and the work of the TSO easier. Balance
equations for electricity for each region r:

ex new ElecToHeat net elec ApElec
> (an,t + G =Y Gl +Transyy = Sppi+ Grpy ) (1.2)

P acr

:Di,ltec‘f'Liffc YVac A;reR;teT

Where G77, , is the generation on existing power plants at time ¢ for plant p in

FElecToHeat

region r. G is generation on new power plants, and G is generation

r,p,t r,p,t
of electricity for heat generation. Furthermore, the net transmission to other
regions is Trans?;t, the net loading of electricity storage Sfllfct and the net

ApEFElec
7Dt
electricity demand in region 7, D¢¢¢ and transmission loss in region r, LE¢€.

electricity generation from add-ons G All these are required to equal

backpr
a,p,t
tion plants G€*". | electricity to heat, and plants only producing heat, G

a,p,t?
Furthermore, the heat generation from add-ons is G(‘i’;{feat, and the net storage

For district heating, generation can be from back pressure plants G , extrac-

HeatOnly
a,p,t ’
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is Spetteat. Balance equations for district heating for each area a:

backpr extr ElecToHeat HeatOnly netHeat ApHeat
Z (Ga,pi + Gami + Ga,p,t + Ga,p,t + S(mmt + Gami

p
=Dh 4+ LM Vae AteT
(4.3)

To make sure the power system is configured to meet demand at all times, a
capacity credit equation is introduced. This equation ensures enough power
generating capacity in the system to meet peak-load demand, thus, the largest
demand during every 24-hour period. Peak demand is usually experienced in
the morning when people get up and in the evening when people come home
from work and start cooking. It is assumed that 99% of all dispatchable power
plant capacities in area a at time ¢, 'y:fffp ateh are available at peak-load, while
14% of wind power capacity, 'y(”;’ji”d, is assumed to contribute to meet peak-load
demand. The capacity credit equation for each area a:

3 (0.99 dispatch | 1y . 'y“’i”d) > prekload e Cite T (4.4)

a,p,t a,p,t
acc,p

4.2 Balmorel Add-on - Modelling Road Trans-
port

Based on input data, the Balmorel model including the transport system min-
imises total costs. The model needs to meet constraints on transport demand
and power flow balancing. Correspondence with Balmorel includes adding net-
electricity use for transportation to the electricity balance equation of the entire
energy system (the electricity use subtracted the power fed back to the electric-
ity grid). Output of the model is an optimal configuration and operation of the
integrated power and transport system.

The transport system model, including transport demand, vehicle technologies,
and V2G capabilities, is developed as an add-on to Balmorel. This section
elaborates on some details of the transport add-on, described in Paper I and ITI.
Extending the Balmorel model with the road transport sector enables analysis
of:
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e the economic and technical consequences for the power system of intro-
ducing the possibility of using electricity in the road transport system,
either directly in EDVs or indirectly by production of hydrogen or other
transport fuels.

e the economic and technical consequences of introducing V2G technologies
in the power system, i.e. BEVs and PHEVs being able to feed power back
into the grid.

e the competition between different vehicle technologies when both benefits
for the power system, and investment and fuel costs of the vehicles are
taken into account.

The transport model includes demand for transport services, investment and
operation costs, and electricity balancing in the transport system. In this first
version, only road transport using vehicles for passenger transport is modelled.
Inclusion of other types of road transport services (e.g. transport of goods) in
the model is a matter of data availability and collection.

4.2.1 Assumptions

In modelling the EDVs, it is assumed, that all of the challenges mentioned in
Section 2.4 Tlare in place. Moreover, the following assumptions have been made:

e Vehicles are aggregated into vehicle technologies, e.g. a limited number of
BEVs are used to represent all types of BEVs.

e The transport pattern is treated with average values, i.e. statistical data.
The transport patterns are assumed known making it possible to extract

average values (see [£2.2)).

e Regenerative braking energy is going into the on-board electricity storage
and is assumed proportional to kilometres driven.

e The energy consumption in the vehicle is divided into consumption by
accessory loads and consumption used to propel the vehicle. The former
is assumed to get electricity from the power bus, whereas the propulsion
power is delivered from an electric motor and/or an engine, depending on
the type of propulsion system. Both the energy consumption of acces-
sory loads and the propulsion power are assumed to be proportional to
kilometres driven in each time step.
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e An average inverter loss is allocated to all power flows involving AC/DC
and DC/AC conversion.

e PHEVs and FCEVs are assumed to use the electric motor until storage is
depleted, due to the rather high price difference between fuel and battery
use, and efficiency difference between use of engine and motor. Further-
more, this assumption seems reasonable since batteries developed today
already seem to have no loss of effect before almost depleted. The depth-
of-discharge in the batteries is far from the point where the batteries ex-
perience any loss of effect. Therefore, the EDVs will be able to accelerate
and drive on battery only until switching to engine power.

e Because the model is an investment model, it is a challenge to introduce all
the necessary decision variables for an optimisation model that is correct,
yet still solvable within a reasonable time horizon. Thus, the state-of-
charge of the battery when the vehicle is leaving the grid, is assumed to
be fixed. If not fixed, the model will become non-linear. Hence, the EDVs
leave the grid with a vehicle dependent but fixed average storage level,
given by the load factor.

4.2.2 Driving patterns/plug-in patterns

Each vehicle type is associated with a particular plug-in pattern extracted from
investigations of historical driving patterns [I6]. A plug-in pattern assigns per-
centages for each time step representing the fraction of vehicles leaving at the
particular time step, returning in time step j, thus, returning in j — i future
time steps. A percentage is given for each combination of leavings and arrivals
within a 24-hour time horizon. All EDVs are assumed to be plugged in when
not driving.

Converting data from the Danish transport habits into data used on
Balmorel The survey of Danish transport habits was made in 2006 [16]. The
transport habits consist of a number of data related to trips and transport,
including walking, bicycling and driving a vehicle. Data needed for making
driving patterns relevant for usage of the batteries, has been enquired, and the
following vehicle data is found relevant:

e Start time for the trip: time of day on an hourly basis

e Time used on the trip: minutes split into intervals. The 1% hour is split
into 6 intervals, 2" hour into two intervals, 3" hour is an interval, 4" and
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5" hour are one interval, 6" through 10** hour one interval, and finally
11*" hour and above are one interval.

e Whether you are driving the vehicle or just a passenger: only trips by
driver are contributing, since it is the vehicle trip (and not the persons
trip) that is of interest

e Amount of transport per weekday: an average of kilometres driven per
person on the particular weekday. No two days are the same.

Balmorel | Algorithm | Survey
hour estimates min.
1-5
6-10
sum 11-20
1 of 21-30
all 31-45
46-60
sum 61-90
2 of all 91-120
3 equal 121-180
4 2/3
5 1/3 181-300
6 1/3
7 1/15
8 1/5 301-600
9 2/15
10 1/15
11 equal 601+

Table 4.1: Conversion of length of trip from the Danish transport survey (based
on minutes) to Balmorel (based on hours).

Based on these data the driving patterns are extracted (see Table [LT]). Because
Balmorel is using hourly time steps, the data is changed accordingly. It is easy
with the first three hours. For the 4" and 5" hour, an approximation is made
recognising that the number of trip are decreasing with increasing trip length.
2/3 of the trips in the interval are assigned to the 4‘® hour, whereas, 1/3 of
the trips are assigned to the 5" hour. The same challenge is seen for the next
interval. The last interval contains very few observations, thus, all of these
vehicles are considered to be driving for a maximum of 11 hours.

Having changed the intervals, the number of vehicles leaving in each hour are
split into these intervals, thus, they are split into how many hours the trip takes
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(see Table[2]). These numbers are then changed to percentages of vehicles leav-
ing a particular hour, e.g. at 7 o’clock, returning after 1-11 hours respectively,
thus summing to 100% for each hour. Based on the same data, the share of
vehicles leaving in each hour has been found. Thus, multiplying the two gives
percentages analogue to the driving pattern for a 24 hour time interval, but
without information of the difference between weekdays.

Return

time 1 2 3 4 5 6 7 8 9 10 11
Time

leaving

1 8% | 9% | 2% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
2 Q% | 5% [ 9% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
3 66% | 11% | 0% | 0% | 0% | 8% | 6% | 5% | 3% | 2% | 0%
4 T1% | 12% | 3% | 9% | 5% | 0% | 0% | 0% | 0% | 0% | 0%
5 1% | 21% | 2% | 3% | 1% | 1% | 1% | 0% | 0% | 0% | 0%
6 9% | 12% | 5% | 2% | 1% | 1% | 0% | 0% | 0% | 0% | 0%
7 83% | 12% | 3% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
8 84% | 10% | 3% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
9 8% | 13% | 4% | 2% | 1% | 1% | 1% | 0% | 0% | 0% | 0%
10 76% | 13% | 5% | 4% | 2% | 0% | 0% | 0% | 0% | 0% | 0%
11 8% | 11% | 4% | 3% | 1% | 1% | 1% | 0% | 0% | 0% | 0%
12 80% | 10% | 4% | 3% | 1% | 1% | 1% | 1% | 0% | 0% | 0%
13 9% | 11% | 5% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
14 8% | 10% | 4% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
15 83% | 11% | 3% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
16 8% | 10% | 3% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
17 84% | 10% | 3% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
18 86% | 9% | 2% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
19 86% | 9% [ 2% | 2% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
20 8% | 12% | 2% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
21 8% | 11% | 2% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
22 86% | 9% | 2% | 1% | 1% | 0% | 0% | 0% | 0% | 0% | 0%
23 8% | 9% | 1% | 0% | 0% | 1% | 1% | 0% | 0% | 0% | 0%
24 8% | ™ | 4% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0%

Table 4.2: Driving patterns transformed into trips by the hour. Percentage of
vehicles coming home after 1-11 hours, for each hour in a 24-hour time interval.

Based on the investigation of transport habits, weights for each weekday is
found. Multiplying the 24-hour driving pattern with the weights gives a rather
detailed weekly driving pattern. It could be argued, that the driving pattern
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should be seasonal based on feasts, vacations etc. Data is not that detailed and
average weekly data should be enough to give a good picture of the interaction
between the power system and the road transport system.

For BEVs the driving patterns are somewhat more uncertain. First of all, the
BEVs cannot drive very far, thus, either other vehicles are needed for the longer
trips or our driving habits will have to change. Both things will probably hap-
pen. However, in order to analyse BEVs compared to PHEVs, the number of
vehicles being 274, 374 etc. vehicle in a family has been found using [12]. For
some analyses it has been assumed that these vehicles are BEV — amounting to
25% of all the vehicles in DK. Driving patterns are then adjusted accordingly,
in order to only include the first three hours of driving (no matter what time
the vehicle is leaving) for the BEVs, using the 350 km driving range restriction
on the battery. Hence, the driving pattern for the remaining vehicles have to
be adjusted likewise. In order to compensate for the long trips not being driven
by the BEVs, a larger share of the remaining vehicles are driving the long trips,

Assuming that all vehicles are plugged in when parked, the plug-in pattern is
the complement of the driving pattern. However, it is possible to use other
plug-in patterns.

4.2.3 Costs

Costs of transport are added to the objective function in Balmorel. Trans-

portation costs include investment costs, operation and management costs, fuel

costs, and costs of emitting CO,. Investment costs, C’flfﬁ}”“;eh, and operation and

management costs, COMveh

wot ', can be calculated identically for all vehicle types
(Equation 1), whereas fuel costs and COq costs differ. N, , is the number of

vehicles of type v in area a:

+ ) ((Cimeh 4 COMPr) - Noy) (4.5)

a,v,t

Total fuel and CO costs (Equation L6 for vehicles without grid connection,
depend on fuel costs at each time step t for each vehicle type v in area a,

CI4e"", cost of COy emissions, CE92, CO, emissions per MWh, Em{?,

a,v,t
fuel,
v :

number of vehicles, annual driving, Dr,,, and fuel consumption, Cons

Z ((Cfuelveh +C%9% . Em&92) . N, - Dr, - Cons{f“el) (4.6)

a,v,t
c,a,v,t
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Total fuel and COq costs for vehicles with grid connection (7)) depend on the
use of engine, Oﬁﬁfe", as opposed to the use of the electric motor. nf™9 is the
average engine efficiency.

OEnGen
> (ot oo mngen %7}

c,a,v,t 77’0

Costs of the FCEVs

The hydrogen add-on for Balmorel has been described in [27]. Activating the
hydrogen add-on, makes hydrogen production part of the model. To capture the
cost of hydrogen, the hydrogen demand from FCEVs has to be added to existing
hydrogen demand as an addition to the hydrogen balance equation. Hydrogen
demand for non plug-ins (Equation L8] is dependent on number of vehicles,
hydrogen consumption, C’onsgb, and annual driving:

Z (ConsvH2 - Ng -Drv) (4.8)

a,v,t

For plug-ins, hydrogen demand (Equation f9]) is dependent on output from fuel
cell, OFC, and efficiency of the fuel cell, nf'C:

a,v,t’
O
g ( nflc’ (4.9)

a,v,t

Equations (L8) and (@) are similar to Equations (@8] and (7)) without the
fuel and COs costs.

All costs are added for the total costs of the configuration of the transport
system. For electricity and hydrogen, fuel and CO4 costs are included through
increased power or hydrogen demand.

4.2.4 Transport demand

As for electricity and heat, transport demand for each region has to be met by
supply. Supply is found by multiplying number of vehicles, the annual driving
per vehicle, and the utilisation of capacity in vehicle technology v, UC,, thus,
the fraction of people transported by each vehicle. Supply is calculated on areas,
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whereas, demand is on regions. Thus, supply areas have to be summed to match
the regions.

> (Naw:Dry-UC,) = DE? (4.10)

aer,v

4.2.5 Power flows

All constraints except for the demand constraint (Equation 210]) are related to
the power flows. Power flows are modelled based on propulsion systems. To
include all the above mentioned vehicles, three different propulsion systems are
defined:

1. Non-plug-ins
2. BEVs
3. Plug-in series: including both PHEVs and FCEVs

For each propulsion system a model of the power flow in the vehicle is con-
structed. For non-plug-ins, only annual driving and fuel consumption are taken
into account, because they do not interact with power system.

Configuration of the electric and plug-in serials propulsion systems are similar
and sketched in Figure ] The ICEs, not using power as propellant, are only
to be incorporated in the system as a cost. The figure shows the interaction
between different units in the vehicle, including grid connection. Power can go
both ways from driving wheels to storage and back, and from storage to power
grid and back. Power returning from the driving wheels is the regenerated
braking energy. The power both ways from storage to the power grid resembles
the ability to both load power to the vehicle from the grid (G2V) and unload
power from the vehicle to the grid (V2G).

Division of the vehicles into subsystems is needed for modelling the driving
and interactions between the power and road transport systems. To the least,
division into storage, engine/fuel cell, and the remainder of the system is needed.
Further division enables us to study the consequences of improving specific
subsystems.

Based on the propulsion system configuration, power flows are sketched in Figure
The EDVs will be connected to the grid when charging, and the flow of
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| Generator | 1 Transmission
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= = = Applicable for PHEVs propulsion systems

Figure 4.1: Propulsion system configuration of (series) electric drive vehicles.

power both when plugged in and when not plugged in has to be modelled. The
power flow model reflects the assumption that regenerated braking energy goes
into the on-board storage. Only subsystems with more than one in-going or out-
going power flow are shown. Subsystems with only one in-going and out-going
power flow (e.g. the electric motor), just calls for a scaling by the efficiency of
the subsystem.

a) b)
Braking energy
Storage Storage  |¢&———
Unload Unload Consumption
To and Y propulsion
<«— 3 PowerBus PowerBus | >
from grid = ry
: : l Consumption
: : accessory loads

U (== ———i = -
1 Output from engine: ;Output from engine |

! to generator | | togenerator
[

------- Applicable for PHEVs propulsion systems
— — Replaced with output from fuel cell for FCEVs

Figure 4.2: Power flow model of (series) electric drive vehicles for a) vehicles
plugged in and b) vehicles not plugged in.
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Relevant for the power system is the available electricity storage from EDVs at
each time step. This is based on, e.g. storage leaving and arriving with different
vehicles, and is captured through the power flow model of the vehicles plugged
in (Figure f2h). For optimising the use of an electric motor versus the use
of fuel cell, gasoline or diesel engine in the FCEVs and PHEVs while driving,
it is assumed that the electric motor is used until depletion of storage. This
assumption is supported by electricity being a cheaper fuel than diesel, gasoline,
and hydrogen. Therefore, the power flow model for vehicles not plugged in
(Figure 2b), is based on storage being depleted before using the engine.

Balancing on-board electric storage:

On-board electricity storage can be charged from the grid. The charging/ dis-
charging losses are modelled as being proportional to the unloading of electricity
storage, SU™d thus modelled as a charging and discharging efficiency, 5. On-

a,v,t
board electricity storage, S(f: {M, depends on last period’s storage, energy from

the grid, Gr(];j"w (needs to be scaled by the inverter efficiency, 77*V¢"*" in order
to equal the amount of energy going into storage), energy going from storage to
the power bus, charging/discharging losses, storage in vehicles leaving in period

Leav 3 3 - 3 3 Arr
t,5,%" » and storage in vehicles arriving in period ¢, SZ°7";.

SUnld
PI _ @PI fr inverter a,v,t Leav Arr
Sa,v,t - Sa,v,t—l + Gra,v,t My - 778 - Sa,v,t + Sa,v,t (4'11)
v

VYae Ao e ViteT

Calculation of storage in vehicles leaving in period ¢ is based on the assumption
that all vehicles bring along an average level of storage, given by a percentage
of the battery capacity, LF,, the load factor. Furthermore, in accordance with
statistical data on transport habits [I6], it is assumed that all vehicles will be
parked within a time horizon of 11 hours after leaving. v is the storage capacity
and PP, ; ; is the plug-in pattern.

t+11
Sket =N " PPayij-LFy 75 Now Vo€ AweViteT  (412)
j=t

Storage level in vehicles arriving in period ¢ depends on the storage in the
vehicles when leaving, and thus, the capacity of the battery, energy use for

driving, EP", and energy from braking, EF"*. The latter two are, of course,
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dependent on the distance driven, given as DD, ; for all full hours of driving,
and DD, o for the hour in which the vehicles return. A maximisation function
is used, recognising that the storage will never be negative.

t
Sﬁm = Z max{PPaq,q,iz - <LFv -9 = ((t—1i) - DDy + DD, )

i=t—11

(4.13)

EDT
< EB'“’“) 0} Nuw VYac€AweViteT
n

EDPr is determined by consumption for propulsion, ConsE Prp , accessory loads,

, and motor- and transmission efficiencies, ant and nirens respec-

C EPrp
EDPT = ConstAc 4 BT YoeV (4.14)

mot trans
My =" 1

EBrk depends on regenerated energy going from braking to storage, REB ™k as
well as motor-, power bus-, and transmission efficiencies; n™°¢, nF’P and n”"ms

respectively;

Efrk _ REvBrk . mot 771) nf}rans Yo € (415)

Balancing of the Power Bus:
Power going out of the power bus needs to equal power going into the power
bus at all times. For vehicles plugged in, power from the power bus only goes

to the grid, Gr'° Power into the power bus comes from either the engine,

OEnGenPI Unld
a,v,t a,v,t *

a,v,t*
, or the on-board storage, S

Grie, = (OFnGenPl . pgen 4 UnEY . pPB - Vo e AiveViteT  (4.16)

a,v,t a,v,t a,v,t

Where OE”GE”PI = 0 for BEVs, and OE”GE”PI OFCPI ¢ FCEVs. The

a,v,t
formula includes the possibility of parked vehicles to produce power through

use of engine while parked.
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Output from engine to generator:

Calculation of fuel and CO5 consumption due to the use of engine power at
each time period needs to be kept track of. Output from engine to generator
for vehicles plugged in is calculated through Equation (£I6). Assuming that
the vehicles deplete the battery before turning on the engine, calculation of the
output from engine to generator for vehicles not plugged in, is a question of
finding the time step when the vehicles start using the engine. In Figure E3]
the area above the x-axis resembles use of on-board storage and the area below
the x-axis resembles use of engine. To find the crossing of the x-axis, we need to
distinguish between three operating situations: the vehicle returns to the grid
before the storage is depleted (C), the vehicle returns in the same time period
as the storage is depleted (B), and the vehicle returns in time periods after the
storage is depleted (A). The first case does not involve usage of engine and,
therefore, is not treated in the following.

Energy Storage

LF, -7, a=-DD,  -(— —E"Y fore > j-1

s
: t Dr
c
K = (2 gk _
: a= DDM)( 5 Ev ) fort=j—1

time

| -
-

Output from engine

Figure 4.3: Use of energy storage versus engine depending on time. « is the
slope of the line and LF,, - v5 the storage level when the vehicle is leaving the
grid. t. is the time period where the on-board storage is depleted.

The distance driven until storage is depleted will be:

(tc — Z) . DDvyl + DDU’() if ¢, =7

deplete __
b, { (te—i+1)- DDy, if t. < j
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The vehicle leaves the power grid in time period ¢ = 1,2,...;¢ and returns to
the power grid in time period j = 4,7+ 1,...,7+ 11. To find ¢. the following is
calculated;

If t. = 7, t. is found by setting the capacity left on the battery equal to zero.
Calculating the capacity used includes both full hours of driving and the driving
in the hour of return;

) ED’I"
LFy -7y = ((te =) - DDy1 + DDy ) - ( n”S —Ef”“) =0 (4.17)

YVoeViteT

If t. < j, t. is found the same way as above, except that the capacity used is
calculated using only full hours of driving;

ED’I"
LFU-vf—(tc—iJrl)-DDv,l-( Y —Ef”“) =0 WweV;teT (4.18)

v

The term t. —i indicates the number of hours before the storage is depleted, and
thus, the vehicles start using the engine. t. — i can be found using Equations

([EID) and @ID).

t. — i can be calculated for each vehicle type, since all the other parameters
are fixed on vehicle type level. Output from engine to generator can then be
calculated for all combinations of vehicles leaving in time period ¢ and returning
in time period j. >'_, Eigl PP, ,;; is the total share of all vehicles not
plugged in at time ¢ in area a. The calculation of the output from engine to
generator in time period ¢t now depends on t being smaller than, equal to or
greater than ¢.. In situation A, where electric storage is depleted (Figure [3]),
the engine output in each hour of driving will be;

t t+11
OEnGenNPI _ N, PP . ..DD E’UDT _ EB?"k 4
a,v,t>t. - Z Z( a,v’ a,v,i,j " v,1° S ) ( .19)
i=1 j=t v

YoeVite{t eT:t >t}
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If in situation B, the electric storage depletes in time period t. (Figure E3]).
The output from engine to generator is:

t t+11
SRR v o (TN (T
e (4.20)
EPr , ,
-DDUJ-( s —Efrk>>> Vaec AjveVite{t eT:t =t}

In Equations (£19) and [@20) DD, is included if the vehicle returns in the
time period under consideration, that is j = ¢. Thus, (tc —i+ 1) - DD, is
replaced with (t. — i) - DD, 1+ DD, .

Finally, in situation C, the vehicle only uses electric storage, such that the sum
of the results of Equations ([@I9) and ([@20) gives the total output from engine
to generator in period ¢ for vehicles not plugged in. The total output from
engine to generator is:

EnGen _ nEnGenNPI EnGenNPI EnGenPI
Oa,’u,t - Oa,’u,t>tC + Oa,’u,t:tc + Oa,v,t (4'21)

VYae AjveViteT

As with vehicles plugged in, Oﬁﬁfen}vp[ = 0 for BEVs. OEZ?E”NPI = Oi%vp[
and OFnGen — OFC for FCEVs.

a,v,t a,v,t

Storage level:
The storage level is to stay between 0 and aggregated storage available.

t t+11
0<SPl S Naw- | 1= PPavij |75 VacAweViteT (4.22)

i=1 j=t

Capacity restrictions on loading and unloading of on-board storage,
power flow to and from grid, and engine output:
These restrictions depend on the single vehicle capacities of respectively loading,
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45t unloading, grid connection and engine output multiplied with the number

of Vehicles plugged in at each time step. As an example, the power flow into
storage when plugged in at each time step is given by

t t+11
GT({TU ¢ -n”“’erter < Ngop-|1- Z Z PPy ’yfld (4.23)

i=1 j=t

Ya e A;veViteT

Similar restrictions apply for unloading of on-board storage, power to and from
grid, and engine output although not shown here.

Addition to the electricity flow balance equation in Balmorel:
For balancing the power flows in the power system, the net power flow from the
transport system to the power system is added to Equation (£2)).

+ Z (Gra vt a v t) VteT (4.24)

acr,v

Thus the entire electricity flow balance equation looks like this:

ApE
Z (Gex 4 Grew GElecToHeat +Tran5net Select_’_G D lec)

r,p,t Dt r,p,t r,p,t
b (4.25)
+ Z avt va t) Delec+Lelec Vr e R,t cT
acer,v
4.2.6 BEVs

With BEVs not having the same driving range as the remainder of the vehicles,
different driving patterns, plug-in patterns etc. are needed. In order to ensure,
that all trips are covered, the other vehicle types are to cover the trips not
covered by the BEVs, especially the longer trips. Thus, the share of long trips
will be higher for these vehicle types, and will depend on the amount of BEVs.
So the final driving patterns are not known until the share of BEVs are known,
making the inclusion of BEVs an iterative process.
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Based on these observations, modelling the BEVs require an extra feature that
is very costly in calculation time. Therefore, it is chosen to let the model invest
in BEVs with the same driving patterns as the remaining vehicles, except, they
will not be driving the longer trips. In case it is optimal to invest in BEVs, the
driving patterns and plug-in patterns for these will be introduced accordingly.
This does result in an approximation, but in favour of the BEVs, due to the
BEVs figuring as if they are driving the long trips, although, they are not.
In the situation of investments in BEVs, the model acts as if more trips are
on electricity and fewer on diesel, resulting in cheaper overall costs. Thus, if
investments in BEVs are not optimal in this situation, they are certainly not
optimal in the more precise situation. In scenarios where BEVs are forced to
be part of the investments, driving patterns and plug-in patterns are changed
accordingly, before running the model.

4.3 EDVs Contributing to the Capacity Credit
Equation

One could argue, that the EDVs could help out providing capacity in peak
load hours, thus, contributing to the capacity credit equation (Equation FEAZ]).
Comparing driving patterns to the peak load hours, clearly, most vehicles are
parked in peak load hours. Thus, assuming that the EDVs are plugged in when
parked, the vehicles are available to the power system - also during peak hours.

In order to incorporate the vehicles in the capacity credit equation, an estimate
of the available battery capacity is needed. Some vehicles are leaving the grid
soon, therefore, they experience restrictions on the on-board storage. Further-
more, some batteries have just been used, and only some or none of the battery
capacity is left. Hence, a limited amount of energy is available for peak load
hours. As shown in [36], at least 92% of the vehicles are parked at all times.
Being conservative, an estimation can be that only 70% of the PHEVs and 76%
of BEVs are available for the electricity system during peak load.

To find out how much the EDVs can unload and, thus, with how much they can
contribute to the capacity credit equation, the storage level when the peak-load
starts needs to be estimated. Assuming that the storage is at an average level
of 50% by the time peak-load hours start, an assumption of an average of 30%
of the battery available for peak load seems to be conservative. Based on these
estimates, the addition from the road transport to the capacity credit equation
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is:

+0.3 - Z (Na,BEV -0.76 - ’7]§’EV + Na,PHEV -0.7 - 'yf,HEV) (4.26)

acc

This is only for a short period of time, though, since the battery’s state-of-charge
will be decreasing and will reach the minimum state-of-charge.

The grid capacity also puts a limit on the discharge. Each vehicle have an
assumed grid connection capacity, 75", of 6.9 kW, corresponding to a standard
230V connection with 3 phases 10 Amps each. Hence, the storage in the BEVs
should last, but the storage for the PHEVs will not. Scaling the storage in the
PHEV with 2/3 (an estimate, trying to ensure that storage will last), changes
the contribution to Equation 4] from the EDVs to;

2
+ Z (Na,BEV -0.76 + Ny, papv - 0.7 - g) -’}/ET Va € A (4.27)

acc

A calculation to verify the availability of capacity. Take a vehicle fleet with 1
mill. pluggable EDVs and assume the on-board storage of these plug-ins is half
full. It then takes more than 3 hours to empty the on-board storage, leaving
respectively 5% and 20% of on-board storage in the PHEVs and BEVs. Peak-
load usually lasts for a period of 1-2 hours, thus, even with vehicles leaving the
grid with more storage than those arriving, the storage should last.

The capacity credit equation including EDVs:

2
szakload <407 Z (N(LBEV +0.76 + No,pupv - 0.7+ —)

3
ace (4.28)
dispatch win

+ 3 (099l 4004 ) Vee CiteT

acc,p

In the analyses made for the papers included in this thesis, the vehicles have not
been included in the capacity credit equation. However, an analysis has been
made superior to writing the articles, and the results will be given in Section
0. Il
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4.4 Wilmar Model Characteristics

Wilmar is used for analysing the effects of including different penetrations of
EDVs in a predefined power system. Thus, no investments are included, only
the dispatch of the power plants.

Wilmar is a stochastic unit commitment and dispatch model optimising the
operation of a given power system. The model is stochastic in three elements;
the forecasts of electricity demand, wind power production, and demand for
replacement reserves. Thus, a scenario tree representing these three elements
is implemented. Replacement reserves represent reserves with activation times
longer than five minutes. They can be provided by on-line power plants and
off-line power plants that are able to start up in time to provide the reserves in
the hour in question.

The model is a stochastic multi-stage linear model with recourse. The model
uses an hourly time resolution. It has a planning horizon of 15-36 hours de-
pending on the planning loop in question. Furthermore, rolling planning is used
in 3-hour steps, thus, 8 loops a day. Figure [4] illustrates three stages, stage 1
modelling the first three hours, stage 2 hours 4-6, and stage 3 the remaining pe-
riod in the planning horizon. Perfect foresight of demand and wind generation
is assumed for the first three hours, but to get a more realistic picture, forecast
errors are introduced in terms of replacement reserves.

The root decision is the decision for the day-ahead market (stage three), where
the forecast of electricity demand, wind power production, and replacement
reserve demand are all uncertain. The recourse decision is taken after knowing
the uncertain outcome, thus, when rolling forward, planning the next “stage
1”7, the recourse decision is taken on the last two stages. Hence, the recourse
decision consists of up and down regulations of power production relative to the
production plan determined day-ahead.

As with Balmorel, Wilmar employs countries, regions and areas as the geo-
graphic entities. Wilmar is not used with a transport system model in this
thesis. In order to include the vehicles, electricity demand of the EDVs has
been given exogenously, either as fixed or flexible demand.

A more thorough description of Wilmar is provided in [42]. Furthermore, numer-
ous articles have been written using the model for different analyses, e.g. [33],
[15], and Paper VI
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CHAPTER 5

Technologies

For future investments, technologies need to be defined. In the integrated power
and transport system, technologies are needed for heat, electricity, and trans-
port. In the following, these are divided into vehicle technologies, and heat and
power system technologies.

The thesis in hand being a PhD-project in the field between operations research
and energy systems analysis, technologies in this chapter are defined for the sake
of operations research people reading the thesis. People already acquainted with
both the vehicle and heat and power system technologies may jump to the next
chapter or just skim the tables shown in this chapter.

5.1 Vehicle Technologies

The vehicles can be divided into two categories: ICEs and EDVs, the latter
covering all vehicles using batteries for driving, both hybrids and all electrics.
From a modelling perspective the interesting vehicles are those that can be
plugged in (plug-in hybrids or BEVs). In the future it is expected that all
hybrids will be developed in a way that enables them to plug in. Only plug-ins
are treated since the efficiencies of the other fuels are rather low and, therefore,
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will be much more interesting with fuel as a range extender instead of the
primary propellant. Furthermore, plug-ins are more interesting from a power
system perspective.

The model developed for Balmorel supports four different vehicle technologies:

e Internal Combustion Engines (ICE): vehicles as on today’s market using
diesel or gasoline as propellant. ICEs will have no influence on the power
system, only on fuel and COs costs. Diesel as propellant has been chosen
because of the fuel economy being better than that of the gasoline vehicles.

e Plug-in (serial) Hybrid Electric Vehicles (PHEV): vehicles using batteries
and for extended trips also diesel or gasoline. PHEVs influence the power
system as they can be charged from the power grid and might also be able
to discharge as well (V2G). PHEVSs can in principle deliver power to the
grid with the motor running as well, although the efficiency is low and it
is not very good for the environment, thus, the sustainability is debatable.

e Battery Electric Vehicles (BEV): vehicles using only batteries for driving.
The batteries will most likely be quite large, enabling use for everyday
driving. BEVs influence the power system with charging and possibly
discharging.

e Plug-in Fuel Cell hybrid Electric Vehicles (FCEV): vehicles using hydrogen
in fuel cells as propellant. Only hydrogen is chosen, since hydrogen can be
produced within the existing model. FCEVs influence the power system
in the same way as the PHEVs. FCEVs can produce (clean) power while
parked as well.

Parallel hybrids are not included in the model yet. For all of the above mentioned
technologies, a number of different vehicles can be defined by entering different
input data. Example of input for the vehicles used in Paper III is seen in Table
B showing one of each vehicle type, characterised by the investment costs,
operations and management costs, storage capabilities, and driving range on a
fully loaded battery in 2030. Furthermore, possibilities of using the different
vehicles as reserves in the energy system are included. All four vehicle types are
assumed to be average standard vehicles.

ICEs are affordable, but what is not shown in Table[G.1]is the fuel and COg costs,
making PHEVs and maybe even BEVs competitive. BEVs have the obstacle
that they cannot drive the longest trips. Therefore, they are not competing with
all the PHEVSs, ICEs, etc., but rather with the share of vehicles that are either
never driving very far (e.g. the second vehicle in a household), only driving far
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Vehicle| Annual inv.|O&M cost|Storage| Driving|Second | Minute| Day/ | 2-3
type cost (€) (€/yr) | (kWh) | range |reserve|reserve|Night|week
ICE 1,065 1,168 0.8 -

PHEV | 1,484 1,168 10 [65km | + T + [
BEV 1,513 1,101 50 |350 km| + T + | -
FCEV | 1,893 1,101 10 |[65km | + T + [ +

Table 5.1: Vehicle data prescribed for the year 2030, based on [7]

a few times a year enabling rental cars for those trips or the like. In case of a
large penetration of BEVs, the driving patterns of today may change a lot as
may the behaviour in terms of renting cars or travelling by other means.

As seen in Table [5.1] the FCEVs are quite expensive. Research is split when
it comes to the development of FCEVs. The investment price shown in the
table above, indicates the belief that by 2030, the FCEVs will be on their way,
but have not reached a development or production level where the FCEVs are
affordable. Thus, investments by the model in FCEVs in 2030 are most unlikely.
All these facts speaks in favour of the PHEVs by 2030 using a battery for most
trips, but having the range extender in terms of an engine.

In order to enable investments in FCEVs, hydrogen is needed. Hydrogen can
either be included in the model by exogenously defining a hydrogen price or by
enabling endogenous investments in electrolysis plants. In the integrated power
and transport model it has been chosen to have hydrogen produced by electrol-
ysis (described in Section B2.7)). Hydrogen can be used for both propellant in
the FCEVs and for energy storage to be used in the remaining energy system.

5.1.1 Storage sizes

The size of the electric storage capacity, shown in Table Bl reflects the usable
size of the battery. Today, the electric vehicle efficiency used is approx. 5
km/kWh [50, T4} 13], therefore, an assumed efficiency of approx. 7 km/kWh
by 2030 is believed to be reasonable. Further, it is believed that the battery size
for BEVs by 2030 will provide a driving range of approx. 350 km, leading to the
50 kWh. For both FCEVs and PHEVs the batteries could be almost as large as
for BEVs, but additional weight as well as trade-off between additional driving
range and additional cost leads me to believe that a battery covering a driving
range of approx. 65 km is reasonable for everyday purpose. Furthermore, it is
shown that approx 80% of all trips in Europe are of a range below 25 km [26],
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thus, the 65 kWh range is enough to cover a round trip.

5.2 Heat and Power System Technologies

The choice of power system technologies for future investments in Balmorel is
based on an expectation of a move towards more renewable energy and other
expectations of developments in the energy sector. EDVs can provide storage
in the energy system, but not in the quantity and over the time period that
is sometimes needed. Thus, other future energy storage technologies are also
included. In this way, analyses of amount of competition versus ”cooperation”
can be made. The list of technologies in this section contains for some, a short
description of the technology itself. Focus is, of course, security of supply calling
for flexible production.

The energy system consists of both power and heat generation (as well as the
transport system described above). Both power and heat generation has to meet
demand calling for flexible supply. The system consists of base load plants,
running stable all the time, regulating plants and plants primarily used for peak
load or reserves. The EDVs might be able to out-compete some or all of the
peak load plants - especially in cooperation with the heat pumps. However, the
EDVs cannot compete with the base load plants, although, a different structure
of the power system might be optimal once all the different renewable power
generations are in place.

Forcing the use of waste-to-energy as in the Danish energy system is done by
setting the waste treatment prices to zero in Balmorel. This forces the heat
and power generation on waste to be used before other heat and power sources.
Limitations on the waste are, of course, included.

5.2.1 Thermal generation

Thermal generation power plants are different types of steam power plants and
gas turbines. A number of fuel types are to be used in the plants, including coal,
uranium, biomass, hydrogen, and natural gas. The steam turbines in general
works with the steam spinning a turbine, producing power. Thermal generation
can be either electricity only plants or combined heat and power plants.
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5.2.1.1 Electricity only
Electricity only plants can be, e.g. gas turbines or nuclear.

e Gas Turbine, Open Cycle (OCGT): Due to rather high operating
costs but short start up and close down times, the OCGTs are preferred
as peak-load plants. Using natural gas or light oil as propellant the OCGT's
do emit CO2. OCGTSs come from micro plants (min 3 kW) up to large
scale plants (max 125 MW) [6].

e Nuclear: Nuclear power plants are no emission plants and are favourable
in a climate perspective. They are not renewable energy plants, but be-
cause of their zero emission, they are considered sustainable, along with
renewable power plants. However, uranium has the disadvantage that
the residues are unhealthy (deathly) to humans. Therefore, it has been
politically decided not to build nuclear power plants in some countries
(including Denmark). Nuclear power is used as base load and have long
ramp up times.

5.2.1.2 Combined heat and power

Combined heat and power (CHP) plants are using different kinds of fuel, i.e.,
biomass, waste, gas, or coal. For CHP plants, the electricity generation is tied
up to the heat generation. Examples of CHP plants:

e Gas Turbine, Combined Cycle (CCGT): CCGTs have the same ben-
efits and drawbacks as OCGTs. Often CCGTs are producing both heat
and power. The CCGTs generally are larger plants than the OCGTs -
from medium sized plants (min 10 MW) to large scale plants (max 400

e Solid Oxide Fuel Cells (SOFC): oxidizing, i.e. hydrogen, through an
electrochemical conversion produces electricity. One advantages of SOFC
is the high efficiency and low emissions. However, due to a need for high
temperatures, SOFC have long start up times.

5.2.2 Hydro power

Hydro power uses the power of rivers going down hill to produce power. Power
production comes from the water going through a turbine, generating the elec-
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tricity.

e Hydro (w/pumped hydro storage): For producing hydro power two
water reservoirs are needed. An upper reservoir and a lower reservoir.
The pressure of the water going from the upper reservoir to the lower
reservoir is generating power. Hydro power is both very flexible and has
a fast response time. Pumped hydro storage provides storage possibilities
comparable with batteries, though with a smaller efficiency (around 70-
80% [9]). In pumped hydro storage water is pumped up into the top
reservoir in times of excess electricity for use to produce electricity at a
later point in time.

5.2.3 Electricity to heat

When a surplus of electricity is experienced, it can be beneficial to use this for
heat production. Different technologies are developed to do that, including:

e Heat pump: Heat pumps convert power to heat that can be stored. The
heat pumps are flexible and can produce heat when a surplus of electric-
ity is experienced. Operating costs are low and the heat pumps could
potentially be competing technology lowering the benefit of the flexibility
provided by the EDVs.

e Electric heat boiler: Electric heat boilers convert power to heat. The
efficiency of the electric heat boilers is lower than the efficiency of the heat
pumps, thus, focusing on efficiency, heat pumps are preferred.

5.2.4 Storage

Heat and power can be stored in various ways. With increasing focus on a sus-
tainable heat and power system, focus has also increased on storage possibilities,
providing flexibility to the system.

e Pumped hydro: Pumped hydro storage is in connection to hydro power
plants (see Section [.222]).

e Hydrogen storage: Electricity can be stored as hydrogen. Stored hy-
drogen can be used in SOFC, making electricity and heat. By storing
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hydrogen, substantial amounts of energy is lost, nevertheless, the technol-
ogy provides flexibility as do the EDVs.

e Batteries: Electricity can be stored in the batteries, like in the EDVs as
described above. With rather high efficiencies and availability this way of
storing energy is preferred (without regarding the cost differences).

e Heat storage: Storing heat is done in tanks containing either warm or
hot water. The water is then used when needed in the energy system.
Heat storage is often used in connection to heat pumps or heat boilers.

5.2.5 Fluctuating power

Fluctuating power covers all power production from, e.g. renewables like wind.
This type of power generation is fluctuating due to changes in wind, solar or the
like, and thus, is not controllable unless down regulated or turned off. Fluctuat-
ing power generation is characterised by high investment costs and low variable
costs, thus, it is inefficient to use the down regulation, due to the basically free
power as soon as the initial investments have been made. The more fluctuat-
ing power generation, the more flexible power production or flexible demand
(e.g. provided by EDVs) is needed.

e Wind: wind power is stochastic by nature. Wind power can be down
regulated, if too much wind in the system. Wind turbines are produced in
many sizes. Some are for households, with import and export of electricity
to the surrounding energy system, to balance the production and demand.
Some wind turbines are very large and placed in wind parks at sea.

e Photo voltaic: Photo voltaic solar cells convert sun shine into electricity
with a very low voltage. To produce electricity, cells are linked like a series
of batteries to reach the right voltage needed for the power system. Photo
Voltaic has not yet been included in Balmorel, but are mentioned here as
they are believed to be of future interest, both in terms of modelling and
as part of the power system in the Nordic countries.

5.2.6 Heat only

In Denmark most heating is either individual or district heating. Individual
heating is often provided by either wood pellets, oil, or natural gas, not treated
by the model. As more and more consumers transfer to district heating or
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heating in terms of heat pumps and electric boilers, the demand will be treated
by the model. District heating can be provided by, e.g. CHP (section B2.T.2])
or heat boilers.

e Heat boiler, district heating: Produces heat on either electricity, nat-
ural gas, or wood-chips.

5.2.7 Electrolysis

Electrolysis is the process of sending power through fluids to extract different
kinds of gas [9].

e Solid oxide electrolysis: Solid oxide electrolysis is making hydrogen
from water/steam and electricity. The electricity makes the water split
into oxygen and hydrogen. The hydrogen can either be used as propellant
for the FCEVs or it can be stored and used in a CHP plant using hydrogen
as fuel.

5.2.8 Reserves or services

The different technologies have different potentials in the power system. Table
illustrates the capabilities of the different heat and power generating plants.

Techn. Elec.|Heat | Sto-|Second | Minute| Day/ | 2-3 |Base|Peak
rage|reserve | reserve | Night | week| load | load
Wind + - - B BB )] - -
Hydro + - + + + + + - -
OCGT + [ ()] - + + + |+ -+
CCGT + | + | - + + + + - +
Nuclear + | - | - + - H |+ ]+ -
CHP + |+ | - + + + |+ ()] -
Heat pump| - + |+ + + + | - -
Heat boiler| - | + |+**| + + + | + | - -
Elec boiler | - | + [+™] + + + |+ | - -

*for down regulation only
**with a warm/hot water tank

Table 5.2: Generation technology abilities
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Some of the flexible power generating plants are possibly competing with the
EDVs, thus, making the benefits of the EDVs decrease. These are most likely
the gas turbines, heat pumps, and electric boilers, although the latter two are
also used by the heating system, not only as a flexible power demand. However,
the EDVs cannot provide the 2-3 weeks reserves, requiring other maybe flexible
power plants. Of course, these power plants do not have to be flexible, but since
they are used for maybe a month a year, the fixed costs are preferably low, as
with, e.g. the gas turbines. Thus, the EDVs cannot completely out-compete
the other flexible power plants, but the question that remains is whether these
power plants can out-compete the EDVs or devalue these.

For investments in Balmorel, prices and efficiencies for each of the power tech-
nologies are included as shown in Table In the table, both the variable
operations and management costs (V O&M cost) and fixed operations and man-
agement costs (F O&M cost) are given. The fixed costs are costs independent
of the amount of power produced, whereas the variable cost is per MWh.

Technology Sour Fuel Inv costs™ |V O&M cost| F O&M cost |Efficien
ce (M€/MW)| (€/MWh) [(k€/MW /yr)| cy**
Wind, onshore 9 - 1.22 11.5 - 1
Wind, offshore 9] - 2.2 15 - 1
OCGT 9] |Natural gas 0.57 3 8.6 0.42
Nuclear [25]| Uranium 2.81 7.7 55.5 0.37
CHP, medium 9 Wood 1.6 3.2 23 0.485
CHP, small 9] |Wood-waste 4 - 140 0.25
Steam extraction 9 Coal 1.1 - 34 0.51
CCGT, condensing | [25]| Natural gas 0.56 3.4 21.4 0.58
CCGT, extraction | [9] |Natural gas 0.47 4.2 - 0.61
SOFC 9] | Hydrogen 0.5 - 25 0.6
Solid Oxide electro.| [9] | Electric 0.57 - 14 0.98
Hydrogen storage 25]| Hydrogen | 0.00058 - - 0.83
Heat storage 17 - 0.00178 - - 0.99
Heat pump 9] | Electric 0.55 - 3 3
Heat boiler, biom. 9 Wood 0.5 - 23.5 1.08
Heat boiler, NG 9] |Natural gas 0.09 - 0.32 1
Electric boiler 9 Electric 0.06 0.5 1 0.99

*Investment costs will be annualised with a discount rate of 3% (low rate is due to

fixed prices)
**For heat pumps coefficient of performance (COP)

Table 5.3: Technology investment options in Balmorel for Paper I1. Investment
costs for heat storage and hydrogen storage are given as M€/MWh storage
capacity.
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CHAPTER 6

Results

The results of the analyses are presented in the respective papers. In this chapter
I compare the results from the different papers and comment on similarities and
differences. The chapter starts with a short overview of the cases studied in
the papers, including comments on expectations. The case descriptions are
followed by comparisons of the cases in the different papers, e.g. differences in
results when including only the Danish power and transport system and when
including the entire northern European power and transport system.

6.1 The Cases Studied

Paper III is an extension of Paper I, describing the road transport model we
have developed for Balmorel. Paper III includes a case study of the Danish
energy system in the year 2030. Sensitivity analyses on COy and fuel prices
are included as are quantifying the benefits of including V2G or only G2V. The
model developed is illustrated through the analyses, and the value of integrating
the power and transport systems is estimated. The results are interesting since
these are the first results from an integrated power and transport system model,
enabling calculation of the benefits of using the EDVs actively in the power
system.
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Paper II contains a description of scenarios to be invested in a Northern Euro-
pean case, including Denmark, Finland, Norway, Sweden, and Germany, again
for the year 2030. The expansion from the Danish system is in order to include
transmissions with the surrounding countries as well as including the flexibili-
ties from the hydro power in Norway and Sweden. My expectations were that
the value of the EDVs would decrease with the inclusion of extra flexibility and
transmission capacities.

Paper IV is an extension of Paper II including analyses of the northern European
countries. The scenarios were developed in order to try and answer the following
three questions:

e What is the influence on the configuration of the power system when
introducing V2G and what are the consequences/benefits of introducing
a percentage of BEVs?

e What is the economic value of the EDVs?

e How do the EDVs compete with other flexible technologies?

Wind targets (minimum required investments in wind power plants) are intro-
duced in some scenarios, recognising that it probably will be a political decision
how much wind to include in the national power systems. And finally, a sce-
nario has been run with a battery load factor of 50% (as opposed to 100% in
the remaining scenarios).

Doing the analyses gave me a better understanding of how robust the results
were. Furthermore, from the results it became evident how different the re-
sources are in these northern European countries, resulting in five quite different
power system configurations.

In Paper V sensitivity analyses on battery prices and capacities are performed.
The model is applied to the same northern European case as in Paper IV.
Focusing on the road transport system, diesel ICEs, diesel series PHEVs and
BEVs are included, the latter two with varying battery sizes.

Two analyses were made in Paper V:

1 Analysis of the influence of the battery capacity and the change in this.
In this analysis it is assumed that 25% of the vehicle fleet is BEVs and
75% PHEVSs.
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2 Analysis of the influence of battery pricing. This is done by having the
price change for different battery capacities. The model then invests in an
optimal vehicle fleet as well as an optimal heat and power system.

These analyses were performed to analyse the different possible outcomes of
the possible future configuration of batteries. Many uncertainties are apparent
when focusing on both battery prices and capacities. Doing the analyses, I got
an impression of whether the EDVs are beneficial even with different battery
prices and capacities.

Paper VI is analysing national versus international impact of introducing EDVs
to a power system in the year 2020 for a power system not configured to in-
clude the transport system. Four different charging regimes were introduced for
different levels of EDV penetrations. Consequences of introducing the different
charging regimes were analysed, focusing on how well these levels of EDVs could
be incorporated in a power system not configured to include the EDVs. Ques-
tions asked were, whether the low use of electricity capacity during night time
would be enough to cover the charges. And, whether flexibility is preferred to
cover the charging if all of the charging could be placed at night time.

For more details about the cases, see the description in the respective papers.

6.1.1 The hydrogen module

After running the model several times with great variety on oil and COs prices,
it becomes obvious that investments will never be in hydrogen related plants
or vehicles. The technology is simply assumed to be too expensive, even by
2030. Therefore, the remaining analyses have been made excluding the hydrogen
module, improving the calculation time drastically.

6.2 Comparison of Results

In this section results from Papers III, IV, V and to some extend VI are put
together and discussed in the context of having the results of all the analyses.
Detailed results on the different scenarios are found in the respective papers.
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6.2.1 Configuration of the energy system

Doing the analyses I was expecting to see the inclusion of EDVs resulting in
integration of a larger share of wind power. However, I was surprised to see
that the introduction of EDVs made it attractive to invest in so much wind
power. In Denmark the increased investments in wind power more than cover
the demand from the EDVs, leaving the system with a wind power share of 69%
of the electricity production in the year 2030 (Paper III).

GW
8 7
7 6l
6 s
5
4
4 B inl transport
3 3 Nov26
2 2 M No transport
1 4 1
0 - 0
Combined  CHPplant, Onshore wind Offshore wind C"'“bi"e‘: cycle,  CHPplant, Coal  Offshore wind
cycle, natural biomass natural gas
gas
(a) Denmark without transmissions (b) Denmark with transmissions

Figure 6.1: Investments in power generating capacity, 2030

Focusing on Denmark, the configuration of the power system changes with the
introduction of transmission to the neighbouring countries (see Figure [6.1]). Al-
though, the EDVs in Denmark will still be driving on wind (Papers III and
IV). The difference in the configuration between a system with and without
an integrated power and transport system is an increase in wind power invest-
ments more than covering the demand for power in the road transport system.
However, introducing transmission results in a large import of electricity to Den-
mark. Thus, the amount of new power generating plants invested in decreases
with 7.3 GW for the system with an integrated transport and power system,
and decreases with 6.3 GW for the separated systems.

Results from the analyses cannot be compared completely, since the analyses
differ in terms of investment costs of the different technologies (updated data
were available when writing Paper IV). This can primarily be seen in the in-
vestments in wind and in combined cycle gas turbines. However, the import is
mainly from Norway and Sweden, resulting in more power generated on wind
and water.

Furthermore, oil prices in Paper III were $100/barrel, whereas they were $120/bar-
rel in Paper IV. Focusing only on the change in oil prices should result in less
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investments in fossil fuelled power plants. Hence, the opposite of what is hap-
pening, due to transmissions and different power technology prices.

Results from Paper IV show that in Denmark, Norway, and Sweden, the EDVs
will be considered sustainable (not emitting any COs) because they help incor-
porate more renewable energy than used for driving. In Germany and Finland,
on the other hand, the EDVs are primarily driving on coal. For Finland, driv-
ing on coal is due to investments in wind power having reached the limit. For
Germany, driving on coal is due to bad wind resources. And increasing bat-
tery capacities, increase the investments in power plants using coal, as shown
in Paper V. Thus, the degree of renewable energy does not only depend on the
introduction of more flexibility, but also on the available resources.

An interesting result for Norway and Sweden in Paper IV is, that introduction
of EDVs does not really change investments nor generation. For Sweden and
Norway, being net exporters due to large hydro resources, makes it cheaper to
cut down on export before investing in more power generating capacity. Fur-
thermore, the facilities of hydro power plants with reservoirs help integrate high
amounts of wind power — both in Norway and Sweden and in the neighbouring
countries. However, increasing battery capacities do change investments in wind
power in Norway, whereas the level stay the same for Sweden (PaperV).

6.2.2 CO, emissions

Introducing EDVs I would expect CO4 emissions to decrease, if new investments
are allowed in the power system. This is due to an expectation of the flexibility
of the EDVs enabling increased investments in wind power. As has been seen,
wind power is not beneficial in all countries, and in the German case the EDVs
can be considered as driving on coal. However, the overall COs emissions are
decreasing with the introduction of EDVs.

The largest CO5 emissions, by far, comes from the German and the Finnish
power system. In both Germany and Finland COs emissions from electricity
generation increase with increasing battery sizes. This is because the increase
in electricity production comes from primarily coal and lignite power plants
when supply has to meet the increasing demand from changes in the driving on
electricity. However, CO5 emissions from the transport system decrease with
increasing battery sizes. It is evident, that the decrease in transport system
COs emissions is proportional to the size of the EDV fleet. The approximate
CO3 emissions decrease in the transport system going from ICEs to PHEVs are
shown in Table
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Country|CO4 emissions (mio. tonnes)
DK 7

FI 8

GE 123

NO 7

SE 14

Table 6.1: Approximate CO4 decrease in the transport system from introducing
PHEVs instead of ICEs in northern Europe (based on a scaling of the Danish
decrease from Paper 1)

In Denmark, the COs emissions from electricity production are higher the lower
the battery sizes, due to increased driving on diesel. Thus, this is the opposite
of the German and Finnish cases. With a decrease in CO, emissions in the
transport system, the overall COs emissions decrease, as for the rest of the
countries.

In the Danish case (Paper III), only a quarter of the CO2 emissions experienced
in northern European case (Paper IV) are seen. This is likely due to change in
technology data, thus, the investments in CCGT instead of wind turbines. In
Denmark, Norway, and Sweden, the transport system accounts for the largest
CO4 emissions in the respective energy systems. This is due to the high per-
centage of renewable energy in the remainder of the energy system in these
countries.

6.2.3 Value of V2G

The value of introducing V2G and not only G2V in a Danish energy system
without transmission is M€2 (Paper III). Focusing on the northern European
energy system, the value rises to M€18 (Paper IV). Although, the size of the
power and transport system is very different, the decrease in system costs due
to the introduction of V2G does not change that much. In the Danish case, the
decrease in costs amounts to 0.023% of the total system costs, whereas in the
northern European case, the decrease amounts to only 0.009%.

Furthermore, V2G is used very differently from country to country as shown in
Paper V. In Norway the V2G is not used at all. In Germany, however, V2G
is heavily used at all times of day, due to the batteries enabling a more stable
production on the remaining fossil fuelled power plants. Thus, Germany creates
a large proportion of the cost decrease due to introduction of V2G.
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I was surprised to see how few benefits the contribution of V2G gave to the power
system. I was expecting the value of including V2G to be greater. However,
digging into the reasons, I found that the main value in V2G lies within the
hour. Thus running Balmorel with hourly time steps cannot capture the real
benefit of the EDVs contributing with V2G.

6.2.4 Battery expectations

A battery size expectation of 10 kWh for the PHEVs and 50 kWh for the BEVs
has been used in Papers II-IV. However, focusing on Paper V, most of the
benefits with the introduction of the EDVs are found when reaching a level of
7.5 kWh for the PHEVs and 43-58 kWh for the BEVs. Thus, for the BEVs the
primary benefits should be included, whereas, for the PHEVs it seems like the
batteries could provide almost the same benefits for less cost at a size of 7.5
kWh instead of 10 kWh as used. The cost reduction of the integrated power
and transport system, of course, depends on the battery prices and varies from
approximately M€200 to approximately M€4,000.

Results being this robust to the changes in both battery prices and capacities
was rather surprising for me. However, it also shows that the benefits provided
to the power system by the EDVs are very valuable. These benefits could be of
great importance when trying to get people to both buy the EDVs and securing
that they will let the power system get good use of the batteries.

These results are in favour of not having the vehicle owners bye the batteries,
since the high vehicle prices might have people choose different vehicle types.
However, having the power system own the batteries and the vehicle owners rent
these, seems like a good solution. With an agreement of the power system being
able to make use of the batteries while the vehicles are parked, the solution
seems beneficial for both the consumers and the power system.

6.2.5 Oil and CO, prices

Sensitivity analyses in Paper III show that changing oil prices from $100/barrel
down to $90/barrel does not change investments in the vehicles, neither does
reductions in COq prices to €30/ton. However, low oil prices in the case with
the northern European countries (Paper IV) changes investments to include only
diesel ICEs.

As for the power system in Paper IV, high oil and COs prices result in increased
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investments in wind power. Even for Germany, high prices on both oil and CO»
results in some investments in wind power being attractive. Low COs prices,
on the other hand, results in a shift in investments in most power systems from
wind to coal, in Denmark generation on coal increases from 4 TWh to over 30
TWh. Low oil prices also results in a shift from wind to coal although the shift
is not as pronounced.

In the Danish case (Paper III) the changes in the power system configuration
are very small, with oil prices varying from $90/barrel to $130/barrel and with
decreased CO4 prices.

Hence, neither inclusion of transmissions nor the technology data change result-
ing in more expensive wind changes the configuration of the Danish power and
transport system.

6.2.6 Competition between EDVs and flexible technolo-
gies

Focusing on Table 5] (page B7)) and Table (page [62)), it seems like the
EDVs can compete with the flexibility provided by heat pumps, electric boilers,
gas turbines and heat storage (the latter not mentioned in the tables). Heat
storage, electric boilers and heat pumps all provide flexibility for the heating
system as well, thus, excluding these will also have influence on the heating
system. However, EDVs cannot provide the flexibility of providing power or
not demanding any power for 2-3 weeks that can be provided by the others.
Based on these observations, I believe the EDVs are able to compete with the
electric boilers (being rather expensive) and heat storage. To some extend I also
believe the EDVs to be able to take over some of the role of the gas turbines as
peak-load plants.

Eliminating heat storage and electric boilers (Paper IV) does not influence much
on the configuration and operation of the rest of the power system. EDVs are
used more actively, especially in the case with BEVs included in the system.
Thus, the EDVs can replace and, hence, be in competition with the heat stor-
age and the electric boilers. This effect is also reflected in Paper V, where
investments in heat storage decreases with increasing battery sizes, especially
in Germany and Finland.

Eliminating heat pumps and gas turbines (Paper IV), on the other hand, have
massive influence on the investments in wind power and coal steam turbines.
For Denmark, Norway, and especially Finland, investments in wind power de-
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crease in these scenarios. On the other hand, investments increase in coal steam
turbines for both Denmark and Finland. The use of the EDVs by the power sys-
tem also reflects this observation, since no significant changes are to be found.
Thus, EDVs cannot replace all of the flexibility provided by gas turbines neither
can they replace heat pumps, however, this might be due to the heat pumps
also producing heat.

Surprisingly the EDVs do not make a difference to the peak-load plants. This
might be due to the EDVs not contributing to the capacity credit equation in
any of these analyses. This will be commented upon in Section

6.2.7 Electricity prices

With an introduction of an extra demand, I would expect electricity prices to
increase. However, because of an expectation of an increasing penetration of
wind power, the prices would probably not increase very much. Furthermore,
I believe that the electricity prices will experience smaller oscillations due to
the flexibility of the EDVs being able to charge or discharge at times when the
power system is experiencing high fluctuations in either generation or demand.

In Paper IV, including EDVs remove some of the fluctuation in the electricity
prices (Figure [62]). Thus, the EDVs supply some of the flexibility needed in
order to meet demand. The prices of electricity do not increase with the intro-
duction of EDVs (except for Sweden). This is due to better utilization of the
base load power plants as well as integration of more wind with cheaper power
production. Hence, besides the power system being cheaper, the EDVs do pro-
vide benefits to the electricity system, no matter if the power system contains
more renewable energy or not.

Introducing 25% BEVs results in electricity prices smoothing out further and
staying at the same level as without BEVs for all countries but Sweden. This is
also evident from the observation of electricity prices having smaller and fewer
oscillations the larger the batteries, in both Denmark, Norway, and Germany
(Paper V). Thus, lower peaks and higher downs in the prices are experienced.
In Finland, the electricity prices are increasing slightly with larger battery ca-
pacities, although, still with less distinct peaks and downs. Finally, Sweden
experiences increasing prices with increasing battery capacities. The stable pro-
duction and, thus, less export results in the increase of the power prices.

I find it both interesting and surprising, that Germany do not experience an
increase in the electricity prices. The EDVs only results in incorporation of
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