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SUMMARY

The call for lowelCQ emissions has increased tipenetration of renewable energy
sources(RES¥»uch as wind and solar energy the electricity system. However, these
intermittent sources do not follow thdraditional daily cycles ofelectricity demand.
Secondly, renewable energy sourca® unpredictable in their natutetheir output is
dependent onmeteorologicalconditions.As the electrical system needs to constantly
balance supply and demand, these renevealburcespose problemsto the secure
operations of theelectricitygrid.

Currently the main focus of reducing the negative effects of RES integration has been
on the increase of interconnectedness between regions. As renewable outpu-is d
pendent on local weather conditions, interconnections between regions can be used to
transport electricity from locationsvith favourable weather conditions tdocations
where RES output is low.

Next to transmission,lectrical energy storagéEES)s proposed as a solutioto deal
with the issuesthat come with renewable energy sourceBy storing energy when
supply is highand discharging when supply is low, storage is able to redaeogoral
discrepancie®etween supply and demand.

From the short analysis given above, the technologies seem to have thestabie
lising kind of effects on the power system, making them substitute for one another.
However, some studies suggest that the technologies are complementary, meaning that
the vale of one technology will rise if thmapacity of theother increasesnd vice versa
As the transmissiosystemis in the hands of the regulated transmission system aper
tors, the interplay between storage and transmission might pose regulatory problems.

The objective of this thesis is to find out what relectricity storagecanplay in the
transition to a sustainable electricity system and which policies can be adopted-to e
sure adequate development of stage.

This research focusemn bulk electricity storage, a storage type used to level out
hour to hour, day to day or seasonal variations in electricity supply and demand. Four
different technologies are currentlgvailablefor this purpose: pumped hydro storage,
flow battery storage, compressed ainergy storage (CAES) and hydrogen storage.
Because pumped hydro is an acceptechnologythat is already applied in most regions
of the world, the latter three were used in the analysis

Flow battery storage has low power specific and high energy speorgstment cost,
making it suitable for storage of multiple hours. Hydrogen (H2) storage has high power
specific and low energy specific cost. This makes H2 suitable for storage durations of
multiple weeks. CAHfs in between these technologies anisimost suitable for storage
of a few hours to multiple days. Interestingly, the efficiency of the technologies follows
the same order as their optimal storage duration. Flow batteries, CAES and H2 have a
round trip efficiency of 75%, 70% and 40% respectively



Summary

Toresearch the effects dadlectrical energystorage on the operation of the electrical
sydem, an optimization modelusing an innovative modelling approads built. The
optimization model conceptually represents the European grid. However, instéad
using individual countries, the European electricity system has loidded in three
nodes, a northerna central anda southern node. As both the north (Scandinavia) and
the southof Europealready have a lot of storage capacity in the form of pumpedro
storage, the researcfocuseson introducing storage in the central region. This central
region, which includes the UK and Germany, is expected to have the highest RES pen
tration levels in the future and is therefore a suitable test subject.

For the analysis, predictions from ENTFE@boutfuture installed generation cap&c
ties were used.To test the value of storage for different levels of RES penetration, the
installed capacities of wind and solar were multiplfeain the base predictionSecon-
ly, the transmission capacity limsedon expectations about future capacities and scaled
to include a pessimistidofv transmission) an optimistic scenario (high transmission).

The value of storage in systems with relatively R&Spenetration primarily ies in
allowing cheaper base load generators to run at a more constant output level, avoiding
start-up cost of these bulky generators and reducing the use of more expensive peak
load generators. Introducing @Q cap in this scenario reduces price variance between
fuels end reduces the value of storag&hortstorage duratios are enough to prevent
most cycling and therefore flow batteries are the technology of choice irsituiation

The variable cost savingshieved by storage increase under the increase of renew
ble energy sources (RES) in the system. In this case, the primary value of storage lies in
the reduction of curtailmerit During periods of oversupply from RES sources, energy is
stored for later use ACQ cap increases the ua of storage in this scenariohd differ-
ence between curtailing energy and the cheapest dispatchable plant becomes larger,
which benefits the storageAs more energy needs to be stored during periods of high
RES output, stoge duration becomes more important. The highesttoegluction is
reached by CAES, a technology witheasonablyhigh efficiency in combination with
storage durations of multiple days.

After increasing the RES penetration even further, the value of gretoyage redo-
es. In theory more energy could be loaded as periods of RESsapply start being
more frequent. However, the periods in which energy can be discharged from the sto
age become more infrequen®s periods of overand undersupply are now fther
away fromeach other the highest value is generated Isyorage with long storage
duration;the efficiency of the storage becomes less important.

Transmission has a negative influence on the value of storage. The fact that more e
ergy is transmittedand stored when introducing more storage transmission makes
the technologies technically complementary. However, both solutions deliver the same
functions: they reduce operating cost vellingout discrepanciebetween supply and
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demand, either in &patial ortemporal matter. Storage and transmission are therefore
economical substitutes.

The current analysimerely includes savings in variable costs, which are not high
enough to justify investments in storage under current investment costs. Howexek
of others suggests that storage is able to deter investments in transmission, distribution
and generation capacity. Secondly, the used model is deterministic and does not allow
storage to benefit from prediction errors in RES output and demands vEthile increase
together with an expected investment cost decrease could make storage a viable option
for the integration of renewables.
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Chapter 1

INTRODUCTION

Every decade since 1850 has had a higher global average tempetta¢uréts pie-
ceding decade. Higher temperatures cause sea levels t@andacreasethe chance of
extreme weather events like hot spells, droughts atorms (IPCC, 2013Yhe impacts
that climate chage will have on human societiase enormous and should be avoided
especially because the earths poorest are likely to be most hesftdgted (the World
Bank, 2012)

It is now well accepted that climate change is the resulC@&} emissions are the
cause ofthe observedglobal warmingSince the industrial revolutiortarbon hydrates
that have been stored ifossilfuels overmillions of years are being released into the
atmosphereat an ever increasing pacé&o keep global temperaturgse under 2°C it is
important thatworldwide CQ emissions are cut drasticafiPCC, 2013)

1.1. Problem orientation

The current electricity system is almost entirely based on the combustion of fossil
fuels and accounts for approximdely 40% of globalCQ emissions (Saber &
Venayagamoorthy, 2010n an effortminimize the effects oflimate changethe EUhas
set out policies to reduc€Q emissions In 2030, thetotal EuropeanCQ emissions
should be reduced with 40 to 44% compared to 1990 levels. As expectations@Bout
reductions in the electricity sector are high, a reduction of 54 to 68% is restjdor
2030 By 2050 the European Commission wants to reduce greenhouse gasoeisy
approximately 80% (compared to 1990), the expectation is that the power sector will
need to reduce emissions with at least 983aeach theoverall80% target(European
Commission, 2011)Thesepoliciesrequire usto move towards an almostQ-neutral
eledricity sector in lesghan 40 years.

The fact that other sectors will also be increasingly dependent on electricity for their
energy supply makes the transition even more challenging. For instance, it is expected
that the transport sector will be largelelectrified within the coming decades
(Verzijlbergh, Brancucci Martinémido, Lukszo, & de Vries, 2014t the same time,
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heating of dwellings and officeswill switch from gas fired boilers telectrical heat
pumps.

Nonetheless, e expectations abou€Q reduction in theelectricity sector are not
unfunded, several technologigbased on the current energy systeare availablghat
are ale to produce electricity witbut emitting greenhouse gasses. Nuclear energy has
no CQ emissions and is already widely applied in the electricity sector. Traditional fossil
fuel plants can be fuelled by bio fuels or can capture @@ from their flume gasses
and store this in underground cavities such as empty oil and gas, fiblidsstorage
process is called Carbon Capture and Storage (CCS)

However, nuclear energy and C€&fsne with their technical and societal downsides.
After the nuclear meltdown in Fukushimaountries are critically reviewing thestock
of nuclear plants and eithechoosing toclose down existing plants or not permitting
new ones. Besides, problems with long term storage of radioactive waste have not been
solvedto date. CCSsideemed too expensivat this moment, as can be seen from recent
developments in RotterdantNOS, 2014)Furthermore, CCS s$sibjectto public distrust
which hamperdarge scaleesearch project$NOS, 2010)

Renewable Energy Sources (RES) such as wind andasolelean, safe and have
proven their technical feasibility. In an effort to comply with international agreements,
country specific support packages have boosted the shares of renewable energy in the
electricity mix in recent years. With these developments have also come great-redu
tions in the cost of renewables, almost closing the gap betwtbencost of renewables
and traditional technologies. Therefore, renewable energy sources are generally seen as
the most promising solution to dearbonise the electricity sector.

In spie of their benefits technologies like wind and solar energyctiuate with
weather conditions andheir output is uncontrollable During periods of unfavourable
weather conditions, the output of solar and wind can be z&esides, due to weather
forecasting errors, the output of renewables is uncertain. Wlege shares of reneav
bles are introducednito the system, the uncontrollability and uncertainty the output
poses new problems for the electrical systéRichardson, 2013puring periods of low
wind and/or solar irradiation the gap between the supply and demand needs to be met
using dispatchable baakp generators. During periods of high RES output and low
demand not & electricitythat is produceds used possiblyresulting in negative prices
and high grid loads.

Several solutions have been proposed to solve the issues aromesvabdle energy.
First of all, consumers should be able to react to the amount of elggtiizat is syo-
plied to the grid. Tis can beachieved through price incentives in combination with
technical developments such as smart grids and electric vehi@esondly, a stronger
interconnected network is able to benefit from differences in weatoeer a larger
area, exporting electricity from windy or sunny regions to areas with less favourable
conditions. Finally there are possibilities to store electric energy, in for instance hydro
reservoirs or batteries, in order to use the produced energy &ter point in time.
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1.2.  Solutions to introducing renewables -
state of the art

Thisparagraphshortly goes into the effects that the solutions presented above have
on the integration of renewable energy into the power system. Subsedtidri looks
into the effects of interconnection, sectidh2.2looks at storage and demand response
and sectiorl.2.3concludes by combining the 2 solutions.

1.2.1. The effect of transmission capacity on the
future electricity system

Transmission capacity can help in transporting electricity from locations higgh
RES output to areas with low output, enabling higher penetration levels. A recent 10
year network development plan by the European Network of Transmission System
Operators for Electricity (ENTE) identifies 100 bottlenecks in the transmissios-sy
tem, 80% due to integration of RES. The ENGSOLJ | ya G2 Ay@Said emnn ¢
coming ten years alon€éENTSEE, 2012 pg. 127). Brancucci MartineAnido et al.
(2013) conclude that no further investments in the electricity grid are needed before
2025 if the current plans for both grid expansion and RES penetration are executed,;
local network congestion is more important within that time frame.

Looking at the market side of grid expansion it seems that both RES and base load
suppliers benefit from grid expaions, other generating technologies do not benefit (or
even detriment), causing possible conflicts between suppliers and the transmission grid
operators. In general the dispatch costs are reduced as more areas can benefit from high
RES output at differdh £ 2 OF GA2ya FyR FTNRBY 20KSNJ O2dzy i NAS&
low output of RESC. Brancecci MartinezAnido et al., 2013; Schaber, Steinke, &
Hamacher, 2012)

Heide et al. (201resent an optimization model and minimize the required storage
cagpacity under the assumption that 100% of energy is provided with wind and solar
energy. They find a mix of 55% wind and 45% solar to be opfodtiguez et al. (2014)
use the same optimization technique to look into a future Europe where RES teehnol
gies generate an amount of energy equal to the yearly energy demand, energy that is
not consumed goes to waste. They find that the average amount of energy produced by
backup plants is 24% in a scenario without any cross border transmission, lettag ele
tricity flow unconstrained reduces this to 15% of total energy production and can be
achieved by increasing transmission capacity by a factor 12. An intermediate tsansmi
sion capacity is chosen at half of the unconstrained capacity resulting in a backup plant
energy need of 18%5chaber, Steinke, Mihlich, & Hamacher (20st3je that minimal
storagerequirementis achieved with a ratio of 80% wind and 20% solar generation.
Heide et al. extrapolate installed capacities from 2020 plans of individual European
countries while Schaber et al. use the available full load hours to determine the location
of the renewable surces. Whether the difference in location is the only reason for the
difference in optimal ratios isnclear fromanalysinghe articles. However, both articles
come to the conclusion that a 5 to 6 fold increase in transmission capacity is mést opt
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mal far a fully renewable European grigRodriguez et al., 2014; Schaber, Steinke,
Mdhlich, et al., 2012)

Becker, Rodriguez, Andresen, Schramm, & GrgR@14)use results fromRodriguez
et al., (2014Yo research the transitional path towards a future 100% renewable-Eur
pean electricity grid in 2050, meeting the European goals of 2020 on the way. Heavy
investments in the grid need to start by 2025, continuing all the wayoup050. At
hough the investments seem large, multiple studies suggest that they are feasible as
their costs are low compared to investments in RESker et al., 2014; Rodriguez et al.,
2014; Schaber, Steinke, & Hamacher, 2022jyemaining problem is that in the begi
ning investment is attractive for early adopters of RES because of high exportaxpect
tions. Howeve, later, when all countries have high penetration levels, the value of
these lines decrease with the lower export possibili{Becker et al., 2014)

1.2.2. The effect of storage capacity on the future
electricity system

A ¥ 4 A x

¢tKS SELISOGSR AYyONBI asS Ay ofportSndyifoiiheeler SKA Of S&
tricity grid (Verzijlbergh, Brancucci Martindnido, Lukszo, & de Vries, 2013he b&
GSNASE 2F LI dA3ISR Ay 9+Qa @IDAlnges Gadd, KR & &Yl
Wietschel, 2013)A requisite is the presee of a system that manages these charging
RSOAaA2yas (GKS &YFNI 3INARI 20KgmedesanS 9+Qa 2
Whitacre, & Apt, 2010)As the process of charging and discharging causes increased
RSINIRIFIGAZ2Y 2F GKS @SKAOfSa olF GidSNEn-AG A& SEI
creasing demand during effeak hours, also known as pestkaving(Richardson, 2013)

In addition to the use of electric vehiclegveral independent storage technologies
are available. The most wédhown and most widely applied technology is pumped
hydro storage. Multiple other storage technologies are currently available and under
development. These technologies include batteriganpressed air, hydrogen fuel cells
and flywheels (lbrahim, llinca, & Perron, 2008; Kaldellis & Zafirakis, 2007; Steinke,
Wolfrum, & Hoffmann, 2013) The applicability of different technologies is dependent
on parameters such as cost, efficiency, storage capacities (MWh), output capacities
(MW), and the ratio between these parameters. In order to solve the issues with the
intermittency of RES only pwped hydro powerqualifies as a suitable technology
(Ibrahim et al., 2008)Kaldellis and Zafirakis (200&s0 see benefits from the use of
compressed air storage, although the cost of this technology is currently above that of
pumped hydro storage. The optimization model used $ieinke, Wolfrum and
Hoffmann (2013)suggests storage capable of delivering 90 daysvefage demand
would be necessary to fully eradicate bagk plants. They conclude that pumped hydro
and battery storage is sufficient for regional grids and see a role for hydrogen fuel cell
combinations for larger grid applications.
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1.2.3. Combining the effects of transmission and storage

Both transmission and storage of electricity serve the same goal, level out supply and
demand, either in a spatial or temporal manndterzijlbegh et al. (2013Jind that, in
scenarios with low RES penetration (the expected scenario), transmission and storage (in
GKAa OFasS Ay 9xQa0 NP adzadAddziS GSOKy2f23AS
the technologies become more and more compintary. This is explained as follows:
when the high output of RES has saturated all the EV batteries in one area, the sansmi
sion network offers access to storage capacity in other locatiSteinke et al. (2013)
also find substitutability for the two technologies, but do not find the complementarity
at high RES penetration. This can be expldiby the fact that they model individual
cells (without connections to surrounding cells) instead of the physical grid, therefore
the electricity generated in one cell cannot be transported if its own storage is $atura
ed.

1.3. Problem statement

It seems thaboth electricity transmission and electricity storage can help in iresrea
ing RES penetration in the European energy system. Although one(Stejlbergh et
al., 2013)suggests that the technologies seem complementargituations with high
RES levels, it seems that the two technologies will be substitute for the coming years,
especially during the transition into a more renewable electricity system. In opposition
to the similar role that the technologies could plage laws and regulations for the
technologies are fundamentally different. The European transmission system is-opera
ed by natural monopolies, the Transmission System OperatorsQfpa@d therefore
heavily regulatedEY, 2013; Glachant, Saguan, Rious, & Douguet,.2Bb8age capac
ty however is a very differentechnology;it can be seen as a facility that produces
energy, as any other power pig with the only difference thaits fuel needs to be
ordered from the electricity market itselLike any generator they are not naturabm
nopolies and therefore not heavily regulated.

This contradiction poses issues, although the @@n clearly berfi¢ from an in-
crease in storage capacity due to the lower investment needs in transmission capacity,
investments in storage are made by private parties. On the other hand, private investors
are at risk when investing in storage as the need for storage tntiglreduced by an
increase in transmission capacity. Some countries, such as Ireland, already hase regul
tions in place that make some storage capacity fall under transmission assets, other
countries like Germany and the U.K. regulate storage as any affigérconnection
(European Commission, 2013is situation makes the development and future role of
storage in the electricity system uncertain.

To address this uncertaintyhis thesis describesquantitative research into the
sible future roles of different lectricity storage techniqueslooking especially at the
interrelations between electricity storage and transmission
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1.4. Research questions
Based on the research problem above, the main research question can be formulated:

What roles can electricity storageay in the transition to a sustainable electricity system
and which policies can be adopted to ensure adequate development of this storage?

Based upon the main research question, several sub questions arise:

1 Which electricity storage types are availablehat are their characteristics and
which functions can they perform in the power system?

1 Which modelling technique is best able to capture the effects of storage on the daily
and seasonal cycles of consumption and production?

1 How can the effects of storagon the electricity grid be captured into a quantitative
model, both conceptually and formaly

1 What is the effect of the storage technology and the technologies characteristics on
the value is has for the power system?

To what extend do storage and tranission influenceach othef
What are the effects of storage on the operation of the electricity system?

In what kind of power system is storage able to generate value?

E_ I T |

How can storagee beneficial fothe integration of renewables into the powersy
tem?

1 What is the effecof electricity storageon the actors within the power sector and
which strategies can they use to optimally benefit from electricity storage?

1.5. Thesis outline

Chapter 2explains general power sector concepts and goes into the current state of
electricity storage technologie<Chapter 3uses this knowledg® present a mathemat
cal formulation ofan optimization model; a discussion about modelling approaches in
the power sectomprecedesthe model formulation Chapter 4shortly describes how the
Y2RStf LISNF2NX& dzy RSN WNBEFTSNBYy OSQInChapieRA G A 2y &
5 the model is used for analysing the role of storage in a highly renewable electricity
system.Chapter &discusses model results and explains the implications for the electric
ty sector.Chapter 7concludesand doessuggestions for future researchinally,Cha-
ter 8 takes a few steps back amilves a personal reflection upon the process of writing
this thesis.



Chapter 2

THE ELECTRICITY SYSTEAND
ELECTRICITY STORAGETHE BASICS

Before presenting the nthematical model formulationGhapter 3, a short intraluction
about the functioning of the ektricity sector will be giverSecondly the currenéconomic
and technicatlevelopmentsn the field of electrical energy storagee presented

2.1. The electricity system

Electricity is a highly important commaodity in our modern society. During a black out,
the entire economy comes to a grinding halt. However, many people only know that if
they plug an electricahppliancein a power socket, electricity magicaflpws outand
powers the device The complex systeraf generation, transmission and distribution
that exists behinda power socket idargelyunknown. To better understand the rest of
this thesis, a very (very) briéfitroduction to the functioning of the power seact is
given The model described i€hater 3 is based upon the description given in this
chapter. For more information, textbooks likéérezArriaga (2013) give an extensive
overview ofboth the technical and institutiondlinctioning of thepower sector.

2.1.1. Generation, transmission and distribution

Traditionally,electricity is produced in largdispatchable power plants likeuclear
and fossil fuel plantsThe produced electricity is then fed to tlégh voltagetransmis-
sion network. The transmission netw@unction is to transport large bulks of eleciric
ty from the location where the eledtity is produced to locations where electricity is
consumed. Small consumers are not directly connected tdrédmesmissiometwork but
to smaller and lowewoltage distribution networksThissystem isillustrated in Figure
2-1.

Recently, more and more renewable energy sources (BRESistributed energy
sourcesare added to the networkThis changes thieierarchicalstructure of the electi-
ity system, where powersed to flow from generators to the consumers via the #an
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mission and distribution network it is now also possible that the flows are revefsed.
schematic representation of the changing power system is showigumre2-2.
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Figure2-1: Schematic representation of traditional power system

Although argerenewableenergy sources like groups of wind turbines are conrgcte
to the transmission network,nsaller energy sourcelike individual wind turbines, solar
panelsor combined heatand power (CHP) plants are cauated to the distribution
network. If there is an oversupply of electricity within a distributamea, this eletricity
flows back onto the transmission network into othdistribution grids.

LY 9dzNBLISS AYRAGARdzZ f O2idigidomhkcted Ristdiiddl V4 YA 3 & A 2
ly these interconnections were used for security reasons. Due topthiitical goal of
integratingthe Europearelectricity marketand the increase in renewable energy capa
ity, the interconnectedness has increased and will continue to d@Edir SEE, 2012a)

The combined development of increased renewable energy sources and better inte
connection opens up thpossibilitiesfor electrical energy storagdeES)As the output of
renewables is dependent ometeorologicalconditions, demand and supply of energy
will increasingly mismatch. Although the interconnectedness of grids makes it possible
to exchange power with regions that have lessewableenergy availake, neighbou-
ing countries show higtcorrelation in weather patterns and therefore international
exchange is not always possilfidagl, Fursch, & Lindenberger, 201BES can store
oversupply for times where supply is low.
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Figure2-2: Schematic representation of changes in power system

2.1.2. Consumption

The demand for electricityaries depending on the hour of the day, tbay of the
week and the seasons. The daily pattern follows a day night pattern with low demand
during the nights and high demand during the day. On weekdays the demand islgenera
ly higher than in weekends. Fihalmost countries have their peak demand in winter;
however, some warmer regions have their highest peaks during the summer due to the
use ofair-conditioning

Because demand and supply have to balasiceach and every momenpredictions
have to be mad about the future demand. In a traditional power system, large gener
tors are dispatched in such a way that they are able to mbetexpecteddemand.
Becauseof the repetitive patters, this was relatively easymall variations from the
prediction stilloccur but these can easily be managed by adjusting the output of already
running generatorsvhich keep a margin, called a reserve, available to change output on
a second to second basis.

In future power systemst will be increasingly difficult to matctupply and demand.
The introductionof renewables has introduced a new term in the power sector: residual
load. The residual load is the load that remains after the power outgfunon
controllable sources such as wind and solaas been deducted from theednand.
2 S GKSNJ LI &GS NydemaRdpaft€ris; theréfdref th cesidiilak I8ad does
not follow the daily patters as described above and makes it more difficult to plan the
dispatch strategyBesides, dugo the weather prediction errors the residualemand is
growing more uncertain. This increases the difference between expected and actual
load, making it necessary to increase the reserves that generators have to keep in order
to follow prediction errors.
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Next to the physical layer of generators and electriciples there is an entire in$t
tutional layer that ensuregeliableoperationof the power systemSeveral actors can be
identified and will be discussed shortly.

As discussed above, there agectricity consumers and producers. Thensumers
and produces come together on the markeind the combination of demand and supply
results intoa market priceln awell-functioningmarket, the cheapest generators supply
the demanded electricity. Thmarket price corresponds to the production cost of the
most expensive generator running at that moment

Only large consumers directly bid for electricity on the markshall consunrs are
represented by retail companiethese companies buy electricityofn the market and
sell this to their consumers for fixed pric&mall consumers are therefore not exposed
to market prices. This causes a large part of the demand to be inflexible to the market
price; therefore the supply curve determines most of the nedrgrice. Aftersupply,
demand and price have been set, the consumers and producers provide the&-agre
ments to the transmission system operator (TSO).

TheTSO is rgmnsible for the balance in the transmission system. Using the received
production and casumption information, the TSO determingke expected flows
through the transmission network. If the flows cause a systararload, themarket
basedproduction and consumption schedule needs to be changed by the TSO in order
to come to atechnicallyfeasble schedulelf system overload becomes frequenty- i
vestments in the network are necessaBecondly, the TSO makes sure enough reserve
capacity is available in order tjuicklyrespond to mismatchem predicted and actual
demand.

2.2.  Current state of e lectricity storage

Currently, electricity storage is not used on a large commercial scale. Only 4 ltechno
ogies havea global installed capacity greater than 100 Miiese technologies include
pumped hydro storage (PHS), compressed air energy storage (Gagi@msulphur
batteries and thermal storagéDenholm, Ela, Kirby, & Milligan, 201G)obalcapacity of
storage technologies is approximately 141 GW, of which more than 99% is pumped
hydro storage, se€igure2-3.

Many reasons exist for the fact that electty storage is not deployed on a large
scale. First of all, electricity is not easily stored by itself. Most EES technologies first
transfer the electrical energy into a different form of energy, such as potential energy
for hydro storage, and have to ceert it back to electrical energy later. These canve
sion processes come with energy losses. Secondly utilities have nodlyainderstood
the wide range of benefits that storage can have, they are oftenofiuby perceptions
of risk and technicdkasbility (EPRI, 2003, ppg25).
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Lithium-ion 100

ead-acid 70
__Nickel-cadmium 27
Sodium-sulphur Flywheel 25
304

“\_ Redox-flow 10

PSH 140 000 Qther 976

Figure2-3: Worldwide installed electrical energy storag¢EPRI, 2010)

Thewide range ofusesof EES can be roughly divided intoee categories. Firstly,
EES technologies can be usedptovide powerquality support. As the grid electrical
greed needs to be in constant balance, small variation in demand and supply cause
voltageand frequency to vary on a second to minute basis. The fast response time of
some EES techniques can be useddatifiely to level out small and fast variationscSe
ondly storage can be used to level out hour to hour, day to day or seasonal variations in
electricity demand These variations are caused by aéght rhythmsor the difference
of electricity need in sumer and winter. Delivering energy over period of multiple
hours or more is called energy management or bulk energy stofagernational
Energy Agency [IEA], 200®inally, bridging power fits in between power quality and
energy managemenBridgingpower, delivering from minutes tone hour, can be seen
as whatis previously described ag@serve. These reserves are used to let fast redpon
ing dispatchablegenerators come online to meet weather or demand forecast errors.

Although many sources provide information about the technaradl ecoomic pa-
rameters of EES, uncertainty around the efficiency and cost of storage technologies
remains. The reported efficiencie®metimesexclude the cost of converting alternating
current (AC) to direct current (DCGGometimesthey also do not inclde parasitic loads
that are for instance used to regulate the temperature of #terage;these parasitic
loads vary greatly between locations basedi@ralconditions. Besides, cost estimations
are based on individugpilot) projects, of which the costare influenced by both Il
tional factors and global economic tren{@enholm et al., 2010)

In the rest of this seatin, more details will bgivenabout various EES technologies.

® This figure excludes thermal energy storage as thermal energy is usually not converted back to

electricity
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2.2.1. Pumped hydro energy storage

Pumped hydro energy storage (PHS) is the most applied type of energy storage. It is
based on pumping water from a low to a higéservoirand stores energy as potégal
energy. During periods of higher demand, water is released through a turbine and the
potential energy is converted back into electricifihe storagecapacity is a function of
the height difference between the reservoirs and the storedhter volume (Evans,
Strezov, & Evans, 2012)

Many of the European large scale hydro dams were constructed in the middle of the
20th century. Later, small pumping capacities were added to these dams in order to also
be able to store electricity. ThHeusinesscasefor PHIn Europe existed whenetworks
still had little interconnectionand hydro storage wasised to balance day night diffe
ences As the European grid becomes more and more interconnected, PHS plants are
increasingly cycled multiple times a day to reduce fluctuation cdumse renewables
(European Commigsi, 2013)

The advantages of pumped hydro are the large volumes of stored energy, small sto
age losses and relatively low cost per unit of energy. This makes it a technology that is
suitable for energy management armtidging power. However, the respae time of
PHS is fast enough to also provide power quality sergtchen et al., 2009)

Although pumped hydro is the most mature and codicédnt technology to store
electricity, there are some clear downsidehieTneed for tworeservoirsat different
altitudes makes PHS location dependent. These locations are H#tefnom load cae-
tres, which adds to the cost by having to develop transinisdines(Evans et al., 2012)
Besidesthe reservoirsof PHScause environmentalamageand often have long lead
times.

In the future, existing conventional hydro power plants willibereasinglyequipped
with pumping capacity, in this way these hydroelectric dams can also store energy.
Besides, hydro and pumpdd/dro storage will beequippedwith more generators that
can change output quicker, adding even more operational flexibilEyropean
Commission, 2013)

Other cevelopments are being made in the use of undergrouaditiesfrom empty
mines for the lowerreservoir Inthis way the uppereservoircan be at ground level.
Using this technique reduces the environmental impacts of PHS ptamisiderably
(Mahlia, Saktisahdan, Jannifar, Hasan, & Matseelar, 2014)

2.2.2. Compressed air energy storage

Compressed air energy stga (CAES) has the second largedhalmstalled capad-
ty. To store energy, the technology compresses air and pumps thigmmpdy gaspil or
salt caverns. To release energy, the air is released from the cavern and used to improve
the efficiency of a conventional gas turbirkhis impliegshat CAES combusts fossil fuels
and emis CQ.

12
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However, developments are being made with adiabatic compressed air energy sto
age (ACAES). -£AES also stores the heat that is released during compression and re
uses theheat when thecompressed air is reised. This removes theecessityfor a gas
turbine. With ACAES, round trip efficiencies of 60 to 80% can be reached. However, the
technology is still in its planning and demonstration ph@€eess & Zach, 2014)

Currently, twoconventionalCAES plants are operational: 1 in Huntorf, Germany (290
MW, 3 hr) and 1 in Mcintosh, Alabama, USA (110 MW, 26 hr). Several other projects in
the US,Japanand SoutkAfrica ae under consideration or constructiofChen et al.,
2009)

Like pumped hydro storage, CAES is highly dependemdaational factors for the
possibilities to store compressed air in underground cagseHowever, there are more
suitable locatios then one would expe¢t80% of the US territory has formations that
are suitable for CAHEPRI, 2003, pp. ¢9). Besides, CAES provides a good alternative
to PHSn regionsthat lackmountainslike the Netherlands and the north of Germany
(European Commission, 2013)

The large storage peitial of underground cavities combined with relatively loyp-ca
ital cost requirements anthe operational flexibility of conventional gas turbines, CAES
is suitable to provide both power quality management and bulk stor@jeen et al.,
2009; Mahlia et al., 2014)

2.2.3. Battery storage

Battery storage is the oldest and most wietlown form of electricity storage. Batte
ies are built up from one or more electrochemical cells. During discharge, chemical
reactions occur in the cells creating a flow of electrodes though an exteimtaiit. To
reverse the reaction, the battery needs to be fed with an external electricity f©en
et al., 2009)

Many different types obatteries and chemical compositions exist. The commain a
vantages of most batteries are the extremely fast response times, short lead times and
modularity of the technology. Makinigj a flexible storage solution especialigeful for
power quality regulatia (Kondoh et al., 2000However, some battery types could also
offer energy managment servicegyDenholm et al., 2010)

Nonetheless batteries also have some clear disadvantages. First of all, tiese
problems in meeting thextreme demands of the electricity sectavhich includehigh
power demand long service life and low cofEuropean Commission, 2018esides,
they suffer from high maintenance cost and often contain heavy metals, so the ecolog
cal impactof battery systems need to beaken in consideratior(Chen et al., 2009;
Mabhlia et al., 2014)

The most pranising role for batterieprobablylies in theapplicationof energy sto-
age for transport purposes, i.e. in cafr more information about the possible benefits
of using car batteries for energgtorage seeSaber and Venayagamoorth0(0),
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Dallinger et al.(2013) Verzijlbergh, Bnacucci MartinezAnido, Lukszo, and de Vries
(2014)andPetersonret al. 010)

2.2.3.1. Lead acid batteries

Lead acid batteries arthe most used and well known batteries. They are the batte
ies that are used for the starter motor in conventional cars.

Due to the low cost ($36600/kWh), high efficiency (780%) and higheliability lead
acid batteries have been applied for poweratljty regulation. However, short cycle
lifetime (500-1000 cycleshinders its further developmen(Chen et al., 2009)

Nonetheless sveral lead acidenergy management systenare operational,the
largest of which is in California in the United States. This system has a rated pdWer of
MW andcan store up to 40 MWI[(Chen et al., 2009)

2.2.3.2. Lithium ion batteries

Lithium ion (kion) batteries have two clear advantages. First of all, their efficiency is
almost 100%secondly, they have a cycle life of up to 10,000 cycles. This makes them
the preferred choice in many consumer electror(iChen et al., 2009Recent develo-
ments in storage capabilities also increased their attvartess for use in electric vieh
cles(Mahlia et al., 2014)

Currenty, IFion storage is expensive (more than $600/kWh) due to safety measures
that protect the battery from overcharging and, witithium resources depletinghese
prices are expected to rise in the futufiévans et al., 2012)

2.2.3.3. Flow batteries

Flow batteries are different from other types of batteries as they sepattagestar-
age of electrolytes from the actual celhere the reaction takes place. Flow batteries
use 2 reactants that are stored in tanks, reactants fimough the cells togenerate
electricity, and reverse flow to store electricity.

The biggest advantagof this different design is the decoupling of energy and power.
The power (kW) capacity is determined by the number of cells, the energy capacity
(kwh) by the size of the storage tanKshis allows application specific desi@hen et
al., 2009) Another advantage is thiact that theNBS | OGF yda FFNB adloftS FyR
chemical changes during operation, making them safer and reastly maintainable
(Mahlia et al., 2014)

A 15MW, 120 MWh flow batterysing sodium bromide and sodium polysulfide @le
trolytes, K & 0SSy o6dzAftdG 4G Lyy23eQa [AGGES . FNF2NR
storage system has never been commissioned due to engineering iss(ie&
Technology, 2004)This further adds to the discussion about flow batterigeing an
immature technologyvith too highcost(Evans et al.,@.2)

However the IEA(2014)still sees flow batteries asmomisingsolution for especially
bridging power applications. Besides, th&fSSLJ RA & OKI NAS OF LI 0 Af AGAS:
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2.2 Current state of electricity storage

LI | @ Q Btikdmdlte GherS Bidable for distributed storage (Beaudin, Zareipour,
Schellenberglabe, & Rosehart, 2010)

2.2.3.4. Other types of batteries

Other batteries include adium-suphur (NaS) batteries whiclhave an efficiency of
up to 90% and have a life time of approximately 2500 cycles. A large advantage for
power quality services is that the battery is able to shortly output burst of power of six
times their power rating. Besids, the NaS battery has proven its value in daily load
levellingin Japan, where more than 30 plants are operatiqi@iien et al., 2009) How-
ever, the batterieoperate at temperaturesaround 300°C, this makes thesuffer from
high discharge rateEvans et al., 2012)

Nicketcadmium (NiCd) and nickel metal hydride ¢NiH) batteries are, due to their
high energy density, low maintenancest, high tolerance for ovatischargeand better
cyclelife, techrically superior to lead acid batterieshereforethe NiMH battery is used
the Toyota Prius(Mahlia et al., 2014)Their highcosts ($1000/kWh) preverthe tech-
nology from being used for grid operati¢Bvans et al., 2012)

2.2.4. Hydrogen storage

Hydrogen fuel cells generate electricity by using hydrogen and oxygen to produce
water. Electricity is needed when producing hygieo and oxygen from water. As all the
reactants fiydrogen oxygen and water) can be stored, the process can be reversed. As
long as new reactant is added to the cell, it will kegerationalcontinuously(Chen et
al., 2009)

The big advantage of this technology isttttze generated hydrogen can contribute
to a new part of the energy economy. Hydrogen can be stored and used as a fuel for fuel
cell vehicles, can be added to the existing gas infrastructure or can be used by the ene
gy intensive chemical industfiKorpas & Greiner, 2008)

The currentlow round trip efficiency of approximately 35 (70% electrolysis, 50%
fuel cell)in combination with its high cost prevent currelarge scaleadoption(Chen et
al., 2009) However, market penetration is expected in 15 t0 gears(Europea
Commission, 2013)These positive prospects are largely driven by expectations about
future reductions incost of fuel cells, some studies suggesting investment cost as low as
40 $/kW by 2020, caused by mass production for the automotive ind§$suchiya,
2004)

Despiteof current difficulties, frdrogen storage is already operational in severfé
grid locations. In Norway, a smadlectrolyser(48 kW) is coupled with a 600 kW wind
turbine and a 10 kW fuel cell. This system is able to reliably deleagssary power to a
small independent grifbr up tothree windless day¢Nakken, Strand, Fraren, Rohden,
& Eide, 2006)
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2.2.5. Flywheels

Flywheels use kinetic energy to store electricity. Electricity is fexhtelectrical no-
tor which spins a wheel. Energy is extracted back from the wheel using the samé electr
cal motor as a generator. The amouwftenergy stored dependent on mass and speed of
the wheel, the power capacity is determined by the motor. Typical units have a power
rating of 106250 kW and have storage durations up to a few minu@hken et al.,
2009)

The largest advantage of a flywheel is its extremely fast responseitirnembira-
tion with very high short term efficiency (95%¥hich can be used to provide power
quality services. Due to the fact that a flywheel has almost unlimited cycle life it is better
suitable than batteries in providing fast charge and discharge cycles that are necessary
for powerquality control(Evans et al., 2012)

The disadvantage of flywheels lies with its hggitdischargeof up to 45% a day
(Ibrahim et al., 2008)Although the use of a vacuum environment and magnetic bearings
reduces theseltdischarge flywheels are not expected toebused for energy manag
ment (Mahlia et al., 2014)

2.2.6. Other storage technologies

Several other technologies for electrical energy storage are under development.
However, these technologies are still in the development phase and therefore only
shortlydiscussedn this report.

Super capacitatorstore electricity in electrstatic fields between to conductive
plates. The technology suffers, like flywheels, from higgifdischargebut is able to
provide short burst of energ{Chen et al., 2009)Therefore it will mainly be used for
power quality regulationHowever progress is being made in the developmehtsuper
capacitatorsand there are developers that claim tehnical supremacy over traditional
batteries(Mahlia et al., 2014)

Superconducting magnetic energy storage (SMiE&Yides the only way to store
electricity directly. Electrical current rurindefinetely through a superconducting coll
with almost no direct energy losses. To be able to stay in superconducting state, low
temperatures (just above 0 K) are requiredusng highparasitic losses. SMES can only
provide storage for a few seconds of powart research is done into storage of several
minutes. Chen et al. Z009) expect SMES to primarily provide power quality service.
However, aSMEShas the same properties as super capacitatorsibuhore expensive
than super capacitator storagBeaudin et al.Z010)do not expectSMES it play a role
in grid electricity storage.

Finallyelectricity can be stored in the form ofeht (or cold). Thermal storageas
multiple options: sensible heat energy storagjeply heats or coola materialwithout
making its phase change. The stored energylbmansed for heating or cooling buildsg
Latent heat energy storage makes materiadargo a phase change, thermochemical
energy storage breaks uses heat to break molecules, joining them back together will free
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the heat againMahlia et al., 2014)Althoughthe heat stored can be used by reverse
heat pumps to generate electricitggain; expectations about this applicatioare low
and therefore not further discussed.
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Chapter 3

MODELDESCRIPTION

This chapter presents thmodel that has been created for the purpose of this thesis.
The first subsection discusses the currently usestlelling techniques andptimization
methods in the power sectoand justifies the chosen modelling approacubsection
3.2 presents the complete mathematical formulatiasf the operational part of the
model. Due to the complexity and size of the topization model, various speeap
strategies are proposed in subsecti8r8. Finally, subsectio.4 describes the usage of
data within the model.

3.1. Modelling approach

The expectation is thaglectrical energy storagEEShas an impact on the variable
generation cost and capital cost of both generation and transmission capacity. iTo est
mate these effectsa model of the electricity systeisto be developed. Many different
modelling approaches are described withiretliterature. This subsectioslaborateson
those approaches and picks an approach that is capable of capturing the effects of
storage on the electrical grid.

3.1.1. Energy sector modelling

Lookingfrom the larger energy system perspectiMerbst, Too, Reitze andochem,
(2012) identify two generalmodel types(see Figure 3-1): top-down and bottomup
models. Topdown models picture the energy system as partaohational or regional
system Theyare used to test energy policies with regards to the effect on the economic
system and society as a whaead therefore mostly used by economistan example of
a top downenergymodel used at the CPB is the MERGHB rodel (Aalbers & Bollen,
2013) On the other hand, bottorup models look at a spé#ic part of the energy Sy
tem, containmore technical detail andre usually crated and used by enginee(&6tz,
Blesl, Fahl, & Vol3, 2012)

Another explanation obottom-up modelling used at TU Delt is the act of modelling
separateentities as individual decision makergiving them input, output and ways to
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Chapter 3 Modeldescription

interact with other entities in the model. Thimilsdown to agent based simulation as
discussed later as separategroup ofbottom up models. In the further analysis, the
definitionsas used irfFigure3-1 are used.

As described iChapter 2 the electricity systentonsists oimany individual gener
tors that produceelectricity which islividedover end consumers through a complicated
transport and distribution sysim. To capture the effects of EES on thaeurly and daily
operation of theelectricity systemthe bottom up approach is moguitable(Jgemann,
Fursch, Hagspiel, & Nagl, 2013)

The bottomup model type can be further divided into two different model types:
simulation and optimization models. Simulation models are used to research thé deve
opment of a system based on thefefts of many individual choicesmodelling @-
proachesincludeagentbased modelling and system dynami@ptimization models try
to find a system wide optimal solution withipre-defined boundary conditions. Alt-
hough simulation models are better able to capture tmarket imperfections that are
present in the power sector, an optimization model is able to determine ammabt
solution from a central decision maker perspectfiterbst et al., 2012) The interest of
this thesis lies in the capability of EES to reduce total system cost of introducing large
amounts of renewables intthe electricity systemand the effects of storage and tran
mission can have on these integration gdstnce an optimization model is best suit
ble.

| Top-down | | Bottom-up |
Macro-economic models Energy/power sector models
General equilibrium models I —| Simulation models |
Input-output models | Agent-based simulation |
Macro-econometric models | System dynamics |

— Optimization models

h System costs minimization |
| Welfare maximiziation |

Figure3-1: Classification of different energy model pes(Jagemann et al., 2013)

In principle, the goal of an optimization model in the power sector is the maximiz
tion of social welfareWithin power systems,cial welfare is defined as the utility that
electricity consumers get from using electricity minus the afsgenerating that ele-
tricity (M. llic, Xie, & Liu, 2013, p. 24Jowever, it is not easy to quantify the utility that
is derivedfrom using electricity. Therefore it is assumed tleddctricity demand is ie-
lastic. This assumption reduces the welfare maximization probletm &ncost minimia-
tion problem. Within the model, the demand can be based on historical Bemges
(Jagemann et al., 2013)
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3.1 Modelling approach

Within the grow of cost minimization modeMifferent typesof modelsco-exist The
differences between the modaypesprimarily lie in the consideredtime frame. Due to
computational limits, the the frame considered negatively correlates with the amount
of technical detail that can be included in the mod&lodels with the longest time
frame determineoptimal investment, whiclusually coversnultiple decadedut include
small portions of the yearsimulated or make technical simplificatiomMdodelswith the
shortest time frameare used to deterrime system operational stabilityn the frequency
level butonly include a few minutes of simulation tim{8. S. Palmintier, 2013Ywo
types ofelectricity systemoptimization methodsused for medium to long term plo
lems will be furthediscussed.

3.1.2. Electricity system modelling

Economic dispatch (ED) modeliocatethe system demand over the availablenge
erating units in such a way that production costs are minimi@@diana & Conejo,
2009) The demand is allocated consideritg maximum output limitf all generators
and if transmission is included, the technical limits of the power lines. When modelling
power flows, the assumption is made that the dispatch doesaifed system voltage
and frequency. This assumption leads to modelliagect current (DC)power flows,
which are easier to model thaalternating currents(M. llic et al., 2013, p. 18Unit
dispatch models aredepending on the cost function of the generatoiisgar or non
linear programming moded and can be solvednalytically for simple model&aliana &
Conejg 2009)

Although economic dispatch models have been used historically by system operators
to optimally dispatch generators they lack important details about the operation of the
electricity grid. Due to the fact that thermpbwer plantsneed to heattheir boiler and
piping systembefore they can effectively deliver power to thyid, these unitshave
considerablestart-up costs. Besides, thermal power plants have a miali outputlevel,
under which they cannot operatg. | yy 2 & SX Cf & y§l2)shgwRhatsingtl £ £ S @&
ficationsof these technial details caread to amisjudgmentin the need for flexidity in
the system by a factor threél'herefore a type of model that includ¢hese technical
characeristics is increasingly usddr power sector modellindM. D. llic, Xie, & Joo,
2011)

Unit commitment (UC) models add a binary variable to every generator to indicate
whether the generator is on or gffnaking it a mixeghtegerlinear programming model
(MILP) The binary operator can be used to includgart-up cost and minimal output
levels of generatordncludingstart-up cost might result in solutions where small gene
ators with high variable and lowtart-up cost arefavouredover large generators with
low production cost if thepower is demanded for a short amount of timeThis is an
improvement from the economic dispatch model debed earlier but also makes
solving themodel more complex. The large combination of discrete decisaodsother
operational detils make solving UC models with a scope of more than one wesk co
putationally challengingB. Palmintier & Webster, 2011)
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One of the advantages of electricity storage is the fact that many of the technologies
have veryfast response time and often r&tart-up cost and no minimum output levels.
Due to the integration of renewables, the net demand pattern will show more emnpr
dictable variation.Electrical energy storagechnologieshave aclear advantage over
thermal gererators in the quickly changing conditions that will be caused by the iategr
tion of renewables. Using an economic dispatch model does not capture these benefits,
possibly undewaluing storage. On the other hand, unit commitment models are so
complex to slve that modelling multiple weeks or even a year on an hourly basis is
computationally impossible. Howevasptimizing over a sbrt time period, for instance
oneweek,results in a loss dhe possibilities for seasonal storage.

3.1.3. Clustered unit commitment

Palmintier(2013)presents an innovative formulation of the unit commitment pro
lem, solving the computational issues that arise when optimizing large UC models. This
new method clusters genators of the same type into groups. Instead of having an
individual binary variable for each generator, a cluster of similar generators has one
integer variable.

The concept of clustering is explained using a simple examggehicallyshown in
Figure3-2. Imagine a system with five identical power plants. In a traditional umt-co
mitment model, each of these power plants has its own commitment variable that can
either be zero or one. These identical plants are now grouped and the five individual
binary @mmitment variables are replacedy one integer variable. This reduction in
binary variables makes the optimization problem a lot easier. Besides, having te dete
mine the output of 1 group of generators is easier than determining individual output of
five generators, reducing the number of equati@aighe same time

Generators can belustered based onunit capacities, age, effancy and other cha
acteristics in ordr to not lose technical differences between generators. Howeaests
show that clustering units by generator type alone gives sufficiently accurate results
compared to a full unit commitment problem. Differences between the full unih-co
mitment and clugered commitment on key performance indicators such as costGBd
emissions remain under 1.5%. Using full clustering shortens the solution time dramat
cally (2000x) compared to making more complex clusters.

Normal unit commitment Clustered unit commitment
UG
U Ui Us Ui, Us. ¢
On X X X number of units online
Off X X

O [X|X[X

Figure3-2: The concept of clusteringadapted fromB. S. PalmintierZ013)
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Next to showing the effectiveness of the clustering neettor solving unit smmit-
ment problems, Palmintigf2013)also shows thafiexibility becomes a key parameter of
future renewable electricity systems. Solving economic dispatch medealkzininghigh
shares of renewable energy sources results in dispatch schemes that are technically
infeasible The fact that storage is one of the technologies capable of supplying flexible
servicegustifies the choice of making a complex unit commitment clustemioglel over
an economic dispatch model.

Although the clustering approach seermpsomising it has only been tested onRE
COT, the electricitpetwork of Texas. This an electricity system that, in 2007, had a
peak load of 62 GW and a total installed geatem capacity of 92.5 GW. For compar
son, Germany alone has a maximum demand of 80 GW and an installed generation
capacity of 190 GW. Besides, the ERCOT system is known for the fact that it has little
intercomection to other power systemdue to the fat that internal transmission
constraintsare also not consideredhe system has not been tested using load flow
optimization Finally, the existing renewable hydro storage plaimtsERCO®Rre not
included in the model.

Despite of the shortcomings, the ndts achieved with the clustered unitommi-
ment method are promising enough to develop a model for the European electricity
systemand use it to test the role of electrical energy storage in the grid. A furtheaexpl
nation and mathematical formulation esented in the next section.

3.2. Mathematical formulation

An energy optimization model minimizes or maximizes a certain objective function by
OKIFy3Aay3a (KS SySNHe aeaisSvyQa OFINARIofSad ¢KSas$s
including technical limitationgneteorologicaldata, demand profiles and other details
about the functioning of the power markéGotz et al., 2012)

For a computer to solvan optimization problem, the objective function and rco
straints need to be described mathematically. The following sub sectionsecutively
present the mathematical formulation of the objectif@nction andconstraints.As the
model descriptionin the following subsectiasis highly technical, a shotéxtual repe-
sentationof the functioning of the optimization model is givenTiaxt boxl.

The equations and implementation of unit clustering are partly adapted frotn Pa
mintier (2013) however, to be able to include transmission, an extra set obregis
added to variables and parameters. Whichpartly based on the economic dispatch
model by Lion Hirth called EMM&013)and the unitcommitmentmodel EUPowerB#
patch made byCarloBrancucci MartineAnido @013) To learn more about the general
unit commitment model please refer BBaldick(1995)

For consistency purposes, upper case letters are variables and sets dase letters
are parameters and set elementg/hen talking about a generatof) what is actually
ment is a cluster of generators of ty[@ Please refer back to thdomenclaturefor the
definition of used symbol&Nomenclature
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The model is programmed using the General Algebraic ModelBggtem(GAMS,
2014)and solved using thpowerful Linear Programming and Mixed Integer Raog-
ming solver CPLEBM, 2014) The full model code can be foundAppendix E

The model has den interfaced with RR Core Team, 2014king RStudigRStudio
Team, 2012and gdxrrw(Jain & Dirkse, 2014peveral Backages were used in to pe
form the analysis and generate figur@®ickham, 2007, 2009, 2011)

Text box1

The optimization problem

Minimize

T

Totalcost of supplyingearly electridy demand

- Fuel cost

- Variable geration &maintenance(O&M) cost
-  Startup cost

- Penalty for not meeting specified demand

- CQcost (optional)
Subject to
i Gridstability requirements
- The amount of energy produced + importeelxported- storedhas to
equal the energylemandin every regionat all times
- Transport between regions stays belowaximumline capacities
- A certain amount of reserve capacitykespt avalableto respond quickly
to unexpected changes that endanger grid stability
1 Generator constraints
- Generator output remains below maximum capacity
- If a generator is turned on,stoutput remains above minimum output
- I 3SYySNI} G2NDa OK Hoywet anitsmadnuizin kaged |
ing capabilities
- The output of renewables is determined imeteorologicakonditions
but can be reduced (curtailment)
- Generators need to be offline for a certain period of time to allow
maintenance
i Storage constraints
- Theenergg i 2 NBR Ol yy2i SEOSSR I adG2N
-  The storage needs to end with the same amount of energy as it started
with
I CQ constraint(optional)

- YearlyCQ emissions canna¢xceed a given maximum
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3.2 Mathematical formulation

3.2.1. Objective function

The objective of this optimizain model is the minimization ofariablegeneration
cost, the total cost are comprised outf fuel costd , operation and maintenance
costé @ | start up cost® , hon served energy (NSE) cost and, if applia-
ble, the cosof CQ emission®d  (see Eg3.1).

i Ed 6 69 6 6 6 31

Fuel cost arehe sum over all generatorq regionsj and time periodspof the
power output, 0 5, divided by the efficiency— , and multiplied by the cost of fuel,

© (see Eg3.2).
- 3.2

The cost of operation and maintenance aralculatedusing thevariable operation
and maintenance costVariable operation and maintenancecost are calculated by
summing the power output multiplied by the variable operation and maintenance cost,
@ @ , over every generator, region and time period (see3ER).

6 @ O0rra0 @
N N N 33
Thestart-up costs,0 , are calculated as depicted in equatidd:
6 Y% QD
N N N 34

Where"YY ; , is a generator startip, and & are the startup costs of that generator.

The non-servedenergy costs are calculated by the amountnain-servedenergy,
0 "y, multiplied by the cost of NS&, summed over all igion and all time periods,
see equatior8.5.

) 0 "Y® D
- 35

Finally, an optional tax 0€Q emissions is included in the total cost by determining
the fuel use of a generatolﬂ, and multigdying this with the cost oCQ emissions,

@ for that generator (dependent on fuel type).
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- 3.6

3.2.2. Constraints

The objective function is subject to numerous operational constrairtie. following sh-
sectionselaborateand these constraints.

3.2.2.1. Load constraint

The load constraint balances supply and demand in every region and during every time
step. The equation proposed by Palmint{@013)is adapted to include both thpossibility
of electricity stoageandtransport Equation3.7 shows the load equation.

U Rh O ki "Yﬁ A "Yﬁ 3
N N N N 37
0y 0f O Fif '

The produced powen) ff, of all generatorsQ the stored power) jf, of all storages,
i, the imported and exportedpower, “Y; - and"Yﬁ i » from region;i, to another e-
gion,i gthe non served energy, Oy, and the curtailed powen ; , Needs to be equal
to the load,0 ;. Nonservedenergyis the power that is notlelivered to the end consumer,

curtailment s the renewable energy that cannot be used and therefore needs to be cu
tailed. This equation has to hold fotlaegions and all time periods,

3.2.2.2. Transmission constraints

Transmission is the flow of power between tw&gions or power nodes. The import

in a region,Y; ., equals the export from another regiof¥ ;. , multiplied by the
transport losses which account for 5% per 1000 km 3B). The exported power (which
is higher than the imported power) needs to stay below the installed net transfer capac

ty,0 "¥ , , of a line between two regions,andi a€Eq.3.9).

Y, v op BYER 5
A R i PP T ' 38
Yo 0¥r Vi

3.9

3.2.2.3. Unit states

The state Y nh, Of acluster is the integer number that represents the amount of
units within the cluster that are turned on. It is calculated by taking the state of the
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3.2 Mathematical formulation

cluster during the previous time step j;, , adding the number of units that have
started up,"YY 5, and subtracting the number of units that shut dowiD 5, see
eguation 3.10. Notice that both the starup and shutdown variables are also integer
numbers.

To improve the speed of the optimization model, clustered wainmitment con-
straints are only applied to generators with considerabtart-up costs or minimum
output levels. Other generators, such as hydro power plants do not have an inteiger u
commitment number. This means that this equation only has to hold for al generators,
“(hthat are under unit commitment, represented by the s@, .

YOrn  YOrp Wi "Oki IOy O hi o
hh hh hh hh 3.10
The number of committed units within a cluster needs to stay below the total
amount of units that are in the clustet, 5, minus the amount of units that are under
maintenancep fpy.(integer number). This concept is shown mathematically in equation
3.11and graphically ifrigure3-3.

311

} Units on maintenance: M,

——— [ Units that can be online: UC, ,

Figure3-3: Graphical representation of maximum units online within clust(B. S. Palmintier, 2013)

3.2.2.4. Generator output limits

The power outputd {5, of units that are under clustered unit commitmeng"
"O , needs to remain lowethan the number ofcommitted generatorsf\ﬁ AR, multi-
plied by the maximum outputfdndividual generatcs within the clusteryy . Besides
thermal generators also have a lower limander which they cannobperatein a stable
manner. Therefore, the power output of anit commitmentcluster needs to be higher
than the number of committed units multiplied by the minimum output of an individual
unit in the clusterf] . See equatio.12.
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YOrn N Orrn Yorr I "y "O hi o 312

Power output of generators that are nander unit commitmentQ® "O , needs to stay
below the total amount ofvailablecapacityf) . The minimum output level needs to
stay above zer¢Eq.3.13).

m Ospp Nh I Qe 'O hifo 213

Each region within the model can have multiple sabions for renewables; this can be
useful when working with larger regions with differemheteorological time series. €h
output of generators "Qbelonging tothe set of renewable energy sourcé®, ,is deped-
ent on meteorological time seriedata from the subregion where the RES is loed,
L r, Whichis fed into the model as a percentage of capacity (kWput / kW
installed).The constraint is shown mathematically in equat®h4; a graphical rpresent-

tion of regions and subegions is given ifigure3-4. Although renewables cabe switched
off, equation3.14 uses an equality sign. Switching off renewables is captured in theleurtai

ment variablep , in the load equatiortEq.3.7).
0 & Nk s I "y "0 R
N 3.14
i isubregon
region

region

subregion

Figure3-4: Graphical presentation of distinction between regions and stdgions
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3.2 Mathematical formulation

3.2.2.5. Ramping constraints

Ramping constraints impose limits on the maximum change of the power output of a
generator betweer? time steps. In principle, the maximum difference in power output,
O0rr O gp , needs to be lower than the number of units committed within a cluster
multiplied by the maximum change in power of a single unit within the clu¥ter,
However, some units have a minimum output level that is higher than thakimum
change in output leveR Y . To allow these units to start up and shut down,
two extra terms are added to the ramping constraints of clustered urigudion 3.15
shows the ramping up constraint for clustered unidsl6 the constraints for ramping
down a cluster.

O0fi Uik Yorn  YWrr
Wﬁﬁa‘ AG R 315
"Orr A "y "O hho

Ori  Orn  YOrn “VWip M
Ornd AQ 316

Wi I "Ov "0 R

Ramping constraints for generators that are not under clustered unit commitment the
ramping constraints are only dependent on the maximum change in power od{ut,

(see Eg3.17and3.18).

0hi O fp Y I "¢ "O ho 217

0 mi 0rp Y0 I "¢ 'O h

8‘(

3.18

3.2.2.6. Storage level and maximum storage power

Theintertemporal relation of thestorage level is determined lgquation3.19. The
storage level) jf, of storage technology, is equal to the storage level of the preus
time step minus the power delivered by storage multiplied by the productibiciency
of the storagep j; 3- , plus the power stored by the storage technology multiplied by
the storage efficiency) r O- . If the storage level for hydrpower is calculated, an
extra term for natural inflow,s , is added.

S Orn Opnd Opad e iR
hh hh hh hh hh 3.19

The energy storegkWh) needsto remain lower than the storage capacity, , and
higher than zero, see equatid20. Secondly, the storage power (kW added to the storage)
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0 i, plus the in sectiorB.2.2.8described reserve capacity, j ,, needs to remain below
the installed capacity) ; , see equatior8.21.

nm Ofr N iR 320

Urn  Yhr Nh binmo 321

It is assumed thaevery storage technology has %0of its energy storage capacity
available from the start of the simulatio ( p), a constraintis added to make sure
that the storage is filled fo60% at the end bthe run © "V, see equatior8.22. This
assumption is baed on the description of the storage levels as can be found in-BNT&0
monthly statistic reportg ENTSEE, 2013a)
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3.2.2.7. Maintenance constraints

As the clustered unit commitment model is deterministic unplanned slowtns are
not necessary, however all units do have a yearly maintenance requiremensure
over the whole year of the amount afmits within a cluster that are omaintenance
0 rp, Needs to be larger than the yearly maintenante, , requirement(Eq.3.23).
The used time notationg, suggestghat units can be on maintenancene hour andbe
up and running the next hour, yet, within the model the maintenance decision is taken
on a weekly basis, which makes the model more efficient to solvenaakks it more
realistic A second constraint is added to ensure that not more than d5%enerator
cluster in a region is under maintenance, this constraint represents the limit on regional
maintenancepersonnel(Eq.3.24).
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Units that are not under clustered unit commitment are derated by their annual average
availability factora

C2
=x3

N n I "o "0 R
A 3.25

3.2.2.8. CQO constraint

A CQ cap limits the total amount 0o€Q emissions at a prelefined valuep0
(see EQg3.26). Thisconstraintreplicates &CQ cap and trade system that is applied in the
European Union.

30
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— 30 60
N N N - 3-26

3.2.2.9. Reserve constraints

For a power system to operate safelyroduced and consumed power need ®- r
main in a constant equilibriunA deviation from this equilibrium results in variations in
frequency (ENTSE operation handbockAppendix).Many uncertainties surround the
operation of an electricity system.These uncertainties include demand uncertainty,
renewable output uncertainty ah unplanned generator or transmission line outages
(Palmintier, 2013).

Reserves are used tbe able to adequately respond to deviations between the e
pected am observedsituation Reserves are provided by generators that keep a margin
between their outpu level andtheir minimum or maximum outputthis allows them
some leeway to quickly change their power production. Different types of reserves
exist depending on the time horizon over which they have to respond to contingencies.

Reserve requirements

The European grid is largely interconnected apeérates on a single frequency. If a
contingencyoccurs the frequency change will affect the entire synchronised area.
¢ KSNBEF2NBEsS (GKS NBaASNWSa NBIdZANBYSyida 2F GNIya
grid are determined by theEuropean Network of Transmission System Operators for
Electricity(ENTSE). The ENTSPE desribes three types of reservegrimary, secondary
and tertiaryreservesFigure3-5 gives an overview of the three reserve mechanisms.

Primary reserves are used to automatically respond to deviations from the frequency
set point. If the demand unexpectedly increases, the system frequemer the entire
synchronous area will increase. Generators over the entire area will respond bysincrea
ing theiroutput and reestablish the balance &upplyand demand. Every TSO needs to
provide primary reserves proportional to their yearly energy,use , in the total
energy used of the synchronised areBhe maximum contingency, , is
determined to be 3000 MW (ENT&). Equation3.27 shows thecalculation of the
primary reserves for an individual region.

Secondary reserves restore the balance of individual control areas. After tioe aut
matic primary reserve response of the generators throughout the ENT &€@a, the
power exchage over the interconnections between the areas differs from agreed set
points. Secondary reserves in the area which originally caused the deviation are used to
return to the agreed set points. The amount of secondary reserves are dependent on
the maximumload within a regiond , andempirically determined safety valugsee
equation3.28 (ENTSE).

31



Chapter 3 Modeldeription

Restore mean

Restore normal
Limit Deviation

SYSTEM
FREQUENCY

Free reserves_
after outage

—_— — | —

PRIMARY
CONTROL

|
|
I
NDARY |s '

_______ Activate |  Takeover SECO] Correct
If responsible If responsible CONTROL I:_F,-Ee resenve se—
—Take over P
CONTROL

Activate . TIME

on leng-term CONTROL

Figure3-5: Overview of ENTS@& control mechanisms (ENTI)

Tertiary reserves are the reserves that are used to free the secpregaervesf a
O2yiGAy3aSyoOe AayQi &zt @SR dothlpsgit of thesdebalisy G SNI A I N
domain and the reserves (ENT&D Therefore, the tertiary reserves are combined with
the secondary reserves in this thesis.

B. A 3.27

Y p 10 pummpuT } ihO 3.8
The sum of primaryeserves provided by all generatofg,;; , in a certain region

needs to be larger than the primary reserve requirement in that regiop, . This
applies for both reserves capable of regulating up @E29) and reserves capable of
regulating down (E¢3.30). The same hoklfor secondary reserves, presented in agu
tion 3.31and3.32.
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Part d the secondary reserves can be supplied by thermal generators that have very
short start up times, even if they are off. The units capable of doing this are open cycle

gas turbines. However, the amount of quistiart reservesy ; , cannot exceed 50%

of total secondary reserve requirements (B@3). Equatior3.30is replaced with egar
tion 3.34.

AT @ OV ; Iim
N 3.33

N N 3.34

Many recent studies suggest that the introduction of renewables increases the need
for reservecapacity (Holttinen, 2009; Milligan 2010)Wind and solar output areed
pendent on local weather conditis that can be hard to predict. A larger installed
capacity of wind power increases the absolute forecasting ethoeateninggrid stabi-
ity. Variousincreases in reserve requirements have been suggedBedtsch (2012)
expects a reserve margin of 10% of the expected power output of both windalad
Ibrahim (2011) projects reserves of 3 to 5% of total installed wind capacity while
Holltinen (2009) ses various studies to come to the conclusion that reserves need to
increase 2 to 8% depending d¢ime wind penetration level.Beaudin (2010) shows that
the need for reserves increases witk6% in situation with 20% wind penetration and 3
8% with systems wh 30% penetrationStrbac (2012) claims that forecasting accuracy
for wind is approximately 10% for 4 hours in advance, this will reduce to 5 or 6% when
weather models improve.The model therefore has ambuilt option to increase the
reserves with 10% of renewable output.

Generator output limits with reserves

Generators providing reserves need to keep their power outpuiy, including their
reserve margin below theimaximumrated capacityand above the& minimum rated
capacity Equations3.35 and 3.36 show the formulation for geerators under clustered
unit commitment constraints. These equations replace equa8d2 which determines
maximum power output without considering reserves. Equadi8.37 and 3.38 show
the formulation fornon-unit commitment generators, anceplace equatior8.13.
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Maximum reserve capabilities

The amount of reserves that a generator is able to provide is dependent on how fast
it is able to change its output. Primary reserves need be fully deployed withinc30 se
onds after an incidentThis meansHhat the primary reseves deliveredby cluster of
generators,)Y y; , can not exceed its maximum rampigpacity Y] , per 30
seconds (1/120 of an hour) multiplied by the number of units within the cluster that are
turned on"Y®&, see quatiorB.39 and 3.40 for primary up and primary down reserves
respectively.

. m o . e
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Secondary reserves on the other hand need to come online within 15 minutes in order to
replace the primary reserves. Their capabilities of providing these reserves are again based
on their maximum ramping rates, this terper one fourth of an hour, and the number of
units within the cluster that are online (Egi41and3.42).

Yk T:J"Yijﬁﬁ I Qv 0 hiho 3.41

— JYorr L0 iR 342

For generators not under unit commitment the same technical constraints apply,\rowe
er, they are not dependent on the states of the units in the cluster 8 - 3.46). This
automatically means that non unit commitment clusters are able to pewdick start
reserves at all times, however, within the model these reserves are not seen asstaricks
they have a unlimited regulating range within their capacity.
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As explained before, open cycle gas turbines are also capable of providing quick-start r
serves.The amount of quick start reserve¥,;; , can not exceed their ramping rate per
quarter of an hour multiplied the number of units that are offline (number of units
within cluster,g jr, minus the number of units in maintenancg, 5, minus the unit
that are online, Y6 ).

m
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Maximum reserve capabilities for storage
The reserve capabilities of storage plants are, just like other generators, dependent

on their maximum ramping rates. However, storage plants are not only power co
strained, but also energy constrained. In other words, they need to have enouggyener
stored to provide the reserves if needed. This works in two directions, an empty storage
cannotprovide p reserves (deliver power) and a completely filled storage is not able to
provide down reserves (take more power).

Primary reserves need to lakeliveredfor 15 minutes before secondary reserves take
over. Therefore, the stored energy, . is devided by one fourth of an hour for pam
ry up reserves (ed3.48). For dowmvard reserves, the stored energy is subtracted from
the maximum storage capacityy, , and devided by ¥ of an hour (&¢9).

0 i5 .
Yk —p““ I AP ss

p 3.49

35



Chapter 3 Modeldescription

No clear guidelines can be found on how long the secondary reserves need to operate
for. But, assecondary and tertiary reserves have been combined, the assumption is made
that these reserves need to be able to deliver for 24 hours, see equadrand3.51.
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3.3. Proposed speed up strategies

The in the previous subsection presented model formulatiohighly complex and
finding an optimal solution, even with the most advanced solvers takes a lot oftcomp
tational power. This subsection proposes solutions to speed up the solution search.
Chapter 4estswhetherthese simplifications have an effect on the model results.

3.3.1. Sub models using economic dispatch pre-run

Oneprocedure that can helpeducethe time that it takes to find an optimal solution
is to use a morsimple economic dispatch model that optimizes the power system over
a whole year. The complex clustered unit commitment model is then cut up in blocks
(weeks or months) and each block is sohsegharately The individual blocks use the
solution from the eonomic dispatch model to set start and end conditions for the
blocks, such as the storage levels. The cluster states in the first hour of a block are taken
from the last hour of the previous block. This approach is adapted €ano Brancucci
MartinezAnidos 2013)EUPowerDispatch model

3.3.2. Relaxed mixed integer programming

As explainedn subsection3.1.2, solving a unit commitment model is much harder
than solving an economic dispatch model due to the addition of integer variables. These
integer values need to be individually considered through methods that are more time
consuming than the extremely efficient family of simplex optimization meth@E,
2014).

The fact that the presented model uses integer commitment states allows fdirthe
earizationof these states. This is called relaxed mixed integer programming. Relaxing
the integer constraints means that all integers becolinearized This implies that for
instance 3.2 or 5.8 generators can be committed instead of only 3 or 6. A large part of
the start-up costs are still considered this way, however, minimum output of levels of
thermal generators are lost.
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3.4 Scenario selection and data usage

3.3.3. Solving only a pre -selected part of the year

The time it takes to solve an optimization model increases exponentially with the
amount of equdions and variables that need to be optimized. Small reductions in model
size can therefore have a large impact on the amount of time that is necessary to solve
the model. To decrease the size of the problem two solutions are proposed. Firstly, the
time step of the model can be increased. Currently, the model has been described as
having a resolution of 1 hour. Increasing the time step to two hours reduces the model
size with 50%. Secondly, it might not be necessary to consider every hour of the year.
Making a selection of time blocksf for instance a day or week throughout the year
can reduce the model size.

3.3.4. Derated maintenance

Another speed up sategy simplifies the optimization of maintenance presented in
equations3.23 and 3.24 (page30). These equations find the optimal time to do maint
nance, however, an assumption that is made in the literature often takes a derate factor
for maintenance(Palmintier, Hirth, Carlo), as is done with the units not under unit
commitment. Inthe case ofleratedmaintenanceequation3.52replaces3.23 and 3.24.

0 et Qv O R
h f# 3.52

3.3.5. Combined reserves

Finally, one could considarsing combined reserves.Although Palmintier (2013)
show that this significantly decreases the accurady & highly effective speed up stra
egy. The strategy is to combine the necessary primary ssmbndaryreserves into one
type of reserves, dramaticallyedreasing the necessary reserve equations that the
model needs to solveAppendix Acontains the updated formulation for combined the
combined reserve equations.

3.4. Scenario selection and d ata usage

The model presented in the previous subsections is highly complex and is not able to
find an optimal solution if all countries the Europe are included in the model. Thaer
fore this subsection presents a scenario wherecaluntries are combined into three
regions: The north of Europe, the centre of Europe and the south of Eufbyeedivision
is based on meteorological conditioakthe individual countries.

Secondly, rany of the functions presented Bubsection3.2 and 3.3 containfixed pa-
rameters Parameters contain information alit technical details such as generator
efficiencybut also patterns of demand. Thparameters need to be fed to the model and
are used to dtermine the optimal solution. This sectiotherefore alsodescribes the
parametersthat are used in the various metiruns.
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3.4.1. Scenario description

As mentioned earlier, the model does not solve for optimization problems that cover
the entire yearfor large numbes of nodes. Therefore various speed up strategies have
been proposed, however considering the optimal dispatef generators for every
individual country in Europe is still too computationally demanding. To overcome this
issue, a conceptual scenario is used to combine all individual countries into a small
amount of regions.

However, relevant conclusions can oy drawn if the conceptual model captures
the important characteristics of the real system. Therefore a conceptual model that
does not represent the European electricity system on a-torene basis still needs to
behavein the same generahanner. In thé way, the value of electrical energy storage
can still be determined.

In the future, the energy system will be largely dependent on renewable energy
sources (RES). However, the sources for renewable energy, like wind and solar radiation,
are not evenly distributed over Europe. As can be seen fRigure3-6, solar power is
abundant in the south of Europe. Countries like Spain and Italy have a far laggér y
irradiance than northern countries, which also means that investments in solar power
are more economically efficient in southern countries. On the contrary, wind is more
profitable in the countries surrounding the North Sea, showrFigure3-7. From an
economic point of view, solar power should be installed in the south and wind power in
the north, maximally using the available resources.
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Figure3-6: Solar irradiance in Europ@reen Rhino Energy, 2014)
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Figure3-7: Wind power potential in Europ€EEA, 2009)

Thisskeweddistribution of energy resourcewill have a large impact on the distub
tion of renewable output patterns across EuspSolar power is only availabiieiring
the day and has a higheutput in summer than in winter. Wind power is has more
output in winter. This will result in a situatiqegresented inFigure3-8. In summer ele-
tricity produced by PV cells is transported from the south of Europe into the northern
parts of Europe while wind generation is transported to the south during the winter.

A Hiropean electricity system with a limited number of regions would therefore best
be represented by a two node system, one node for the north, and one for the south.
However,both the north and the south of Europdreadyhave large amounts of hydro
storagecapacity available. This already installed capacity reduces the value of additional
storage. Te purpose of this thesis is to determitige value that electricity storage can
have when introducing more renewables into the grid and how this value intte®l
with the value of additional transmission capacity.

The availability of storage in the northern part of Europe is mostly dependent on the
hydro resources of Scandinavia. However, mainland Europe is not heavily connected to
Scandinavia due to the NdrSeaand Baltic Sed his results in the fact that wind energy
produced in wind rich countries on the south side of the North Sea is not easily stored in
the Scandinavian hydn@servoirs Modelling Europe as a two node system would &er
fore result in asituation where energy can too easily be stored.

To overcome this issue, Scandinavia can be regarded as a separate node, resulting in
a European system with three nodes: the hydro power and hence storage rich north, the
wind rich center and the solar andhydro rich south.Figure3-9 shows a map of the
ENTSEE members in which the countries are divided in 3 nodes.
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The countries in central Europe have relatively lovpanunities for creating hydro
storage. Therefore the current division lends itself for an analysis regarding the value of
installing additional storage capacity in the central European node and how the amount
of transmission to both southern and northeBurope affects the value of storage.

Figure3-8: Solar and wind exchange (EEA, 2010)
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Figure3-9: The division between Northern, Centrahd Southern Europe in théhree
node model, image adapted fro(ENTS€E, 2014)

3.4.2. Transmission capacity

The amount of transmission capacity between the nodes is the sum of indiviaual ¢
pacities of every country that has a link with a country in another ndties for instance
means that the capacity installed between the Netherlands and Belgium (both in the
central node) isunlimited as they are in the same nadghe installed capacity f@012
is based on the net transfer capacities as published by in ERE$O b ¢ / (20Y1) (G NA E

The net transfer capacities for 2030 are based ufhen2025transfer capacities [@-
sented byCarlo Brancucci Martineknido 013)

Table3.1 presents the used transfer capacities between the nodes. Although some
transmission links have different mimum capacities dependent on the direction of the
power flow, the maximum transfer capacity has been used for all of these flows.

Table3.1: Net transfer capacities between nodes

Scenario NorthT Central { 2 dzii Central
2012 4 GW 15 GW
2030 11.5GW 25.5 GW
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3.4.3. Installed generation capacity

Every year, the ENTSDpublishes expectations about the development of installed
ISYSNYGA2y OFLIOAGeE 2F Ada YSYoSNI ¢{hQa Ay (K
(SO&AF). Data about installed capacities used in this thesis comes fra20182030
and 20132030 version of the SO&AENTSEE, 2012b, 2013b)Two dfferent genen-
tion mixes are used in this thesis: a mix for the y&@t2and one for 2030.

Thecapacityvalues for2012are taken from thebest estimate scenaridd (ENTSEE,
2012hb) The generation capaciiyn a node (North, South or Centrad)taken as the sum
of the generation capacity of thedividualcountries within the nodesrigure3-10 and
Figure3-11 show thegeneration mix in the individual countries for the different nodes.
The generation mix is given as a percentage of total demand in the country/nede. B
sides the generation mix the graphs also show the maximum demand (which is automa
ically 100%), and thevarage and minimum demand. These lines can be used to
determine which generators supply what part of the lodtie capacity stated on top of
the bars is the total installed generati@apacity;this includes renewable capacitat
hasavailability dependent on weather patterns

As can be seen from thEapacity mix of northern Europ€&igure3-10), a country like
Finland uses gas to provide powauring peak demand, however, when combining all
the individual countries into one single node, the entire demand range falls within the
hydro power rangeAlthough the amount of energy hydro power can deliver is limited
by the natural inflow of rivers, tisi still implies that gas plants are used less than they
would be in individual countries.

The generation mix of the central and southern node shows the same efféct. Al
hough individual countries like the Netherlands, Ireland and Italy might use gasias the
peaking plant, the amount of cheaper capacity over the entire region is so large that the
more expensive gas plants are almost pushed out of the merit order. This trend is
strengthened by the fact that a lot of renewable capacity is installed, whidheur
reduces the use dhe more expensivgas plants.

Figure3-12 shows this by displaying the residual load, which is the demand minus the
output of uncontrollablerenewables, over the installed capacity. The installed capacity
is adjusted for an average availability of generation capacity of 85%. The figure shows
that in Germany, the hours with the lowest demand are covered by only nuclear and
lignite plants, whenhe residual load increases, more expensive generators are added to
the electricity mix. On the other hand, the capacity mix of the Netherlands shows that
even in the hours of lowest demand, gas plants are part of the mix. Increasing demand
will not cause dlifferent fuel types to be used.
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Figure3-10: The capacity mix of individual countries in Northern and centEalropecombined with
the capacitymix of the EUNorth node, the total installed capacity is giveabove the bars
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Capacity mix Southern Europe
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Figure3-11: The capacity mix of individual countries in Southefuropecombined with thecapacity
mix of the corresponding nodethe total installed capacity is given above the bars

The bottom graph irFigure3-12 shows the residual demand curve of the Central E
ropean node and the generation mix of this node.sT¢maph shows that combining all
the individual countries results in a capacity mix that resembles that of Germany. The
fact that gas is used during many hours of the year in the Netherlands is lost.

The capacity values for 2030 are taken from the in$@AF presented 2030 Vision
3. Vision 3 is based upon a scenario where the future generation mix is on track of
reaching the 2050 decarbonization objectives. This vision also incorporates the growing
public aversion to nuclear plan(ENTSEE, 2013h)The capacities fd&2012and 2030 are
shown n Figure3-13. Table3.2 shows the total controllable and necontrollable capc-
ity and maximum demand in the three nodes for b@il2and 2030.

Although the SO&AF gives detailed data about installed capacities for all ENTSO
member countries, some data is still missing. This data is either taken from other
sources or computed &m the available data, as explained below.
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Figure3-12: Capacity mix and residual load curve for Germany, the Netherlands and Central Eut

First of all, gas fired generation capacity is not further divided into closed cycle and
open cycle gas or other types of gas engines. The assumption has been made that 10%
of the reported gas capacity is opewcle;the other 90% is closed cycle.

Second}, hydro power is not further divided into ruwf-river hydro, pumped hydro
storage and renewable hydro storage (using natural inflow and a dam to store water).
This makes using the data in the model impossible. However, data about hydroesubcat
gories waspublished with the SO&AF 202P30 (ENTSEE, 2012b) The values for
capacity of hydro plants were taken from this source and assumed to not have been
changed.
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Figure3-13: Change in installed generation capac2$122030

Table3.2: The amounts of controllable and necontrollable generationcapacityin the nodes

Generation capacity Maximum

Year Node Controllable Uncontrollable demand
(GW) (GwW) (GW)

North 91 4 68

2012 Central 302 74 218
South 406 67 274

North 102 25 77

2030 Central 304 272 262
South 439 253 322

Thirdly, data about the energy storage capacity of pumped and renewsile® a-
pacity is not provided in the SO&AF. This data is taken fromPtii2thesis ofCarlo
Brancucci MartineAnido 013, pp. 142147)and assumed not to have changed.

Finally, the data from the SO&AF includes capacities for oil arednfuel genea-
tion. In some countries these expensive technologies will occasionally be used to r
spond to peak energy demandHowever dueto the aggregation of countries into three
nodes enough gas and hydro peaking capacity is available and these plants will never be
used and hence not included in the model.

3.4.4. Generator properties
In the literature a large range of generator propestiean be found. The technical

and financial properties are based on various souf8&stsch, Growitsch, Lorenczik, &
Nagl, 2012; Firsch et al., 2013; Hirth, 2013; imiéional Energy Agency [IEA], 2010;
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Northwest Power and Conservation Council, 2010a; B. S. Palmintier, 20d2an be
found inAppendix BThe combination of@irces was used to get a complete picture on
the used technical parameters in the literature, in almost all casesrthdianor an
average was used as final data.

3.4.5. Electrical energy storage properties

As can be seen from the presentation of different ernyesgorage solutions above,
different kinds of EES technologies can serve different purposes. However, most EES
techniques that are able to provide energy management services are, due to their fast
response times, also capable of delivering bridging soretimes even power quality
services. This makes them superior to technologies that are only able to provide one
type of service.

The optimization model described in this chapter has a resolution of one or two
hours, which makes modelling fluctuations intage and frequency impossible. Besides,
as the model is deterministic, it does not include forecasting uncertainty in both demand
for electricity and supply of renewable output. So although both primarysswdndary
reserves can be included and kept dable, these quality andbridging services will
never be called upon during a model run. Therefeaduingpower quality and bridging
services is not possible with the created model.

Thepurposeof this research is determining the behaviour of different storagdntec
nologies in different renewable energy scenarios and determining possible substitution
effects between electricity storage and transmission. Energy management EESItechno
ogies capableof storing energy for several hourate most suitable for these research
objectives(Denholm et al., 2010; Kloess & Zach, 2014)

Based upon the analysis in subsect@, four types of storage are selected to be
further analysed These technologies include pumped hydro storage, adiabatit- ¢
pressed energy storag€€AER flow batteryand hydrogen fuel cell storage. This sele
tion is made because all three taoblogies can be used for bulk energy storage

Traditional CAES is a storage technology that has already proven its value in practice
but requires a gas turbine to release the stored energy. Adiabatic storage is expected to
be able to store energy withouthe gas turbine and itassociatedCQ emissions. In
regions without possibilities for hydro storage, CAES is a promising alternative.

The reported economic characteristics of energy storage technologies show large
variability. Toillustrate this, Figure3-14 shows the cost of the four selected technologies
FYR OGKSANI O2aid Ay GSN¥XY&a 2F LR6SNI 0ekl20
different scales. Mogtechnologies are still undetevelopmentand therefore the capital
costs are uncertainbesides, the capital costs of for instance pumped hydro storage and
compressed air energy storage are highly location depend&uathors therefore give
estimations ofthe cost rangeof a technology howeverlarge differences between the
reported costs of authors still exist.
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Chapter 3 Modeldesciption

Technology cost range
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Figure3-14: Cost range as found in literatuféChen et al., 2009; EPRI, 2010; Griinewald, Cockerill,
Contestabile, & Pearson, 2011; Kaldellis & Zafirakis, 2007; Kloess & Zach, 2014; S. M. Schoenung &
Eyer, 2008; S. Schoenung, 2011)

Figure3-15 shows the full cost range as foundthe literature. The markermdicate
which costs are used within this thesis. The used costs are often chosen in the lower
range of costs estimations, as the expectatiothat the cost of the technologies will fall
due to learning.

Flow batteries have relatively high energy related cost combined with low paaver r
lated cost; this makes flow batteries more suitable for short storage durations.oHydr
gen storage has the hightggower related costs; however, the storage costs of hydrogen
are relatively low. Therefore, hydrogen storage is a promising solution to use for longer
term solution. Both pumped hydro and CAES are in between flow batteries and-hydr
gen storage.

FollowingGrunewald et al.Z011) the ratio between the power and energy costs can
be used to derive the energy specific technology cost. These are the costd &V
storage plant, for a given storage duratidrigure3-16 shows these costs. This figure
shows that flow battery technology is cheapest for storage duration under approaimat
ly 5 hours, pumped hydro and CAES are economically most attractive between 5 and 100
hours, higher storage duration results in a preferefamehydrogen storage systems.

4

This figure should be red as follovEPR(2010)estimates the costs of CAES (top left graph)
0SG6SSY Tnn YR dpm ¢WR2 pnyRkd8&KsSSyYy
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Technology cost overview and choice
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Figure3-15: comparison of storage technology cost and selected cost figure
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Figure3-16: Energy specifistoragecost dependent on storage duration
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Table3.3: Characteristics of storage

Technology Power specific Energy specific Round trip Charge Discharge

Oz2ata O2aita  efficiency efficiency efficiency
Flowbatteries 200 200 75% 84% 90%
CAES 600 50 70% 84% 84%
Pumped hydro 700 60 81% 90% 90%
Hydrogen storage 4000 5 40% 60% 67%
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Chapter 3 Modeldescription

To concludeTable3.3 shows theeconomicand technical characteristics of electrical
energy storage used in this thesihe characteristics are based (@hen et al., 2009;
EPRI, 2010; Grunewald, Cockerill, Contestabile, & Pearson, 2011; Kaldellis & Zafirakis,
2007; Kloess & Zach, 2014; S. M. Schoenung & Eyer, 2008; S. Schoenund,h2011)
technologies are ranked by power specific increasing totgrestingly, the efficiency of
the storage technologies almost follows the same orddthoughpumped hydro sto
age is most efficient, the technology is followed by flow batteries, CAES and hydrogen
storage respectively.

3.4.6. Model implementation of pumped hydro storage

Hydro storage is implemented in a way that differs from realityessence, three fli
ferent hydro storage configurations can be matiydroelectricplants with only natural
inflow, hydroelectric dams with natural inflow and pumping capabilities and pure
pumped hydro storage plants (no natural inflow). In the model, a simplification of the
three possible hydro configurations is made by combining them into the type which has
both natural inflow andpumping. Every node has a hydro storage capacity (GWh), a
natural inflow (GW/h), a rated capacity of releasing energy (GW) and a pateging
capacity(GW). This concept ibustratedin Figure3-17.

natural inflow pumped hydro

]
O

turbine

environment

Figure3-17: representation of stage in the model

3.4.7. Fuel cost and fuel CQ emissions
Fuel prices are based on the World Energy Outlook Z[BA, 2010and considered

to remain constant over theonsideredyearsand within the yearAppendix Ghow the
used fuel prices.

3.4.8. Demand data

The electricity demand for each country for every hour of the year is published by
ENTSEE (2014b) The time series from the year 2010 were chosen to be used because
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weather pattern data was also available for that year. Data for Great Britain in the year
2010 is not provided in the ENTE®010 dataset, this has been downloaded from the
National Grid website(2014) Although smallirregularities between countries exist
within the ENTS-E data(ENTSEE, 2014¢)the aggregation of demand of the codsi
ered countries over only 3 nodes makes this teesnfulfor the endresults.

The demand patterns for 2030 are based upon the demand patterns for 2010. The
values for 2010 are scaled using the 2030 Vision 3 peak demand as published by ENTSO
E (2013b) This automatically means that changes between the ratio of peak and off
peak demand are not capted.

To determine the demand of the three nodes, the demand of individual countries is
simply added up. This gives 3 nodes with the characteristics shoabie3.4. Figure
3-18 shows the maximum demand of individual countries within the nodes.

Table3.4: demand characteristics afodes

Peak demand (GW Yearly demand (TWh

2012 2030 2012 2030

North 68 77 390 444
Central 218 262 1,313 1,582
South 263 322 1,531 1,887

3.4.9. Profiles of renewable inflow

Output of renewable energy sources like wind and solar are driven by weatlter pa
terns. Within the model, power output is determined using hourly values for weather
patterns of individual countries. The source of the wind, solar and hydro data-is di
cussed below.

3.4.9.1. Wind power

The output of wind turbines is dependent on wind speed, wiadability and the
roughness of the surroundings. Wind data is provided by the MERREE project
(Aalbers & Bollen, 2013Yhis dataset contains 6 hourly wind turbine output values for
all countriesin Europe. Based on the yearly wind availability (full load hours) every
country is split up into three sub categories: high, medium and low wind availability. The
high and low categories contain the 10% best and 10% worst wind power nodes-respe
tively, the rest of the nodes fall into the medium category. The same is done wiith of
shore wind areas.
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Country maximum demand (GW)
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Figure3-18: Maximum demand ir0120f individual countriessorted by node

Each country has its own specificals of wind power development, which might not
always correspond to the optimal distribution of wind over Europe (Heide, 201®)- Ho
ever, the expectation is that in practicproject developers select sites dependent on
favourablewind condtions. Therebre, the wind power profiles ofhe countries high
output regions are used in the model.

Some issues were encountered using the data that was provided by the MEIREE
project. Wind profiles for Luxemburg were missing. Luxemburg is closest to the céntre o

St AAdzyz GKSNBEF2NB . St 3AALY GAYR LINRBFTALfSA I NB
| 26 SOSNE & . Stf3IAdzYyQa KAIK gAYR aALISSR I NBlFa |
um wind profile was used. For Belgium, no offshore wind profiles were available and
therefore the offshore wind profile of the Netherlands was used. FinallyGiaat
Britain the data of England antfaleswas used as the full load hours of Northera-Ir
land and Scotland are only marginally differémtnthose from England and Wales.
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3.4 Scenario selection and data usage

3.4.9.2. Solar ir radiation

Output of photovoltaic cells is determined by sol@adiationand ambient tempea-
ture. For the MERGEPB projecfAalbers & Bollen, 2013plar irradiation and ambient
temperature wee used to determine PV output at every measurement node. Just like
with the wind data, individual measurements adéided into three categories, low
(10%), medium (80%) and high (10%). As PV is mainly installed on the rooftops of private
housing or busiesses, there is lesgpportunity for developers to seledavourablesolar
NBEIA2yad C2NJ GKAa NBlFazy O2dzyiNEQa YSRAdzy
output for PV capacity.

3.4.9.3. Natural hydro inflow

Toquarterlymodel the power available hydro power plants, data about water inflow
is necessaryAs mentioned earlier, there are three types of hydro power plants:afin
river, renewable hydro storage and pumped hydro storage.-&ftniver plants are
directly fed byflowing river water and outputannotbe controlled. Renewable hydro
storage is also fed by natural inflow from a river; however, by using a dam the water can
be stored andeleased when deemed necessary.

A comprehensive search intmurly river dischargelid not have any results. Howe
er, ENTS@ provides data about the monthly energy productgmuped by generation
type for every countr(ENTSEE, 2014a) This data provides a very rougmétion of
yearly energy inflow. Using the total installed hydro power capacity these monthly
values can be calculated back into an hourly inflow. The fact that river discharge is
mainly determined by seasonal factors seems to make this a correct approachdd-
ling the water discharge.
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Chapter 4

VALIDATION, VERIFICATIONAND TESTING

Before using the model described @hapter 3 tests need tashow that the model is
suitable for the purpose it has been designed Because the model can take a long
time to solve various speed up strategies have been proposed in subse8tBmwo
separatemodels have been creatl, one optimizes over the entire time framehile the
second model uses results from an economic dispatchrpme(which is in principle a
third model)to solve individual weeks. Secondly, faliiferent speedsup strategies are
proposed: relaxed mixed integer programming, solving only parts of the year, simplifying
maintenance and combining reservefieTeffecs of these speed up strategiesn the
model resultseedto be known before being ablto benefit from the speed ups.

4.1. Testing i nter model differences and
model selection

Three different models have been created, the clustered unit commitn{@uiC)
model, the splitCJC model which uses results from the economic atisip prerun (CUC
& pre-run) and the economic dispatcf(ED)modd itself that functions as pre-run for
the split CUC modelThis subsection compares the performance and results of these 3
models.Theclustered unit commitmenmodelis used as the benchmark as this model
most directly and accurately solves the entire year in oaesecutiveoptimization.

The standaloneclustered unit commitment model for the full yearcluding the &-
tailed technical constraintslid not find an optimum using the selectetthree node
scenario Therefore the previously described speed up strategiesising derated
maintenanceand combining reservesye used during the tests describgdthis subse-
tion. The effects of individual speed up strategies will be tested in subsetBon

Table4.1 shows an overview of runs that are used for testing the modé&tse full
clustered unitcommitment model is solved igix different varieties Next to the full
problem, he first strategy contains thinearizationof the integer unit statesThe other
four contain the speed up strategy of using a selected part of the year thmtyugh this
we can test whether the part of the year considered has an influence on the énal r
sults Increasing the time resolution to two hours results in the choice of using even or
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Chapter 4 Validation verification and testing

odd hours, using only oneut off two weeks results in the choice asing even or odd
weeks.

Table4.1: Overview of model runs used in test

Run name Model Time frame

CUC (benchmark) CUC model Full year

CUC &reRun CUC model with preun  Full year irseparateweeks
PreSolve Economic dispatch Full year

RMIP (Relaxed Mixed Intege CUC model Full year

AWEH CUC model All weeks, even hours
AWOH CUC model All weeks, odd hours
EWAH CUC model Even weeks, all hours
OWAH CUC model Odd weeks, all hours

All the runs described are tested in two scenariosQ policy or a 10%Q reduc-
tion compared to the ncCQ policy run.

4.1.1.1. No CQ policy

In order to provide better understanding of the functioning of the different models, a
two day dispatch profile ofo different models is shown iRigure4-1. The models used
are the clustered unit commitment (CUC) benchmark model andEttanomic Dispatch
PreSolvanodel. The basifunction of the model is to meet the demand (the black line)
as inexpensivelyas possible. Transport between regions and storage are shown as
negative loads.

The difference between the two models is most clearly visible in the central region.
While theCUC models shows relatively stable output profiles,RreSolvanodel shows
fluctuating behaviour of gas plants. As the PreSolve model does not includeugtart
costs, there is n@conomicdisadvantage to this fluctuation. However, the CUC model
includesstart-up cost and therefore tries to keep a stable output profile.

Secondly, the CUC model needs to keep reserves available for when contingencies
occur.The practical implication can be seen durimight-time, some gas plants are kept
running to providethese reserves, the overproduced power is partly exported to the
other regions and partly stored in hydro reservoirs. The PreSolve model does not include
these constraints and turns all expensive gas plants off during the night.

The dispatch profile canso be used to gain insight in the energy mix of the different
regions. Although these are two winter days and the demand is relatively high, a general
understanding can still be gained. The northern region has some base load poaver
able, which is toped up by a large portion of hydro power, which does not only provide
peaking power, but is delivering day and night. The central regiofrV(Ekks a large
proportion of base load plants in the form of nuclear, coal and lignite. Duringeaf
hours,ifitg I &y Qi F2NJ 0KS NBASNBS NBIljdZANBYSyGas

° Other CO2 settings have also been tested, however, the effect of introducing a CO2 cap is well

presented by the 10% case and therefore used in the analysis
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4.1 Testing inter model dérences and model selection

able to turn of gas plants. The peaks are provided by gas and hydro plants. The southern
region also has a lot of base load power, however, even during the nights, either gas or
hydro power is necessary to provide the demand.

Dispatch profile of models - Winter

cucC PreSolve
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40- m Source
> . Import
20 . Hydro
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Figure4-1: The dispatch profile of the clustered unit commitment and economic dispatch model

The differences between the model runs arew compared on different key perfoe
YIyOS AYRAOFG2NE oO0YtLQa0®d CANRGEE@S GKS NMzy
Thereafter, operational indicators such as the effect on the energy @Gixemissions,
dispatch cost and behaviour of the storage levislsanalysed. The solution time and
2Z0KSNI Yt LQA FNB AYLERNIFYyOd FILOG2NAR Ay aStSOilAy
The time it takes to solve the models are showrFigure4-2. As can be seen, the
SO2y2YAO0 RAALI GOK at NB{2f @S¢ Ya@®RSminute22]1 Sl ai
The second fastest performere the models that limit optimization to only half of the
weeks. The models that only consider halftbe hours (AWEH and AWOH) and the
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model that uses the results from the pran to optimize dispatch in individualeeks
(CUC PreRun) followpproximatelyseven and a halfninutes are needed to find and
optimum in these cases. However, this excludes théme of executing the preun,
something that needs to be done befotlee CUC PreRuB able to optimize individual
weeks Looking at the other runs we can see that the relaxed mixed integer model
Gwalt ¢ LIBoKE taM& henchmarkihis is especilgl interesting because the
RMIP model optimizes dispatch over the eatyear in an hourly resolution but can
optimize without the demanding integer constrainio analyse operational selts, the

full clustered unit commitment modelQUC) is used as a thehmark for the other md-

els.

Figure4-3 shows the difference in the yearly energy balance of the different model
Nbzyad ¢KS FANRG GKAy3a GKIG OF(i0KSa eéKS SeSs
{2t @S¢ NHzy | YR theKi@gest differenceslath th& begcimarkhe
differences primarilylie in the increased use of large conventional power plants such as
nuclear, lignite and coal while more flexible gas units are used less. Both the PreSolve
and the RMIP model do not ha integer commitment constraints, which means that
fI NHS 3ISYSNIG2NER R2y Qi KIF@S YAYAYdzy 2 dziLidzi
part of the energy mix. The PreSolve model shows thee#drdifferencesbecause an
economic dispatch model does notr=ider start-up costs.A detailed overview of i
ferences in energy mix can be founddppendix D

The modelsAWEH(all weeks, even hours) ar®WOH (all weeks, oddours) use a
little bit more gas than the benchmarkvhile the model€WAH(even weeks, all hours)
and OWAH(odd weeks, all hours) show a large difference in wind output. The pre-sele
tion of specific weeks of the year can have large impacts on the ptiodutom renav-
ables

TheCQ emissions of the runs are shownHhigure4-4. All differences are lower than
half apercent; the higher emissions in the economic dispp PreSolve model can be
explained through the increased use in coal and lignite, while the differences in the
models that only optimize even or odd weeks are caused by the difference in wind
output in the considered periods.

Finally, the cost of an emé year of dispatch is compared between the models. We
only look at variable cost as the fixed cost such as capital cost and fixed operation and
maintenance cost are equal, they depend on the installed generation capacity. To come
to the costs of one yeathe costs of runs that only consider a specific part of the year
are scaled.
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Effect of run setting on solver time
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Figure4-2: Effect of different models on solving time
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Effect of run setting on CO2 emissions
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Figure4-4: The difference irCQ emissions between model types

The cost difference in absolute numbers is showRigure4-5. The differences in the
PreSolve and RMIP model are caused by the increased use of cheaper fuels such as
nuclear, lignite and coal. THEWAHrun islessexpensive due tdiigherwind output.
Although a difference of almost 1 billion euros seems large, the relative differences
displayed irFigured-6 show that the effeton the total cost is small.
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Figure4-5: Effect of different models on absolute variable cost

Difference in cost [Million euros]

Finally,Figure4-7 shows the behaviour of the hydro storages in Separateregions.
The storage levels are normalised to their maximum capacity and therefore range from
0 to 100%. It can be seen that all model runs show the same type of behaviour. Only the
models that opimize even or odd week&(WAHOWAH show different behaviour. First
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off all, the levels remaistable once every two weeks, whighexpected and can be
most easily seeffor the storage levels of central Europe (B Secondly, the storage
level off Soutern Europe shows less variation due to less inflow and outflow (only one
out of two weeks).

The behaviour in the different regions can be described as follows: In Northern and
Southern Europe, the hydro levetiecreaseuntil March/April and rise from April to
October, from October to December they go down again. This means that hydroagener
tion is primarily used in winter months, when demand is generally higher thannin su
mer months. The storage level in central Europe shéarsmore variation, this is
because the storage level is smaller and, aslmaseen from the fast fluctuations, is
used to level out daily and weekly demand patterns.

The conclusion that can be drawn from these comparisons is that all models show
about the same behaviour, nonetheless, differences still occur:

1 The models that do not consider integer commitment states (PreSolve and
RMIP) might overestimate the use of large thermal generators such as-nucl
ar, lignite and coal plants.

1 When looking at the comparison of runs that increase the time resolution to
two hours and the runs that only consider one out of two weeks, the models
that usea two hourtime resolution seenrelativelyaccurate. These models
show little difference with the full scale model.
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Effect on total cost

Filling of the storage

Effect of run setting on variable cost
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Figure4-6: Effect of different modelson relative variable cost
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Figure4-7: Effect of different models orstorage behaviour
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41.1.2. 10% CQ reduction

To test the effect of &Q policy on the behaviour of the different modelsC&) cap
isimposed TheCQ cap is set at a level that 19% lower than theCQ emissions in the
benchmark run in the case of @Q policy CUCof subsectiorD). Except for the diffie
ence inCQ emissionsthe same metrics are compared.

Looking at the time it takes to solve the different modélgy(ire4-8) we observe that
the economic dispatch PreSolve modek§ than 1 minutpand the clustered unit co-
mitment model that uses the preun (10 minutes) have by far the shortest solving
times. The models that only consider a selection of haurseekshave solving timeef
between 20 and 30 minutesHowever, themodels that consider the entire year in one
go (CUC and RMIP) take more than one hour to find an optimum. Comparing the solve
time to the situation without aCQ cap, we see an overall increase in the time it takes to
find an optimal solution, except for the economic dispatch and clustered unit cemmi
ment model that uses the economic dispatch.

Figure4-9 shows the difference in energy mix compared to the base run (full year
clustered unit commitment). Again, the linear optimization models (PreSolve and RMIP)
show a preference for large thermal generators while less gas is used. The models that
use a two lour time resolution show very similar results to the model that optimizes the
full year. The difference in wind output between weeks cause the difference in energy
mix in the EWAH and OWAH models.

Effect of run setting on solver time

60 -

Solving time (minutes)

Run type
Figure4-8: Effect of different models on solving time

The explanation for the increase in import and export of the CUC & PreRun lies in the
implementation of theCQ cap in this model. The yearyQ cap is first imposed over
the economic dispatch model. This neddhen feeds its weeklCQ emissions to the
clustered unit commitment model with prun, which uses these weekfQ emissions
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as weeklyCQ caps. However, the cost of savi@g} in different regions may contrast
due to the differences in technical déthetween the models. This makes it necessary to
transport energy across the regions.

Effect of run setting on energy mix Type
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Figure4-9: The differences in the energy mix between model types compared to the benchmark

The model differences with regards to variable costs are showfigare4-10 and
Figure4-11. The same conclusions can be drawn as in the runs witG@uicap. The
absolute costs vary significantly between runs, especially in the runs with low wind
power output such a&EWAH However, relative effects amather small with no more
than 1.246 difference in variable cost for a run with low wind output.

So far, most results have been fairly similar with the results of the runs withG@ a
cap. However, something interesting happens with the behaviour of the hydro storage
levels, as Isown in Figure4-12. The economic dispatch model empties the storages in
both central and southern Europe, only to fill them again at the end of the run. This
filling seems to be an artificial effect of the constraint that requires the storage to be
filled up to 60% at the end of the run. In other words: it seems that storage loses its
value. The hydro storage modules of the clustered unit commitment model that uses the
pre-run shows the same behaviour, this is caused by the fact that the CUC model uses
values from the preun to determine the storage levels in the beginning and the end of
the week.However the CU& PreRummodel does try to use the storage in betwedret
fixed beginning and ends of the weeks, visible from the-&mth effect in the central
Europe hydro storage. Apparently, introducingC& cap into an economic dispatch
model without technical constraints makes hydro storage lose its value.
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Effect on total cost
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Figure4-10: Effect of different models on absolute variable cost
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Figure4-11: Relative dfect of different models on variable cost
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The reason that hydro storage has no value in an economic dispatch run can be
found in the absence of stattp cost and minimum output constraints. This can be seen
in Figure4-13, which plots the behaviour of the hydro storage for different levels of
technical details in the clustered unit commitment model. The model used is the AWOH
model. The first graph shows the storage behaviour for the run technical detailsand i
therefore the same as the ABOH storage behavioufigure The other 3 graphs show
model runs with less technical detail. First minimum output constraints are removed,
this does not have a large impact on the storage. The third graph shows the model
results without startup cost, which seems to affect the behaviour of the storage but
does not yet replicate the behaviour we see in the economic dispatch (PreSolve) model.
Finally, removing both the stattp costs and the minimum output constraints does
resuts in the behaviour observed in the economic dispatch model. We can therefore
conclude that the observed behaviour in the economic dispatch model is not caused by
a modelling error.

Effect of run setting on storage behaviour
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Figure4-12: Effect ofmodel type on hydrostorage levels

However, this does not answer the question why the behavioural change is lenly o
served if &CQ cap is introduced and not in the runs wet&) is not capped (subsection
0). To explain this we have to look at the marginal cost of production and the differences
in marginal cost of production between the twoQ scenarios. Marginal costs of gr
duction are importat for the functioning of a storage facility because electricity is
stored when prices are low and released when prices are high; creating a value that is
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equal to the price difference between the two prices. Electricity prices in the model are
representedby the marginal cost of production: the cost of producing one extra unit of
energy.

In a situation whereCQ can flow freely, the marginal cost at a certain hour is dete
mined by the most expensive generator that is running at that specific time. Daifing
peak hours the marginal producers are usually coal plants while during peak hours gas
plants provide the most expensive energy. The cost difference between producing
electricity from coal and gas determines the difference in marginal cost between off
peak and peak hours.

When theCQ emissions are capped the situation changes, in that case the marginal
cost are also dependent on tHeéQ emissions associated with using that fuel. This will
be illustrated using an example. Suppose that during aipedikhour, a coal plant is the
marginal producer. When an extra unit of energy is demanded, this energy is supplied by
the coal plant; however, this increas€g emissions, which is not allowed due to the
CQ cap. To solve this, coal needs to be substitut@ddas at a later point in time.eB
cause gas has low&Q emissions than coal this substitution will bring the to@GD
emissions back under theéQ cap. However, gas is more expensive than coal, this will
increase the total cost of producing electricity

Storage behaviour test without technical constraints
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Figure4-13: Difference in storage behaviour due to reduction of technical details
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The conclusion is that, underGQ cap, the marginal costs of production at a certain
time are not only dependent on thmarginal costs of the generator that is currently the
marginal producer, but also on the ratios of production costs @@ intensities of
possible substitutes. This causes the irtenporal differences in marginal cost to be
lower in scenarios with €Q cap.

As economic dispatch models do not consistart-up costs, the fuel costand vara-
ble operation and maintenance costse the only @terminant for cost differences
between different time periods. In unit commitment models, the cost differeroes
tween time periods are more complex as they also depend orstée-up and minimum
output of individual units, creating more differences in cost between time periods.
Therefore storage has more value in models that consider technical detaiészofiam-
ic dispatch model with &Q cap is therefore not capable of determining the value of
electrical energy storage.

4.1.1.3. Model selection

As can be seen from the analysis in subsectidnl.1and 4.1.1.2 there are in-
portant differences between the created models. First off all, models without integer
commitment states such as threlaxedmixed integer (RMIP) model and especially the
pure economic dispatch modéhvourlarge thermal gnerators Secondly, the behaviour
of hydro storage plants in economic dispatch models does not comply with expectations
in runs where &Q cap is usedThis makes the clustered unit commitment model that
uses results from the economic dispatch nesbdnreliable.

The remaining clustered unit commitment models that optimize the entire year in
one go seem to be more usable. They are able to capture thédatipns of starup
cost and other technical constraints and value the storage better. Although these CUC
models take longer to find the optimal solution, their solving time isratilhageable

Comparing thefull year clustered unit commitment model thi CUC models that
have a resolution ofwo hoursand themodels that only optimize one out of every two
weeks, we see that the latter are more influenced by wind patterns in the specific weeks
they consider.The models that use a two hour time resolutishow only small diffie
ences with the hourly resolution model while the time is takes to solve ahwwr
resolution model is more than twice as short than solving an hourly resolution model.

Therefore a model that optimizes the full year with a resolutariwo hours isfa-
vourable The differences betweerhe AWEH(all weeks, even hours) anAWOH(all
weeks, odd hoursinodels are small, however, during tests tA&¢VOHmodel generally
came to a solution a little faster than ti&WEHmModel. Therefore theAWOHmodel will
be used in the rest of this thesis.

4.2. Verification and validation

Verification is theprocessof determining whether the model described @hapter 3
has been correctly translated to a computer simulation model. Validation is done to
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checkwhether the model is suited for the purpose it has been designed for. These two
steps are explained below.

During the modelling process, utmost care has been takdmanslating themathe-
maticalformulas into GAMS language. The model was started with only one node and
three different technologies and scaled up from there. In between implementation of
additional features, runs have been done to test consistency exgbectations.None-
theless errors can be easily made in a model that contains more than 2200 lines of
code, especially when versions are split up in order to have one model that can load
values from a preun and another that optimizes over the considettgde frame in one
go. Thereforeany interested reader is invited to check the source code for incomsiste
cies or bugs. The model code is suppliedppendix Eand can be obtained from the
author upon request, including theecessarylata filesto executemodel simulations

In order to validate the model, the model results are compared to the operational
data from the actual European power system. Because the entire European electricity
network is combined into three nodes, the results are not expected to be completely
similar. Figure4-14 shows the energy mix for the entire modelled region as published in

the ENTS@ Qa , SINI& aidl GdAadArOaENTSE RS &8 NB GNP aL

determined by the optimization model.

Energy mix ENTSPE (2012) Energy mix model
SolarBiomass Other Solargjomass

Wind

6% Wind

0,
Pump )

Pump
1%

2%

Coal
15% Lignite
9%

Lignite
14%

Figured-14: The energy mix within the modelled region. Left the actual data from 2QENTS€E,
2013c) right the model run with 2012 capacities

Although similarities can be observed between the grapdrgie differences areap-
parentas well. The amau of energy produced by hydro power, pumping, nuclear and
lignite are largely comparable. However, the amount of coal in the energy mix is far
greater than the amount of coal that is observed in reality while gas fired power plants
are only used to provield% of the total energy demand. Gas power plants are peaking
plants and have higher variable cost than coal plants, so when the situation allows, coal
plants arepreferredover gas plants. As can be seen from the analysis of the capacity mix
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in subsectior3.4.2 individual countries need their gas plants as peaking capacity; ho
ever, when many countries are combined into one node, thant of base capacity
might be enougho provide power for most of the peaks and gas is adgasionally
called upon.Secondly, a part of the gas plants in Europe are used for district heating
purpose$, which makes them must run plants. These combineatfand power plants

are not considered in the modeThe increase in wind energy in the mix can be e
plained throughthe availability of wind in the specific year, but no data for wind speeds
of 2012 was available to test this hypothesis.

4.3. Testing intra m odel differences

Two separatespeedup strategies have been used so far, deratedintenanceand
combined reserves. Haver, the effect of these speeab strategies on model results is
not yet known.Thereforethis subsection @nsecutivelydescribes the déct of different
reserveand maintenanceconstraintson the model results.

4.3.1. Reserve constraints

So far, two different reserve options have been described. Subse8t®R2.8 de-
scribed primary, secondary and tertiary reserves as required by the EETSsection
3.3.5dexribed a speed up strategy which combines the reserves into one group of
reserves for up regulation and one group for domgulation This subsection adds one
more reserve optionnot consideringany reserves at allSecondly, subsectioB.2.2.8
describes how special reserves for renewables need to be added to the traditional
reserves.

This leaves us with the five reserve settings displayethiiie4.2. The effect of the
different reserve settings has been tested using tNé@H model (all weeks, odd hours).
The table displays the effect different settings have on the timakes to solve the
model, CQ emissions and variable cdsfThe combined reserves setting is used as a
benchmark as this is the setting useuatil now.

What can be observed from the data shown is that the effect of different resettve se
tings is only small. Both including a 10% RES reserve and using no reserves at all does
not produce a difference in cost &Q emissions larger than 0.1%. However, using
separatereserves increases the model time to such extend that it runs againstrifee fi
out point of 10hours Therefore, the effect of usingeparatereservescannotbe mea-
ured. However, it does show that usisgparatereserves makes the problem much
more complex.

®C2NI AYyaldlyOdSs wmcz 2F DSNYIyeQa | yikdheat: 2F DNBI G
power (Hirth, 2013)

Which includes startip cost, fuel cost, variable operation and maintenance castreon

served energy cost

7
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Table4.2: Effect of diferent reserve settings on KPidull year

CQ emissions Variable cost

Reserve option Solve time (%) (%)
Combined reserves 6 min 14 sec 100% 100%
No reserves 3 min 9 sec + 0.02% -0.01%
Separataeserves >10 hrs - -
Combined + RES reserves 7 min 8 sec -0.08% + 0.05%
Separatet RES reserves >10 hrs - -

Figured-15 shows the effect the reserves settings on the energy mix compared to the
benchmark, which is the use of combined reservd® reserve options that did not lead
to a result within 10 hours arnot included in this figure.

In the case of no reserves, the northern and southern region export lesprgas
ducedpower, less export in the north and south means less import in the central region.
Thisreduction is filled with coal and gamwer; secordly there is more use of hydro
storage The reason that the north and the south use less gas can be explainet as fo
lows: reserves are normally provided by hydro power plants, providing these reserves
results in the fact that the plants have to keep a miafgetween their maximum output
and actual output. Hydro plants therefore produce ldssing their peak hoursthis gap
is filled by gas plants.

In the case of combined reservasd additional RES reserves, the overall reserves
need to be larger. As hydmpower can provide a large amount of reserves due to their
high ramping rate, hydro power provides a larger part of the reserve requirements. This
leads to a reduction of use of hydro pumping faciliti€ae latter can be loaded less
frequently as the avilable power is used for reserved he use of coal plants alse-d
clines when introducing RES reserves. Coal is used as a reserve as well and has to reduce
output to provide a reserve margin.

To still be able to determine the effect of separate reservesh® run, a shorter ve
sion of the model is run. This model only considers 2 months of the year, the winter
month February and August, a summer month. The time resolution in the model is 2
hours. Using these settings, every reserve option generated dtredhin the time
fAYAG®D ¢ KS NBA&dz tiable4B.yit can belobs@rvet tNa usiagkseparsite A y
NBEaSNBSa Kla Ffyz2ad y2 Ay FiiedzGnwbhiogs regeye G KS
benchmark. The results from the fieserves and combined +RES runs show that using
only two months instead of the full year increases the differences between thehbenc
mark and the options.
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Effect of reserves on energy mix
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Figure4-15: The effect of reserves on the energy mix in the 3 regiefisll year

Table4.3: Effect of different reserve settings on KRlenly winter and summer month

CQ emissions Variable cost

Reserve option Solve time (%) (%)
Combined reserves 28 sec 100% 100%
No reserves 22 sec +0.13% +0.01%
Separataeserves 40 sec + 0.03% +/-0.00%
Combined + RES reserves 29 sec -0.21% +010%
Separater RES reserves 36 sec -0.15% + 0.03%

Figure4-16 shows the effect of different reserve settings on the energy mix in the
model that only optimizes ovefebruaryand AugustUsingseparatereserves has owl
little effect on the energy miXf we compare this td-igure4-15 we see that the diffe
encesbetween the benchmark and the setting for no reserve and combinedES$ R
reserves are of the same direction and type. However, the differences are smaller when
running a full year.

The differences between using combinedseparatereserves are only marginal and
expected to be even smaller in a run where the full yeammukited. Hence, the prév
ous and further use of combined reserves instead of the more congeearatere-
serves is justified Next to this, the effect of using n@serves at all has limited effects
on the modelresults;therefore using this option might besefulin situations where the
model with combined reserves does not find a solution within the set time limit of 10
hours.

The effect of including special reserves for renewable energy sources seems large;
however, he implementation of these reserve requirements requires more research as

72



4.3 Testing intra model differences

they have uncexpected effects on for instance the use of coal plahey will therefore
not be used in the rest of the analysis.

Effect of reserves on energy mix
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Figure4-16: The effect of reserves on the energy mix in the 3 regiens
only winter and summer month

4.3.2. Maintenance constraints

Two different maintenance options have been describetil now. One of these @
tions is to optimize the maintenance over thyear, this expectedlyresultsin more
maintenance done in the summer, when demand is lower. The other option is té-mult
ply the installed capacity with a fixealvailability factor, representing theassumption
that a certain percentage of the generatigapaciy is alwaysunder maintenance. These
two options are described in secti@?2.2.7and 3.3.4respectively.

First, Table4.4 shows the effect of the Bifferent maintenance options on the solve
time, CQ emissions and variable cost. Derated maintenance is used as the benchmark
as this is the maintenance option usadtil now. It can be seen that the variable costs
drop with 1.2% when using planned maintenance. However, @@ emissions risevith
2 percent. Besideshe planned maintenance option increases the time to find a solution
with a factor 10.

Table4.4: Effect of differentmaintenance settings on KPIs

Variable cost CQ emissions

Reserve option (%) (%) Solve time
Derated maintenance 100% 1126 3 min 28 sec
Planned maintenance -1.2% + 2.0% 35 min 12 sec
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The reason for the observed changes in cost @@l emissions becomes visible in
Figure4-17, which shows the difference in energy mix caused by the planned eaaint
nance option. The usage of gas plants declines while electricity production from coal
increases, coal is a cheaper fuel than gasdmutainsmore CQ. This explains theln
servedcost decrease an@Q increase

In a situation with planned maintenance, maraintenance is being done during{
riods of low demand. These periods are generally the summer months. In winter
months, when demand is high, a smaller part of the capacity is under maintenance.
Figure4-18 shows the amount of capacity under maintenance over the course of the
year for the derated maintenance and the planned maintenance. As expected, the
derated maintenance results in a constant amount of maintenanceth® right side of
the graph, we see that the maintenance is changing over time.
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Figure4-17: The effect of planning maintenance on the energy mix
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Maintenance over the year
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Figure4-18: Amount of capacity under maintenance over the year

The base load plants, nuclear, lignite and coal, shaseasonal patternAlmost no
maintenance is done during the winter period while the capacity under maintenance is
highest in summerFigure4-19 shows thedispatch over a full weekhe top half of the
picture shows the dispatch for a winter week while the bottom half shows the power
balance of a summer week. The effects of optimiregintenance can be seen in all
regions: in the winter week more base loadpacityis available;this reducesthe need
for peaking power

The capacity under repair for the other generator types, gas and biomass, shows less
seasonalbehavior and fluctuatesheavily over time Kigure4-18). As can be seen in
Figure4-19 gas plants are not used at all, the amount of cheap base load capacity is high
enough to prevent gas plants from turning on in winter. During sumanéttle more
hydro storage is used and prevents gas plants being necegsagas plais arealmost
not used it does not matter when maintenancen these plantss executed so the
model finds an optimum at an arbitrary amount of maintenance.

Figure4-20 shows the correlation between the average demand over a week and the
amount of capacity under maintenance. The figure clearly shows the negativeacorrel
tion between the demand and base load capacity under maintenance in all regions (low
demand is high maintenance). There seems to be no correlation between demand and
maintenance for more expensive plants, and if there is any, it is positive.
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Power balance dependent on maintenance - Winter
Optimized

Derated

N-N3

W-n3

n3

5

0 -

Y v v vy

I 1 1 1 1
jan29  jan 23 jan 25 jan 27 jan 29

Time

1 1 1
jan 23 jan 25 jan 27

Power balance dependent on maintenance - Summer
Derated Optimized

N-N3 N-N3

Power [GW]

S$-N3

0 -

- N -
I
jul 19

AR __A B T

I 1 I 1 1
jul 23 jul 17 jul19 jul 21 jul 23

Time

I |
jul17 jul 21

Figure4-19: Power balance dependent on maintenanee

winter week (top) and summer week (bottom)

76

Source

. Import

Hydro

PV
I wind_oft
Wind_On
. BiomassSolid
GasOCGT
B casceet

. Coal
= Lignite

RiverHydro
. Hydro_Stor
. Export

Curtail

Nuclear

Source

. Import
- Hydro

PV
. Wind_Off
Wind_On
. BiomassSolid
GasOCGT
. GasCCGT

- Coal
Lignite

l Nuclear
RiverHydro

. Hydro_Stor
. Export

Curtail




4.3 Testing intra model differences

Correlation between maintenance and average demand
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In Chapter 5he model will be used to test the effect electrical energy storage has on
the integration of large shares of renewables. Hence, the effect of plannéatenance
in a situation with large shares of renewables needs to be tested. Fdettiwe use, as
described insubsection3.4.3 2030 capacities from ENTS®DQ& { OSYy | NA 2 hdzif 2 2]
Adequacy Forecast VisionBNTSE, 2013b)A very high renewable scenario is added
by doubling the installed renewable capacities.

Figure4-21 shows the capacity under maintenance over the yéarcan be seenst
ing the 2030 capacities already causes the maintenance to lose a large part ohthe se
sonal cycle. Especially central Europe, rehiestalled renewable capacities are highest,
shows fluctuating behaviour. Doubling the amount of renewables further increases the
fluctuation of maintenance, also in the other regions.

The reason for this can be found in the effect that renewables lavéehe load,
more specifically theesidualload (the load after subtracting the output of renewables)
As the amount of renewables increases, the residual load is more and more affected by
the weather patterns instead of the daily and seasonal demandepagt This means
that during weeks with for instance high wind output, less generation capacity isnece
sary and more maintenance can be done.

Maintenance therefore loses its correlation with the average demand; however,

some correlation between residual load and maintenance can now be expeEtgdre

4-22 shows the correlation between capacity on maintenance and the average residual
demand over a week. The correlations are weaker than the ones shoWigline4-20
because using the average residual demand might show large variations over the week
compared to average demand. For instance, there might be extremely strong winds in
the beginning of the week and low wind in the end of the week, resulting in an average
wind week. In this average week, still enough capacity is necessary for the period with
low wind output and can therefore not be on maintenance.
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Figure4-21: Planned maintenance in scenario withore renewables

78



4.3 Testingintra model differences

Correlation between maintenance and residual demand
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Figure4-22: Correlation between maintenance and residulalad in the 2x 2030 capacity scenario

The effect of planned maintenance behaves as expected; cost minimization is
achieved when planning maintance around periods of low demand. However, the use
of gas plants, which was already low compared to values observed in reality, further
declines. This furtheemphasizeshe fact that the model does not contain transmission
constraints within regions, wbh is an undesirable effect.

However, when introducing larger shares of renewables, the maintenance is planned
aroundperiods of high renewable output, which, although dependent on the seasons, is
not fully predictable. Because the model is completely deiaistic it is possible to plan
maintenance around these periods of high output.

Although planned maintenance helps in finding the lowest cost solution, it will not be
used in the further analysis. The reason for this is threefold. In scenarios with larg
shares of renewable energy planned maintenance is done during periods of unpredict
ble high renewable output. Besides, it reduces the use of gas plants. Finally, the time it
takes to find the optimum increases significantly.
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Chapter 5

EXPERIMENTATION

To test the role of electrical energy storage in a future electricity grid, the created
model will be used to execute a number of experiments. These experiments are used to
determine the effects of storage on the electricity systemvarious scenarios. hE
scenarios are based ondlscenario data as presented in subsectoh

5.1. Scenario setup

The reference scenario uses the installed generatiapacities from ENTSDQ & +*
sion 3(ENTSE 2013b) The reference scenario is analysed twice, first withol@Q@
cap and secondly with the introduction of a 500 MtG@ cap. TheCQ emission in the
runs with installed capacities fro2012without a CQ cap are approximately 1200 Mton
(see subection4.1.1.]), so introducing a 500 Mton cap could be regarded as reducing
CQ emissions with 60% compared to tB@12values. This is a trend that is compagrbl
to that of the CQ reduction in the power sector as described by the European Cemmi
sion(European Commission, 2011)

Secondly, acenario with a large amount of renewablesaiglysed This scenario is
created by multiplying the renewable capacities from Visi8 with a factortwo. The
amount of traditional capacity is kept constamfigain, this scenario is analysed both
without and with aCQ cap The introducedCQ cap is 100 MtonreducingCQ emis-
sions with more than 90% compared to tB812run (European Commissio2011)
Table5.1 shows an overview of the considered scenarleigure5-1 shows the installed
capacitiecompared to demand and residual load in the two scenarios

Table5.1: Considered scenarios

Generation capacity CQcap
Scenario Conventional source Renewable source (Mton CQ)
Reference; NoCQ cap ENTSEE Vision 3 ENTSEE Vision 3 none
Reference; CQ cap ENTSEE Vision 3 ENTSEE Vision 3 500
High renewableg NoCQ Cap ENTSEE Vision 3 2x ENTS@ Vision ! none
High renewableg CQ cap ENTSEE Vision 3 2x ENTS@&Vision 3 100
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Load, residual loads and installed capacities Type
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Figure5-1: The load, installed dispatchableapacityand residual load
with 1x and 2x ENTSE Vision 3 renewable capacities

Based on the analysis presented in subsecfdh(Current state of kctricity sta-
age and 3.4.5 (Electrical energy storage propertlethree storagetechnologieswill be
added to the capacity miin the different scenarios Flow batteries, compressed air
energy storage and hydroggffuel cell)storage.Pumped hydro is not added because
this is an acqated technology and is already present in all of the nodes. The technical
characteristics of the storages are shownrleble5.2. The considered amounts of sto
age capacity aré, 5, 10, 25, 50 and 100 GWhe storage durationfr each teinology

are fixed,so if 5 GW of flow battery is added to the system, the added storage capacity
is 25 GWh

Table5.2: Storage technology characteristics

Power specific Energy specific Storage Round trip

Oz2aia costs€ K | 2 duration (hr) efficiency

Flow batteries 200 200 5 75%
CAES 600 50 50 70%
Hydrogen storage 4000 5 500 40%

As the amount of transmission capacity is expected to have a large influence on the
effectiveness of electrical energy storage, the transmission capacity between the three
nodes is also variedNext to the transmission capaigs presented in sectio3.4.2 two

® This disregards the efficiency of the technologies, if a 5GW, 25 GWh storage facility is fully

loaded, only a part of the energy can be extracted due to the extraction losses, therefore ha
ing a storage duration that ectuallyshorter than 5 hours
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other amounts of transmission capacigre consideredin addition to thetransmission
capacity that is expected in 2038n optimistic and a pessimistic appchare taken. In

the pessimistic case, only 50% of the currently planned transmission capacity is added to
the system while in the optimistic case, 50% more than the expected new transmission
capacity is installedTable 5.3 shows the different amounts of transmission capacity
used in the experiments.

Table5.3: Transmission capacities considered

Transmission scenario NorthT Central { 2 dzi KCental

Currentcapacity 4.00GW 15.00GW
50% 2030 7.75GW 20.25 GW
100%2030 11. GW 25.5 GW
150% 2030 15.25GW 30.75 GW

5.2. Reference scenario z ENTSQE Vision 3

Figure5-2 shows thereductionin variable cost dependent aine amount of storage
and transmissionThe marker signs show results retrieved from the model. The line
behind the markers is a curve thatfitted to the modelresults®. In the scenario wit-
out aCQ cap, the curves seem to fitell. However, when €Q cap is implemented, the
curves fit less wellHowever, many model types where tested and although some of
them seemed to generate a betteit;fthey overestimated the value of storage around
zero for instance logarithmic functions reachnfinite around zero).

In generalthe curvesshowthat small amounts of storage have a relatively large i
pact. The initial slope of the curvessigepand levels out when introducing more sto
age into the system.

Looking at the situation without €Q cap, it is clear that the efficiency of a storage
technology is more important than the storage duration. The flow battery, with only 5
hours of storage and round trip efficiency of 75%, causes more cost reduction than the
hydrogen storage, with 500 hours of storage and 40% effici@ruy difference between
the efficiency of flow batteries (75%) and compressed air energy storage (70%) is only
small; howeve, the difference in cost savings is relatively large.

° These serve as indication, the presented current capacity is not used in the experiments of this

section
' The curves are determined by fitting the data to a function of the form:
v oo o s en s YQ € 1T QUOID €
6 ¢ i do 08 0 Yo ¢ | BEANQT T
where the sum of squared resuduals is minimized by varyiagd! . In general, this function
fitted the observed data best.
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Saving in variable cost dependent on storage
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Figure5-2: Variable cost difference based on amount of storage

Secondly, the effect of transmission capaaity is relatively large. The amount of
transmission capacity added (for 150% 2030) anldtracted(for 50% 2030) from the
base case is the same. However, the difference variable cost is larger when reducing
transmission than when increasing transmissioris Han be seen from the fact that the
space between the linds increasing when reducing the amount of transmission dapac
ty. Figure5-3 shows that this is caused lbiye fact that under all conditions, the savings
in start-up cost arealmost equal, however, the savings in fuel cost decrease with i
creasing transmission capacity.

Looking at the variable cost savings in the situation wi@Gacap, the observation is
that the savings arsignificantlysmaller(note the different yaxis) Also there seems to
be less difference betwan the considered technologies and transmission capacities.

Figure5-4 shows themarginalvalue of storage. Thenarginal value corresponds to
the amount of variable cost that would be saved when introducing one extra gigawatt of
storage. It iscalculated bydifferentiating the curves that are found in thariable cost
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savingsfrom Figure5-2. The marginal value of storage can be used to determine the
amount of storage that is to be installed from a cost optimeaispective; if a flow ka

tery would cost 5 million euro per year per GW to operate, than the amount of storage
capacity to install is the interception of the horizontal line 5 and the fitted curve. The
figure shows that increasing the amount of storageises a sharp decline in the add
tional value of the storagerlhis indicates that the market for electrical energy storage
will be quickly saturated.

UsingFigure5-2, the conclusion was drawn that the efficiency of the storagédntec
nology is more important than the storage duration; however, a closer look at the ma
ginal cost presented ifrigure5-4 learns that the marginal value of CAES is higher for
small amounts of storage but decreases faster when increasing the amount of storage
capacity. Hence, there is room for storage with longer storage duration but the amount
of storage paver can only be small to be more beneficial than a higher efficien@y. Se
2yRt e (GKS 02y OfdzaAiz2y R2SayQi K2fR FT2NJ
such as hydrogen storage, as can be seen fgure5-4.

Figure5-4 also shows the marginal value of storage in a situation witQacap. Due
to fitting errors (especially in the case of flow batteries), the results are not very acc
rate. The values at 0 GW of storage power should be higher than depictedatimegys
on variable cost of the first GW of installed storage capacity ranges from 8 million euros
for a flow battery in a situation with low transmission to 4 million euros for hydrogen
storage in a high transmission scenario, as can be seBigime5-3. Nonetteless, the
conclusion remains that@Q cap has a negative influence on the value of storage.

Source of cost savings
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Figure5-3: Source of variable cost savings due to storage fow battery storage)
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Marginal value of storage
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Figure5-4: The marginal value of storage

The mechanism behind the effects electrical energy storage has on the variable costs
can be explained using the energy mix that results from adding stofdgeenergy mix
in before addig storage is shown iRigure5-5. Figure5-6 shows thepercentagediffer-
encein energy mix of all the three regions in the runs with storage compared ts-a sy
tem without additional electrical energy storagehe used transmission capacity is 100%
2030, the same results hold for the different transmission scenarios.

Starting at the top left of the figure, flow battery storage withouC&) cap, it can be
seen that an increase istoragecapacity causes the amount of gas that is used to be
reduced. The reduction of gas plants is mainly replaced by coal but there ia alght
increase in use of nuclear and lignite plants. Secondly, we see an increase ofi-approx
mately the same size in the use of the flow batteries. This indicates that energy from
coal, nuclear and lignite plants is being stored in the batteries ddmiwglemand, when
a part of these base load plants would normallyidle and being released in periods of
high demand, when gas would be used to cover the peaks). Thirdly, the amount of
transportation (im and export) also increases. This indicates thatagye does not only
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have an influence on the region where it is deployed, but also affects other regions.
Finally, there is a slight decrease in necessary curtailment (indicated by the little black
stripe below the reduction of gas use.

Looking at the dter storage technologies, compressed air energy storage anahydr
gen energy storage, we see roughly the same results, although the effects are slightly
smaller for CAES storage and a lot smaller for H2 storage. What is interesting here is the
effect of H2on the variable cost compared to the effect on the energy mix. More &peci
ically, H2 has a very marginal effect on the energy mix, almost four times smaller than
the effects of a flow battery, nonetheless, the marginal cost savings are only about twice
assmall as the savings that are achieved with a flow battery. This indicates that a large
part of the variable cost savings lies in small changes of the energy mix.

Energy mix without storage
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Figure5-5: Energy mix without storage
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Effect of storage on energy mix
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Figure5-6: Effect of storage onotal energy mix(transmission used is 100% 2030)

As already observed, addingC&) cap reduces the effect that storage has on tpe
erations of the systemThe reason for ils is now clear, as th€Q is capped at a certain
level, CQ intensive coal and lignite plants are not able to replace the relati@€poor
gas plants. Nonetheless, the change in energy mix does show interesting behaviour.
When introducing a small amatiof storage, transportation is reduced. However, when
adding more storage, the reduction in transport becomes smaller and is replaced by a
reduction in the use of the already present pumped hydro storage plants. Really large
amounts of storage (50 and QA@GW flow batteries) even cause an increase in tragsmi
sion.

To explain the change in the amount of energy that is transported, we can zoom into
the effects of energy storage in the various regidfigure5-7 shows the effects of two
different flow battery sizes, 5 and 50 GW, in the different regiohgain, the 100% 2030
transmission scenario is used.
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Regional effects of storage
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Figure5-7: Regional effects of storage for two storage capacities, using flow battery storage and
100% 2030 transmission

First look at the scenario without@Q cap. In the situation where 5 GW of flowtba
tery is added to the central node, the gaise in the central node is reduced, ard r
placed by coal plants. Secondly, although the total amount of transmission does not
change much, the export to the south is reduced while the import from the south is
increased. The gap in the southern node,sEliby more exports and less imports less,
is filled with gas.

LYONBFaAy3d GKS &d2NF3S OFLIOAlGe G2 pn D2Qa
where the storage is added, reduces its gas consumption while increasing coal gansum
tion. The transport tahe south is reduced about the same amount as in the 5GW case,
however, the import from the south increases significantly. Again, the south changes the
emergent gap with gas.

As it seems now, the middle region reduces its gas production while importing mo
gas produed electricity from the south.Ae reason for this is unclear as production in
the own region ipreferred over importas there will be transport lossellore insight is
gained usingrigure5-8, which shows thecumulative difference of energy production
over the year. The figure should beadas follows:a positive slope of a line means that
the model with storage used more of that commodity than the miogighout storage.

89



Chapter 5 Experimentation

Regional and seasonal effects of storage
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Figure5-8: Thecumulativeeffect of storage on the energy mix over the course of the y¢&d GW
flow battery compared to no additional storagesituation with noCQ cap and 100% 2030

In the northern node, less hydro is being used in the beginning of the year while
more is being used at the end of the year. The end result is that the same amount of
hydro is used over the entire year, which is also the reason why the difference intoutp
did not show up irFigure5-7. Hydro shows the same behaviour in the southern node,
however, the increased export, as can be seen from the positive slope, islspvea
the entire year. This is because the gas usage in the southern node shows opposite
behaviour to that of pumped hydro. So the additional import in the central node is
mainly powered by additional hydro generation in the other two nodes. The expeatat
is that this is done to reduce thsart-up costs.

Looking back aFigure5-7, in the situation with aCQ cap, the import from the
southern region is reduced gpoximately the same amount in both the 5 and 50 GW
case.Secondly, like in the n€Q cap case, more energy is imported from the south,
filled in by gas plants. The seasonal effects look largely the same as the ones shown in
Figure5-8 and are therefore not discussed. The largest difference caused by introducing
a CQ cap therefore is the fact that storage is not able to replace expensive gas plants
with cheaper basdoad plants. This reducdble variable cost savingschievablein the
situation without aCQ cap.

Storage charges during hours of low demand, increasing thpeaik price, and di
charges during hours of peak demand, decreasing theeak price.Therefae, it is
expected to reduce price variation on the electricity mark&gure5-9 shows a boxplot
of the marginal cost observed over the year for the central regitre situations where
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the marginal cost increase to the value of lost load (VOLL) are excluded from this plot.
The graph shows thdboth storage and transmission reduce the variation in prices.
Especially in situations with more than 50GW of storage th@tian is reduced by a
large amount. However, the prices are relatively stable in the researched scenarios
already and therefore no valid conclusions on the effect of prices can be drawn from this
diagram.
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Figure5-9: variation in marginal cost dependent on transmission and storage

5.3.  Future scenario - Highly renewable
power system

This section tests the effects efectrical energy storaga a system with a large
amount of renewable generation capacity. The renewable generation capacityuis do
bled compared to the values used in the previous section, the amount of other gener
tion capacity remains constanthe figures used to describe tledfects of storage are
the same and should therefore be familiar. The results of adding a very stri@@nt
cap, equivalent to approximately 9026} reduction, are also presented.
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Energy mix without storage
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Figure5-10: The energy mix without adding storage for different transmission capacities @@
constraints

The energy mix that results from doubling the renewable capacities is shofg-in
ure 5-10. As can be seen, erand offshore wind now covers a large part of the total
energy demand. In total, more than 50% of the energy is supplied by wind, with more
than 70% of wind production in the central node. Including solar powergrthan 60%
of the total energy demand is supplied by fluctuatiremewables. The@emaining -
mand is largely covered by nuclear and lignite plants in the situation with@® &ap,
when aCQ cap isintroducedsome of the lignite is replaced with gas.

Figure5-11 shows the savings in variable cost due to adding storage to the central
node. Again, a curvéis fitted to the data retrieved from the model in order to more
easily see the trend in the re¢sl The same type of curve fits all teeenarios equally
well. The reduced variable costs are shown for both the situation with and witGaut
cap.

The first thing to notice is the large increase in savings compared to the previous se
tion. The maximunsavings in the previous case were 125 million euros for a 100GW
flow battery, in the absence of &Q cap. The variable cost savings in this scenario,
where the amount of renewables are doubled compared to the previswssection,
surpasse2500 million ewos. This is an increase of more than a factor 20.

Secondly, the most valuable storage technologies are the long term storage techno
ogies. Previously, the flow batteries were able to reduce variable cost most, followed by

! The curves are determined by fitting the data to a function of the form:
O€il aLQeDp Q
where the sum of squared resuduals is minimized by vatyiagd .
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compressed air energy storagedahydrogen storage, following the order of reducing
efficiency However, in the high renewable scenario, the value of storage is highest for
CAES, which has storage duration of 50 hours and a slightly worse efficiency than the
flow battery (70% versus 75%)

Even more striking is the increase in savings that are achieved by hydrogen storage
compared to the other technologiedlydrogen storage has a storage capacity of 500
hours and although H2 storage only has a round trip efficiency of 40%, it stillreutpe
forms the flow battery storage. Next to that, it is approaches the value of CAES storage.
Apparently, an increase in renewable energy penetration increases the value of long
term storage technologies.

Another observation is that the slope of the costisgg curve does not flatten out as
quickly in this scenario. In the scenario with a small amount of renewable, the addition
of storage capacity above 25GW has only limited additional effects. However, the ave
age value of storage remains relatively higtelothe entire range of tested storage
capacities. Doubling the amount of renewable energy capacity allows the addition of
more than double the storage capacity.

Looking at the effects of the transmission capacity on the valugtarhge, we see
that storage is most valuable in a situation with little transmission capacity. However,
comparing the results to the low renewable scenario from the previous section, the lines
are more evenly distributed and closer together. The reason for this can be found in
Figureb-12. By far the largest part of the cost savings now lies in fuel Apshcrease in
transmission capacity does decrease the reduction of fuel cost and therdémmeases
the value of the storage.

The bottom part ofFigure5-11 shows the savings in variable cost in the situation
with a CQ cap. The value of storage almost doubles compared to the value of storage
without a CQ cap, for all three technologies. In the previous analysis the value pf sto
age reduced due to the introduction of @Q cap. Looking at the source of these cost
saving (Figure5-12) it can be concluded that the cost saving primarily comes from
savings in fuel cost, similar to the scenario witho@@ cap. The second largest soar
of the savings comes from savings in stgstcosts.

Figure5-13is used to show the marginal value of storage, the reduction of variable
cost that is achieved byitroducing 1GW of additional storage. Although the marginal
value declines quickly, it still does not completely level out after introducing tha-max
mum tested capacity of 100GWigure5-13 also shows that the marginal value of sto
age is higher if the energy can be stored for longer periods of time, as can be seen from
the higher value of CAES and H2 storage, despite of their low efficiencies.
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Figure5-11: Variable cost savings dependent on storage technology

Figure5-12: Source of variable cost savings for CAES
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