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ABSTRACT

A MIXED INTEGER LINEAR UNIT COMMITMENT AND ECONOMIC
DISPATCH MODELFOR THERMGELECTRICAND VARIABLE
RENEWABLE ENERGY GENERATORSWITH COMPRESSED AIR
ENERGY STORAGEVERIFICATION AND APPLICATION USING
DATA FROM THE IRISH GRID

Thomas Nikolakakis

The objective of this PhD thesis is to create a Unit Commitment and Economic Dispatch
(UCED) modelling toolthatcan usedto simulate the détestic performance of a power
systemwith thermal and renewable generators and energy storage technologies. The model
was formulated using mixed integer programing (MIP) on GAMS interface. A robust
commercial solver by IBM (CPLEX) is used as solver. Eag$ on the development of
the toolhas beengivenon thefollowing aspects
a) Technical impacts of Variable Renewable Energy (VRE) integration. The UCED
model developed in this thesis is a high resolution saam dispatch model. It
captures the variali§i of VRE power on the intraour level. In addition the model
considers a large number of important real world, system, unit and policy
constraints. Detailed representation of a power system allows for a realistic
estimation of maximum penetration levef8/RE and the related technical impacts
like cycling of generators (palbading and number of starps)
b) CO2 emissions. High levels of VRE penetration can potentially increase

consumption of fuel in thermal units per unit of electricity produced due to



increased thermal cycling. The dispatch of units in the UCED model is based on
minimizing systemwide operational costs the mostimportant ofthose being fuel,
startup costs and the cost of carbon. Fuel consumptionis calculated using technical
data fromInput/Output curves of individual generators. The stguricost is
calculated based on times the generator units have been off and the energy
requirement to bring the unit back to hot state. Thus dynamic changes on fuel
consumption canbe captured and ndgah

c) Technical solutions to faciltate VRE integration. VRE penetration can be
facilitated if appropriate solutions are implemented. Energy storage is an effective
way to reduce the impact of RE variability. The UCED model includes an
integrated Mixed Ireger Linear (MILP) compressed air energy storage (CAES)
simulation submo d e | . Unl i ke existing CAES mod
Economicdo (TE) CAES model devel oped in
major CAES manufacturers to modelthe dynamic effecaedin pressure on both
the compression and expansion sides during CAES operation. More specifically the
TE model takes into accountthata) a compresischarges at a pressure etal
the backpressure developed in the cavern at each moment, b) tltecspbarging
can be regulated throughinlet guide vanes; higher charging speed can take place at
the expense of additional power consumption, ¢) the maximum power output during
expansion can be limited by the levels of cavern pressure; there is a threshol

pressure level below which the maximum output decreases linearly with pressure.

Since it uses actual power curves to simulate CAES operation, the TE model can be

assumed to be more accurate than conventio



modeldynamic effects of cavern pressure on CAES operation. The TEmodelin this thesis

is compared with conventional FP models using historical market prices from the Irish
electricity market. The comparison was based on the ability of a CAES unit to arbitrage
energy for making profit in the Irish elect
was created that included the operation of a 270MW CAES unit with technical
characteristics obtained froma major CAES manufacturer and assumed discharge time of

13hr. Various sensitivities on discharge time, natural gas prices and systemmarginal prices
(SMPs) were modeled. An additional scenaric weeated to show thoenefit on CAES

profitability if the unit participated in both the energy and ancillary seswnaarkets. Al

scenarios were modeled using both the TEand FP CAES models.

The results showed that the most realistic TE modelreturns around 15% less profitabiity

across more scenarios. The reduction in profitability grows to around 30% when the cavem
volume (discharge time) is reduced to half (6 hours). The latteris related to the sensitivity

of the TE model on cavern pressure that is being built faster when the volume is reduced.

A CAES unit wonoét get a posi tdeangscenad pr ese
unless SMPs agreatly increased. Thus, it was shown thatthatexisting FP CAES models
overestimate CAES profitability. More accurate models need to be used to estimate CAES
profitability in deregulated markets. Additionally, it might de@ecessary to create

additional markets for energy storage units andincrease the possible revenue sources and

maghnitude to facilitate anincrease of storage capacity worldwide.



The second step of analysis involved the integration ofthe CAES and UGHsTidhe

UCED model developed in this thesis was validated and applied using data fromthe Irish
grid, a power system with more than 50 thermal generators. A vast of existent data was
used to create a mathematical model of the Irish system. Such dai@deinethnical
specifications and variables of thermal generators, maintenance schedules and historical
solar, wind and demand data. The validation exercise was deemed successful since the
UCED model simulated utilization factors of 45 out of 52 generatibrsan absolute
difference between modeled and actual results on utilization factors of less tithe 6%
absolute differences are called Delta in this thekiggddition the results of validation
exercise were compared with the results of a similarcesevhere PLEXOS was the
modelling tooland it was found thatthe results of thertwdels were similar for the vast
majority of generatord/ore specifically, the PLEXOS modelresults showed higher deltas

for the coaffired generators compared to th€ED model. On the other hand the UCED
model, reported higher delta values for pfrad generators. Tdresults of the PLEXOS

model vere slightly better for the gdsed generators whe both models reportetktas

nearly zerdor all oil and distillatefired generators.

Finally the model was applied to study the benefits of energy storage in Ireland in 2020

when wind penetration is expected to reach 37% oftotaldemand. The analysis involved

the development of two groups of 3 scenarios eadhdfirst group the main scenaro

also called the AReferenct@untv@0smnustee® d t o s
commitment within the Irish systemwithoutstorage. Theresults of the reference scenaro

were compared with two additional scenarios that asstimeeeikistence of one 270MW



CAES unitin Northern Ireland by 2020 (again the fisstenario involved the TE and the

second the FP CAES model). The results shawdten using the TE modethat the

inclusion of one 270MW CAES unitin Al can help reduce windailment by 88GWh,

CO2 emissions by 150,06nnesa nd s ystem c o syearlfdnfFPmodes mi | | i ¢
had been used instead the reductions would be: wind curtailment by 108GWh, CO2
emissions by 270,00@onnesand annual systemTwoomans by a
conclusions can be obtained from the specific set of results. The first conclusion is that
storage units have a financial benefit over the whole system. Thus, when a CAES uni
operates to minimize the costs of the whole system can incur didistanore benefis
compared to if the CAES unit operated to m
case presented earlier. The benefits of storagelo@@hole systemshould be accounted

to make policy decisions and create incentives forstems to increase energy storage

capacity in national grids. The second important conclusion is that existing CAES FP

models overestimate the ability of a CAES unit to facilitate VRE penetration. More
accurate TE model s s houlpdbiltpte increase slystemo as s e

flexibility .

A second group of scenarios was created to simulate the benefit of CAES at even higher

VRE penetration |l evels. I n the second grou
storage however, wind productionwasrine as ed by 25%. Again the
compared with two additional scenarios that assumed integration of 3x270MW=810MW

of storage capacity in Al (one scenario used the TEmodelandthe other the FP). The resuls

for the TE model show that each of theCAES units reduces wind curtaiment by



188, 000MWh, t ot a ImilieyarsdtCOIremssioastby 1800GNNEs2 9
The same reductions for the FP modePAr000MWh of wind curtailment U rRilfon 6

on total systemcosts and 180,800nesof CO2 Thus, the results ofthe second group of
scenarios showthat #se installed capacity ®othCAES and wind ineases in Ireland

a) the systerwide benefits of CAES increase and b) the differences onresults between the

TE and FP models become mwsrhaller.
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Chapter 1 Introduction

Solar and wind technologies have experienced significant cost reductions due to
technology advances and economies of scale. At the moment 183 countries have RE
generatiortargets and the PV and wind contributiam the global energy migre only
expected to grow. However, integratirgdatively high levels of solar and wind based
generation is challenging becabs¢h power sourcastroduce into a powesystem higher

leves of a)demandrariability and b) uncertaintilore specifically very high levels of PV

and wind powecan affect the economics of producing electricity as wellas power system

operationand systemsecuritin thefollowing manner

1. Candisturtsystermarginal prices of electricity througt)bringing online more
expensive units (usually gas or oil fireth) balance demand variabilignd b)
bringing on line units that are notnecessarily the most economic just to easure th
power flows within the tragmission networlsatisfy system constraints and
reliability criteria (avoid overloading lines, maintain voltage within acceptable
limits, dealwith uncertainty related to forecasts of outputs fromsolar ang.wind

2. Can increassystem OPEX costercing thermal units operatavayfrom ther
optimal generating points

3. Canaffect system CAPEX costs because additional imests are required for

increased ancillary services requirements due to increased uncertainty levels



However, there argechnical solutionfor deaing with VRE variability and uncertainty
One way is to reduce nieiad variability andincertaintyoy dis persing geographically PV
and wind, taking advantage of PV and wind synergy at specific locatiwosgh
implementingDenmandSide Management (DSM) prograrasd investing on smart grids.
Another way to facilitate VRE integration is increasing grid flexibility through investing
into more flexible generation like gdised units and investing on transmission projects to
interconnect different grids or parts ohe same grid to allow for a largbalance zone.
Finally, there are hybrid solutigiike energy storage. The solution choidegend on the
characteristics of each power systéne time scale of aggation of each solian and of

courseon economics.

In this doctoral thesis steadystateUnit Commitment and Economic Dispatch (UCED)
modelthat simulatdsalf-hourly grid operation and can bsed to study the impacts of PV
and windintegration on a power syst@&presentedVore specificallythe thesis includes
the development af Mixed Integer LineaOptimization modebn GAMS platfornthat
useghe IBM CPLEX algorithmto optimize Unit Commitment of therelectricsystera
with renewable energy generatiand enegy storage solutions. It optimizes system
operation having as an objectitleeminimization ofthe operational cost of the system
considering a set of constraints likeserve margin requirement, @ proximation for
transmissiompower flows,ramp up/dow and minimum up/down constraingtartup
costscarbon pricingand carbon cap schemes. The madsd ussa piecewise linear
approximation approach to simulate the Input/Output characteristics of thermal generators

considering the effects of pdotadoperation on unit efficiency. The modeling approach is



very similar to the approach used by major commercial power system planning models like
PLEXOS and PSR that both use CPLEX as the underlying Mixed Integer Programming
(MIP solver as well).The UCED maelhowever, is the first that simulates thermo
economic operation of compressed air energy storage (CAES) linites actual power
curves from a major CAE&anufacturer and MIP approach to simulate the thermal
characteristics of the compressor ampassion unitsThus it is possible to capture the
economics or technical inefficiencies related to 4t operation ofhe compressor or

due to builtup of significant levels of bagkressure in the cavern. The model optimizes
CAES operation adjustingletguide vane valves to charge or discharge as fast as needed
so thatthe whole systemcosts are minimized. A list of outputs of the modelinclude: Houry
or halthourly SystemMarginal Prices (SMPs), Power output per unit, fuel consumption,
and COZmssions and operational and staptcostsFinally, the modelispplied using

data fromthe Irish grid. The case of Ireland was chosenbecause of a) the existence ofan
aggressive VRE portfolio, e plans for integratiomf a CAES unit and c¢) thevaibbility

of relevant data needed for the validation and application ofa UCED model.

This thesis is organized in the following manner:

1 In chapter 2, basics of conventional power systemoperations like demand supply
balancing and provision of ancillary s@®s are introduced. Additional topics
includebasic characteristics of VRE technologies Wegiability and uncertaig
of the output. The discussion focuses on IMp&RIS integration introduces into

power systems as wellas most suitable technicatisndu Special focus is being



given on CAES as an energy storage technology for mitigating impacts of VRE
integration

In chapter 3,the MIP formulation of a CAES modelthat simulates operationbased
on power curves from a major CAES manufacturer for libéhexpansion and
compression sidas introduced The CAES modethatwasn a me d @& Ther mo
Ec o nomi dsin@gr&&imto a steadyate deterministic MIP UCED model

the mathematical formulation of which is also introduced in the same chapter

In Chapter 4the context of Irish power secisrdescribed together withistorical

and current deand growth and supply options. Additional topics incltiee
structure and basic operations of the Single Electricity Market (SEM) of Ireland
the high voltage transssion network and most important active policy targets the
Republic of Ireland (Rol) and North Irelaneéed to comply with.

In Chapter 5 | use data published by the Irish Commission for Energy Regulation
(CER) to reproduce historical commitment of thelripowe fleet in order to
validate the UCED model. Datssed include, technical information of thermal
generators, historical demand, wind and hydro data, historical generator availabiity
data, historical power flows as well as historical systemshadoasallon a per

half hourly basis.

In Chapter 6 historical Irish system marginal prices (SMPs) and operational
reserve payment datae usedo research the financial viability of a CAES unit
performing energy arbitrage and providing reserve capatithé SEM.The
Themo-Economic (TE) CAES model is comparedwdh conventional

Paramet er 0 Mmmlide¢hle THmMedeboed nbtaonsider constraints on



CAES operation imposed by the effect of cavern pressure on the turbine and
compressor ogration.

In Chapter 7 data from the CER and the Irish system operators EIRGRID and
SONIl are usedo create a UCED model that represents the Irish power system in
2020. The modelis applied to research the impact of an existing policy target for
40% wind p@etration by 2020n the power system. The analysis focusdb®n
levels of wind curtailment required for the systemto operate safely and research if
VRE integrationimpacts can bereducedif one or more CAES units are added into

the system.



Chapter 2 Impact of VRE on Power Systems

2.1Chapter introduction

The rapid development of winéind solargenerating capacity is driven mainly by 1)
government support of various policy goals such as environmental sustainability and
energy diversity and 2) cost decline of PVand wind technoldg@sever, the integrian

of renewables comes with some challenges that need to be overcome. The challenges are
related to the inherent characteristics of wind and solar resources namely intermittency and
uncertainty. Such characteristics render power system operations mbeagihg
Thankfully there is a number of technical solutions that can be implemented to successfuly

integrate large amounts of variable sources into power systems.

2.2Main characteristics of VRE sources
Integrating very highevels of PV and wind is chlaehging due to the characteristics of
solarand wind resource. The main characteristics of VRE resources are:

1 Resource variability: wind and solar electricity production only occurs whenwnd
and solar resources are available. Solar and wind power outputs at a specifc
location cannot be controlled at will (nalis patchable electricity) the same way
as fossilfeled power which is highly controllable (dispatchable electricity).

1 Uncertainty: Bothwind and solar stxterm resource variations aaot be perfectly
predicted. Thereis always uncertainty on the amount of energy to be delivered from

those sources ovélre next hour or next day (see figuri)2
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Figure 2-1: Thefigure above shows how wind and solar output can vary throughout a period oftwo days. The left picture
gives emphasis on wind variability while the right on uncertainty of solar power. Wind resource can be indeed forecasted
with a higher level of certaiy. However it should be noted that PV variabilitcgn be more extremelven there are
clouds in the skySource1])

Variability and unpredictability are very low conventional systems since the output of
thermal generationis controllable. At the same time power supply in a power systemmust
match the demand at alltimes. This means that aggregated generation (VRE+thermal) must
be fAtotally c orForthatiedsantsolaeand veinsl vagabilitymeeds & be
managed by the thermal generation fileehd other resources in the system such as
transmission and demand response, or storabeh adjusts their output to produce a
controllable aggregated outptithis process is managed by a number of grid operations.

To explain the impact of VRE in a power systemitis important to give some overview of

basics of power systemoperations.

2.3Basics of grid operation

Even though, the generation part of converaignids is controllable there is uncertainty
related to the loddhat changes with time. There is also uncertainty in the availability of

other elements in the grids. Generator and transmission lines can fail and systems are

lgaeA OAOI AAT AT A
power system (see figure 3)
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generally design to deal witthese situation. Variability of wind and solar adds to the

complexity of operating interconnected power systems.

In its simplest form operating an interconnected power system can be reduced to a few
tasks [2]:
1.Balance aggregate generation to aggrdgateat all times maintaining frequency
1 Undernormalconditions
! Under contingendconditions
2.Maintain voltages throughout the power system
1 Undernormalconditions
1 Under contingency conditions
3.Avoid overloading system elements (transmission lines, g@ngraansformers)

4.Restart the systemifit unavoidably collapses

The above tasks are being implemented through various system functions that can be
largely groupedinto two distinctive types of grid operations namely a) Energy operations
and b) Ancillaryservices operations. Both types of operations occur along a multitude of

time scales fromseconds hours orevendays.

Energy operations (or unit commitment and economic dispatchiave arole to

balance energy supply and energy demand at all timese Biad is time dependent, the

2: A contingency is a sudden, unexpected loss of a generator or transmission element

3.1t should be noted that names of different types of operations might be different in different power systems. Also, some
systems might not incorporate all types of operations described in the section below. For example in some systems réaie
energy operations are used for load following services and botterms have the same meaning.

8



generating mix of a power systemmust incorporate flexible units with capabilities to
fluctuate their output on a controllable way and track the vauyart ofthe load (see

figure 22).

35000
The daily profile of the energy demand, also called the load, is

composed of a constant and a variable part. The constant par Peaking
P P P 30000 - ™~
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met by a set of generators that run 24/7 at near rated power output 25000 ﬁﬁm%
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low start-up and capital costs and higher operational costs. Suct

generators are usually gas, oil and hydro generators. 0 ‘ ‘ ‘ ; T
00:00 0300 0600 09:00 1200 1500 18:00 21:00 00:00

Figure 2-2: Explanation ofbase, intermediate and peak demand (sd@ige:

Given a power systemwith an existing generation fleet, energy operations schedule a)
which power units will operate to supply base and variable demand and b) what willbe the
time varying power output of each unit thru the day. The fornergmss is called Unit
Commitment (UC) while the later Economic Dispatch (ED). Due to time varying nature of
load, energy scheduling takes place during various time frames to manage uncertainties
related to load forecasting. The largest portion of the detheridan bgredictedwith
high accuracy is scheduled the day before{alaad dispatch). In addition to dayead
services, some power systems also operatetim@lenergy markets to balance
unanticipated differences (see ancillary services sectiomgrtically integrated power
systems, energy dispatchis optimized through the use of sophisticatedting methods
(seefigure B). In deregulated energy market generators bid for a-te@sttparticipation
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in the energy planning process.

The unit commitment (UC) and economic dispatl D0 €7Qi Godizadai e i &b Qe
(ED) algorithm decides the most economic d
ahead schedule of generators. It takes into acc
operational costs of generators like fuel cost

operational variable costs as well as st@rt costs
(transifon costs). Additionally, the algorithn VQE Qi OO WX e Q
considers generator constraiitee the ramping
capabilities, minimum amount of time required

startup and allowable operational rargeand | 0 CEYQEERE Qi @6 i G i o disis W
transmission constraints. As an example, std
based coal fred generaso require substantid
amounts of energy to heat water to start rom a ¢
state as opposed to SCGT that have hig < EADA
operational but lower stap costs. Thus thg

algorithm will schedule a coal power plant to supj EAT BOAD OAGRAEG AT BEBAROCET A
base power while a SCGT for peak getien.

OOAENAO

WD &1 O01BEBDIQQQ

Figure 2-3: Explanation ofleastost thermal unit scheduling

Ancillary servicesavea role to provide the systemoperator with the resources needed to
balance instantaneous generation and to ensure power systemstability. Power system
stability is the ability of an electric power systemto regain a state of operating
equilibrium-e.g. bing systemvoltage and frequency fast at acceptable {aftdsa
generator or transmission line fails
1.Frequency regulation Even a small mismatch between the actual and forecasted
load can disturb the frequency of the grid that has to be maintaindylcorstant
to avoid mechanical damage of generators and transformers. Frequency regulation
is being performed by a set of very fast responding oiland gas units that increase
or decrease their output according to central signaling to balaatgme
mismatch not captured by energy operations.
2.Load Following: It is an ancillary service used to ensure generation meets the
varying portion of demand. Like in regulation, balancing occurs through an

automated generator control (AGC) system. While both frecyueegulation and
10



load following deal with forecasting errors, their fundamental differences is the
time frame of operation. The former responds to rapid load fluctuations in the order
of one minute or less, while the latter to slower changes in the ofr&etio 30
minutes (seefigurab). Another notable distinctionis between load following and
reattime energy operations. Both services operate at similar time frames. However,
energy markets balance the difference between actual generatidaatebad
scheduled generation while the load following function ensures balancing the
difference between actual generation and the demand.

3.Contingencyresenesin case of a contingency such astheloss of alarge generator,
a set of generation units mustrespond fast and for that reason they are synchronized
with the grid (spinning) ready for action. The-salled spinning reserves are
required to respond withia few minutes (usually 10 minutes) after a contingency
occurs. Another set of fast responding units are unloaded (not synchronized) and
are to respond within 10 minutes after a contingency and after spinning reserves
have jumped in. Such units are calfeain-spinning reserves. Spinning and non
spinning reserves are also called contingency reserves. It is important to note that
under normal conditions contingency reserves supply the system with available
capacity, not with energy.

4.0ther services Other amillary services include voltage control and black start.
System frequency is regulated through real power injection while system voltage
through reactive power injection. Voltage control equipment provicsestive
power when necessapr exampleaftera generator fails. Black start service is

being provided by generators that can stagurtquickly without an external

11



electricity source. Their role is to restart the systemfast in case of a major blackout.

Figure 2-4 shows how the energy and ancillary
operations can be viewed from an energy and ¢ Energy example Capacity example
capacity viewpoint. The energy example shows how
the daily varying load is being balanced by the energy

Actual load

. i Non-spinning Reserve
and load following operations. The dayahead Load after frequency regulation Spinning Reserve
operations supply the largest portion and highly Peakgenerationy Regulation
predictable energy demand. Loadfollowing units, AW_(./'

J)}.',,"fl‘_:md Following %

\N Ay
v 3 3
Energy purchases

being more flexible supply intermediate demand. To
avoid confusion it should be noted that baséoad and

peak energy generation is scheduled by energ
operations. The instant forecasting error is being
balanced by the urits providing frequency regulation.

The right figure shows the capacity required at a
snapshot in time (peak hour) in that case. Contingenc)
reserve units only provide available capacity and they
are used only in the case of a contingency.

Figure 2-4: Energy and ancillary services ffom an energy and a capacity standpoint

2.4mpact of VRE integration on power system operations

The integration of VRE sources in a power systemcan be visualizeddsciion in the
load, also called the dgiad. Like in a conventional system, the-laetd has to be managed
by grid operations with the only differencethat it is more variable and less predictable than

the actualloadseefigure ).
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Figure 2-5 shows the netload (net

load=actual loadVRE production) over 50000
atwo week period using 2005 load data
and 15GW spatially diverse wind data in
the ERCOT. After wind penetration,
system operations have to manage the
net-load instead of the actual load. Wind
integration increases a) the ramping
rate, or the speed at which load

—lLload —Wind Net Load

following units must increase and 100 N, VU

increase their output, b) the ramping 10000 1

range, or the difference between 5000

minimum and maximum demand on 0

daily basis and c¢) forecasting L-Apr 8-Apr 15-Apr

uncertainty.

Figure 2-5: Impact of netload from increased use of renewable energy (So(B¢e:

In general, the increased variability and unpredictability introduced into the systemmakes
morechallenging the task ofthe operator to balance supply and demand, maintain system

reliability and stability. More specifically, larggcale VRE integration can cause:

1 Increased need for flexible generation to provide operating reserves. This resuls to
less efficient shofterm dispatchecause loadollowing and regulation units
operate at patbad conditions potentially displacing more efficient andapkeeto
operate baslead units.

1 Increased need for contingency reserve capacity to deal with secreacertainty
and associated risks

1 Continuous cycling of intermediate, peak and in some caseddaakgenerators.
Cycling causes wear and tear of mechanical equipment auitsresreduced fuel

efficiency.
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1 Frequent startips of peak and intermatleunits.

1 Largescale concentrated injection of variable power. This can overload transmission

lines and raise transmission upgrade issues

The resulting totalimpact on the grid translates into additional cost to account for greater

flexibility, ramping cagbility, operating reserves and transmission upgrades in the system

This figure shows the impact of solar and wind
penetraton on a small system where the
variable portion is being supplied by two Oil,
two SCGT and two CCGTgenerators. The top
figure shows the nost economic dispatch
schedulefor one week. The variable section of
the demand is being supplied mainly by the
most economic CCGTs and only for a few hour:
the less efficient gas generators jump in to
supply peak demand. The bottom picture shws

the same week where now PV and wind supply
49% of the variable portion of energy.The UC
algorithm (see figure 4) now considers the net
load instead of the actual load. The resulting
schedule is more expensive and less efficien
than the no VRE scenario Now CCGTs supply &
much smaller portion of the demand due to
technical/flexibility constraints. Gas generators
supply a considerable portion of electricity

while the oil generators having the highest
carbon footprint- jump in for a few hours In

general, PV and wind variability (black color in

graph) causes frequent cycling of thermal
generators andincreases the number of start

ups.

| PV4+Wind
oil1
0il2
“Gas1
Gas2
CCGT 3
HCCGT 4

W Base

Figure 2-6: Impact of solar and wind variability on a small g(Bource{4]).

4 SCGT stands for Single Cycle Gas Turbine. $8@re conventional gas turbines. A typical efficiency of a SCGT is about 34%.
SCGT are flexible and have low stan costs. Thus, they are well suited for intermediate and peak generators.

® CCGT stands for Combined Cycle Gas Turbine: CCGT utilize thteyhs output to heat water and run a steam turbine. The result is
increased thermal efficiency. CCGT can reach efficiencies of 60%. They are more expensiveufpatartess flexible than SCGT

and thus they are used as bésd and intermediate gendoes
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2.5The path towards large scale VRE deployment

From the previous discussionitis clearthat controlling/minimizing net load variability is
an effective way to reduce the impact of VRE integration an@stsociated costs.
Complementary solutions increase conventional system capabilities to balancddae net

1. Reducing netload variabhility : Sincenet load=actual loaeVRE productionone
way to reduce ndbad variabilitycan happen through controlling the profile of the
actualload through Demand Side Management (DSM). Another way is to reduce
VRE profile variability. This can be done through geographic dispersion of VRE
sources, combining solar and wind to take advarghggnergies, implementing
ramp rate controls for PV and wind systems, implementing smart grids or simply
by curtailing VRE (a more detailed explanation of all solutions is provided on nex
section).

2. Increase system capabilities to balance nébad: One way to do this is to
increase the supply side flexibility of conventional generation (e.g. adding more
hydro and gas units). Additional solutions include transmission expansion to
connect neighboringids and their operations to increase operational res®ur
and thus the ability of systemoperators to dispatch units reliably and

3. Solutions that fall within: Energy storage is a very effective, yet stillexpensive,
solution that fits both categories mentioned above. Also, smart grids include

functions thatdll in the region within.
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From the discussion around the impact of VRE on grid operatiee facts become
eminent

a)The firstis thatpower systems varfgvery power systemhas own capabilities to
manage VRE integration. As a fact, larger poweitsiys have more available
options to increase their demand side and supply side flexibilities and thus nore
capable of dealing with high levels of VRE penetration. For example geographic
dispersion of VRE s not a feasible form of action for a small iso i ; similarly,
itdéds not possible to add hydro if the re

b)The second fact imctions should be chosen following the most economic path
according to figur@-8. Currently, there are few countries with PV and wind
peretration combined higher than 10%. However, as VRE penetration increases
and power systems start feeling the impact, the cheapest solutions will be chosen
first; those include DSM, geographic dispersion of PV and wind, and supply and
reserve sharing. Suchol uti ons are more proactive
flexibility with minimum additions of new technical equipment. Increasing supply
side flexibility and energy storage are more expensive solutions more appropriate
at high levels of VRE integration.

c) The third fact is there iso single global solution to deal with VRE variability
Power systemoperations have their own response timeframes and so do solutions.
Regulation units have to respond within seconds, load following within minutes
while econong dispatch is scheduled hours before. PV systems are known to
experience very sharp decreases of their output within seconds when a cloud passes

over. Thus, largecale PV integration can potentially impact very short temm
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operations, like frequency regtitan. Appropriate solutions would need to be able

to either minimize very shoterm netload variability or increase system
capabilities to respond within seconds. On the other hand, thetsimxsariation

of wind would most likely impact load followingperations. As an example,
fywheels is a very fast energy storage technology appropriate for frequency
regulation while pumped hydro is much better suited for load following but the
opposite is not true. Thug,set of solutions shoulie chosen depemdj on the

needs of each system(see fig2).

High Cost (N
\‘i"’“6
I',\)QQ de
@ ot
N
o
ot
Low Cost -

>

Increasing RE penetration
Manage net load variability

Increase system capacity to balance net load

Solutions that fit both categories above

Figure 2-7: Solutions to the problem of VRE variability ranked from cheapest to most expensive
(Source]3]).
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Power Regulation Load following Unit Commitment Time
quality —

Contingency SYSTEM
l Reserves OPERATIONS
Increased need
Voltage for contingency Less efficient unit
sags reserves commitment and

Increased need

Increased need economic dispatch,

for regulation for flexible Congestion issues,
3 generation
. | IMPACTS
EST‘;b“thg I‘mplement Demand Response programs; Combiningresources; i
grid code Geographic dispersion of VRE; Ramp Rate Controls
standards
‘Supply and reserve sharing (increasing system size) i
Add more gas and hydro units
h 4
Cost of ﬁ < >
solution| lywheels Batteries CAES, Pumped Hydro SOLUTIONS
EMS

Figure 2-8: Solutions to the problemof VRE variability based on their operation timescale and
cost of implementation. The green area highlights the time frames of system operations. The blue

section shows the impacts of VR

E integration on diflerent systemoperaFioraly the orange

area shows the tinecale of specific solutions while ranking them based on their cost. As an
example adding pumped hydro power in a systemcan increase systemflexibility and thus improve

its ability for providing loadfllowing and canmitting more eficiently its thermal units.
Increasing systemsize through transmission expansion-soee can be a cheaper way to share
supply and reserve assets that operate within the whole time spectrum (Source: Author).

An overview of allavadble solutions is given on the next section.

2.6Technical solutions to facilitate VRE integration

2.61 SmartGrids

There is no global defin

ition fora smart grid. It is a grid that incorporates smart solutions

to achievetargeted sector goals thatare specific to regional needs. Suchaneed can be VRE

integration. A smart gri

d incorporates many of the solutions megdtiabove. In general,
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it refers to an electricity network that uses digital and other advanced technologies to enable
central control of various grid components as well as costumer participation. In
conventional grids, utilities have hadto send workets@mread meters, measure voltage

and gather other types of usefuldata. In a smart grid, the components of t vewgalole

and thermal generators, loads, wires, substations, transformers, even consumer appliances
have integrated sensors that caragadas well as twavay communication capabilities

bet ween the device and the utilityds oper al
controleach device or milions of devices froma central location. Implementation of smart
grids requires impleentation ofgrid codes/standard® ensure VRE and other parts of

grid quality and synergistic operation. Smart grids increase the efficiency, flexibility and
inteligence of a power system and thus can help enable higher levels of VRE within a

system. Somways thatsmart grids can help VRE integration are [5]:

1 Smart grids require implementation of grid codes/standards to ensure synergistic
operations among grid components. Such codes promote manufacturing of reliable
and smart PV and wind equipment teasure safe and nalsruptive flow to the
network while supporting systemoperations. As an example grid codes in Germany
demand that mediumvoltage PVsystems should be able to provide reactive control
(voltage control) during a fault as well as redusgrtoutput when the frequency
is above 50.2 Hz.

1 Increase supply side flexibilty through promoting greater use controllable
distributed generation like smaltale distributed PV with smart controks.

Examples include reducing output or even disconnestistgms or tighter voltage
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controlto ensure reliability. Another example is controlling-@snging outputs

of PV systems that can violate ramping limits set by utilittasnfi rate control
systemp

Increase demand sidlexibility throughdemand rggonseDR) programs. DR can

be achieved through direct load control (DLC) or voluntary load reduction. In the
latter case costumers can act synergistically with VRE to match supply and demand
accurately. Another example of DLC enabling VRE is smart ineredshe
thermostat levels of a number of consumers in a cold night with very high wind
penetration. In that case the extra wind power will be absorbed by heat loads
instead of forcing badead generators operate at Agptimal levels.

Reduce operatiohanpacts of VRE through incorporating shtetmsolar and

wind forecastingDay ahead and shorter term forecasting is already incorporated
on large systems with renewables. Smart wind turbines incorporate vereshort
(milisecond) wind forecasting ko called nowcasting) to optimize power output
through dynamically adjusting the pitch of turbine blades. Stevmh solar
forecasting includes grourzhsed sky imaging to measure cloud speed and short
term output. | n gen eingcdpabiitiescanieaddaster ng a gr

energy marketand more flexible dasahead and redime dispatchs].
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Figure 2-9: Conventional versus Smart Grid

2.6.2 Reducingariability by combining different resources (the
example of PV and wind synergy)

In many cases, there is a negative correlation between PVand wind reshuricgsiight

time and/or when the sky is cloudy, winds tend to be stronger, and solar power peaks in
the summer while wind tends to peakin the winter. On the other hand, solar power peaks
during the day, while wind tends to peakin the afternoon andtimgghtThus, it is possible

to combine appropriate capacities of wind and solar so that the combined power output wil

fluctuate around an average thatresembles the demand curveni@tig@balancing
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Figure 2-10. An example of how the combined output of PV and wind would match
the load compared to if PV or wind would operate individually during the peak
demand day of year 2005 in New York state (So(4te

2.64 Transmission expansion

The richest solar and wind renewable energy sites are often disperse across multiple
locations that are also far away from consumption centers or existing transmission
networks Unlike power sources based on fossil fuglsere planners have discretion on
location, moving renewable plant sites reduces the quality of the resource. Therefore,
renewable energy sources are very muckcsitstrained and, for this reason, transmi$sion
networks need to be expanded to reach tfemd source). In addition, transmission
infrastructure is required to achieve geographic aggregation of VRE output. Detaied
studies have shown that geographic dispersion of PVand wind can dramatically reduce the

costs of their integration because the r@ggtedutputis much less variabfg]. The

6 This includes sultransmission infrastructure as well. In some cases, like that of Brazil, both transmission -gnachsurission level
investments are needed to connect renewables to the grid.
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physical expansion of a grid (or interconnection with neighboring grids) can intsease

flexibility throughincreasingis operational resources and capabilities.

2.6.5 Adding flexilt generation

The speed at which energy can be delivered to the costumeris constrained by the limited
ability of the mechanical equipmentcomprising power plants to ramp poper-down.

The flexibility of a power system, thatis, its ability to vasyoutput to meet the demand,
depends on the mix of its generators. Most types of thermal generators heat water to
produce steamand run power generating turbines. However natural gas turbines use ar as
the working fluid. Air can be heated faster thanevand for that reason gas turbines can
ramp-up and-down faster than mostthermaltypes of generators. The same is true for hydro
units that can increase and decrease their output fast through regulating pressure vales.
Both types of units are appropegfor providing ancillary services or balancing the net

load and their deployment adds to the flexibility to the.grid

2.6.6 Energy storage

Energy storage canbeusedto enhance grid operations due to their very fastresponse times
and high paHoad efficiencies. Electristorage technologies are differentiated by varous
attributes, such as rated power and discharge time. In general, taeghgee major
categories of largscale energy storage technologies: Power quality; bridging power, and
energy management. Each category has specific application on grid operations ksased on

operation timescale as showrtablel. In addition to enhating grid operations, energy
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storage can be used to increase supply side flexibility. As an example Compressed Ar
Energy Storage (CAES) and pumped hydro can be used to store high wind output at night
time when the demand is low and use it during peakfhtuavoid running bagdead
generation at nooptimal levels and reduce need for peak generation. When directly
coupled with VRE systems can help firmtheir output to a less variable one or even constant

output.

Table 2-1: Categories of Electricity Storage Technolog{8surcesf7], [8]).

Operation
Categories Applications Timescale Technologies
) Flywheels, Capacitors,
Power Frequency Regulation, Seconds to
) . ] Superconducting Magnetic
Quality Voltage Stability Minutes ]
Storage, Batteries
Bridging Contingency Reserves, Minutes to ~1 High Energy Density
Power Ramping Hour Batteries
Load Following,
) CAES, Pumped Hydro,
Energy Capacity. .
o Hours to Days High Energy
Management Transmission .
o Batteries
&Distribution Deferral

2.6.6.1Compressed Air Energy Storage

In this thesis, increased focus is being given on modelling of compressed air energy storage
technologies (CAES). CAES coverts grid electricity to mechanical energy in the form of
compressed air stored in underground (or surface) reservoirs. The sanue ehergy

can excess ofbeak electricity, or renewable electricity coming fromwind or solar farms.

To convert stored energy back to electricity, the compressed air is released through a piping

systeminto a turbine generator system after having besgadh \WWhen compression and
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expansion arerapid, the processes are near adiabatic; heat is generated during compression,
and cooling occurs during expansion. The first is associated with large energy losses as
compressionto 70 atmcan produce tempemtfrabout 10000C, so necessitating cooling.
Forlarge CAEES plants, a large storage volume is required and underground reservoirs are
the most economically viable solution. Suchreservoirs can be a salt formation, an aquifer,
or depleted natural gdeld. When the volume confining the air is constant, pressure
fluctuates throughout the compression cycle. Constant pressure operation in hard rock
mined caverns is achievable by using a head of water applied by an aboveground reservor.
For smaller CAESlants (e.g., <bMW), air can be stored in abgvaund metallic tanks

or large onsite pipes, such as those designated for carrying natural gas under high pressure.
A typical CAES power plant comprises a compression and a generation train connected
througha motor/generator device. During the compression mode, electricity runs dynamc
compressors that compress that compress air at pressures of 70 bars or more. Because of
the high pressure ratio required, compression takes place in a series of staged bgparate
cooling periods. Cooling the air is necessary to reproduce power consumption and meet
the caverndés volume requirements. The higt
efficiency attained; however, this increases the cost of the system. Duringpéneiex

mode, motor operation stops and clutches engage the generation drive. Air is released to
run the expanders after having first being heated in properly designed combustors. Heating
the air assures high efficiency and avoids damaging of the turboreactiue to low
temperatures resulting from the rapid expansion of air and the Tbaapson effect. A
recuperator sited after the ext fromthe expanders recovers some of the energy of the heated

air before it is released to the atmosphere. Even thfaetis needed toruna CAES power
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plan, the inputfora certain power capacity is around 65% less than the amount required to
run a GT because around tmhirds of the energy produced by a GT is used to run its
compressor. Thus, whenthe compressorsarby renewable electricity, the emissions of

a CAES power plant are 35% of those produced by a GT of the same capacity.Figure 2
12 is scheme of a typical CAES power plant.

Currently, two CAES power plants are operating. Thevaodd f i r st Hidneor€ i | ity i
CAES plant that has operated since 1978 in Bremen, Germany. It is a 290MW facility,
designedto provide blaedtart services to nuclear power plants located nearby, along with
spinning reserves and VAR support as well as cheapeafk electricitylt stores up to
1000ps (68atm) in two depleted salt caverns located 2100 and 2600 feet under the ground;
it offers up to 4h of power generation. The second CAES plamtlistOMW power plant
operating in Mcintosh, Alabama, since 1991. It pressurizep & 4100psi (75atm) and

has electricity generation cycle of up to 26h between full charges. The Mclintosh plant also
has a heat recuperator in the expansion train that reduces fuel consumption by 25%
compared to Huntorf plant that does not include rectipara

Deregulation and the current structure of electricity markets now allow storage
technologies to participate in the market and profit from their operation. As an example,
the NYISO includes markets for installed capacity, energy, ancillary services, and
transmission congestiatontractd9]. Two specific advantages of CAES power pants
make them suitable for large scale, diurnal, rildty and seasonal energy storage: a)
CAES and pumped hydro are the only storage technologiesftiathe high capacites
(>100MW) for long periods and b) CAES has an approximately flat heat rate-digoiart

conditions.
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Figure 2-11: Mechanical parts ofa typical CAES plant. Source: Energy Staaade® ower
LLC, presentation at CAES workshop at Columbia University, 2010
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Chapter 3 Mathematical Formulation of a Deterministic Short
Term Unit Commitment Model for a Power System with

Compressed Air Energy Storage (CAES)

This chapter presents the mathematical formulation of a Unit Commitment (UC) model
with Compressed Air Energy Storage being part of the generation fleet. More specificaly

it describes the following:

1 The mathematical formulation and solution strategies [P deterministic unit
commitment (UC) model for a thermal power system with solar, wind and hydro

generators

1 Modeling generator flexibility in the UC model, taking into account changes into

efficiency of generators at partload conditions

T A AFi aenétRkaro (FP) MIP model of a Compres

unit with constant electrical and thermal efficiencies performing energy arbitrage

as well as providing ancillary services (reserve capacity)

T A AThEBamoomi co (TE) MI Ptwithovatiable elextticala CAES

efficiency performing energy arbitrage. Unlike other existing CAES models, the
model developed in this thesis uses technical information from a major CAES
manufacturer to describe the effect of cavern pressure on the compeesision
expansion sides of the CAES unit. The TEmodelalso has an objective or maximize

its profit through energy arbitrage and providing ancillary services
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T An integration o-EcohemiUCo a@AES Trhoedremos t
leastcost shorterm dispath MIP model for a deterministic system with thermal
units, r enewa-Bconemic CAESdThé JAES unirsupports the
systemin its operation and the objective of the modelis to minimize the total system
costs. Unlike the arbitrage modelthe CAEStdoes not operate to maximize its
individual profit taking advantage electricity price differences but rather for the
economic welfare of the whole system. The operation of CAES supports a) peak
shavingthrough storing cheap bdsad electricity to relace expensive peak load
units, b) penetration of renewables through smoothening variability of wind and
solar electricity and minimizing the need for expensive curtailment and c¢) system

reliability through minimizing the risk of existence of unmet demand

The verification of the UGCAES modelusing datafromthe Irish systemis discussedin

chapter5and case studies are discussed in chapter 7.

3.1. Introduction
Since generators cannot tuon instantly to produce power their operation needs to be
scheduled ahead oftime. Such scheduling usually takes place in advance of the operating
day. In modern utilities, the scheduling of generators is calculated with magimgf
optimization software that solves the so called Unit Commitment and Economic Dis patch

(UCED).

The goalofthe UCED problemis to choose a control strategy to minimize economic losses
ormaximize profit subjecttoa set of systemconstraints UK edulingis a shetem
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power systemplanning/optimization strategy as shiowgure 3.1 below. The algorithms
presented in this thesis represent steady state operation. The time step changes in the system
are ofthe order of 30 minutes and the optimization period one week. The operational times
have been chosen based on data availafalitihe model application described in chapters

5, 6 and 7. Very shoterm changes in the systemin the order of a few seconds (or less)
are handled by dynamic and transient systems controls. Dynamic modeling is beyond the
scope ofthis PhDthesis. Th€HD is a combination of two calculations to be discussed

below, the Economic Dispatch Calculation (EDC) and the Unit Commitment calculation

(UC).

Mili-seconds to Hours Days to Months Years
to Days
—

Short-term planning

—

Medium-term planning

—

Long-term planning

Short-term utility planning:

+ Deals with day ahead operations like energy scheduling (security constrained dispatch) and ancillary service
(load following, frequency regulation, contingency reserves etc)

Medium-term utility planning:

+ Set of decisions that affect short-term planning but are taken before the setting of day ahead planning.
Examples of such decisions can be maintenance schedules for generation and transmission, best use of
technology with limited use (e.g subject to environmental rules), pooling with neighboring grids etc

Long-term utility planning:
+ Generation and transmission expansion to meet growing demand over a large period of time subject to cost

minimization and reliability

Figure 3-1: Types of power systems planning basedoptimization cycle length
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3.2.The Economic Dispatch (ED) problem

The economic dispatch calculation (EDC) is performed to schedule a set of online
generating unifs. Unlike the UC problem, the EDC calculation is a snapshot in time and

it assumes thecheduling of the units has already decided. The output of the calculation is
the amount of power thateach unit needs to produce at a specified pointin time to balance
the demand but notwhich units will operate (assuming a generation fleet). Asttigtgle
demand changes with time the EDC calculation is performed multiple times to adjust the
output of the units for the minimumimpact on generation costs. The ECD is a mathematical
optimization calculation with a specific objective. The objectivehef[EDC calculation
depends on the electricity market environment. In a monopolistic environment, the utilty
performs the EDC for the entire area by itself having an objective to minimize operational
costs subjectto operational constraints. In a deceetiaharket the objective depends on

the market structure. It might be taking place by a specific GENCO having an objective to
maximize its profits giventhe prices, demands and costs. In a power poolthe ISO (or other
central unit) will be performing thiEDC calculation to centrally dispatch generation from
many GENCOs. Depending on market rules the generation costs might be masked and a
bidding process would decide dispatching. Some of the most important inputs of the EDC

calculation are listed belopO]:

"The key word in the sentence is fonlined. The ED calonliinel ati on only

at a specific hour.
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1. The electricity demand.

The electricity of generated at each moment needs to be equalto the electricity consumed
plus any transmission losses according to the laws of physics. The instant electricity
demand is an inpuddrthe EDC. In monopolies, utilities have to serve the whole demand
within their territory. In competitive markets, a generating company (GENCO) can decide
whether to sign bilateral contracts with specific clients, and/or to supply any additional
demand hirough participating into the whole electricity market or to provide ancillary
services whenthe opportunity arises. In the former case the output is not a subject to any
calculation but has been decided already. Outside bilateral contracts the objective o

economic dispatch can vary (e.g. cost minimization, profit maximization, reliability)

2. Technicallimitations

The EDC needs to consider all technical limitations arising from the need for reliable
operation of power systems as explained in chapter 8.ridst technical important
limtations considered in the EDC are the operational limits of generators and the
transmission constraints. The first has to do with the inability of a generator to produce
more electricity that its maximum allowable generalimit and less than the minimum.

The second is related to transmission constraints. There might be apparent bottlenecks in
the system that constraint adequate amounts of power reaching a load. The EDC

calculation needs to consider the transmission syatewell and include power flow
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equations to dispatch generators without overloading transmission lines and risking lne

failures and overall systemreliability.

3. The operational costof electricity production

The mostimportant OPEX cost of therrgaherators is fuelcosts. The fuel cost curve of
thermal generators can bederived fromthe Input/Output (I/O) curve of thermal generators.
In the engineering world, I/O representthe power output of thermal generators as a function
ofthermalinput and &y are derived through actual measurements where fuel consumption
iIs measured while imeasing power output (figureZ. When the thermal input is
multiplied with cost of fuel the fuel cost curve is derived. Fuel cost curves of generators
are usually ofonvexand of quadratic form. In some generators like the one presented
figure 3-3 the I/O curve is nearly linear. Convexty, of fuel curves is an important
mathematical characteristic since existing #inear optimization models can obtain a
global optmum if the problemis convexas will be discussed in section 3.3.3. However,
large multivalve steam turbines exhibit naonvex, norquadratic characteristics that

increase the complexty ofthe UC problem.
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Figure 3-2: Input/Output curve for Moss Landing 7 gas fired unit (Soufte]).

3.2.1. Mathematical formulation ofthe EDC problem

The EDC is an optimization problemthat can be solved if the objective &lproblem
is cost minimization then it can be solved with the method of Lagrange multipliers

accordingto the following mathematical formulation:

00 QHQIQ O _ 00 0 Q/ p
Where:
O OB D ®8 O/ ¢

8 |f the I/O curve is linear the quadratic coefficient is equal to .zero
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3.2.2. Solution algorithms ofthe EDC problem

The anajftical solution of optimization problem described by equatiehd@® 33 using

the Lagrangemultipliers method will yield a global minima when all units produce

=

electricity at the same marginalcast_  _ E_ _).Inthat case i the

marginal cost of the electricity production for the system. As the number of constraints

involved (especially when they introduce Rlorearities) and the complexity ofthe EDC
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grow it becomes necessary to use iterative search techniques. Methods toesBR€ th

problem are discussed 1ji2]. AThe Traditional-Raphsdorhods 1 n
method, Lambda Iteration method, Base Point and Participation Factor method, Gradient
method, etc. However, these classical dispatgbrithms require the incremental cost

curves to be monotonically increasing. Practically the inputto output characteristics of the
generating units are highly ndinear, nonsmooth and discrete in nature owing to

prohibited operating zones and miiltel effects. Thus the resultant ELD becomes a
challenging norconvex optimization problem, which is difficult to solve using the

traditional methods. Methods like dynamic programming, genetic algorithm, evolutionary
programming, artificial intelligence, arghrticle swarm optimization solve na@onvex

optimization problems efficiently and often achieve a fastand near global optimal solution.
Althoughthese heuristic methods do not always guarantee the global optimal solution, they
generally provideafasmad reasonable solution (sub opti
When a systemis very large, it might not be efficient to maintain the quadratic form of the
objective function and/or constraints. In such cases it is more efficient to break the fuel

cost cures (and/or other constraints) of thermal generators into-pisedinear segments

and formulate the problem as a linear program. This method is being applied for the
formulation of UC problemin this #sis as discussed later in this chap®ome well

known methods to solve LPs are the simplex, the ellipsoid and the interior point. More

information on EDC solution methods can be fourjd2it
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3.3.The Unit Commitment (UC) Problem

The Unit Commitment (UC) problemdefined as the scheduling of operation of a number

of units over a specified period of time (usually one day or 1 Weak)hile the EDC
problemonly decides the optimal power production of a set of online units, the UC problem
decides both the output attte operational status (on/off) of the whole generation fleet
overthe specified optimization period. In thatsensethe EDCis an inherent part ofthe UC
problem and for that reason the UC is also called Unit Commitment and Economic
Dispatch problem (UCEE It should be noted thatfromnow and onin this thesis UC and

UCED will referto the same problemforavoidance of any confusion.

The UCis a combinatorial problemmeaning the best solutionis obtained froma finite set
of problems each of them haviitg own solution. Each of those problems involves the

EDC problemas an inherent partthat needs to be solved (se&ffjurae UC problem

grows exponentially with a) the number of generators involved and b) with the number of
steps comprising andptimization cycle. For a single hour the total number of
combinations to be checked af¥ where NG is the total number of generators. If we
account for the dimension of time the formula becom¥s1?'". Assuming a 10 generator
systemand an hourlyptimization cycle of 1 day (day ahead UC) there afe1(®* e 10/
combinations to be tested. It would take thousands of years eventhe mostadvanced super

computerto come with a solution. For that reason, we use methods that skip solutions that

9 Unlike the EDC probleni which defines the operation of online units at a snapshot in-ttheeunit commitment problem includes
the element of time
% 0r Security Constrained Unit Commitment (SCUC) if the EDC part of the UC problem includes power flow equations
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are farfrom the optimum one and diverge fast towards the best solution depending the

solution method used.

The Unit Commitment Problem and Economic Dispatch Problem (UCED)

The Unit Commitment Problem (UC)

Generate Gener_r;nte t
least -cost com{)m rr;_en
dispatch combinations

The Economic Dispatch Calculation (ED)

v

Report least-cost
commitment and
dispatch

Figure 3-3: Schematics on the way the UCED problem is salved

As explained in section3the objective ofthe UC can vary. Fora GENCO bidding on a
competitive market the objective is profit maximization. For a verticalintegrated utility the
objective would be operational cost minimization. While both the EDC a@6d U
calculations focus on sheterm variable operational costs, the UC also includes

transitional costs, aka starp costs being part of the objective function.
In its simplest formthe objective function of the UC optimization problemis:
0 Q¢ ad Q 6Ei 0 "B 6£i OMMD Q8 1
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and

NT: Totalnumber oftime steps comprising an optimization cycle
NG: Totalnumber of generators
NF: Totalnumber of fuels burned by each generator

#1@® g3 OA®OI BOA OBMERA A DO CGBAHE IOR
#1 O OO A OEANADADAT A ®ABOAIT T ONAGET BOAT AT O

A oA~ N

3.3.1. StartUp costmodels for#aUC problem

The fuel cost functions of thermal generators and their usefulness on calculation of
operational costs has been discussed in section 3.2.1. Theizst@tts of thermal
generators are not fixed, but rather depend on thetime the ubieba®ff. The effect of

time a unit being off is much more important for generators running on a steam cycle
because it requires large amounts ofthermalenergyto heat cold water. In literature there
are three widely used models for estimation of thegeakrator stamip cost§14]. The

first model called also called cooling model, is exponentialand is mostly used to calculate
cold startup costs. The second model assumes linear connection between time and energy

requiremeis to bring the unit to operational temperature. The slope of the linear curves
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decreases as we pass from hotter to colder regimes. The third model assumes fixed start

up costwithin each ofthe hot, warm, cold bands (see figd)e 3

1. Cooling model
06éEi 0o o p QO DeEio o Qv
Where:
# DRENAOET Al DAAADAET OAATAOBAR
#1 0®H#T 6ESA,
ODOE AKEOAG@DBOAI xEOO

ADDEAOOERBAT COBABE@EER EOO
#1 00 @1 DASLSG KOO

2. Piece wise linear model
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3. Step model

r d
0 ¢
0 ¢
0 ¢
Where:

0 6 Deio o6 ! m o Yo

oo w
oo pm
o pp

6 d( ABRBANOECOVAHIER EDDAOAORBKEROOEN O
OORADAAI*
6 d( ADBNOE GBRA O BIECA EDPAOCAORRERHAOI
OORADAAI~*

Energy requirement to bring the generator to

operational level (GJ)

Hot Warm Cold

— o Step model

Time (h_[&) _____ Piece wise linear model

Cooling model

Figure 3-4: Three diferent models for thermal generator sigrtheating requirement
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3.3.2. Constraints ofthe UC model

As explained earlier the objective function of the UC problem depends on fuel and starn
up costs. Atthe same time the UC optimization problemis subject to a set of constrants
that represent laws of physics, technical limitations, fuel reserve limitatidrpolices
specific to the power systemto be studied. Such constraints can be broken down into a)

systemconstraints and b) unit constraints and c) policy constraints.

1 Listof System Constraints

o Demand/Supply balance At each moment, the power gertechmust
be equal to power consumed plus any transmission and generation
losses. Depending on the model used (transport, DC, AC) the demand
balance equations represent the power flows in the system (see section
3.2.2.1)

0 Systemreserve requirementsAteach momentthere needs to be some
available capacity for ancillary services (spinning reserves) to minimize
the probabilty of an outage. The reserve is considered to be a
predetermined amount or a given percentage ofthe forecasted demand

o Fuel reserve costraints: The available capacity ofa systemmight be
limited by fuel availability. Fuel reserve constraints are used to
distinguish among deated capacity and actually available capaciy
after considering fuel availability.

o Transmission constraints Have already been discussed in section

3221
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T

List of Unit Constraints

(0]

Initial conditions: The final conditions of the last optimization cycle
need to bethe initial conditions of the upcoming cycle. Initial conditions
depend the on/off status of the uritsd the amount of time a unit has
been continuously on or off when the new cycle begins. The initial
conditions are involved in the determination of ramp rates and minimum
up times (MUT) and minimum down times (MDT) as explained below.
Ramp rates: Thermalunits are technically limited on their ability to
increase and/or decrease their power output. Ramp rate constraints are
used to account for flexibility in a power system

Minimum Up and Down times.MUT and MDT constraints are used

to accountforthe teclical ability of thermal units to turn on and/or shut
down within a specified time. MUT defines the minimum amount of
time a unit needs to operate after it was initially turned on. MDT defines
the minimum amount of time a unit needs to stay off afterstivwiialy
turned off.

Unit operational range constraints:Thermal units can only operate
within a specified range. The specific fuel consumption within this
range is described by the I/O curves. This type of constraintis inherent
in the EDC and has beendiscussedin section 3.2.

Mustrun constraints: The dispath of some units mightbe mandatory,

dictated by technical rather than economic rules. For example combined
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heat and power plants are dispatched on winter months to supply heating

demand together with electricity.

1 Policy constraintsrepresent constraintaposed by governmentregulations or
utility policies specific to the power systemto be studied. Such constraints
might becarbon constraintsifthere is some carbon cap active. Other types of
policy constraints are variable renewable en€WE) penetration targets
expressed as percentage of total installed capacity of total energy produced

otheremissions constraints

3.3.3. Solution methods forthe UC problem

The objective ofthe UC problemvaries fromutility to utility and the complexty depends

on the number and type of units andthe constraints imposed. Therefore, there are various
approaches to solve the UC problem. Based on previous discussionthe main issues in the
UC problem are: complexity of search space (high dimensionality), generatiotiabf ini
feasible schedules, MUD/MDT ramping and spinning reserve constraints, handling of
sometimes notinear and/or non/convex EDC sub problem. Some of them are
deterministic, some are stochastic and some hybrid methods. Many modern solution
methods use haistics to reduce dimensionality. When the fuel curves of generators are
convexit is common to apply iterative techniques like the Newton and the latatzadian
methods. Dynamic programming (DP) and mixed integer programming (MIP) are solution

methoddhat can address issues with Hioearity/ non convexity related to fuel curves,
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ramping constraints and MUT/MDT constraints. However, DP and MIP suffer from the
curse of dimensionality especially as the number of generators increases. More recent
artificial intelligence (Al) techniques like the genetic algorithm (GA) can handle wellnon
linearities common on power system optimization problems. However, such techniques
even though time efficient cannot guaranty optimal results. A detailed comparison of

solution methods is beyond the purpose of this PhD thesis. Thereader cani&idi 6)

and[17] for a comprehensive literature review/comparison of the latest solution methods.

The UCED problemin this thesis is formulated as a mixed integer linear programMILP)

and solved with a commercial MIP solver as willbe discussed later. The branchiad bo

(B&B) method is the most widely used in MIP nowadays. B&B begins by finding the
optimal solution to the fArelaxationo of the
linear methods or nelnear methods). If the decision variables with integemnstraints

have integer values, then no further work is requiteaine or more integer variables have

non-integral solutions, the Branch and Bound method chooses one such variable and
"branches," creating two new sub problems where the value ottt ke is more tightly

constrained .These sub problems are solved and the process is repeated, until a solution

that satisfies all of the integer constraints is fatind

" Itis beyond the purgse of this thesis to discuss other optimization methods techniques like quadratic programming (QP) and non
linear programming (NLP)

2 The linear programming (LPhased technique is used to formulate many mathematical optimization problems. Some of the main
advantages of the LP approach are: a) reliability especially with regards to convergence properties, b) it can quigky identi

infeasibilites and c) itaccommodates a large variety of power system operating limits, including the very important contingency
constraints. The main disadvantage of LP based models is lower accuracy compared to more accurate nonlinear power sy stem mode
However, LP techniques generally meet the requirements of engineering precision and are widely used for simple UCED problems

3 Source: www.solver.com
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The decision to use MIP for the UC formulation and solution in this thesis is drased
access to a) cplexof IBM a robust commercial MIP solver that has been tested on MIP
problems with milions of variables and constraints b) GAMS a modeling system for
formulating and solving optimization problems with the option to use cplex as the

undelying solver engine.

3.3.4. The General Algebraic Modeling System (GAMS)

We chose the General Algebraic Modeling System (GAMS) as the platform for
formulating our MIP models in this thesis. GAMS is a modeling systemfor mathematical
programming andptimization. It consists of a language compiler and a stable of integrated
high-performance solvers. GAMS is tailored for complex, large scale modeling
applications, and allows someone to build large maintainable models that can be adapted

quickly to newsituations.

GAMS model types include Linear Programming (LP), Mixed Integer Programming
(MIP), Mixed Integer NorLinear Programming (MINLP), and different forms of Non
Linear Programs (NLPs). The Unit Commitment problemmust make on/off decisions for
ead unit. Structuring of such problem requires the use of integer devigi@bles as
shown in Chapter 2. Thus the Unit Commitment problem cannot be solved as a Linear

Program. Within GAMS the user can choose among a number of solvers capable of

14 General information about GAMS presented on this section have been obtained mainly from GAMS website :
htt ps://www.gams.com/docs/intro. htm
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handling MP program&. | used CPLEX for this thesis. The IBM ILOG CPLEX Optimizer
solvesinteger programmingroblems, very largénear programmingproblems using
either primal or dual variants of tisanplex methoar the barrieinterior point method
convexand norconvexquadratic programmingroblems, and quadratic convex problens

(solved visseconebrder cone prgramming or SOCP]18].

3.4 Development of ahortterm UC for a thermal system with renewables (solar,
wind and hydro) and CAES

In this section | present the basic features as wellas a MILP mathematical representation
of the UC problemfor a deterministic power systemwith thermal generators, renewables

and energy storage technologies. Additionally, | formulate a MIP representation of a CAES

unit performing energy arbitrage called nF
model ed having fixed technical characteris
Economicd CAES model where the compression

modelled using power curves froma major CAES manufacturer. Finally | incorporate the

fiThermcEc onomi co CAES model i nt o -tetmHeastostC mo d e |

dispatch modelfor a thermal systemwith renewables and CAES

15 A complete list of embedded commercial GAMS is using can be found on:
https://www.gams.com/help/index.jsp?t opic =% 2Fgam s.doc%2 Fsolve rs %2 Findex.html&anc hor=SOLVERS_M ODEL_TYPES
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https://en.wikipedia.org/wiki/Integer_programming
https://en.wikipedia.org/wiki/Linear_programming
https://en.wikipedia.org/wiki/Simplex_method
https://en.wikipedia.org/wiki/Interior_point_method
https://en.wikipedia.org/wiki/Quadratic_programming
https://en.wikipedia.org/wiki/Second-order_cone_programming

3.4.1 A deterministic UC model of thermal systemwith renewables

Section 3.4.1 presents the basic featuregdigs a MILP mathematical representation of

the UC problemfor a deterministic power systemwith thermal generators, renewables and
energy storage technologies. Section 3.4.2 shows a formulation of a common MIP
representationofa CAESunitperformnggengy ar bit rage which | ca
model . In the next -Bsctoenp mi ciontCA&EGumedal A Whe
the compression and expansion parts of the CAES unit using power curves from a major

CAES manufacturer. Finally lincorpordteh e A EElc@mmomi c 0 CAES model

UC model to create a shedrm leasicost dispatch model for a thermal system with

renewables and CAES

The UC modelto be formulated on next section has the following basic features:

1 Demand The electricity deand is an inputin the modelin an excel format. The
useris entering the total demand per time step and the load contribution at eachbus.
The time step can be decided by the user. The smallerthe time step the larger the
number of time steps andit takionger for the code to converge. The model that
has been developed in this thesis operates using a time step of 30 minutes and an
optimization period of 1 week (336 steps per optimization cycle). The model was
tested onathreenode systemwith 56 thegeaerators. The time to run one week
is around 5 minutes using GAMS as the main solveron an Interi7 2.8GHz PC.
9 Renewables I n t he Arenewableso category we i

hydro power, biomass and waste power. Waste and biomass plawts are
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treated similarly as the rest ofthermal generators. PV, wind and hydro are treated
deterministically, with their production being an input into the model. We use
historical production data from PV, wind and hydro sources under the assumption
that production will be similar in the future. When the future installed capacity of
VRE sources is expected to grow, the output needs to be scaled up accordingly.
With climate change looming, the annual variation of hydro may be considerable.
For that rason when hydro represents a significant fraction of the total generation
is it is advisable to apply sensitivity analysis using data from both low and high
hydrologicalyears. After the demand and temporal production of all VRE sources
have been entered mputs, the model calculates theloetd. As penetration from

VRE increases so does variability as discussed in chapter 2. In the UCED model
high VRE penetration activates specific constraints like, ramping rate limitations
and starting up/shutting dowestrictions and makes balancing more challenging.
Since VRE production has very low production costs, VRE generators have alnost
always priority over thermal generators. However, the model decides if VRE
curtailment is needed due to technical infeasdslior just being more economc

in exchange for a VRE curtailment penalty to the system. VRE output is entered
in excel format.

Outage rates The modelrequires as input the capacity availability of each unit in
each optimization timstep. Forexamplé a power plant is composed of 5 units

of 100MW each, and one unitis being maintained during a day, the availability of

the power station is declared as 400MW for the specified period. The modelin that
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case will only allow a maximum outputof400MW froine specified power plant.
Generator availability dataare entered in excel format.

Carbon cap The model includes two policy constraints, a) carbon cap and b)
carbon pricing. With regards to carbon cap the user needs to specify the maximum
amount of carbn allowed per optimization period. The optimization period is one
month andthe carbon capis defines as mtnoegtones) of CO2. The user needs

to specify the emissions intensity of each fuelin kg of CO2 per GJ ofthermalinput.
The output emissi@rates (tones CO2 per M\Ag) is different for each generator

and depends on its individual I/O characteristics.

Carbon pricing: When the carbon pricing constraintis active there is a price on
carbon included for evepnneof CO2 emitted. The used neddsspecify the
carbon price ($/MW) in additionto the emissions intensity.

System constraintsThe systemconstraints are a) transmission constraints, b) fuel
reserve constraints, c) reserve capacity.

Unit constraints: Unit constraints included in the mhel are: minimum up times
(MUT), minimum down times (MDT), ramping, operatonrangea nd A must ru
constraints. (MUT/MDT constraints are related to the time unit needs to stay on or
off afteris started or turned off respectively. Must units, are gemators that
operate even if not being the most economical due to system requirements (for
example CHPs operatingto provide district heating)

Start-up costs | have included the step model (see section 3.3.1) for calculation
of startup costs. The useerds to identify the energy requirements (in GJ) for a

hot, warm and cold start up as well as the time frame that defines each segment.
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Generation Demand Fuels
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Figure 3-5: UC model structure

3.4.2 MIP Formulation ofthe U®roblemfor a thermal systemwith renewables
Before we present the formulation of the objective function and model constraints we

presentthe model sets, variables and parameters

Sets

g: Generators 'Q Q "Q
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t: Timesteps 0 O O

f. Fuel Q Qo

i: Buses Q Q0

I: Powersegments of fuelcost functiomx & &

G(i): the subset ofgenerators that is connectedto bus i

F(g): the subset of fuels thatare used by generator g

where:

NG: Totalnumber of generators

NT: Totalnumber of time steps comprising one optimization cycle
NF: Totalnumber offuels

NI: Totalnumberofbuses

NL: Totalnumber of power segments to break down the power curves of generators

Decision binaryvariables
o d5T EIOPAOA OB OAP ey, /
0 «Jh=d5T EDOA OBRGE Ohg %ad, /

O I d517 EGQE AD xAOE Ohg %ag, /

Decision variables
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Mathematical formulation of the problemis presented below:

Objective function

As perequation-d presented earlier, the objective of a leasdt UC problemis to

minimize fixed and variable costs:
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where;:

F° YogdOperational cost of fuelforeach generator [$] (see figume 3
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F° Y4 Variable O&M cost foreach generator [$]

Fe yalhe CEHHI J{EEH N E

Fe Fa >:‘;tg_rt Up cost foreach generator at time t [$]

Fo paa, dhe TR IR DY TR T AR T
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Feo ¥ «Costofcarbon [$]

ARAIL 1
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Figure 3-6: A hypothetical Input/Output (I/O) curve of a thermal generator. An I/O curve
represents the heat requirement as a function of power output. In this example the curve is
represented as a set of 3 piece wise lisegments defined by four load points, LP1, LP2, LP3

and LP4. The horizontal length ofeach segment is denoted with letter S. Each generator requires
aminimum heat input known as the no load heat requirement (HRNL). The tangent ofthe angles
defined by ainear segments and its horizontal mapping S representthe incremental hear rates of
each segment (HRINC). My model returns correct results only when the I/O curves of thermal
generators are convex.

System Constraints

SYSTEM CONSTRAINTS

Fuel reserve
constraint (Fuel (2.C OQO ,0€ (2).€£nO6gO vy
limit is defined
in MMBT U per N oYy . 0
[eq. 319]
Supply/Demand
balance O DD YoLO0® O 0 ® O
(transport
model)
0 'O Dp "YOBQ 0 "OA®
0Qa e D £ GQO Q1B 'OCh " "0Q
Q T
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Reserve Margin
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60



3.4.3 Mathematical Formulation of a CAES systeerforming energy arbitrage

3431 Formul ation of a AFi xed Parametero CAE

This sectionis an introduction on modeling a Compressed Air Energy Storage (CAES)

unit. The CAES device is performing energy arbitrage and is modeledghaoriatant

thermal characteristics (compressor efficiency, expander heat rate, energy ratio). | have
named this simple representation of a CAE
formulation of the Fixed Parameter model is a first step towards buildimgra

complicated thermodynamic CAES model for more accurate modeling of the economics

and technical benefits of CAES on power systems.

Energy arbitrage is the process of storing energy at valley hours when price is low and

selling at peak hours to maximizrofit. Thus the objective of energy arbitrage is profit
maximization of the CAES device assuming that the market prices are perfectly known

ahead oftime. It should be notedthat unlike the unit commitment model presented earlier

we dondt dplegenmatorefleet buteather the CAES units only. In that respect
electricity prices are an endogenous input in the model. Such an assumption simplifies the
problemhoweveritis only valid in large systems where the peak shaving performed by a
storagel evi ce doesndét have a big impact on marg
a part ofthe systemhas an effect on marginal prices (it most of the time reduces marginal

prices through peak shaving). Before we proceed with the mathematical formwiation

give belowthe model parameter and continuous and binary variables of the model.
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Sets

~ A

! B BEOO 0 A ©

t: time steps 6o A 0o

Where:
JliaJ dYé Oecnia QEQD 0 O QO i

41 0 AAEBEIOAADO

Model parameters
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Continuous Variables

AHIG3 O O AAQRMOIEAMA OAOGE DA T E

P el A GG O ACERM®AOE DATE
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BRI T xRAADME ASC S BAOE DA 7

Binary Variables
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Objective function

The objective function of the problem of profit maximization of a single CAES unit

arbitragirg energyin a wholesale marketis:

44
Ote  Jmomrlw ro Mdife po i po FidTe
Fo 4 I
m 2
Where:
n "HH-GrEe A O AT GEA GA3A OBAAGROBDE DA OBA A
1 mom e | e gt < mi

Fo Mod€iha 81 GAEAOQARI 1 OGN AGOT ADDOE A OGH A

ro wgdie =1 aq - o 4] 4 ud

Fo Fihe 001 QOOE O BV QI GDREREND VI RAQ

ro gl ro ydofr 4o - ui

Fe FAl {OADB T GFO®E! BOOBEPAODA A
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m 2

Fo _V’E '=',1=ﬁ<: The costogélectricity consumed by the compressor during time period t

ro § e o)

.| | [eq.3-44]

Profit equals revenues from selling electricity to the wholesakket minus operating
costs. Operating costs include: Staptcosts for the turbine and compressor, cost of fuel
during expansion, variable O&M costs and the cost of purchasing electricity to run the

compressors (see figuse).
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Figure 3-7: Various operation modes of a CAES device performing energy arbitragé
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Table 3-1: Revenue sources and costs during operation of CAES device

Discharging Charging

[ Py <3 -

Operating
Revenues

.l <

=1 <3y 4 4 I e e

; 34
2 P O ] AT r‘]F‘I;'] 'y
IS _ 5
o Fo ¥rddt Ofr dha g 4
o
“THq - i) AT rm'] "H
CONSTRAINTS

1. Energy Ratio
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Figure 3-8: Energy balance of CAES cavern. For every 1IMWh of energy output’ M®/h

are required to charge the compressor. Out of the amount of electricity being drawn only a
percentage equal to the eficiency of the compressor will be stored as mechanical energy.
Additional thermodynamic losses are experienced in the cavern amdexpansion. Thus
thermal input equal to Qin is required to account for all losses experienced during diferent
stages of compression and expansion.

2. Energy enteringthe cavern

O dvo 0 v > ©IYD o TQ

3. Energy exting the cavern

~

0O o6 006 0 o JYD o TX

" ER in this figure is the energy ratio of GAES device equal to electrical input versus electrical output. The energy ratio does not
measure total but rather only electrical efficiency. Its value is less than 1 because CAES units also require thermaligiput t
combustion of natural gas.
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4. Thermalirput during expansion

7 e 5 . p n
0 o 0 J0Y O— JYu o Ty
ogp

5. Balance ofenergy in cavéfn

00 00 p O 0o O o o TX

6. Efficiency of CAES device

0 oo .
5 e g = g - w o1
OV o - WD w X

7. Setting generator staup binary

UG, 1) - UG- 1) =UP(G ) - UPP(c 1) [eq.3-51]

8. Setting compressor stamp binary

u®mPSYe t) - u®™Sle,t - 1) =u®™(c,t) - uP™(c,t-1) [eq.3-52]

9. CAES unitcan either compress or generate oridle at a givefi time

u®®(c,t) +u®™(c,t) +u*(c,t) =1 [eq. 3-53]

'8 We assume energy losses in the cavern through heat exchange with the surroundings or air leakage are negligible

ide
19 The binary variable U[ is not a necessary decision variable to develop the energy arbitrage model (without reserves). In

exp comp
that case an inequatly is being used instead U[ +Ut £1
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10. Define upper and lower operational limits for the expander

u®P(c,t)P5(c) ¢ PP (c,t) ¢ u™®(c,t) PEP(c)

min

11. Define upper and lower operational limits the compressor

u®™(c,t) PL™(c) ¢ PC(c,t) ¢ u®™(c,t) P2 (c)

min

12. Expander can only staump or shudown within a time step

USSR, ) + UMY c ) ¢ 1

13. Compressor can only starp or shutddown within a time step

ucompStU;(C t) +ucompShDCC t) ¢ l

14. Set upper and lower limits for energy stored

0¢ E(c,t) ¢ ST(c) P2P(c)

15. Set upper and lower limits for energy stored

0¢ E(ct) ¢ ST(c) PP(c)
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[eq.3-55]

[eq.3-56]

[eq.3-57]

[eq.3-58]

[eq.3-59]



16. The cavern needsreturn at its initial state by the end of the optimization cycle

to be ready forthe next cyéfe
oddo  Odo Qf o

3.432 MathematicaFormulation ofa MIP Therm&conomic CAES model

performing energy arbitrage

In this section we show the mixed integer linear formulation of a thermodynamic CAES

model for energy arbittcage.mil oudbed ntgha ©am
wordermottynamicdo and fAeconomico. Unlike t
AThe-Eeamonomi cd model uses power curves of a

the performance of a CAES unit. The power drawn by the compressor is not defined by
some constant effency number but rather depends on the back pressure the compressor
experiences and the speed of charging (Airflow in the cavern). luse afixed heat rate for
the expansion since fuel consumption is weakly connected with the power output (heat rate
is relaively flat within the operational range). However, we use technical data from the
manufacturer to relate the power output with the speed of cavern discharge. Before
formulating the Thermd&conomic CAES model we give the model parameters and

variables belo:

2°The initial state of the cavern is an input in the model and it is reasonable to be assumed the average between maximum and
minimum energy levels in the cavern
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Sets

AMF: The air mass flow at the compressionsa@® O ! - & 0 0 "G*

Pr: The compressordischargepressiré 0O 01 %

! %8l EOO © A ©
t: time steps o 0o
Where:

AL qve osaron GEQB 6 TFE QO |
41 0 AAMEEIODADO
=lgg i AT AABECA @D IGACT AT OO0

s

Feg i 0T AAMDABOAOOBORAT OO

21 |1 this thesis the number &MF segments i1so that AMFL represent70Ib/sec, AMR represents a value 2880Ib/se¢Pr3 a
value of 290 |1 b/ sec, uéofd70lb/sed (gelfiquel®)r epresents a val

2 n this thesis the number of pressure segments is 13 so that Prl represents 900PSI, Pr2 mepedsents950P SI, Pr3 a value of
1000 PSI, é.. yalu®af I580P 3| see fire®)nt s a

72



Model Parameters

‘HY ERET E®I%A3 | POAAG@IGED Ak OAOEMAD AOT

23

=431, Hyg ERAQE #01%3 AT | DABAD@D & k O AGEMAD A-O1
=430y ERET ET O AGDRAAMOO® ROE OERLCOAOR

V52 Hp ERAGE#01%3 AT | PAGIAD@ED B © E OEAR/QO AOT

~

AT 11 "Bl “#HadH &E": Power requirement of CAES compressor c to discharge to
specific airmass flow and back pressure levels [MW]

AT T2 HR O A B0 G0 BPDARAAOD

AT f] HB O A@01 &R0 %3 | DOARGOT O

. A
Al "T’*AHlluﬁ/ AT GEHED %3—7E

7 47 bR A CARO A0 AE! %30 D ATALD
"BEOHIG AGE IACND AIAZEIOW3D D ATRARIDT ABEREA 7

B HIG ET EN @IOD @O %30 D ARARIDT ANMEOOKR 7

H||I

1
Iy AQE IDOIxAOAAR ! %3 | DOADIOH IOMMIIG 7

HWidg ETEDPOIx AOAA® ! %431 | B OARIDI 10AMBGEA 7

7 7| ~ A AN Ve ~ ~ ~r A\
11 §p OH AR O @AM,

% The air mass flow range of a compressor depends on manufacturer and model. It can be obtained from power curves becoming
available from the manufaater

% The airmass flow range of an expandigpends on manufacturer and model. It can be obtained from power curves becoming
available from the manufacturer
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- e A
T 1P O ARET | ARO AN MGIGHEOREE @io——

F » £ o M= The minimum working pressure in the cavern [PSI]

I » F+rorm (c): The maximum workig pressure in the cavern [PSI]
R: Constantofidealgasses (equalto 0.00008333— )

A "HH'l "HRIAT b A ORDERVO A%

AHHT Hei 1 O T@EARA OADIT

Continuous Variables

"A'E "HI dotal air mass in the cavern at the end of time period t [kgs]
e ~ s s N P ~ . ~ ~ ~ s~ Ve . e . A AN A~ s A~ ~ ~ s Ve ~ A.] A
AEE HIgd EA OB Rk OAOEMAO A @i EAOOBE BAOE)JO—K\A

. e e e e max A m e i g o ad A
AEET I HOAGD A@E OEAVCH A il EADOBEBAOBLA,

~

Fodiivza

BHIPT xEDBOAT | DOEGTDOBE @A OBT A

HLJCAES Compressor poweonsumption duringmet [MW]

BHIPT xAOOAOOBE ERAOAEDIHG % EO7

fre.Hid AGEITADI T PAAABOAEABICAEO#II w8l & O7

F» pfomeEtig OA CBMTROIODEHEA OR @ EADOBR GBI

% We assume isothermal CAES units that charge the cavern at constant temperature
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"E"l "AT Tl : Average compressor discharge pressure during¥fme t

~

I "H1: Continuous variable equalto the bilinear termfor the McCormick reformulation

Binary Variables

1"Haa TN A @D A TAG A HOBRGE A YES, 0 NO)
MO nHIJA D ATRAB DO xA OE DAP %Bd, /
e G IR T | D O ROOA OBRGE OAP %ad, /
1 Ceeat 1A T | DO RODOBO*AOE ODAP %ty /
T I A oD ATARBAOA OB DAP vtd, /

TH U gAT | DOARODA OAOR O AP %ed /

"I LA E HETI . compressoc operates at air mass flow levels indicated by AMF

and backpressure levels indicated by PYES, 0. NO)
Thebasic differences between the TherBeonomic and Fixed Parameter models are

listed below:

1 Expansion side

In a CAES unit the power outp@®” depends on a) the rate of fuel consumptio8 (),

b) the pressure in the caver® O# A Odh® ) the air mass flow exting the

A comprcissscohadrsge pressure follows the cavernds back pressure. Howe
that can take value zero. This is because the comphaegepressue doesndt ope
needs to take value zero when CAES is discharging or idling. On the other side the pressure of the cavern has pasitivervadoen

the compressor is not operating. The introduction of this second variable is necessary for building the model.
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cavernd 0 "O. Figure3-9is a graphical representation of the above relationships for a
135MW CAES unit proposed by Dresser Rand. Basggures 39 and 310for the same
CAES device with: a) rated lower heeg value (LHV) heat rate of 3959BTU/kWh b)
design minimum inlet pressure of 864PSI and c) design air flow of 400lbs/sec durng

expansion we get the following mathematical relationships:

1 Actual power output expressedas linear function of air mass flow éng

the cavern

"BAHI OCH OAEE Y H "HB

Where:

GiptEoé ¢ 0 ME O
W p T® W U—6—

~

wip (LW

e

mMMDOIO TE—.000 dd 0600 1 nF .

i a G
i Q

1 Maximum power output expressedas function of the pressure inthe cavern

[4eahe = OF » po g mi
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m 2
Where:

k% 1 .7edThe maximum power output ofthe CAES unit ¢ during time period t

\

MEM@E £l 0OE O
wrg T Y T-p
g (i
b die Iso®doodd ¢ 61 600l Ewed YO

m 2

120%

110%

100%

90%

Air Flow, Heat Rate
Min Inlet Pressure PU
- T B - )
(=] (=] o (=] (=)
E- - -

20%

Design Airflow 400 Ib/s = Air Flow
10% | |Design LHY Heat Rate 3958 BTU !/ KW-hr Heat Rate
\Design Minimum Inlet Pressure 864 psia = = Min Inlet Pressure

0% 10% 20% 30% A0% S0% B0% TO% B0% 20% 100%
Expander Output PU
Figure 3-9: CAES expander performance curves. The red line shows percentage ofdesign expander
power output (135MW) as a function of percentage of design air mass flow (400lb/sec). The figure
also depicts the mathematical relationship of actual air mass flow as @ofuraf actual power
output. Equation &2 shownabove isthe inverse function used inthe model.
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However,

1 CAES heat rate as function of power output

One of the advantages ofa CAES unitis the relatively flat heat rate. Unlike the heat rate
of naturagas turbine that can grow 50% more than the rated value at part load conditions
the heat rate of a CAES wunit doesndédt go mo
levels equal to 15% of rated capacity. In order to avoid increasing the computational
complexity’’ of the problem we have decided to assume the heat rate is independent of

power output; such an assumption is notfar from reality.

E i 7 470 "HB

2 Compressionside

The compressor of a CAES wunit doesndot oper
efficiency of conversion of electrical energy to mechanical energy can vary from around
80% to 85% depending on the discharge pressure and air mass flow from conpressor

cavern. Additionally, turbo compressors have inlet guide vanes to regulate the air mass

27We coud break down the output of the expander into segments based on the heattealevel of each segmenand model it
similar as the compressor. However, we would need to add also at leasteobi-linear equation similar as to equation 378. We
have decided toassume constant hefrate to avoid increasing the computational complexity ofhe problem
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flow entering the cavern. The highest the flow the more the power requirement to compress
air. Additionally, the higher the back pressure in the cavern the hifleepaower
requirement to compresagure 310shows the relationship between Brake Power [MW],

air mass flow [Ib/sec] and discharge pressure [PSI]. The implication on modeling is that
the operator of CAES unit can decide to charge the cavern fast foditinrzad expense

on power to acquire an opportunity to discharge at will responding to electricity price
differentials. In that respectthe model we introduce in this thesis is more detailed compared
to afixed parameter modeland can give additional msign benefits and costs of CAES

operation.

Compressor break power vs air mass flow under constant

pressure
140
130
120 /
2 110 600PSI
% 100 800PS|
5 o 1000PSI
™ ——1200PS|
5 80 ——1400PS|
70 ——1600PSI
60 ——1800PSI

50

Py Co P Py Pa Py Py P Py P P
2 % o % % o % o % W

AMF(Ib/sec)

Figure 3-10: CAES compressor performance curves. The curves shown are for a compressor with rated capadiy
of 128MW. Figure 311 has been made using proprietary data fom a major CAES manufacturer. Such data
were shared with theenteroflife cycle analysis (CLCA) aColumbia University during a CAES workshop that

took place in 2010. We do not have permission to cite the name of manufacturer however, we use data offigure
3-11 to model CAES compressors in this thesis. The red dotted lines show the discharge presairmmass

flow at the optimum point (operational point at maximum eficiency of 85%). The blue lines represent
stalling/surging limits. Above the upper blue line and below the lower blue line the compressor might stall and
the region must be avoided.
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The mathematical relationship connectitigirgingpowefE?, dis charge pressupeComp

and air mass flovA E £ 'forthe compressors of figurel® is not knownHowever it can

be observed from the graph thae mathematical relationship connecting these

variables above inot linear as per the shape of the graph. In this thiesi#llowng

approacho simulate compressor performance while maintaining the mixed integer nature

of the problens followed:

T

| used data fromfigure-BO to create a matrix with values of break power as a

function of airmass flow (AMF) ahcompressor back pressure (Pr).

AMF/Pr 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500
270 61.60 62.98 64.37 65.75 67.13 68.52 70.00 71.50
280 64.00 65.39 66.77 68.15 69.54 70.92 72.30 73.00 74.00
290 66.41 67.79 69.17 70.56 71.94 73.32 74.71 76.09 75.00 76.00
300 68.81 70.19 71.58 72.96 74.34 75.73 77.11 78.49 79.88 78.00
310 71.21 72.60 73.98 75.36 76.75 78.13 79.51 80.90 82.28 80.00 82.00
320 73.77 75.00 76.38 77.77 79.15 80.53 81.92 83.30 84.68 84.00 84.00 86.00
330 76.52 77.41 78.79 80.17 81.56 82.94 84.32 85.71 87.09 88.47 88.00 90.00
340 79.28 79.81 81.19 82.58 83.96 85.34 86.73 88.11 89.49 90.88 92.26 94.26 92.00
350 82.03 8221 83.60 84.98 86.36 87.75 89.13 90.51 91.90 93.28 94.66 96.66 94.00
360 84.78 84.78 86.00 87.38 88.77 90.15 91.53 92.92 94.30 95.68 97.07 98.45 98.00
370 87.54 87.54 88.40 89.79 91.17 92.55 93.94 95.32 96.70 98.09 99.47 100.85 102.24
380 90.29 90.29 91.03 92.41 93.80 95.18 96.56 97.95 99.33 100.71 102.10 103.48 104.86
390 93.05 93.05 93.88 95.26 96.65 98.03 99.41 100.80 102.18 103.56 104.95 106.33 107.71
400 95.80 95.80 96.73 98.11 99.50 100.88 102.26 103.65 105.03 106.41 107.80 109.18 110.56
410 99.13 99.13 99.58 100.96 102.35 103.73 105.11 106.50 107.88 109.26 110.65 112.03 113.41
420 102.47 102.47 102.47 103.81 105.20 106.58 107.96 109.35 110.73 112.11 113.50 114.88 116.26
430 105.80 105.80 105.80 106.66 108.05 109.43 110.81 112.20 113.58 114.96 116.35 117.73 119.11
440 110.43 110.43 111.22 112.61 113.99 115.37 116.76 118.14 119.52 120.91 122.29 123.67
450 115.06 115.78 117.17 118.55 119.93 121.32 122.70 124.08 125.47 126.85 128.23
460 120.34 121.73 123.11 124.49 125.88 127.26 128.64 130.03 131.41 132.79
470 127.73 129.11 130.49 131.88 133.26 134.64 136.03 137.41 138.79

Figure 3-11: Matrix with values of power requirement by the compressor to discharge at specifeabaiflow
(Ib/sec) and back pressure (Pr) levels. The yellow region is the compressor stall region.

T

The above matrixis unique for different types/manufacturers of compressors.
We create a parameteith the content of figure-30called

CompPower(c,AMF,Pr).
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 We create binary variable (named ® ° —"HA E HEI ) to scan across
elements ofthe above matrix. The binary variable takes value zero if the

compressoridles orvalue 1 at the optimumcompressor power input.

1 Objectivefunction

The objective function of the Therateconomic modelof a CAES unit performing

energy arbitrage is the following:

34

Ote  Jmomrlw Fo XMdife po i po FidTe

<

Fo A
m 2
Where:
nH HL TR A O AT G OARA OEBMGROBE DA OBA A
{mom Odlie | fhed g ) < md

Fo Wrgiie d GGEA O @AKD OTADOBE DA OBA A
ro Wodafe =l <34 _ fhedfr e - mi
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Fo Fife 0dl QOOE®O TV Q1 GOEREREND VI RAQ

ro Mgdife o yplhofr dheg] - T

Fe FEM JOADB 1 GROdM A BOOBEDAOBA A
Fo el Mot oaT FOLH b Seani oaT JH

[Eg. 3-70Q]

Fo _V’E '{fﬁ{ The costofelectricity consumed by the compressor during time period t

ro 3 At b Reo] D) < md

Plugging equations-88 to 372 into equation-&7gives the following objective function

34

OFe  |prdpad]agd « <1 4554 fhadfr a4 Fo yiad

of 4 4 b 4hach mg h BT AT H

oyl o e 1 1LY * W T
re Oma T SAT Tk H
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CONSTRAINTS

1. Power consumption at the compressor

~33 |
||‘F“H:” |='3 O

1y =dq e}

ol b A >

D[ L A R

bo o
m 2
2. Air Mass Flow inthe cavern (compression side)
=13 Ik w
=4 3.9 § T NEE D[R i b
=dg=45}»|»
"HB

Where:

1 "I "N'E ¢dThe number of AMF. Forexample if AMF=AME then ord AMF)=10.
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3. The compressor canidle or operate at a unique power input at eachtime

increment

=d3y  |w
Of IR A e 0T P m &

—1q e

4. Relationshipcomecting the compressor discharge pressure with power input

i T
"EN AT T of. J3F=1 ] ka0 = pMpoy =

—q=tq e

[eq. 3-76]

5. Relationshipconnecting compressor discharge pressure and thessure of

the cavern

ETAT THL 0T Ohq O » FF o B T m &

An upper bound for variablrComp(c, t) is not needed because the power input in the
compressor is increasing function of both airmass flow and back pressure. The model will
always decide to match the compressor power input with the cavern pressure to minimize
the costof compressioAdditionally, equation &8is not linear. It is called bilinear since

it contains a termwith a binary and a continuous variable being multiplied. However, it

28 ord(Pr) is the number of set Pr. For example if PrsBhen ord(Pr)=10
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can become mixed integer linear with the McCormick linearization aktle monstrated

on equations-39to 384shown below.

"B AT THL o JIHVN a &

o Jd:ﬁ{ = 2

o dha ot * O« Jf » FF O[-__;HE' m &

o e ob Hiao} » oo v nd

o Jllr'l:N ”— > |==|= O=.O ’FH*VR OJ'F D'—H’ﬁ‘:)"' > |==|= OE.='4|'
b > ot o v
O T s OF T e

> e oom Mr
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6. Relationshipconnecting CAES output with air mass flow exiting the cavern

[rahe H S=45%gpa § D Tha [ec. 384]

7. Relationshipconnecting CAES maximum allowable output with pressure in

the cavern
free H O=45°qha [eq. 3-85]
[ 30 T [60,3-86]

8. Balance of air mass in caverf?

'A'E{Hﬁ A'E"HI = =|J|}ﬁ< = 3 4 9'}54 0] 08
[eq 3-87]
9. Balance of air mass flow in caver#?.
b | L |
—Uqdhe =040 dhe mi
<4 < <4 <

29 We assume energy losses in the cavern through heat exchange with the surroundings or air leakage are negligible

3% quation 389 ensures the cavern retuindts initial energy level at the end of each optimization cycle to be ready for the next one.
If the specific constraint is not entered the program will tend to deplete the cavern by the end of each cycle. As a resalinghen t
cycle begins the cavern will have no stored energy and will need to charge before being able to make profihegdinl energy

level can be established through fixing the pressure in the cavern attime t1 equal to the average workindgrresaunele.
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10.Relationshipdetermining the operational status of CAES

ort e 0r e 0r e 07 e ni

11.Relationshipdetermining the operational status of the compressor

OF Tediia 0F" THrdia 07" T=ha OF° T ma

12.Relationship connecting air mass iad pressure in the cavern (law of idea

gases)

=gl o o o din-

2
= |
8 Oryfomd i, 8

13.Relationship determining average pressurin the cavern*

F» |==|=o=-°;k=|=*|7~ F» pfo g | » po ghme-

14.Compressor cannot startup and shutdown during the same time period

OF° Ofmrdig 0 F° Preding m &

15.CAES unit can either compress or generate or idle at a giventime

3! The variable PrCavern is the pressure in the cavern at the end of each time period t. However it is important to knsagthe ave
pressure in the cavern at each time period otherwise we will overestimate the costs of compression because the pasreasesut in
with pressure in the cavern
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OF*=ha 07" T mi

16.Expander cannot start up and shut down during the same time period

0T merdfia 07t Hrffia -

17.Operational limits for expander

(I B hae LA md
|r e 1T 27 e m i
=J_|=E|'<>élllﬁ< =J_|ﬂ]01JL3>|-o—|}h< -8
I s -t

18.Operational limits for compressor

brdfe 00 e b
IF%% o3 e o

e =43 2 R md
—”=|H« =L a3 o e o
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3.433 Mathematical Formulation ofa deterministic Unit Commitment Mmtel
power system with thermal generators, wind and solar generators, hydro

generators and energy storage (CAES)

In this sectiora unit commitment modelthat simulates a power systemwith CAES being
part of the generation flestformulatedThe modehcludes the Therm&conomic CAES
model and it is a combination of the models introducedin sections 3.4.2 and 3.4.3.2. It is
a leasicost optimization algorithm. This model will be applied on the power system of

Ireland in chapter5.

Sets

g: Generators 'Q "Q Q

t: Tmesteps 0 O O

f. Fuel MQ Qo

I:Buses Q QQ

I: Power segments of fuelcost functiomx a a

AMF: The air mass flow at the compressions@@® O ! - & 0 0 "G?
Pr: The compressordischarge pressiré 0O 01

> A

B OBl B

i i

Ow A ®

32 |1 this thesis the number &MF segments i1 so that AMFL represent270lb/sec, AMR represents a value 280Ib/se¢ Pr3 a
value of 290 |1 b/ sec, uéofd70lb/sed (gelfiquel®)r epresents a val

3% In this thesis the number of pressure segments is 13 so that Prl represents 900PSlI, Pr2 represents a value of 950P8loPr3 a valu
1000 PSI, é.. yalu®af I580P 3| see fire®)nt s a
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G(i): The subset of generators g being connectedto busii
G & The subsetof generators that are muat

C(i): The subsetof CAES units ¢ being connected tobusii

where:

NG: Totalnumberof generators

NT: Totalnumber oftime steps comprising one optimization cycle

NF: Totalnumber offuels

NI: Totalnumberofbuses

NL: Totalnumber of power segments to breakd the power curves of generators
"ERYE 080G EQD & ‘OFE QO |

Efgg T OAQT AAGE OAADO

"EAE | OADT AABEQA @D IOACI AT OO0

EEg T 0T AADARBAOOAQRAT OO

Binary variables

ofh q 51 EIODAOAOR DAP %Ry /

0] «Jbad 51 EDOAOBRGE Db %ed, /

o Idh & 51 EGE BDO*AOE Db %ed, /

1M I g # | %A D A TRAADOBROE (A YES 0 NO)
o)

TR AR g | %00 D A TRAB B xA O E DA %, /
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Ar v A

e i T | 9Bl | D O ROOA OBRGE DA: YES, 0 NO)

o |

.
P DTl g | 9831 | D O ROBDBOXA OE DA: YES 0 NO)
TH "I g | A3 D ATARBBOA OB DAY %ad, /

TH T Mg 1 o83l | B OROBA OA O& BA: YES, 0 NO)

“1HE LA E BETH - CAES compressor ¢ operates at air mass flow levels indicated by

AMF and kack pressure levels indicatedBry/(L: YES, G NO)

Continuous variables

"AE "HI dotal air mass in the CAES cavern at the end of time period t [kgs]
AELTHIg EOAO® Rk OAOEMAG A @&l %8 BAOOOBELA
PAOBLA
A
AEETHIQ EOAGE AROE OERICO R @& e EADOBELA
PAOBKA,
A
Fo O |’L,. %S o — HLACAES compressor powiput duringtimet [M W]
¢ AHAI &OAIT ACAT AQAOCOIOCBEEA ACAMBDBRAOOT ET C

/e

- o - A

ORLEEREOAI Al O

EWHIG 01 xBOT AGATMA A GAGOOE EA A O A BBD
AGOT £ 7

"B inHId 01 =B AmE AL ETAKAO AEBK AOGOOA
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ACAT AGQAOIOBE EA AOAMBDBRB OOTANA 7
"Ei HOHIg - AGEIDOIxROODEAT A QAQOIOOGEERAOA A7 O
AADAT 1A A A &O OOOAR @A €nO AR o
_1o,ilfld # OOOAETPAA ABORT AE IOA 7
i o »ilitd # OO0 A EDIT ABA B OEA T BE IOA 7
BRI T x RAAOME AC Berl BAOE DA 7
BEHIP T x ADOAEADICAEO i %d EO7

by, Wi AGEIADI | PAARBOA EABICEEOTHII %8 EO7

-~ o ~ A

F»E+ o=-05=+||Fﬂq, OAOBRTROOAEHOEARAOR @ EAOOBROBT A
"E"l "AT THI: Average compressor discharge pressure duringtime t
REEA/Ids T | AT AMGAOBEERAOAD-A7 O

"I "H1: Continuous variable equalto the bilinear termfor the McCormick reformulation

Model parameters (inputs)

HD4 ERET EIAQIT POAEOIGID Bk OAOEMAD AOT

=431, HD ERAGEIAGIT DOAGEOIGD Ak OAGEMAD AOIT

A compressoro6s discharpgés pbaskupe eifimiedeesary thibtivdioe em additional variable

that can take value zero. This is because the comphaegspressue doesnodt
needs to take value zero when CAESisgharging or idling. On the other side the pressure of the cavern has positive values even when

the compressor is not operating. The introduction of this second variable is necessary for building the model.
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— U 50 ERET E IAGID A TAK GO0 R OE OERGOAD]
— U 59 HDI ERAGEAGIT DOAEGH D AoE OFA O ADI
AHITHY2 A ORAD AIAEBACT ATATAGT O
ol A oL, L AL,
FE>te - Wl Bl AT EOORIT O
koo e RAE(TET AAG 11 ADA] | ADKDDEBD OEI EVAGET |
Aumé
o
i DEl OA oD ADCL

Y -
Fo Yo | DQ—EOOOAEIMA&O—%?UE‘

O
i ©&DOOB I AL A
Feo F 1 OA&OOOA &l /O_—%?HEO

AT 11 "Bl “#HadH &E": Power requirement of CAES compressor ¢ to discharge to
specific airmass flow and back pressure levels [MW]

AT 51 HB 06 &0 &0 3D ATRAAO

AT Jl T3 O AT EZO %3 | DPOARGOT O

A o o~ A

Al Hg . O AIABI OWEGN & AOBT xOET ADBHAO X EO

I o o B
4 d %l Eocnsm|CL&BDA4TO“E
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Y -
30 mm™ Adv#il ©&EOA}F

Y'Y
10 wn W4 ADE (AGNEHOBA O A ORDMEIO OBR @ o2

1 4rr iy A GABB BT A ! %\wam?&%é‘;

J e . Ve . - ~ ~ - ~ wn - A~ A " A*.. ~
444 d .0, T ARRBNOE OAEAI I’OG);AEOOI O
Jd LA B g T AOAEAISBAIOE G AEANTATAOT @ 1 BE 0 F;E‘*o
24 Lipe ) T AOAIEAIBGAOE OA IEAT & QAEOT, @A 0 |

S~
>l
p
po=
O
T
>

ET H'HEH T AR OOE AEDFDHBO A OA All @AGA
ABAADDB

g q i DA ED EAT AGATIRGD @ v

Ei 1 ATHil- ET EIADIXOEI EAT A GTADD O

Ei 1 §THy- ET EIOEE T EAT A TABD O

"E€ iRRI g Power flow from bus ito bus jat time t [MW]

"Ei | THY- ET EIDOiIx ROODPEAT ATAGT O

FOHIG AQE (AP AIAE OW3z D A TRATRIOT AAMBOGKA 7

ECHIG ET EN @IOD @O %30D ATRARD] AMMEIGIR 7

“HE T e

B WG ETEDOIxAOAAR ! A3 | BOARIDI DAMEIGIA 7

ELI I AGE IDGIx AOAAT ! o3 | DOABDION IOABRBGR 7
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T ~ an AN Ve ~ ~ s A\
1" @ OH AHA O QDI

F » £ o M= The minimum working pressure in the cavern [PSI]

||- > F =|= o €): The maximum working pressure in the cavern [PSI]

R: Constantofideal gasses (equalto 0.0000839.—3— )

17 AT EBATAS xOADEAT A@A()bét@bxiE—?O
01T i EGATCEDADEAT ATAGDOD SO

A HI 1 KFG4 EGATAS xGADAEAT AQTAGDET Off BIAOARE 1
A HI 1 ATHos EQA IGEBDADEAT AGAGDET Ol bIACARE |
Jfmd- AQE i 8l x A @ E AKRD K T ARG IAIEAT ATAGH O
J44 E i AT ICEEGE OB AR

Ilfmg AGE i85 x REE A E T GMTT IATER T A TA-GT O

| «r=rk 8 /00 OEAT ATALLO

A "HH"l "HRIAT DA ORDERBAVO A%

d4 OAT Oi EDOAGIRICED A OkP

A'H "He. O AABI OGN & HO® E 1l ADHOHOOO

AHH™ Hei 1 O I@EARA OADIT

36 \We assume isothermal CAES units that clggr the cavern at constant temperature
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o o AL
7 EL] 46 AOE/AQ-RAOEAT Aco;pﬁgcg,,—go

Objective function

The objective function of the UC problemwith CAES is:

Iy <y B, 4

i1 <<

Fo o [l o e Fo oy he

F° ‘F#IT‘FO > <+ IEII;N<
YW

Fe Malhe po ppdia po pli

L
A

m 2

where:

F° YogdOperational cost of fuelforeach generator [$] (see figife 3
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F° =|v<>1l l:I:N
4 4
€ N "EBHOI "Wl E'E'HE n & "EMOI THI { | =

E e B O¢H AR |

m 2
F° Yp4 Variable O&M cost foreach generator [$]
Fo ya | he "E'"HHI 3y EEH N E "HB
Fo JJ<€,:StartUp cost foreach generator at time t [$]
Fo paa, dbe TATTRH DY TR T AR ma

Fe ¥ «Costofarbon [$]

SRR 2

4 d
& nEBHOI Wil E'E'HZE n & "ENTI THI { | =

EneEN ANHORE >t > RN

m 2
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Fe Yy4Costofunusedenergy [$]

F° Y4 ha ACEEAM AT R A 4 m &

Fo Y44, » Qostofcurtailed VRE energy [$]

I= ) -F=|W<F<> ><F]< ||-? FO ,Lﬁ’l QAT “l "I I:ﬂ-”'ﬂ'F() >Lv"l 'A"i‘ ulﬁ,l $=I

ma

Fo ﬂfvji-#ﬁ( A GEAOTCRADOTACIDEOA OBA A
ro gl =0 aad, o, ol e 4 ns

Fo ¥ife 0dI ROOE WO TV QI GOERERINB VI RAQ

ro yogdie po ypadolr 4] us

IR T a— v ol « R T v ]k
F ﬁril [ " THT DAL ﬁl"lh‘lH [ Srea THT DA | ﬁl"||h'|H

m 2
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SYSTEM CONSTRAINTS

1. Fuel reserve constraint(the amount of fuel that can be consumed for each

optimization period is constraintby some value FL(f) [

147444
ENEEH "I E'E'H € né&EMN "I HI
I | <<«

oy A
Ene B O— 00—

2. Power flow across transmission line@ransport model)

1., B,
"E'HH ) "EE ANl R Al = il g iAl
"H'HHH

"E€THARI O A 'HhH "E£iRRI

EFfl ) "RV AT h) O THY €

99

[eq. 3114

‘HB



3. Reserve margin constraint

I,

L olRantl I davirkot 20

m 2

UNIT CONSTRAINTS

4. The power output of each unit is the sum of power output from each power

segment ofthe /O curve

i "EE
"E"HHI "Eith Wl E'EJI"HI V "H ¢ "H "HB
H [

5. Power output per power segment

fmlfic 4 1 4k HB

6. Defining operation range of thermalgenerators
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o | F1lhe Fo+dha 1 THoETH m &
|

7. Capping maximum power output based on ramping limits of generators
"Ei HORl AHTHO "I "W "1 R i A N T AHSI A i1 A

‘HB

8. Relationship connecting on/off , starup and shutdown binary variables for

thermal generators

0 «Jaa 0 |ifhe ¢ Jha ¢ ]na md

9. Thermal units can-not start-up and shutdown within the same time step

TR TR Al "HB

10. Minimum up time (MUT) constraints

‘I "HI b "Heh 1N BBy "HB

RN L7 o | < d
W «
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| @4y 88ER 1. 24

44
oW ¢ «f ke I« CER L

W «

Where:

2 CRCTE

[eq. 3125

Ly:Number of time steps the unit has to stay on at the begiafargoptimization cycle.

Ly depends on how many hours before the optimization the unit started up

A TiTA e g O]R

11.Minimum down time (MDT) constraints

g H
‘I H I "HER LN B E
;
JI
ol e pddeod | i
W «

I« 88eER 4.
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o o | fhe h
W «

D] el 8dY .t

Where:

L | : Number oftime steps the unit has to stay off whenthe optimization cycle begins
V'MQON Q¢ E/ VA OED 6 IIQ QBN 6 VA VO O@EO & B DE O &

o IR IS N P ofn m

12.Unit ramping up and ramp down constraints

"Ei 'HaHHI "E"HHI AHT T A 7T n1T M
"H
I 1) "1 Al
"HB
E'HHI E HHI
"H
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13.Must-run operation

olfe I1 e md
I

CAESCONSTRAINTS

14.Power consumption at the compressor

o T
”‘F l‘l'l“"'l |=‘:‘ O]

—iq=dsfsfs

o i >

[ S i e

be o m

m 2
15.Air Mass Flow inthe cavern (compression side)
=43 e
N T oy ep e , o0 [ || -
=4 5.0 J I NEE D[ D=L i e
ahinahl d is

‘HB
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Where:

T "I "N'E édThe number of AMF. Forexample if AMF=AM,, then ord (AMF)=10.

16.The compressor canidle or operate at a unique power input at each time

increment

e L
Of =L Al ha 0 Tha m &

—4q =g

17.Relationshipconnecting the compressor discharge pressure with power input

i T
"ECAT THI of. = 4} ka0 - pMpD

R T

[eq. 3-137]

18.Relationshipconnecting compressor dischargaressure and the pressure of

the cavern
"E'TAT THI 07° OSh« 0 » g ogg B E Time ma
ENAT THI o Jhe m &

37 ord(Pr) is the number of set Pr. For example if PrsBen ord(Pr)=10
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o e 0T “FhaOf > pf o g Mp mi
o e 0T Ttha O > pd ok md

o dia o rbomnrin ot Sdiao} > r4omu

> F s om vt
m 2
A e L L BKAREL St S
k> FFoomMr
m 2
19.Relate CAES output with air mass flow exiting the cavern
Frape H 3=45°9p« § 7°ha leq. 3145
20.Balance of air mass in cavert
A'Edfea AEHI =l3-dha =15°d« D 08
[eq 3146

38 We assume energy losses in the cavern through heat exchange with the surroundings or air leakage are negligible
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21.Balance of air mass flow in caver#.

< «

SRR L mi

<4 < <4 <«

22.Relationshipdetermining the operational status of the generator

ortrdfia P Hedia 07 e 07 i i

23.Relationshipdetermining the operational status of the compressor

OF Oprdffia OF° THrdiie 0F° T=ha 0F" T=lng mad

24 .Relationship connecting air massand pressure in the cavern (law of idea

gases)

=3l f o oo din-

2
u |
5 o FFoddrr . 8

3%Equation 3149 ensures theavern returnei its initial energy level at the end of each optimization cycle to be ready for the next ore.
If the specific constraint is not entered the program will tend to deplete the cavern by the end of each cycle. Ashe nethelt mew
cycle kegins the cavern will have no stored energy and will need to charge before being able to make profithagdaitiel energy

level can be established through fixing the pressure in the cavern attime t1 equal to the average workindgrresaunele.
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25.Relationshipdetermining average pressurin the caverrf®

||_>F+o=-o"+!#r~ ||'>F+O%" ||'>|==|=O%F" m d

26.Compressorcannotstart-up and shutdown during the same time period

OF Prdia OF° PHr e m &

27.CAES unit can either compress or generate or idle at a giventime

OF*=ha 07" e m i

28.Expander cannotstart up and shut down during the same time period

OW"H"‘?-I-H:N 0“—'°‘H'|rr'4”|=ﬁ< m i

29.Operational limits for expander

rdfe oo e e -i
brdfe ik e -
=040 e =040 o e -
SRR DR RS -

°The variable PrCavern is the pressure in the cavern at the end of each time period t. However it is important to knsagthe ave
pressure in the cavern at each time period otherwise we will overestimate the costs of compression because the posreasesut
with pressure in the cavern
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30.Operational limits for compressor

bréfe o o me
bdfe heiishor o -
R R AR TaLL md
S R SRR LT us

POLICY CONSTRAINTS

31. Carbon cap constraint

14744 4
ENEH "I"HI EE'H & nEEN "I HI | =
I 1 <« <« n
e Bh Opdd o8 e s pdm

[eq. 31673
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Chapter 4 Irish Power Sector Overview

4.1 Context

This chapter presents information and analysis of thepias¥er sector thatis pertinentto
the application of the developed UCED and CAES models in the Irish grid. More

specifically, | presentinformation about:

1. Thelrish Electricity market structure

2. Current supplydemand balance

3. Related issues of utilizaticand availability of existing generators as wellas plans for
adding generating capacity upto year 2020

4. A basic analysis of past demand trends and presentation of latest demand projections
for the country

5. Dependence ofthe country on imported fuels

6. Existing high leveltransmission network

7. Regionalinterconnections

8. Arange ofpolicy issues such as: renewable energy targets, carbon reduction goals,

diversification of the fuel mix, and energy efficiency

The above information will be used for the construction, validation and application of a
mixed integer programming (MIP) unit commitment and economic dispatch (UCED)

model of the Irish grid. The validation of the model will be presented on chapter 5. In
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chapter 7the model is being applied to simulate the 2020 Irish grid when RE penetration

is expected to reach 40%.

4.2lrish electricity market structure

The Republic of Ireland has a partially decentralized system with a fully liberalized
wholesale marketomprising acentrally regulated Transmission System Operator (TSO)
also called EIRGRID and an open competitive retail market. Also, North Ireland (NI)
which is part ofthe UK has its own transmission operator (SONI). The island of lreland
also called Allisland in this thesigss composed of the Republic of Ireland and Norther

Ireland.

The electricity sector in Allsland Ireland previously operated as two separate markets,
but on November®] 2007 the EIRGRID and SONI established the Single Electricity
Market (SEM). The SEM hasreated a gross mandatory pool market that sets prices for
trade of wholesale electricity. EIRGRID and SONI are both owned by EirGrid plc which
acts as the Single Energy Market Operator (SEMO). All electricity is centrallgtrade
through a pool systemwhere licensed generators selltheir electricity to a licensed supplier
who sells it onto the pool, and receives a single market price (SMB)Trading and
Settlement Cod@ SC) outlines the rules for remuneration for paymena¥@ilability to

increase generation should the grid operator instruct thgi@jto
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Figure 4-1: The SEMO structure (Source: Wattics websditigp: /www .wattics.com/thelectricity-marketin-ireland/)

Within SEM, electricity generators with capacity higher than 10MW are obliged by law to
sell electricity into this single pool for the island of Ireland. This mandatory centralized
pool marketm SEM is different than in most European and American markets in which
most of trade takes place through bilateral contracts. In thatrespect, Ireland is a transparent
market that can be well approximated with a leasst UCED model. This is one of the

main reasons the Irish grid was chosen as a in this PhD work to be used for the UCED
model validation presented in chapter 5. Since deterministic models cannot predict non
deterministic decisions exercised on a market environment the validation processbecom
easier if it is applied in a transparent market that operates as closely towarctssteast

market balance.
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The individual generators in Ireland mustsubmit bids that reflect their Short Run Marginal
Costs (SRMC) (G/ MWh) . at@dibeaBiddind dodeotPragtiteo c e s s i
The SRMCs are defined as the costof generating electricity minus costs of not generating.
Therefore, in addition to their fuel costs, generators mustalso provide technical data related

to their starup costs, carboamissions costs and minimal ramping costs. The Bidding

Code of Practice connects the costof fuel commodities tothe prevailing spot prices onthe

appropriate accessible market.

A generator selling electricity to the wholesale pool market may receivelibning
payments that are presented here but not usedin this thesis:

1 Energy payment It is the SystemMarginal Price to be discussed in detail later on
this section.

1 Capacity payments Itis compensation for providing available capacity. Capaciy
payments are calculated based on the relatively low fixed costs of a peaking plant
and generally cover only a portion of overnight capital costs for building most
plants.

1 Constraint Payments: Compensation for being constraint from exporting the
already schduled amount of energy onto the system due to grid stability issues

[20].

! The Bidding Code of Practice is available at https:/Avww.allislandproject.org
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Generators must submit that represent their sieortmarginal costs (SRM&)bids to
SEMO the day before generation, known ak BRMCs represeiiie opportunity cost of
producing electricity. Separate cost components submitted through bids reflect generator

startup and generator nload costs.

The system marginal price is determined by SEMO, considering offers from generators

and suppliers. Theispatch calculation is performed using a stack of the cheapestrall

generator cost bids necessary to meetsalhd demand. Most efficient generators
participate in the half hourly AMarket Scl
generatorsme fiout of merit o. The most expensi Vv
Schedule sets the System Marginal Price (SMP). All generators that bid below the SMP

make profit -nkanrogwmaas rfeinnforar the differenc
the SMP. Tle SMP itselfis composed of two elements a) the shadow price and b) the uplit
component. The shadow price is composed of the SRMC bids of generators. The uplitt
component is paid if generator stag and ndoad costs are not covered through infra

marghal rent payments. This can happen for example if a generator only runs for a short

time to meet demandl].

““For example if a gas generator wouldndt be generating it could mak
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SMP Components - 01.11.2010
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Figure 4-2: Shadow (ed) andUplitt (red) components ofthe SMP during 1 day
in SEM (Source21]).

As it will be discussed later in this chapter, most of thermal generation-islaid is

natural gadired. Therefore, the wholesale gas price is a key driveleztricity prices in

the SEM. This is also shown on grapB,&and it has been the case historically. A more
detailed discussion about natural gas and how it affects prices on SEM can be found on
section 4.3.2.1. The same trend exsts in GB as welh&pter 5, | discuss the method
applied to approximate the GB as a gas generator and estimate the electricity production
cost that determines the electricity exchange between the SEM and GB. The electricity

trading principles are discussed in detail in gavd.2.2
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Figure 4-3: SMPs and Natural Gas spot prices from late 2t@G&rly2011(Source:
(21])

The system operators produce the Indicative Operations Schedule thefdeay the
trading day (B1). However, because of uncertainty on demand forecast, on wind
production and systemconstraints the indicative plan diverts fromthe actual plan. For that
reason additional software runs take place the day after (D+1Yata dfter trading day

(D+4) to finalize the SMP paid to generators. Generators that had to produce more than
what was in the Indicative Plan due to technical constraints receive constraint payments.
Generators that were initially scheduled to run butengetbiigenerating are getting the
SMP minus their bid21]. In the SEMO website one can find important historical
information regarding the bids generators submitted, technical information of generators
and the output of eachthfe clearing machineruns described above. As will be discussed
more thoroughly in chapter 5, such dataare important for the validation of a new UC model
and are used extensively in this thesis. More specifically, | elseiDs also called eante

or unconstrained because transmission constraints are nottaken into account at this point.

116



4.2.1 RegionallInterconnectors andthe SEM

As will explained in detail on section 4.5, the island of Ireland is connected with Great
Britain by two high voltage DC (HVDC) submarine interconnectors. The East West
interconnector (EWIC) and Moyle. In this section, the operational scheme of the
intercannectors is being discussed to introduce the logic of energy trading between
countries. The information presented in this section is used in chapter 5 to describe
mat hematically the rules of energy trade

calibration process.

The construction of an interconnector can potentially increase economic welfare based on
the discussion below that adopted fromRalph Tuf22lyby Aaoife Wilson23]. In the
exampé depictedn figure 4-4, the price of electricity in country A issased on the
demand supply curves in the specific example. Similarly, the price of electricity on country
B is Rs. The quantities of energy traded at market equilibriumon countaesl A are @

and Q respectively. Energy production on country A is more efficient than country B so
that R < Bs. After the interconnector is being built country A exports energy quantity K
so that the cost of energy per unit is increasedtarid coutry Bimports the equivalent
amount so that the cost of energy perunitis increased (e figure 4). At the same

time, the domestic consumption in country A will decrease by an amount ffoto Q
Q"™ but the total quantity produced will increagrom Q" to Q.9 Similarly,
domestic consumption in country Bwill increase fromt@ Q."°"*but the total quantity

produced will decrease fromaQto QP so that Q"™ -Qa™"¢ =K. After the
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construction of the interconnector, countrgXeriences a totalloss of consumer surmlus
of area (a+b), however producers on country A have access to a wider market and they
experience gains of (a+b+c) so that the net welfare benefit is equal to c (see-igyure 4
Similarly, in country B there haseen a loss of produces surplus of (d), but a gain in

consumer surplus of area (d+e+f) so that the net welfare benefit is equal {3 +f)

" 5
g £
£ E Pl
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P - i
| i D
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Figure 4-4: Demand and supply curves and energy prices and energy quantities at equilibrium foy ptotbetical
countriesbefore andafter interconnectiofSource[23]).
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Figure 4-5: Figure 44 with the overallwelfare gains added (Sourd@3]).

118



The interconnector provider in this example gains rents for use of the interconnector of

(Ps’- Pa") *K. The above example is a simplified representation of wioald happen in

an ideal market without distortions and was an introduction to the economics of

interconnecting national grids. For the case of Ireland advantages of interconnection with

GB are:

T
T

Support the integration of European energy markets

Greater gcurity of supply

Opens cross border access to all market participants and increases
competitiveness

Offers diverse product portfolio including capacity via implicit and explicit
auctions for market participants as will be explained later in this section

Allows provision of ancillary services such as frequency response, reactve

power and black start capability

The Trading and Settlement Code (TSC) describes trading rules across the interconnectors

within the SEM. There are three main parties with respectto regional trading: a) The

Interconnector Administrator (IA), The Market Operator (MO) and the Intercomnecto

Units (IUs). Theirroles are briefly described below:

1.

The lA is responsible for the administration of trading between Northern Ireland
and the Republic of Ireland and Great Britain. The designated IA for EWIC and
Moyle is the System Operator for Noettm Ireland (SONi). SONi facilitates

capacity allocaton and energy trading through the interconnections via the
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Auction Management Platform (AMP). The AMP is a computerized system that
provides the necessary mechanisms and outupts to facilitate tradasg acr
Moyle and EWIC.

2. The SEM s the designated MO forthe Alllsland

3. Interconnector Units (IUs) or interconnector users represent any party that
trades on the interconnectors via the SEM. Each interconnector user needs to
register an IU, which is the entiagainst which the user trades capacity and

energy23].

ERGRID

ey

Agmanistsator J1A)

Auction Management naticna grid

S NI Platfoem

CROMD. v

SEM ~—/| BeTTA

Figure 4-6: Graphic of EWIC and Moyle interconnector
stakeholders, Sourcf23]) .

In general, the trading capacity of the interconnectors is made available to allow trading of
electricity between SEM artgtitish Electricity Trading and Transmission Arrangements
BETTA (the British market). Available capacity is offered to the markeauiions over

a number oftimescales including annual, seasonal, quarterly, monthly, daily and intraday.

There are two types of auctions, explicit and implicit.
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1 BExplicit auctions allow market participants to purchasetherightto use capacity (for
each diection WestEast orEastWest) on the interconnector from between one
day and one yearthrough the AMP. Successful bidders pay the clearing price. An
annualauctiontime table is published in advance of eaclfidgar

1 Implicit auctions take place within the intraday time scale. Any capacity that is
unused after t PAe tfei rlsot) 3 EBM maudne (afivEaxi | a b |
the intraday mAnk ed R_2tVhiin-Day A B&M. Eknt er cor
users may submit half hdy bids to trade electricity across Moyle in these runs to

the SEM operatdR5].

As discussedin this section, optimally energy trade takes place based on energy arbitrage
principles where power flows froman area with lelectricity prices to an area with high
prices. However, a portion of the intercor
through explicit auctions, and in this respectthere might be deviations from optimal least

cost operation of the interconnectoftis can possibly cause deviations during the

validation of a deterministic leasbst UCED model. More discussion on this issue is given

in chapter5.
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4.3 Generation capacity status in Ireland

4.3.1 Currentthermal capacity

Generation adequacy studies for All Island are performed annually by SONI. The latest
reports[26], [27] present the current generating capacity in Rol and the NI as well as
planned capacity aneéédommis sioning schedules up to 2025. Additionally, a detaileddata
set, with technical characteristics of allgenerating units within SEM, was published for the
years of 2010, 2011 and 2012 by the Regulatory Authorities (RAs), the Commission for
Energy Rgulation (CER) and the Northern Ireland Authority for Utility Regulation
(NIAUR)*. The data sets are used for the validation of a model used to forecast system
marginal prices in SEM and are also used as inputs in the UCED model presented in this
thesis. Amore detailed discussion aboutthe data sets is givddrapte6. Such pubished

data suggest a total installed capacity of 8,689MW of thermal capacity. Out of those

6,364MW are in Rol and 2,325 in NI.

43 All-1sland generator info can be found at:
http://www.allisland project.org/e n/market_ decision_docume nts.aspx ?article =cb4ee33b-a83a-47ce-956a-6¢ ff30900495
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Table 4-1: Current 2015 installed thermal capacity by fuel and reddoill -Ireland.

Natural Gas 4,234 67%

Coal 855 13%
_ Distillate 324 5%
e oil 588 9%
Peat 346 5%
Waste 17 0%

Total ROI 6,364 100%

Natural Gas 1,692 73%

Coal 476 20%
Distillate 142 6%
zZ Qil 0 0%
Peat 0 0%
Waste 15 1%

Total NI 2,325 100%

Natural Gas 5,927 68%

- Coal 1,331 15%
S Distillate 466 5%
E Qil 588 7%
Pre Peat 346 4%
Waste 32 0%

Total All-Island 8,689 100%

Half of all thermal installed capacity in 2015 is Combined Cycle Gas Turbines (CCGTS)
while conventional steamcycle units comprise aroundaircedf total installed capaciy

(see figure 3B). Natural gas fired plants comprise around 67% of total installed capacity
in Roland 73% in NI. A list ofall current thermal power stations is givéaible4-6. The
Aghada and Whitegatecated in th&outh of Irelandand Poolbeg located in NI are the
largest CCGT power plants with capacities of 440MW or more. There are only two large
coalfired power plants in Allsland. One is the Kilroot power plant located in Northem
Ireland with total capacity 80MW; the second is the Moneypoint power plant with total

capacity of ~855MW located in West ROI. Moneypoint was refurbished in2008 to
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comply with environmental standards and it is planned to operate up to 2025. Oil and

distillate together compris®% oftotal installed capacity

Table 4-2: Current 2015 installed capacity by technology and region foiirgland

CCGT 3,341 53%
OCGT 199 3%
o OCCT 442 7%
o CHP 166 3%
Conventional Steam 2,216 35%
Total ROI 6,364 100%
CCGT 999 43%
OCGT 684 29%
= OCCT 142 6%
CHP 9 0%
Conventional Steam 491 21%
Total NI 2,325 100%
CCGT 4,340 50%
2 OCGT 883 10%
= ocCT 584 7%
4 CHP 175 2%
2:' Conventional Steam 2,707 31%
Total All-Island 8,689 100%

Table 4-3: List with thermal units irAll-Island in year 2015

Max Capacity
Technology Location

Kilroot Unit 1 FGD Conventional Steam Coal
Kilroot Unit 2 FGD Conventional Steam Coal 238.0 NI
Moneypoint Unit 1 FGD SCR Conventional Steam Coal 285.0 ROI
Moneypoint Unit 2 FGD SCR Conventional Steam Coal 285.0 ROI
Moneypoint Unit 3 FGD SCR Conventional Steam Coal 285.0 ROI
Kilroot GT1 OCCT Distillate 29.0 NI
Kilroot GT2 OCCT Distillate 29.0 NI
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Kilroot GT3 OCCT Distillate 42.0 NI
Kilroot GT4 OCCT Distillate 42.0 NI
Rhode 1 OCCT Distillate 52.0 ROI

Rhode 2 OCCT Distillate 52.0 ROI
Tawnaghmore 1 OCCT Distillate 52.0 ROI
Tawnaghmore 3 OCCT Distillate 52.0 ROI
Cushaling OCCT Distillate 58.0 ROI
Cushaling OCCT Distillate 58.0 ROI
Tarbert Unit 1 Conventional Steam HFO 54.0 ROI
Tarbert Unit 2 Conventional Steam HFO 54.0 ROI
Tarbert Unit 3 Conventional Steam HFO 240.0 ROI
Tarbert Unit 4 Conventional Steam HFO 240.0 ROI
Ballylumford Unit 10 CCGT Natural Gas 101.0 NI
Ballylumford CCGT Unit 31 CCGT Natural Gas 247.0 NI
Ballylumford Unit 32 CCGT Natural Gas 247.0 NI
Huntstown CCGT Natural Gas 343.0 ROI
Tynagh CCGT Natural Gas 388.5 ROI
Coolkeeragh CCGT CCGT Natural Gas 404.0 NI
Huntstown Phase Il CCGT Natural Gas 404.0 ROI
Dublin Bay Power CCGT Natural Gas 415.0 ROI
Great Island CCGT CCGT Natural Gas 431.0 ROI
Aghada CCGT CCGT Natural Gas 435.0 ROI
Whitegate CCGT Natural Gas 445.0 ROI
Poolbeg Combined Cycle CCGT Natural Gas 480.0 ROI
Contour Global unit 1 CHP Natural Gas 3.0 NI
Contour Global unit 2 CHP Natural Gas 3.0 NI
Contour Global unit 3 CHP Natural Gas 3.0 NI
Sealrock 3 (Aughinish CHP) CHP Natural Gas 83.0 ROI
Sealrock 4 (Aughinish CHP) CHP Natural Gas 83.0 ROI
Aghada CT Unit 1 Conventional Steam Natural Gas 90.0 ROI
Aghada CT Unit 2 Conventional Steam Natural Gas 90.0 ROI
Aghada CT Unit 4 Conventional Steam Natural Gas 90.0 ROI
Aghada Unit 1 Conventional Steam Natural Gas 258.0 ROI
Ballylumford GT1 OCGT Natural Gas 58.0 NI
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Ballylumford GT2 OCGT Natural Gas 58.0 NI
Coolkeeragh GT8 OCGT Natural Gas 58.0 NI
Marina No ST OCGT Natural Gas 95.0 ROI
Northwall Unit 5 OCGT Natural Gas 104.0 ROI
Ballylumford Unit 4 OCGT Natural Gas 170.0 NI
Ballylumford Unit 5 OCGT Natural Gas 170.0 NI
Ballylumford Unit 6 OCGT Natural Gas 170.0 NI
Lough Rea Conventional Steam Peat 91.0 ROI
West Offaly Power Conventional Steam Peat 137.0 ROI
Edenderry OCCT Peat/Biomass 117.6 ROI
Lisahally Waste Conventional Steam Waste 15.0 NI
4.3.2 Currentrenewable generators
Currently there is around 237MW loydro installed capacity in ROI. The largest

stations have a total capacity of 216MW and are:

T

= =

Ardnacrusha (86 MW)

Erne (65MW)

Lee (27TMW)

Liffey (38MW)

Additionally, thereis the pumped hydro stationin Turlough hillwith total capacity of

292MW. Hydro generation in Northern Ireland accounts only for 4AMW. As per the Irish

Wind Energy Association, there are currently 3,083MW of installed wind capacitl¢in A

Ireland. 2,441MW are installed in Rol while 624MW in NI.



4.3.3 Future power mix

EIRGRID and SONI publish annual generation capacity reports with data on current
generation mix and planned changes for the following decade. Their projections of future
capadty are used forthe 2020 scenario presented on chapter 7.
Future changes in thermal generation by 2025 indi&je
! Commissioning ofa 58MW Wasteto Energyin Dublin built by CoVaittdate
2017
1 Commissioning of a BiomasCHP plant (Mayo) sometime by 2025
1 Decommissioning ofthe four Tarbert HFO fired units TB1to TB4 oftotal
capacity 592MW in 2023
1 Increase of capacity of the Contour Global CHP power plant in Northern Ireland
from 12MW to 18MW in 2017
1 Decommissioningfthe Aghada AD1 (258 MW) and AT1(90MW), Marina CC

(95MW), North Wall 5 (104MW)

*4The Covanta press release for the project can be fouhtimtwww.covanta.com/news/pressleases/2014/Seff.aspx
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Figure 4-7: Future changes on dispatchable capacity inl®iind including transmissiofBource29])

Under the 2009 Renewable Energy Directive, Ireland is committed to produce from
renewable sources at least 16% of all energy consumed by 2020. This will be met by 40%
penetration of romrenewable energy in the electricity sector, 12% in eanid 10% in

the transportation sector. The main bulk renewable electricity is expected to be generated

by wind. Wind power is currently the most abundant renewable energy source ontheisland

of Ireland due to the onshore wind resources representing sbthe most effective
renewable resources in Europe and offshore
offshore territory in the Atlantic and the Irish Sea. As a consequence, it is expected that the

RES share of installed generation capacity valt@than double in the ROl and willmore

than triple in NI by 202¢30].
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Table 4-4: Past and projected installed capacity ofvarious renewable energy sources for RO| (BtR@&RID and
SONI All-Island Capacity Statement (2010,2011, 2012b, 2014)

Hydro | 237 237 237 237 237 237 | 237 237 237 237 | 237 237 237 237 | 237
Wave 0 0 0 0 0 0 0 0 0 0 0 N/A | N/A | N/A | N/A
Wind | 1,538 | 1,629 | 1,642 | 1,938| 2,165| 2,386 | 2,709 | 3,219 | 3,385 3,520 | 3,600 | 3,727 | 3,854 | 3,982 | 4,109

B'/‘i“;gss 48 | 56 | 59 | 76 | 76 | 82 | 112 | 142 | 172 | 202 | 232 | 232 | 232 | 232 | 232

Table 4-5: Past and projected installed capacity ofvarious renewable energy sources for NI (Source: EIRGRID and
SONI All-Island Capcity Statement (2010,2011,2012b, 2014)

Hydro 3| 4| 4| 4| 4] 4| a| a| a| a|alalalala
Wave 1| 1| 1] 1] 1| 1| 1| 11] 11 11 | 201 201 201 201 201
Wind 308 | 405 | 467 | 550 | 658 | 870 | 975 | 1,036| 1,004| 1,145| 1,205 1,256| 1,297] 1,345| 1,389

Biomass/ Biogass| g | 19 | 23 | 26 | 28 | 50 | 70 | 88 | 92 | 95 | 99 | 102 | 105 | 108 | 110

Landfill Gas

Table 4-6: Past and projected installed capacity ofvarious renewable energy sources for All Island (Source: EIRGRID
and SONI Altisland Capacity Statement (2012011, 2012b, 2014)

Hydro 240 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241 | 241
Wave 1 1 1 1 1 1 1 11 11 11 | 201 | 201 | 201 | 201 | 201
Wind 1,846| 2,034| 2,109| 2,488| 2,823| 3,256 3,684 4,255| 4,479| 4,665| 4,805| 4,983| 5,151| 5,327| 5,498

Biomass/ Biogass

Landfill Gas/LEG 67 75 82 | 102 | 104 | 132 | 182 | 230 | 264 | 297 | 331 | 334 | 337 | 340 | 342

4. 4Transmission Network

441 Internallnterconnections

ROI and NI used to be electrically separate. Both networks were designed and constructed
independently in the first half of the 1900s. However, they are currently conriéwted.
Northernlreland transmission system is operate®d@d kV and 110 kV while the
transmission system of Ireland is operated at 400 kV, 220 kV and 110 kV. The internal
interconnection is composed of one 275 kV doeb&iit connection fromLouth station

in Co. Lout (Irl ) to Tandragee station in Co. Armagh (NI) and two 110kV connections:
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1 Letterkennystationin Co. Donegal (ROI ) to Stabane stationin Co. Tyrone (NI);
and
1 Corraclassy station in Co. Carraclassy ( ROI ) to Enniskillen station in Co.

Fermanagh (N[31].

These two 110KkV circuits were desighedto provide limited support to the local electricity
networks in those areas rather than the wider transmission system. Neither of these
connections on their own or combined have sufficient capacsgc¢arely mainta the
connection between the Irish and Northern Irish transmission sy$82insThe

interconnection is secured through the two 275/220kV circuits.

110 kV Lines
275kV Lines

LetterkenhStrabane

Northern
Ireland

/Enniskillen

Corraclassy

Tandragee

Ireland

Louth

Figure 4-8: Existing cross border circuits between ROl and NI . (SoyB&H).

While the design capacity of each of the 275/220 kV ctasder circuits is 750 MVA in
both sides, the actual capacity of the circuits to accommodatéetmbstween the two
systems at any time is much lower because of systemreliability issues. In case the
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interconnector fails, the system wil/l exp
experience over generation while the other shortage of powerr Bithieese situations

can lead to systemfailure and a possible blackout. To mitigate such a risk, the North/South
interconnector is currently operated at maximum transfer capacity of 450MVA either
direction[32]. EIRGRID andS ON1 s t iaprazticeé durmg norfiral operation of the
transmission system, a limit of 300W applies in either direction as 150 MW of transfer

capacity should be kept free to allow omansmission system provide the other with

reserve power in thevent of the unexpected loss of a generator in either jurisdiction.

During regular and unscheduled maintenance, it is normal for these limits to be further
reducedThe 450 MW [ imit is known as the 6Tot al

NorthSoutH nt er c g38lnect or o

The danger of separation will always be present for as long as there is only one
interconnection for the two systems. For that reasoadditional 400kV interlink namely
Tyrone Cavan Interconnecigplanned to commission by 2019 to increase currentintemal
capacity during normal operations to ~1100MVA and to ensure there are no transmission

bottlenecks prohibiting the mosteconomic dispatch of generators.

As SONI states, fitertomneckoease: benef it s of t he i

1 It will improve security of supply by providing a reliable high capacity link the

two parts ofthe alsland transmission system,;
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A 1t will allow the alkisland wholesale electricity market to work more efficiently,
enabling widecompetition between power generators and electricity suppliers
throughout theisland, and therefore ensuring that future electricity prices willbe

as competitive as possible;

1 It will enable more renewable generator capacity (mostly wind generation) to be
connected to the electricity netwdrk®. The Governments in both jurisdictions
have set challenging targets for the amount of electricity to be generated from
renewable sources, 40% by 2020, and these targets cannot be met without

additionainterconnection.

The proposal of the project was undertaken by both SONI and EIRGRID and more
detailed information can be found on footnotes 9 and 10 at the bottom of this page
454 In the 2020 scenario we assume the 1,100 has been commissioned ametihhas

added into the model (see chapter 7).

45 Source: EIRGRID (http://www.eirgridgroup.com/site-files/library/EirGrid/North -South-Project-Summary-Re port-20-
October2015_Final. pdf
46 Source: SONI (http://www.soni.ltd.uk/TransmissionProjects/Tyrone -Cavanl nterconnector/)
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Figure 4-9: Current and proposed Nor®outh interconnectors in Ireland. The
new Tyrone Cavan interconnector will increase the transfer capability fom
around 70MW to 1500MW.

4.4.2 International Interconnections

Until recently, there was only one interconnector from the island of Ireland to the GB

system, the Moyle Interconnector. It links Northern Ireland to Scotland with a capacity of

500 MW in both direct i olgland TranstissiorsFbcast e d i n t
20136, 0é at present a cable fault on Pol e
MW of the capacity is unavailable. Moyle Interconnector Limited (MIL) has indicated a

prudent base case assumption would be to assume the interconnectoreés esfid

capacity in autumn 2017. Therefore, in that thesis we assume assumed the import capaciy

of the Moyle Interconnector is restored to 450 MW in 2017. The Moyle Interconnector
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export capacity is limited to 80 MW from 2016 onwards due to the castonieg of a
large wind farm in Scotland which will use up capacity on the single circuit from

Auchencrosi3lt o Coyltonbo

In December 2012 operation of the new BAA&dst interconnector commenced; it is an
HVDV transmissiorine that connects the ROl and GB directly with a capacity of 500
MW [30]. The EastWest Interconnector is an HVDC link which runs between Woodland,
County Meath in Ireland and Deeside in North Wales. The link comprises apteli

186 km of subsea cable and 70 km of land underground cable. TheViest
Interconnector is built using Voltage Source Converter (VSC) technology andis the largest

capacity VSCinterconnector in operation worldwide.

EIRGRID is currently undertakg a feasibility study fora new 700MW interconnettor
called the Celtic interconnector, to link Ireland and France. The Celtic interconnector is
expected to a) to link SEM with mainland European markets, b) facilitate further
development of renewableswasll as increased market competition and c) make Ireland
less dependent on its electricity interconnection with GB. The decision is expected to be

made within 2016.
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4.5Past and current supply and demand balance

4.5.1 Historicaldemand and future demanojection

SONI with EIRGRID publish annually an Alkland Capacity Statement, where they
provide the latest demand projections for both ROl and NI. EIRGRID and SONI use
econometric models based on historical trends, economic forecasts and energygbolicie
regional, national and European level to predict future electricity demand. Forecasts are
initially built separate for ROl and Nl and then combined to produce alslAild energy

and peak demand forecf2®]. Threescenarios are modeled, low, medium (or base) and
high*’. Historicaldemand data have been used in this thesis to simulate pastoperation of
the Irish grid and more specifically on the validation exercise of the UCED model
presented on chapter 5. Future meddemand and peak demand projections sliown
figures 47 to 412 are being used to simulate operation of the Irish grid in the 2020
scenario. As seenin table4historically the load participation is 7426% for Rol and

NI respectively. We assume thame demand participation for the UCED model validation

and applicatiopresented on chapters 5and 7 respectively.

*7Weather conditions as well economic growth are the main factors that affect future projections. The Base scenario ia\magsl on
temperature year with most ligeconomic projections being appliethe median demand forecast is based on an average temperatre
year, with the central economic factor being applied and this is our best estimate of what might happen in the futwedéthend
forecast is based anrelatively high temperature year, with the pessimistic economic factor being applied. Conversely, the high demand
forecastis based on a relatively low temperature year, with the more optimistic economic factor being Bppliee&dium demand
scenario kbows an Allsland demand recovery to 2008 levels by 2019. A more detailed description of the type of analysis used for
demand projections can be found[@]
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Figure 4-10: Past demand and demand projectiondrieland ¢reated using data frof@9]).
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Figure 4-11: Past demand and demand projections for North Ireland (created usinfpdd20]).
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Figure 4-12: Past demand and demand projections for All Island (created using dafa%pm
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Figure 4-13: Actual peak demand and peak demand projections for ROIl. Peak demand in the ROl takes place in winter
(created using data frof@9]).
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Figure 4-15: All -Island actual TER peak demand and TER peak demand projections. Peak demand
takes place in winter (created using data ff21]).
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Table 4-7: Historical demand and peak demand data, demand projections and the load participation ofRoil and NI*

% Participation on % Participation on
Demand (GWh) total All-Island Peak Demand (MW) total All-Island Peak]

Year ROI NI ROI NI ROI NI ROI NI

2006 27,400 | 9,200 75% 25% 5,090 1,755 74% 26%
2007 28,200 | 9,310 75% 25% 5,170 1,800 74% 26%
2008 28,700 | 9,380 75% 25% 4,960 1,730 74% 26%
2009 27,200 | 9,100 75% 25% 4,950 1,715 74% 26%
2010 27,500 | 9,350 75% 25% 4,990 1,775 74% 26%
2011 26,700 | 9,150 74% 26% 4,870 1,785 73% 27%
2012 26,390 | 9,000 75% 25% 4,800 1,750 73% 27%
2013 26,699 | 9,000 75% 25% 4,840 1,725 74% 26%
2014 26,648 | 9,011 75% 25% 4,915 1,732 74% 26%
2015 26,915 | 9,074 75% 25% 4,929 1,734 74% 26%
2016 27,286 | 9,146 75% 25% 4,953 1,738 74% 26%
2017 27,715 | 9,219 75% 25% 4,978 1,744 74% 26%
2018 28,152 | 9,293 75% 25% 4,995 1,752 74% 26%
2019 28,613 | 9,368 75% 25% 5,016 1,762 74% 26%
2020 28,973 | 9,443 75% 25% 5,036 1,774 74% 26%
2021 29,250 | 9,518 75% 25% 5,056 1,787 74% 26%
2022 29,532 | 9,594 75% 25% 5,096 1,799 74% 26%
2023 29,852 | 9,671 76% 24% 5,143 1,811 74% 26%
2024 30,179 | 9,748 76% 24% 5,190 1,824 74% 26%

*Hourly peak demand doesnét necessarily coinci déenAl-lslankRi®lessand NI .

than the sum of peak demands for ROl and NI.

4.5.2 Pastand current supply options

Coal and naturalgas are the two primary fuel sources for producing electricity within the

SEM. Over the last decade, the share of coal insédndhas been fluctuating between

14% and 18%. Coal fired production in 2014 was around 5,600GWh or ~16%. Gas fired

production had been declining since 2010 from ~23,500 to 14,800 in 2014 (~44% share).

The requirement for oil in the power sector has beenrdeglsince 2005 and it currently

accounts forless than 1%. The decline of fossil fuels happens in expense ofan increase on

generation fromrenewable sources the share of which has grown from 11% in 2008 to 32%

in 2014 (see figure-43).
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Figure 4-16: Historic electricity production fomvarious fuels sources in-Alland
(Data sourcef28]).

Figures 417 and 418 showthe share of each fuel on electricity demaRdirand NI in
2014. In thdRoil around 1% of electricity demand is satisfied by the pumped hydro unit
which of course is charged fromthe grid. Also, netimports fromthe MoylB\AHG

accountedor around 8% oftotaldemand in tReiland 15% in NI.

Oil 0.1%

Waste 0.5%

Other Renewable 0.7%
Renewable Hydro 2.7%

Figure 4-17: Share of demand supplied by various sources imtbiein 2014
(Source: [28]).
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Figure 4-18: Share of demandupplied by various sources in Northern Ireland in 2014 (So{284).

452 1Natural Gasin Alllreland

Natural gas industry for both Northern Ireland and the Republic of Ireland is partof a single
price zone for gas thattends to North Germany. Gas is traded within that zone between

a series of hubs, and prices differ between these hubs generally only to reflect transport
costdq33]. In Roil, the CER is responsible for the economic regulatithegas network

and the supply of gas to end customers. The relevant entity in Nl is theRkijiylator.

Republic of Irelandds natural gas comes
There are a number of operational gas fields off the cddstland. Kinsale Head,

Ballycotton and the Seven Heads fields are located offthe coast of County Cork. There is
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also a newgas field located at Corrib off the west coast of Ireland which came on line in
2015 to enhance RDuetothe finite cature oftgas, inpdris som p p | vy .
abroad are very important to the market in Ireland as mentioned earlier. Approximately
96% of l relandbs natural gas demand is bo
imported to the Rol through the natural gaswwek, or specifically through
interconnection with Britain (figure-47). As a result, Irish customers are exposed to
fluctuations in international gas price and neither the CER nor the gas suppliers have direct
control of this part of the value chdB4]. Since the marginal power plant is natural gas

fired most ofthe time, the price of gas affects greatly prices on SEM. Rol currently sources
most of its gas from Great Britain. Great
2012/13 and 96% in 2014. Naturalgas is traded at Great Britain's National Balancing Point
(NBP) which is characterized by highlevels of liquidity. The link between prices in natural

gas and oil has been weakened in Northwest Europe (i.e. Belgium, Denaarke,

Germany, Ireland, Netherlands and UK) the-Gas3as® competition pricing mechanism

for gas has been prevailing. Figuré@lbelow shows the average gas price from 2009 to

2015 in the UK[35]. For the model validatioexercise presented in chapter 5 we use

historicalindexpriced data for natural gas traded in balancing point.

8 Traditionally gas prices have been linked to oil prices wathying time lags and linkages. This type of pricing mechanism is refered
to as Oil Price Escalation (OPE), where gas price is linked, usually through a base price and an escalation clausegtiogfoemp
typically crude oil or another oil producthere are a number of alternative pricing mechanisms, the mostimportant of which-is Gas
on-Gas Competition (GOG). In this case gas price is determined by the interplay of supply and {&hand
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Figure 4-19: UK national balancing point gas price 200915 (Data source: UK National Gas
Transmission Grid. Figure Sourd85]).

Since 2008, the two regulators on the island (CER and NIAUR) have been working
together to develop Commadxrrangements for Gas (CAG). This would allow the gas
transmission systems in Ireland and Northern Ireland to operate onisdaradl basis.
However, there have been challengingissues raised including physical capacity limitations

to the operation of arsjjle physical balancing regime, soimplementation has been delayed.

> |

Figure 4-20: Il rel andés natural gas network
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4.52.2CoalandPeat

Coal is important fuel in the Irish electricity productiarguably because of security of
supply. The majority of coal supply in the Rol is being imported from Colombia since
1995. In 2014, (78%) of imported coalwas Colombian, 8% Polish and 3% from the UK.
Coalin All Island is mostly traded against the ABl&@dexbased upon the price of coal
delivered into the Amsterdam, Rotterdam, and Antwerp (ARA) region. In this thesis | use
historical coal data from the same markets for the UCED model validation. All of coal
imported for power productionis consumed at\Momeypoint stations located in the Rol
and the Kilroot stationlocated in Mis figures 422 and 423 show, coal prices rose over
the last decade globally peaking at more than $200 per renein 2008 at the ARA
trading point. The 2008 peak was in line with the swgyete of coalrelatedto increase in
demand. More recently, overcapacity has driven prices down and as of early 2016 the CIF

ARA prices of coal futures contracts were priced atiatidb40/tonne.

Peat s the largest indigenous energy source in the Rol. Ireland has thifere ¢h patver

plants with total capacity of 370MW. These plants are Lough Ree, West Offaly and Bord
na Monda (Edenbern{36]. Peat pwer plants receive fixed price support for their output
through governmentpolicies andtend to runforlong periods at high outputs. In the models
presentedin this thesis, peat generation is modeled asumugtneration having priority
among otherthrenal sources. Renewable energy is only allowed to displace peat output if

the systemis highly constraing8l7]. The peat support measures were established to

**The API 2 index is the behmarkprice reference for coal imported into northwest Europe. Itis calculated as an average of the
Argus cif ARA assessment and the IHS McCloskey NW Europe Steam Coal marker
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support the security of supply and economy of Ireland since pgedigenously available

as mentioned before.

M Colombia
M Paland

78% M United Kingdom
M Germany

= Other

Figure 4-21: Coal imports by country oforigin in the Rol in 20[#].
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Figure 4-22: Historical coal prices based on various trading points around the world (S§38te:
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Table 4-8: Quarterly coal spot prices ($US/tonne) (AP12) CIF ARA (Souf88], data sourceBloomberg)
2011 2012 2013 2014 2015 2018

$122.97 | $100.57

Q2 $124.70 | $89.47
Q3 $123.90 | $90.93
$114.51 | $88.77

$121.52

Table 4-9: Coal quality and market operation specifications for coal trading at ARA (Sod@p:

ARA (Rotterdam area)

Characteristics Typical Rejection limits
" . Cif ARA (Amsterdam-

Delivery basis Retterdam-Antwerp)

Delivery timing in two calendar months

Assessment timing daily

Inclusion guidelines

Deals must be con-
ducted no earlier than
8.00am and no later
than 5.30pm London
time. Physical bids
and offers and price
submissions from
market participants
will be accepted until
5.45pm London time

Basis MAR (net as received)

NCV 6,000 kealkg less than 5,850 kcalkg
Sulphur less than 1% more than 1%

Ash 11-15% more than 15%

Total moisture 12-15% more than 156%

Volatile matter 22.37% Ises than 227 o mare than
';'a;‘iﬁ‘?“"'e T 4570 less than 44

Size range 50mm -

Cargo size 50.000-150,000t
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4522.1 Biomass

Biomass generationin Alllsland comprisetaofdfillgas generation (LFG), some biomass
CHP and biomass dwing with peat. Allexisting biomass fired power plants in All Ireland

are below the 10MW threshold and thus cannot participate in the SEM, but rather are
dispatched outside the compulsorgph8uch generators also calledrdiaimis generators

can enter into a PPA with a supplier and are treaded by the Meter Registration Service

Operator (MRS(Q{41].

4.6Key policies in the Irish power sector

4.6.1 Renewables

TheEuropean Renewable Energy Directive 2009/28/EC sets a mandatory target of 16% of

gross final energy consumption to come from renewable energy sources by 2020. In
response, I|Irelandds National Renewable Ene
targets o40% 12% and 10% for the contributions renewable energy to electricity
generation, heating and transport respectively. The vast majority of RE electricity in the

power sector is expected to come from wind. The 40% VRE scenario is of foremost

importance inhis thesis and will be modeled extensively in chapter 7.
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Chapter 5 Validation of the UCED model

5.1 Chapter introduction

In chapter 3 the mathematical formulation of a) a deterministic mixed integer
programming MIP UC model and b) a MIP TherBoonomic model folCAES
performance simulations was unfolded. In chapter 4 we introduced the structure of the
energy markets and the power sectargeneralof Ireland. In this chapter actual
historical 2012011 demand, generation and transmission datafromthe Irisdrgrid
being used as inputs to the UC model desc
UCO model . T h u s ;2011 inoelel iR @ repres entationeof tiie Gtatd of
the Irish grid during year 2012011. This chapter presents the validation probess t
was followed to prove the Reference UC model can represent accurately the Irish power
system. The same reference modelis used as a basis to develop a 2020 version of the
model to simulate future states of the Irish system with higher wind penetration
CAES (presented in chapter 7). The ration
systemis listed below:
1. Data availability: The commission for energy regulation (CER) has
supported the development of modelling tools for simulating the
performanceftheSingle Electricity Market$EM) as wellas publication
of relevant data.
2. Structure of the SEM unlike other energy markets, the SEM is a

mandatory centralized pool where almost all energy in the Irish power
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sector is traded through the SEM (thexeninor bilateral trade). Such a
market structure can better be validated through a-te@st tJC model like
the one presented in this thesis.

3. The existenceof an aggressive VRE portfolio.

4. The active interestfor constructing a330MW CAES unit in Northemn

Ireland.

The above conditions 3 and 4 are aligned with the objective of this thesis to develop
sophisticated modelling tools to quantify the impacts of VRE integration and simulate the
performance of CAES as a method to minimize such impacts. Condiamas2lprovide
a suitable environment for validating a new model like the Reference model. The reason
20162011 data have been usedhe extensive documentation produced fpyavious
efforts to validate a PLEXOS model of the Irish power sys2h [43]. Such

documentationis useful for the validation of a new model.

5.2 Context of validation process and data availability

As described earlier, the Reference modeladidatedin this chapteagainst actual
historicalhalf hourly expost SEMdata on dispatch schedules. Such dataskeased

annually by the Irish grid operatdisupdate #LEXOS® model used teimulate SMPs

** PLEXOS is a commercial software used to simulate stestalie operation of power systems
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in the SEM°? and were obtained from the A#lland websit& and SEMO. The basic

inputs to the modelalso obtained fromthe same sources are listed below:

1 Technical characteristics of the thermal generation fleetThose are technical
parameters needed for the formulation of the UC problemalready mentioned in Chapter
3. The following technical parameters were obtained for Ireland:
o Operationalrange of generators (minimum and maxmum output)
0 ramp rates
0 minimum up and downtimes

o hot,warmand cold statip energy requirementsne to transit fromone state

to another

(@)

efficiency curves (No load heat requirement, incremental heatnatgsower

output bands for various operational regirfs=e figure3.6)

1 Availability of generators: Such datarepresenthistorical actual available capacity for
each generator. Throughout@ar, capacity availability data also represent the actual
maximum capacity factor of each generator. Such information is useful for the
validation exercise because the UC calculation might overestimate annual generation

if downtime periods were notaccdad for.

*! The key use of the model thatis being updated annually is to support the Regalatdryh or i t i esd ( RAs) [ Commi ssi on
Regulation (CER) and the Northern laad Authority for Utility Regulation (NIAUR)] market power mitigation strategy. One of the

mitigation measures is creation of Direct Contracts (D\am) the large market participants, ESB Power Generation and NIE Power

Procurement Busine$42].

2 The All-Island Project is a joint initiative run by t@mmission for Energy Regulation (CER)the Northern Ireland Authority for

Utility Regulation (NIAUR)The aim of the projectis to create a single market for natural gas and electricity on the island of Ireland.

The project was started following a joint policy decision by the Minister for Enterprise, Trade and Investment in Ncethadnand

the Minista for Communications, Marine and Natural Resources to create tistaalll energy market. On 1st November 2007 the

Single Electricity Market (SEMvent live, commencing the trading of wholesale electricity in Ireland and Northern Ireland or an All

Islandbasis.
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1 Power flows through the EWIC andthe Moyle interconnector: Those are actual
historical halthour power flow data between Great Britaiddhe island of Ireland.

1 Wind data. The SEMO website lists actual historical wind generation data and
projected orshore wind data for Alsland. Projected future wind data have been
modelled through splitting the Allieland into 13 regions and allocating specific houry
wind profiles r@resentative to each region. Future wind generation is calculated
through multiplying the predicted future installed capacity for each region with the
specific capacity factor profile and estimating the aggregated output. More information

with regards tolie methodology can be foundin the reports citdd4445].

Figure 5-1: All -Island split in 13 wind regions (Sourdd:2]).

1 Hydrological data: Two types of hydrological data are available in the SBM

website: 1) actual historical hydro generation and 2) actual historical hydro generation
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limits (daily values). The latteris daily information generators submit on &fcile
maximum amount of energy that can be supplied based on hydrological availabilty

and other technical constrainthe final amount of energy to be supplied is decided

through the UC Aclearingd process.

5.3 Description of the Reference UCED model

Below we present a lisifthe basic assumptions made for the basic-201Q validation

model.

1. Moyle Interconnection: The validation exercis®r the reference moddbes not
include the EWICinterconneato because it didndot exist dut
(November 201@ctober 2011)The existence of a regional interconnector introduces
opportunity for electricity exchange with Great Britain (GB). Imported electriaity ca
set the price within SEM if representitige marginal priceAdditionally, opportunity
for electricity exports creates additional demand foi$dnd generatori this thesis
GB is approximated as a setof gas turbines each of themwith differéerstee®OM
costsand operational time spalmat zero ndoad costsWhen multiplied with the cost
of natural gas, theincremental heatrate of each turbine represents the cost of electricity
production inBritish Electricity Trading and Transmission AngementsgBETTA).

Such approximation iBased oithe fact thatthe marginal generator in BEATis a gas
turbine for most of the time and a high correlation between the cost of gas generation
and the GB electricity price has been determi@jl The CER also adopts this

simplified GB representationto simulate SEM operatjd@s The technical data for
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the gas turbines approximating GB have been obtained from sld8}ceFor the

validation exercise calibrate the model havinfixed Moyle flows to its actual

historical levels. The reason for that decision is thiatreality- power flows across

Moyle are not determined purely on a price differential between GB an@Hike

because:

a)A large portion of Moyle capacity is allocated through explicit annualand monthly
auctions with no liquid secondary market for capacity. As a result the access for
market players in the implicit market is limited

b) There are differences in mh@&t arrangements between SEM and the British
Electricity Trading and Transmission Arrangements (BEBR).

The objective ofthe validation exercise is to prove that the mathematical formulation

of a generic MIP UC model | hawdeveloped is correct and | need to exclude any

deviations on results due regional power flow exchange miscalculations attributed to

a) and b) mentioned above. However, in chapter 7 where | model future scenarios | let

the power flows be purely based amcp differentials since there are no actual datato

fix the flows.

. Thermal generation The 2010 data suggest a total thermal installed capacity of
~8,600MW over the whole island. Around two thirds of this capacity exist in the
Republic of Ireland (ROIB,652MW); total installed capacity in Northern Ireland (NI)
was 2,962MW in 2010. The above numbers

Poolbeg 12and 3 of total capacity of 486MW which got decommissioned in 2010.
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The current generation fleez givenin table 4-4. Below are the additions and

decommissioning thattook place since 2010.

1 Decommissioning ofthe old Great Isla@td, GI2 and GI3 HFO fired units of total
capacity of 212MW in year 2055

1 Conversion ofthe North wall CCGT unit to OC@T2012. The whole power plant
has a total capacity of 104MW

1 Doubling of capacity of the Contour Global gas fired CHP power plantin Northem
Ireland from 6MW to 12M .

{ Commissioning ofthe Great Island CCGT with capacity of 43172015

1 Commissioniig of the Meath Waste-Energy power plant with capacity of /MW
in 201%°.

1 Commissioning of the Lisahally Waste to Energy power plant in Northern Ireland in

20158,

A detailed list with all technical specifications of each generatoris given on ANNEX

I.1.

*3 Source:[29]

** Source Electricity Supply Board (ESB): https:/www.esb.ie/main/absbfpowerstations
pdfs/ESB_NORTH_WALL_POWER_STATION.pdf=20141010

® Source: http://iwww.mercuryeng.com/ie/projectindaveasteto-energy/
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3. Demand data

We use actual half hourly historicaldemand data fetidind obtained fromthe SER
website. We assume a participation factor of 75% of total demand being allocated to the

Rol and 25% to the NI as discussedin chapter 4 (seeddhle

4. Wind generation

Actual historic wind data obtained fromthe SEMwebsite were used. Wind generation
has priority over other types of generation due to low operational costs. The Reference

model can curtailwind generation if needed in ordenmd violating system constraints.

5. Hydro generation

Actual historic daily energy limits were used for hydro generation. The UCED model
dispatches hydro generation in priority dueto very low operational costs and only curtais

hydro power if needed @void violating system constraints.

6. Peat generatorsandwaste generators

Peat and waste generators are registered as predictable price taker generators (PPTG) units
meaning that they operate whenever being available. For that reason peat and waste

generaors are treated as musin generators operating at their declared available capacity.
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7. Fuel Costs

Assumptions for 2022011 fuel prices were based on a) indexfuel prices at relevant
markets b) transport costs for delivering the fuelto the power séatbo) the cost of
carbon being applied onfuelcostsin Ireland. Transport costs are calculated using a fuel
delivery calculator developed by the CER and NIAUR. Carbon costs have been added
based on historical ETS data obtained ff@®h Fuelcost calculationas wellother
conversions have been made based on exchange ratesrstedvieb-3.Error! Not a

valid |Ink a:Coal contracts are fancially settled based upon the price of coal delivered into the Amsterdam, Rotterdam, and

Antwerp (ARA) region in the Netherlands Bloombe®&p(rce: Coal prices used were approximated using information fiéri,

[48)

b: We use historical data from Great Brit&inNational Balancing Point (NBP) UKlational Transmission Grid (Gas prices were
approximated using sourdé47])

c:: Costs of heavy fuel oil and distillate have been approximated based on historical brent prices obtained from Bloathtizesms t
been adjusted to account for distillate products based on data comparison from[48Lrce

Table 5-1: Cost petonneof CO2 based on the ETS scheme and the associated cost ofcarbon applied to.each fuel
Carbon Distillate

Year  Quarter Coal (¢ Kk DWU Oi |
0€KI (a/l GJ

2010 Q4 16 1.50 0.89 1.18 1.23

2011 Q1 17 1.59 0.95 1.25 1.31

2011 Q2 15 1.40 0.84 1.11 1.16

2011 Q3 13 1.22 0.73 0.96 1.00

2011 Q4 9 0.84 0.50 0.66 0.69

8. Planned and unscheduled mintenance schedulesin the absence of any
maintenance schedules we usagacity availability data to represent the availabiity

of generators
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9. Start costs We have implemented the step model (see section 3.3.1) with regards to
startup costs and we use three stgstcosts (hot, warm, cold) for each thermal
generator based dreating requirement data to pass from one state to the nex one
available at ANNEXI.1.

10. VOM costs: In the absence of VOM data per generator, specific assumptions have been

made and presentedtable5-4.

Table 5-2 :Assumptions for variable operation and maintenance (VOM) costs for various types ofgenerators

Source50]).
Technology USD/MWh Euro/MWh Reference country

OCGT 7.7 5.5 ESAA
CCGT 5.7 4.1 Belgium
Brown Pulverized Coal 14.0 10.1 Germany
Combustion
Brown Coal Fluidized Bed 9.2 6.6 Czech Republic
with biomass
Steam cycle run on Géas 10.0 7.2
CHP Gas Fired 8.7 6.3 Germany
Heavy Fuel Oil 20.0 14.4 Mexico
Large Hydro 6.4 4.6 CzechRepublic
Onshore Wind 36.6 15t Germany
Waste incinerator 49.4 35.5 Czech Republic

: Assumption by the author
1: Source[51]

11. Optimization period: The optimization cycle ofthe UC problemconsists of 336 half
hourly time steps (1 week). The state of the system at the end of each optimization

cycle (final conditions) is consideredto be the starting state at the beginning of the nex
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optimization cyle (initial conditions). The total optimization period is 52 weeks

comprising a period fromthe beginning of Novo®n2010to end of October 2011.

12. Optimization software: In this thesisthe General Algebraic Modeling System
(GAMS)®® has been useds theplatform for formulatinghe MIP UCED model
GAMS is a modeling system for mathematical programming and optimization. It
consists of a laguage compiler and higberformance solvers. s tailored for
complex, large scale modeling applications, and allewsneone to build large
maintainable models that can be adapted quickly to new situ&iMS model types
include Linear Programming (LP), Mixed Integer Programming (MIP), Mixed Integer
Non-Linear Programming (MINLP), and different forms of Nbainear Pograms
(NLPs). Within GAMS the user can choose among a number of solvers capable of
handling MIP progran¥. CPLEXis the solver that has been usethiis thesis. The
IBM ILOG CPLEX Optimizer solvemteger programmingroblems, very larginear
programmingproblems using either primal or dual variants ofgimeplex methoar
the barrierinterior point methodconvex and nowtonvexquadratic programming
problems, and convex quadraticaly constrained problems (solvese@neorder

cone programmingpr SOCP]18].

13. System represatation: A simple three node transmission representation for

modelling SEM and GB has been adopted. SEM alone is comprised of Roland NI. NI

56 General information about GAMS presented on this section have been obtained mainly from GAMS website :
https://www.gams.com/docs/intro. htm

57 A complete list of embedded commercial GAMS is using can be found on:

https://www.gams.com/help/index.jsp?t opic =% 2Fgam s.doc%2 Fsolve rs %2 Findex.html&anc hor=SOLVERS_M ODEL_TYPES
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is connected to GB through the Moyle interconnector. All types of generators are

allocated to therespective no@& is modelled as an elastic demand.

14. Model focus/objective: The output of theReferencdJCED model is half houry
however, for the validation exerci$@and also for the model applicatiexercise
described in chapter & decision has been mati® compareagainstistorical
generationUnlike the CER supported models, tmetivationof this thesis is not to
specialize thenodel for SMP forecastingmphasis has been given on quantification
of actual operational costs and environmental impact experiendbd imish grd
overalldue to VRE penetration. The Referamoeel focuses primarily on generation
because approximating taemmitment of units can lead éstimdion of all types of

costs and emissions mentioned above.

5.4 Validation Results

5.4.1 GenerationA comparison between the Reference model and actual

historical output

For the model validation exercise we simulated the unit commitment and economc
dispatch of the Irish grid using the Reference 22001 model. Moyle flows were not
fixed but rather opmized based on leasbst principles as discussed earlier. However,

Moyl ebs available capacity was restricted
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availability data to avoid overutilization of the interconnection. Figuge compares
aggregated ai |l y generation between actual histor
Specific periods of disagreement between the model and actual data can be observed
throughout the year. More specifically there are small periods where swappingi@thas

generation with co@fired generation can be observe&ome discussion about potential

sources of such disagreements will follow in the next section. Fig3repfesents

aggregated monthly output of the Reference model and actual data where previously

obseaved differences are smoothened out.

Actual Model
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 Moyle =—Total . Moyle —Total

Figure 5-2: Daily generation (Reference model versus actual data, period NovQ€12011)

*8 One might observe that coal units unagerate in Al. The reason for codired units in Altlreland running at a capacity factor of
only around 30% is due to compliance with ttege Combustion Plant Directive (LCPD, 2001/80/H8%] [85].
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Figure 5-3: Monthly generation (Reference model versus actual data, period Nov@014011)

One

way to quantify the Reference model 6s

is by comparing the annual utilization factors of thermal generators with actual utilization

factors. Such a method has been used before by CER to validate a PLEXOS model that

was made to simulate dispatchin the Irish @], [43]. Tables 5 to 510 list utilization

factors of all themal generators in Al. The tables present the deltas of utilization factors

from act ual historical data and the Refere

underutilization of a generator by the modelwhile a positive delta an overutilization. The

results show that

T
T

Deltasare less than 5% fall coalfired generators.
Deltasare less than 10% for 12 out of 16 gas fired generators in the Rol. However

there are significant differences on utilization factors ofthe large PBC (510MW)
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and TY (410MW) geerrators. The Reference model underutilizes the PBC by 14%
while over utilizes the TY by 15%.

1 Agreement is better (compared to Rol dieesd generators) for the gdred
generators in the NI. There is less than 5% agreement for 9 out of 10 generators
including the large B31 (247MW), B32 (247MW) and CPS (404MW) generators.

71 Deltas are less than 1% for all distillate and oil generators.

1 Deltas are relatively large (~12%) for the tvie[ (118MW and WO4 (137MW)]
outthe three peat generators operating in Al.niddel underutilized both of them
with deltas of around 12%.

1 High level figures comparing aggregated generation per fuel show less than 5%

disagreement for allfuel types (seetabldd &and 512).

Table 5-3: Comparison of utilization factors of cefited generators
(Reference model vs Actual historical dispatch, Nov2010, Oct 2011)

Fuel COAL NI COAL ROI

Generator code
name

K1 K2 MP1 MP2 MP3

Capacity [MW]

Actual annual
utilization factor (%)

Model annual
utilization factor (%)

Deltas
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Table 5-4: Comparison of utilization factors of gdised generators in thRol (Reference model vs Actual historica
dispatch, Nov 2010, Oct 2011)
Fuel GAS ROI
Generator
code name
(O=TEIWAIAW| 258 | 435 90 | 90 | 90 | 415 | 412 | 352 | 88 |161.8| 104| 510 83 83 | 404 | 460
Actual annual
illv2\eTo il 0.4%0|83.194 0.2%| 0.1%| 0.0%|87.7% 74.99959.9% 0.2%| 0.0%]|1.5%9 30.5% 82.4% 91.7%049.79457.59
factor (%)
Model annual
iil[r21l il 0.6%0(88.8%9 0.3%| 0.2%| 0.1%|85.8% 64.8%65.2%99 0.0%| 0.0%|4.194 16.5% 66.7% 74.29964.89454.69
factor (%)

Deltas 0.2%| 5.7%] 0.1%| 0.1%] 0.1%)] -1.999-10.1% 5.3%]-0.2% 0.0%]2.5%4-13.9%-15.7%4-17.5%415.194 -2.9%

AD1 ADC ATl AT2 AT4 DB1 HN2 HNC MRC Nw4 NWS5 PBC  SK3 SK4 TY

Table 5-5: Comparison of utilization factors of gdised generators in the NI (Reference model vs Actual historica
dispatch, Nov 2010, Oct 2011)
Fuel GAS NI
Generator code
name
Capacity [MW]
Actual annual
utilization factor (%)
Model annual
utilization factor (%)
Deltas

B10 B31 B32 B6 Contour_1 Contour_2 Contour_3 CPS_CCG

Table 5-6: Comparison of utilization factors ofdistillafeed generators in both the Rol and NI (Reference model vs Actual historical
dispatch, Nov 2010, Oct 2011
Fuel DISTILLATE NI DISTILLATE ROI

Generator code BGT1 CGT8 KGT1 KGT2 RH1 RH2

name
Capacity [MW]

Actual annual
utilization factor (%)
Model annual
utilization factor (%)
Deltas

Table 5-7: Comparison of utilization factors ofafired generators in the Rol (Reference model vs Actua
historical dispatch, Nov 2010, Oct 2011)

Fuel OIL ROI
Generator code
name

Capacity [MW]

Gl1 GI3 TB1

Actual annual
utilization factor (%)
Model annual
utilization factor (%)

Deltas
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Table 5-8: Comparison of utilization factors of peat
generators (Refence model vs Actual historica
dispatch, Nov 2010, Oct 2011)

Fuel

Generator code
name
Capacity [MW]

ED1

Actual annual
utilization factor (%)
Model annual
utilization factor (%)
Deltas

Table 5-9: Comparison of utilization factors ofgenerators aggregated based on type of fuel and geography (Reference model vs
Actual historical dispatch, Nov 2010, Oct 2011

Coal Natural gas Distillate/Oll
Fuel Coal Rol Coal NI Gas Rol Gas NI Distillate Rol Distillate NI  Oil Rol Peat
Capacity [MW]

Actual annual
utilization factor (%,
Model annual
utilization factor (%)

Deltas

Table 5-10: Comparison of utilization factors of generators aggregated based on
type of fuel (Reference model vs Actual historical dispatch, Nov 2010, Oct 2011)

Fuel Coal Natural Gas Distillate/Oll Peat
Capacity [MW]
Actual annual

utilization factor (%)

Model annual
utilization factor (%)

Deltas

Previous efforts of the CER to validate a backcast PLEXOS model of the Irish system

reported similar finding¥[42], [43] .

%9 The backcast PLEXOS model uses actual historical quapittie pairsaswhile the UCED model developed in this thesis uses fixed
technical characteristics of generators and historical fuel price data to approximate the SRMCs of generators during the UCED
calculation. Thus the validation of the backast PLEXOS model has lobtices of success sinibe effect of gaming of generatoas

not present (see section 5.4.2)
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Previous efforts of the CER to validate a backcast PLEXOS model bistheystemare

documented on sour@§2] and[43]. The PLEXOS model reported absolute deltas

between 10% and 15% for the following units: PBC (510MW), K1 Coal (238MW), K2

Coal (238MW)B31(247MW) and B32(247MW) totaling capacity of 1,480MW. The great

majority of rest of units reported absolute deltas of 5% orless. The UCED modelreported
relatively high deltads for-280mand 5759810 (11
respectively. In additio the following 6 units had deltas between 10% and 15.7%:
PBC(510MW), SK3(83M2), TY (404MW), HN2(412MW), ED1(118MW) and WO4

(137MW). All before mentioned units totaled a capacity 1,857MW. The great majority of

rest ofunits had a delta less than 2%. Tlsellts of the UCED modelcan be observed in

Tables 10 to 15. Comparing the results of the backcast PLEXOS model and the UCED

model we conclude that the former reports relatively better results. However, it should be

noted thatthe PLEXOS backcast modelmjztd historical generation using as inputs the

actual bids that the Irish market experienced (price/quantity pairs) during the optimization
period and as a result it can better repres
calculation. On thethher handas noted beforehe UCED model presented in this paper

saltast ost dispatch model that doesndt consi
the performance of the UCED model presented in this paper has beenregarded sufficient.

The following section discusses possible sources of disagreements in the results that were

discussed eatrlier.

% The backcast PLEXOS model uses actual historical quaptitye pairs as while the LED model developed in this thesis uses fixed
technical characteristics of generators and historical fuel price data to approximate the SRMCs of generators during the UCED
calculation. Thus the validation of the backast PLEXOS model has better chanceseadsssince the effect of gaming of generator was

not present
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Figure 5-4: Deltas for coaffired generator utilization factors; comparison ofestimates from the UCED model and
PLEXOS used to model the Irish power system
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5.4.2 Possible sources of disagreement between modeled and actual

dispatch

Possible sources of di fferences between ac
listed below:

1 Actualmarket environmentversus deterministic least optimization

The UCED modelrepresents the ideal operation ofa systemthatif it dispatched its units
according to the model 6s out comevewablul d e xp e
reality though, no matter how transparent SEM claims to be in a market environment there

are inefficiencies resulting from the bidding process. Even though generators should

ideally bid their short marginal cost (SRMC) of operation, in retlig/bidding pattem of

some generators doesndt correspond to the
technical characteristics. A short discussion of the bidding process in the SEM an
illustrative example will follow.

The SEM uses -ptaret soof fcearlsloe dwhiix h al |l ows t he
information with regards to stacbsts, ndoad costs and prieguantity pairs. The tenms

Aoffer priced and Aoffer quantityo relate t
cost of poduction within specific generation bands. Each generator submits such
information into up to 10 bands. For example, according to some hypothetical price

guantity datan table5.5 for an output up to 200MW the incremental cost of electricity
productionoft he hypothetical uni t300M8 théaiscemadtavh ; f or
cost is u55/ MWh while for an output of 30

a80/ MWh .
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Table 5-11: Hypothetical price quantity pair

Band Offer Price Offer Quantity
1 50 0/ MWK 200 MW
2 55 0/ MWH 300 MW
3 80 0/ MWK 400 MW

Let us illustrate the actual bidding strategy of two €ibatl generatorsKilroot (476MW)

and Moneypoint (855) during th& day of 2011 The Kilroot units K1 and K2 submitted

identical commercial offer data (COD). Kilroot runs at much highetoad costs

compared to Moneypointunits (MP1, MR2d MP3. The high fixed costs of Kilroot are

related to burning oil to starp and at very lowutputs; the generators need to recover

such costs through the #mad componeré3]. The Kilroot units submit comparable

production costs as the Moneypointones overtied n d o f

175MW). However, the Kilroot bids 7 times as much marginal price over the second band

(176MW- 238MW). Possible reasons for generating unit to bid far fromtheir SRMCs are:

= = = =4

Attempt to maximize profits through gaming

operation

A unitis trying to recover some investment or other type of costs

SRMCs are very high due to inefficiencies related to aging of generating assets

A power plant is a located in a transmission constrairnea and there is high

chance of coming on line even aghibids
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Table 5-12: No load and price quantity pairs submitted tothe SEM operator off the 1
of January 2011 by the Moneypoint and Kilroot generators

Band 1 Band 2
No-Load Cost| Quantity Price Quantity Price
a MW ua/ MW MW al I M

K1 2,233 175 52 238 357
K2 2,244 175 52 238 357
MP 1 895 195 51 280 52
MP 2 895 195 51 280 52
MP 3 895 195 51 280 52

Average marginal cost of productione f/MWh)
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Figure 5-8: The cost ofproduction for K1 and MP 1 units based on a) data submitted to the operatotesahiol
information used in theeastCost modebfthis thesis.

It is noted thathere aresomedifferencesn the inputs of the UCED leasbst model
developed inthis thesis and the inputs of the clearing engine as submitted by the generators.
The possible reason for this is that the c

on a daily basis depending on aergpetmeer at or ¢
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UCED model uses fixed technical parameters to calculate the dispatch based on demand

data and fuel prices.
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Chapter6! LILX A OF G A2y 9DR yRRI OEC KHINN2 a:
Participation on Energy and Ancillary Services Markets in Ireland

6.1Introduction

I n this chapt ebc otnhoemi MIOP CATEISe rmmad e | present
compared with a simpler MIP CAES model where the CAES unit is modeled having fixed
thermodynamic properties, also inEFPauced
model.
The ATEeomomi ¢ ( TE)inbrod@cadEnShis ctaptdoés simulate the
following, not represented by fixed parameter models:
1 The effectof cavern pressure on power requirement during compressiomnhe
compressor canot discharge aat pressure lower of the cavern back pressure. The
higher the cavern back pressure the higher the power requirement to compress at
constant air mass flaw
1 The effect of speed of charging on power requirement for compressiome
higher the air mass floentering the cavern, the higher the power requirement to
compress at constantback pressure
1 Variable compression efficiency depending on the operational regimé&he
efficiency of compression is inherently represented in the data of figlire The
efficiency of the compressor represented varies from 81% to 85% depending on

cavern pressure and speed of chafging

61 according to proprietary data a major CAES manufacturer has shared with the center of life cycle analysis at Columitia univers
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1 The effect of cavern pressure on CAES outputAs shownn figure 3-10 the
maximum output of CAES depends on the cavern pressure levels. Raatd out
(135MW) can only be achieved if pressure levels are above 864PSI (design
pressure). The maximum output decreases linearly to reach 10% of rated output
when the cavern opates at 20% of design pressure.

1 The effectof discharge speedon CAES outpuRaed CAES output can only be
achievedwhenthe expanderis run at rated expander air mass flow rate (400Ib/sec).
CAES outputdecreases linearly as air mass flow rate decreases to reach a minimum

of 10% of rated outputwhen air mass flow rate is at 20% edratels (see figure

3-10)

As mentioned ealEddeomi ctohemoid®eHerinso compare
Parametero model similar to CAES models o
performance. More specifically both models are appliedin the Iris ke pesetor. We use

2015 SMP and ancillary services pricing data to simulate CAES performance when
participatingin the Irish energy and ancillary services markets. A number of scenarios has

been defined to perform sensitivity analysis on key issues likdndrge time, price of

natural gas and SMPs and we compare metrics like net present value (NPV), profit, fuel

costs, costof compression, stapt costs and CO2 emissioAs.there are currently only a

few CAES units operating around the world it was nesitide to obtain any detailed actual

data to vatlate my model. However, in this thesis | proviealve built a model that

represents the thermodynamic behavior of figu@ad 310. Thus, my modelis as vaid

as the thermodynamic information releabgdnajor CAESmanufacturersAt the same

time the TE CAES model is more detailed and complex compared to widely used FP
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models and as we show in the following

capture

6.2 Overview of existing CAES models

The need of integration of large scale energy storage has become eminent during the last
decade as the share of variable renewable energy increases globally. As discussed on
chapter 2 energy storage technologies can provide various services/benefits including
energy time shift, ancillary services (like regulation and contingency reserves) and firm
capacity. Theincreasingly complexeconomics of energy storage is key for realizing such
benefits. Quantifying the value of storage technologies is a mathemati¢alhgire

problemthat requires use of sophisticated software.

In regulated markets utilities try to minimize risks and adoption of new technologies has
been slowW52]. The introduction of energy and ancillary services markets has introduced
new opportunities of investmenn energy storage technologiéis topic is being
discussed on section 6.3.1.7lanning in competitive markets is complicated by
independent inv&ment decisions, market rules and bid strategnat increase the
variability of unit commitmentind ancillary service providers and network flojs3].
Introductionof new technologies like variable renewables create addltihanges on the

state of the system and thus modelling power systems performance is a continuous need.

The economic performance of new storage technologies can be assessed fromsuch models.

The economic performance of a storage technology dependstorsfide capital costs
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and operating costs and as wellas on the structure of electricity markets andthe resuling
SMPs. SMPs are veryimportant because peak/off peak prices for electricity together with
the efficiency of the storage device are essitidhe economic viability of a storage

device

The value ofenergy storage has been assessed in various US energy markets. Drury et al.
used historical market data to-optimize CAES participating on energy and ancillary
services markets to maximize profiigl] . The authes used a MIP model similar to the

FP modelwe introduced on chapter 3to assessthe economics of CAES on CAISO, MISO,
NYISO and PJM. Yang Du et al. developed anMAP modelto evaluate the economc

value of CAES in systems with largeale wind power gearation. Ceoptimization of

energy and ancillary markets was implemented to analyze the impacts of CAES on energy
supply and operating resenf&8]. The economics of CAES when coupled with wind
power has also been studied byhdiand Salg[56] through a FP model for the Danish
case.Wolfet al. developed a FP MIP modeltoptimize the performance of an adiabatic
CAES unit that participates on energy and ancillary markets in Gerfb@hyhe fore
mentioned models simulate CAES performance as an individual unit responding to
historical SMPs and reserve price data. Itis however advantageous to include CAES into
a UC modelbecause such arepresentation gives additisnalenht s. A UC mod el
assume any historical price data but rather predicts SMPs with CAES contributing to ther
values. Thus a UC model captures the impact of CAES on total systemeconomics rather
focusing onthe economics of CAES as a standaloneAdditionally UC models account

for complex generator parameters like ramp rates, mnimum up and down times and thus
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account for a better representation of the actual system. PLEXOS is -knoseti
commercial MIP UC software that includes CAES represiemta€AES in PLEXOS is
modelled as a combination ofa pumped hydro unit and a gas turbine. The CAES modelin
PLEXOS is in reality a FP parameter model where the performance of the device is
described through a fixed pumping efficiency, a fixed heat rateéhi® gasturbine and

some storage capacity (expressed as a black boxthat stores energy rather than air). Foley
andLoberg/58]and Brendan et §69] have used PLEXOS to assess the benefits of CAES

on SEM in 2020 when the renewable energy penetrationis expected toreach levels of 40%.

I n this thesiEg otntoeni tior CAESTMmMedmd t hat si mul
pressure on CAES performee is developed. Since the model adds technical insights

technical and economic insi-B&omso minc dC Are&Gd enlo
compared with a built theeh o u s e -PliaFriaxmedt er 6 model t o dir ect

types of models and identikgy differences.

6.3 Comparison of tw&€AES models participating on the energy and ancillary

services marketsin Ireland

6.3.1 Development of scenarios

For comparing the TEand FP model a set of scenarios has been developed. Allscenaros

were developed to tesome sensitivities around the Base scenario and compare the
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economic and technical performance and also operational costs of a CAES unit among
different environments and between thetwo models. In the Base scenario CAES perfoms
energy arbitrage usingst SMPs and natural gas prices. Sensitivities are applied on main
key performance parameters like cavern volume, gas prices and SMPs. Additionally, the
CAES unit participates on the ancillary services market while also performing energy
arbitrage and l@-optimize its operation having an objective to maximize its profit. Finally

all scenarios are compared based on key metrics like Net Present Value (NPV), operational

revenues and costs, technical performance and emissions rates. A summary of a scenaro

is shownin table6-1. A more detailed description is givenright below:

Table 6-1: Description ofscenarios
. CAES technical
Scenarios specifications Objective SMPs Natural gas pric
Profit maximization .
. SMPs for period
Base See figure 6-2 throug.h energy Jan-Dec 2015 €4/GJ
arbitrage
Same as Base but
High Discharg cavern is increased t
Time 140,000m3 Same as Base Same as BASE €4/GJ
(2,269MWh for FP
model)
Same as Base but
LOW_IE)i':]ZhargE c:;f)gloﬁf?g;ga;ﬁh Same as Base Same as BASE €4/GJ
for FP model)
High Natural
. Same as Base Same as Base Same as BASE € ¥GJ
Gas Price
SMPs for the
High SMPs Same as Base Same as Base period Nov 2010 €4/GJ
to Oct 2011
Profit maximization
. through energy
Base+AchIar_ Same as Base arbitrage+providing | Same as BASE €4/GJ
Services L
spinning and non-
spinning reserves
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6.3.1.1Base scenario

The assumptions f or tinhtable6d.Bhestechinicaddetailnai r i o
both models at each scenario are similar for fair comparison. For the Base scenario | make
use ofthe technical details for the expander and compressor of figl@emn8 311. The
ThermoEconomic model makes use of the flmfformation presented on the specified
figures while the Fixed Parameter model only uses specific values (for example the energy
ratio) or ranges (for example power operational range of compressor and expander). To
give an example both models allow tlaere operational rander the compressor (65MW

to 134MMW). However, the compressor power requirement in the Thé&woemomc

follows the pressurein the cavern. The compressor cannot be operated at its lowest power
requirement levels if the pressure in tevern is approaching maxmum levels. It will
always withdraw power according to informatinffigure3-11. On the other hand, in the

Fixed Parameter modelthe compressor can be operated within its fulloperational range at
any time step. Similar constras apply on the expansion side. As per figui® ghe heat

rate of CAES is nearly constant for the greatest range of its operations. However, the output
is capped by the cavern pressure and air mass flow levels. If the pressure drops below
expander desiglevels the outpudan never reach rated levels.

The optimization time for the Base scenario is 52 weeks. The optimization step is halfan
hour. The SMP dataused are for year 2016 obtained from the(Bkdbsite The storage
capacity is set at 13 hourBhe discharge time the FP model is constrained through a
maximum energy cap in the cavern (1,755 MWh). In the TE model discharged time is

constrained through the volume of the cavern (120,000m3).
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Table6-22Assumpti ons

for n Ba

sed0 scenari

(o]

Fixed Parameter

Themo-Economic

CAES OPERATION METRICS

Design Heat Rate(BTU/kWh)1 3,959 3,959
Compressor/Turbine Power Ratio 1 1
Energy ratio (MWh-in/MWh-out) 0.75 Unconstrained; it Varie
CAES COMPRESSOR CHARACTERISTICS

Compressor Rated Power (MW) 128 128
Compressor Power Range (MW) 62-134 62-134
Compressor Air Mas Flow Range (kg/sec) Not Applicable 122-211
Compressor Air Mass Flow Range (lb/sec) Not Applicable 270-465
Turndown Ratio % 49% 49%
Compressor Discharge Pressure Range (PSIA) Not Applicable 864-1500
Compressor Efficiency (36) 83% Not Applicable
Operational Pressure Range (PSI) Not Applicable 900-1,800
CAES EXPANDER CHARACTERISTICS

Expander Rated Power (MW) 135 135
Expander Power Range (MW) 27-135 27-135
Expander Air Mass Flow Range (kg/sec) Not Applicable 58-181
Expander Air Mass Flow Range (Ib/sec/sec) Not Applicable 127-400
Turndown Ratio% 80% 80%
Expander Design Back Pressure [PSI] Not Applicable 864
Expander Pressure Range (PSI) Not Applicable 173-864
STORAGE CHARACTERISTICS

Cavern Volume (million m@) Not Applicable 70,000
Storage Capacity (MWhs) 1,092 1,092
Discharge Time (Hrs) 13 13
Energy Level in the Cavern (M\ﬁlh) 0-1,092 Not Applicable
Total .energ.y output.fror.n highest to lowest storage 1,755 1,755
level including contribution of natural gas (MWh)

Operational Pressure Range (PSI) Not Applicable 174-1,800
CAES COSTS

Expander Start Up Cost)( 3,500 3,500

/ 2YLINBaaz2N {GF NI LI /2ald 6e€0 O 0
9ELI YRSNI tha "/ 250 0ekaz|Ko 1.5 15
/| 2YLINBAaa2N) +ha’ 02404 d6elka? KU1l5 1.5
bl GdzN} £ DF% /2380 6exk DWO 4.0 4.0
EMISSIONS FACTORS

Natural Gas [kg/GY] 57 57
Grid Emissions Factor (ton CO2 per Mfvh) 0.732 0.732

OPTIMIZATION OBJECTIVE

Energy Arbitrage (Profit
Maximization)

Energy Arbitrage (Profi
Maximization)

YEAR OF DATA

SEM SMPs for year 201

6SEM SMPs for year 20

OPTIMIZATION PARAMETERS

Optimization resolution (length of 1 time step) [hour]

s] 0.5

0.5

Length of one optimization cycle [time steps]

1 week (336 time steps)

1 week (336 time stepg

Initial cavern Pressure at the beginning of each
optimization cycle (PSI)

Not Applicable

fixed at 1050 PSI

Initial energy Level in the Cavern at the beginning o

fixed at half the maximun

each optimization cycle(MWH)

storage (546 MWh)

Not Applicable

1: Metrics are calculated basedfigures 310 and 311

2: CAES compressor characteristics were obtained from figtk# 3
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3: Compressor efficiency for the compressor of figurgl3varies within the range 81% to 85¥owever, the relevant figure is
confidential. For the Fixed Parameter model we assumed for the compressor a fixed efficiency of 83% that is the averneggef th
mentioned before

4: CAES expander characteristics were obtained from figedé 3

5: CAES dscharge time varies with application. For this work | have assumed a discharge time of 13 hours. In theEdwemontc
model discharge time is represented through pressure volume. It would take 13 hours of continuous expansion at ratéal capacity
bring he cavern dowito 174PSI. However, the maximum output will gradually decrease after the cavern reached design pressure
(864PSI) and for that reason the actual discharge time is longer.

6: In the Fixed Parameter model discharge time is represented byakimom energy level in the cavern which is 13hrs times rated
capacity (135MW) equal to 1,755MWh

7: Source of data i$59]

8: The emissions in all scenarios are calculated at both the expansion and compression side. The faotiesiforsnatural gas was
obtained fromthe fuel price calculatobeing public at th&66EM committee website where the validated generator data requirements
for the PLEXOS SMHorecast models are locafédThe emissions for the compression side are basdhe grid emissions factor for
Ireland obtained from Covenant of May&ts

9: The pressure in the cavern for the TE model and the energy level in the cavern for the FP model are set to somis fix¢hieleve
beginning of each optimization cycle. If suattonstraint was not implemented the models would deplete the cavern by the end of
each optimization cycle to maximize profit. However, at the beginning of the next cycle the cavern would be empty

6.3.1.2Low discharge time scenario

Discharge time varies with AES application. A CAES unit designed to provide
intermediatgdeak energgind also provide ancillary services would need to have a higher
discharge time compared to a CAES unit providing only frequency regulation. The
implication of discharge time on CAESonomics is obvious. A unit that has the ability to
discharge for a longer period has higher opportunity to make revenues. However, we
selected to perform sensitivity on discharge time because we expect to see higher impact
on the ThermeEconomic model cmpared to the Fixed Parameter. The reason is that in
the ThermeEconomic model discharge time is regulated through cavern volume; at the
same time cavern volume affects pressure in the cavern and as explained before cavem
pressure affects compressor angdander performance. It takes longer time to buid
pressure in a larger cavern and the oppositeis true fora small cavern. For the low discharge

time scenario we have chosen discharge time of 7 hours (almost halfthe time of the Base

%2 source of price fuel price calculator (https://iwww.semconeeittom/newsentre/2011plexosvalidationreportsandmodels)
3 The grid emissions factor for Ireland was obtained at (http:/Awvww.eumay ors.eu/IMG/pdf/technical_annex_en.pdf)
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scenario). The cavewolume for 7 hours of discharge is 40,080rfor the Fixed

Parameter modelthe uppercap ofenergy levelin the cavernis 945MWh.

6.3.1.3High discharge time scenario

The high discharge time scenario was developed for similar reasons as the low discharge
time scenario. In this scenario we double the discharge time to 26hrs. The cavern volume
for the high discharge time scenario is 160,600fhermoEconomic model). The upper

energy levelforthe Fixed Parameter modelis 3,510MWh.

6.3.1.4100% higher natural gas pricesenario

Natural gas prices have been very volatile historically. As of summer of 2016 where this
thesis is being written natural gas futurebalncingp oi nt ar e traded at
However, natural gas prices were 50% highertwo years ago whds&B times as high

in 2008. It is likely that natural gas prices will raise in the future. We also run a scenaro

with 100% higher natural gas prices to test the sensitivity of both models on gas prices as

well as CAES profitability.

The sensitivity ofCAES on @s prices is shown figure 6-1. Considering a roundtrip
efficiency of 52% theequiredrange between peaiff peak prices so that the CAES unit

recovers its operational costs widengas prices increase. Fexampleif a CAES unit

charges wih average ofpeak electricity pricesf e 30/MWh will require average peak
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pricese 70/MWh to recover its operatior@sts at natural gas pricesdf GJ. [fgas prices

however were 8/GJ the average required peak SMPs would needd@@¥GJ. This is
thereason the CAES unit discharges considerably less hours during the high natural gas

prices scenario (see tabl®p

190

Q@
=
= 170
><
g g 150 . ()
g0 .
o< — 130 ®
- O *
o £ e ° e ©®Gas@ ©OGJI
v ©110 * °
L 8 ° ° o ® Gas @ ®/GJ
o o ® )
o 2 90 @ °
2 o ¢
§ 70 °
°®

< °

50

20 30 40 50 60 70

Average price of electricity while charging ( 'OMWh)

Figure 6-1: Relationship between average price of electricity while charging and wdisbtharging
in order for the CAES unit to recover fuel costs and cost of compressionygtadsts notincluded)

6.3.1.523% higher SMPs scenario

Profitability of a CAES unit participating on energy markets depends greatly on the prices
of energy. For the gh SMP scenario we use actual SMP data for the period November
20100ctober 2011 (52 weeks). Since the data for the Base scenario correspond for 52
weeks for the period January 2e@Bcember 2015 the weeks are not chronologicaly

aligned. Howeverchronolgicalor der doesndét 6 affect t he
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developed to identify differences on two models when prices are just different. Average

SMP price fortheperiod20®®011 i s 62.5 (4ua/ MWh) while for
Thus, SMPs for period 204011 are 23% more expensive compared to data foRQ&ar

Average weekly SMPs and the (%) is shawfgure6-1. Additionally the 2010 data have

anaveragedailyranfo f 0119/ MWh compared a range of

N

means on 2010 data there are higherjodigkeak differences. Wider pricamge together

with higher prices are the two main drivers for higher profitability.
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Figure 6-2:Di fferences on
values range from 38(4dU
(40/ MWh). The average
means 2012011 are highevalues)

MPs between fiBaseo and High fiSMPs scen
MWh) to 71 (4/ MWh)}2 0T d2al1a5 idats5a4.( 4T hMW
di ffer en c-8%tb749mas swowe i thefiguzeqpbStiveSINeResce r an g e ¢

64 Maximum minus minimum half hourly SMPs over each of 365 days
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6.3.1.6Energy arbitrage + ancillary servicesoggtimization scenario

The scenarios we presented so far assume CAES will be making profit only through energy
arbitrage. In reality CAES systems can provide a long range of services due to its almost
flat heat rate, fast ramp raféand long discharge time. Thus, the full economic potential
of CAEST and energy storage technologies in gereaalnot be fully utilized from only
providing energy arbitrage. Fromatechnical view point CAES is a goad firbviding
an additional wide range of services including:

1 Ancillary services (frequency regulation, spinning and-spimning reserves
voltage controland black staiipport)
Demand response
Peak capacity
Transmission congestion relief

Firming outpubfrenewables

= =\ = =2 =2

Ramping control

From an economic view point however the potential for revenue for a storage unit depends
on the existence of appropriate marketgenue source$he reader of this thesis can refer

to sourcd60] for an update on current state of energy markets for energy storage units.

With regards to Ireland, there are four areas of potential compensation within the reserves

services. There are five main types of reserves in Iréfaraimely: a) operating, b)

% DressefRand reports ramp rates of 26MW/min at the expansion side and 38MW/min on the compression side. Time to reach full

load from cold startip is a bit less than 10 minutd$ie time to change from compression to generation mode is less than 15sminute

%8 Operating reserves are subject to many different naming conventions aroundthewérld t hi's thesis | adopt NREL 6s
description of operating reserves as :
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replacement, ¢) substitute and d) contingency reserves operating over different time scales.
A CAES unitis more suitable for participating on operating reserves since are better paid
compared to rest of services and additionally the response times regeifasit an abiity

a CAES unitdoes have. A detailed explanation of all types ofreserves in Ireland can be

found on sourcd$1], [62].

Operating reserve requirements in Ireland can be spliinfew categories namely a)
primary, b) secondary and c) tertiary reserves. Primary reserves provide frequency support
up to 15seconds from a major event through inertia response or governor control.
Secondary reserves in Ireland needto respond from i&dZ8sec after an incident. CAES

can provide secondary reserves (also called spinning reserves) through 1) rapribmg
expander and 2) reducing the output of (or turuffythe compressor. Tertiary reserves
(also called nospinning reserves) are efed through unloaded generators that need to
come online within 5 minutes (tertiary reserves 1) of an event or 15 minutes ofan event
(tertiary reserves 2). A CAES unit can offertertiary reserves 2through a) starting up the
expander froman idling stimand b) changing fromcompression to operationalhstaee
charging Compensain figures for participating into ancillary services operations are
available by EIRGRID and SONI. In the scenario we assume the CAES unit is

compensated with2.2/MWh for sscondary (spinning) reserves and veith92/ MWh for

tertiary 2 (nonspinning reservg$63].
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6.3.2 Results anddiscussionaround the sensitivity scenarios

The results of our analysis are summaringdbles 63t0 65:

Table 6-3: Summary table with results on operating profit, revenues and costs and (%) diferences between a) the two models and

b) each scenario with the Base scenario for the same model

Change on Chang_e on Chane ontotg . Difference on .
. operating . Difference on . Difference on
Total Total Total operating operating . ) operating .
Average X . X X revenues operating profit operating costs|
operating | operating |operating|  profits costs revenues
. SMPs ) compared between models between models
Scenarios Models profit revenued costs | compared to compared to between models|
.| toBase .| (TE-FP)IFP (TE-FP)/FP
Base scenari .| Base scenari (TE-FP)IFP
scenario
weka?yKeée Y8 weYs e Y§ (%) (%) (%) (%) (%) (%)
FP 50.8 95 27.2 17.7 [ [ [
BASE Scenari -14.5% -12.4% -11.3%
TE 50.8 8.2 23.9 15.7 [ [-] [-1

High discharge FP 50.8 10.2 29.2 19.0 6.4% 7.2% 7.6% 12.99% -10.9% 9.8%
time TE 50.8 8.8 26.0 17.2 8.4% 9.0% 9.4%

Low discharge FP 50.8 9.2 26.0 16.8 -3.7% -4.4% -4.8% -30.4% -30.4% -30.4%
time TE 50.8 6.4 18.1 11.7 -21.6% 24.1% -25.3%
f FP 50.8 5.1 17.8 12.7 -46.3% -34.6% -28.4%

1t°°9|" higher -15.6% -20.1% -21.9%
natural gas price g 50.8 43 14.2 9.9 -47.0% -40.4% -37.0%
FP 62.4 13.4 34.2 20.8 40.3% 25.5% 17.6%

23% higher SMP| -14.0% -15.8% -16.9%
TE 62.4 11.5 28.8 17.3 41.0% 20.7% 10.2%

Base+Ancillary FP 50.8 11.1 29.5 18.4 16.2% 8.3% 4.0% 6.4% 10.4% 12.8%
Services TE 50.8 10.4 26.4 16.0 27.1% 10.7% 2.2%

Base+Ancillary Services scenario total operating revenues account for both arbitrage and operating reserves. For rest of scenarios operating

revenues account for energy arbitrage only

Table 6-4: Summary table with resulisn operating profit, revenues and costs per unit ofenergy produced

Average Average cos| Average cos
revenues| Average |of running thegof running thg Average
Average Average
) from cost of | compressor| compressor| expander
profit . . . start up cos
. del selling |natural gag (electricity +| (electricity +| VOM cost
Scenarios Models electricity VOM) VOM)
WekKkaj&6ka?zBHéka?déka? Kn@adxisd? K nde/Ba 2 |[KBe K a 2
FP 26.3 74.0 16.7 26.5 355 1.5 3.0
BASE Scenario
TE 26.2 76.9 16.7 271 36.2 1.5 4.8
FP 254 72.5 16.7 26.5 35.4 1.5 25
High discharge tim
TE 25.8 75.0 16.7 26.9 36.2 1.5 4.1
FP 26.7 74.9 16.7 26.7 35.7 1.5 3.3
Low discharge tim
TE 29.5 825 16.7 27.6 36.6 1.5 7.3
100% higher natura FP 23.8 87.0 33.4 24.3 32.6 1.5 4.0
gas price TE 27.3 93.9 33.4 24.8 335 15 6.8
FP 36.2 90.7 16.7 33.4 44.6 1.5 2.9
23% higher SMPs
TE 39.8 97.0 16.7 34.3 44.6 1.5 4.7
Base+Ancillary FP 29.2 77.3 16.7 26.9 36.0 1.5 3.0
Services TE 33.2 83.1 16.7 26.9 36.2 1.5 4.7
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Table 6-5: Summary table with results on technical performance of the CAES unit

Total electrica Total Average | Average Total Total
Energy [Roundirig _AY*r29® | Total energy| energy being| mechanical ponotal | Total ROUS. hours of | hours of | number of | number of | AYre9°
Ratio |efficiency| p being sold | consumed by| energy being| ours o discharging charging|compressol expander S
the caverrt compressor , |charging discharging  d rd Start-U, Start-U
Scenarios | Models P stored perday | perday art-Ups art-Ups
[Electric
energy-in / [ton CO2
Electric (%) [Psi] [MWh] [MWh] [MWh] [Hrs] [Hrs] [Hrs] [Hrs] Wl
energy-out]
FP 0.75 52% H 369,126 275,987 229,069 | 2,261 | 4,255 12 6 687 313 0.79
BASE Scenari
TE 0.75 52% 929.00 311,914 234,118 H 2,638 | 2,792 8 7 998 227 0.79
High discharge| FP 0.75 52% H 401,689 300,152 249,126 | 2,434 | 4,430 12 7 644 283 0.78
time TE 0.74 53% 930.34 347,366 258,516 H 2,880 | 3,067 8 8 907 406 0.78
Low discharge| FP 0.75 52% H 348,423 260,791 216,457 | 2,277 | 4,012 11 6 725 323 0.79
time TE 0.75 52% 913.29 220,170 166,047 H 1,791 | 2,108 6 5 1,078 456 0.79
100% higher | FP 0.75 53% H 200,845 149,897 124,414 | 1,203 | 2453 7 3 487 216 0.78
natural gas pricy g 0.74 53% 957.48 148,662 110,620 [ 1,298 | 1,300 4 4 688 284 0.78
FP 0.75 52% H 382,854 286,834 238,073 | 2,269 | 4,410 12 6 477 307 0.79
23% higher SMR
TE 0.77 52% 997.68 302,742 233,738 H 2,263 | 2,692 7 6 843 301 0.80
Base+Ancillary|  FP 0.75 52% H 381,944 285,867 237,270 | 2,594 | 5783 16 7 526 323 0.79
Services TE 0.74 53% 1004.32 320,556 238,372 [ 2567 | 3,067 8 7 986 428 0.79
1: Results about aver agexi ptr efseurtehe nFRhmodabvesinndenidt doesnodt
2: Results about energy being stored in the cavern ereentdige e xi
electrical energy being consumed at the compression side transformed into mechanical energy
NPVEm)
High discharge Low discharge  100% higher Base+Ancillary
BASE time (27 hours) time (7 hours) natural gas prices23% higher SMPs  Services
FP TE FP TE FP TE FP TE FP TE FP TE
20
0 —
o I I I
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— -80
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Figure 6-3: NPV ofvarious scenarios based on the results ofthe TE and FP models. The NPV calculation was based on
cost data showin table6-6. Additionally an interest rate of6% and 40 years of operation have been assumed
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Table 6-6: Fixed cost assumptions for the NPV calculation were based on [ERRThe annual operational
profit of the unit was based on the output ofthe FP and TE models atltoxsdeling scenarios

Cost component Units* Value
($/MW) 1,079,000
Plant cost without accounting for the cavern
(a/ MW) 954,867
($/MWh) 18,450
Cavern cost (7 hours discharge time)
(a/ MWh) 16,327
($/MWh) 11,275
Cavern cost (226 hours discharge time)
(al MwW) 9,978
($/MW-yr) 3,075
Fixed O&M
(a/l Ny 2,721
($/MW-yr) 23,000
Periodic major maintenance
(ar/ v 20,354

*Euro to US dollar conversion rate 0.73/1 has been assumed

The mostimportant messages summarized are discussed below:

1 TheTE model returns around 15% less profits than the FP model across most of
scenarios (table-8).

1 The difference grows dramatically (almost doubles) for the low discharge time
scenaridtable 63). The reasonis the effect of cavern pressure on the foibjita
of CAES which is magnified when the cavern volume is being reduced. The TE
model can capture such effect while the FP model cannot. As we will show on
sections 6.3.2.1t0 6.3.2.3 in detalil, the TEmodel has less freedom compared to the
FP model on mimizing its compression costs because of back pressure effects.
That freedomis related to compressing the maximum amount of air at minimum
energy expense while SMPs are at their lowest legds result the TE model

decides to charge less amounts rérgy compared to the FP modiible 65).
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Thus, the available energy for discharging will also be reduced and so will the
opportunity for revenues.

An immediate result of the above is that the CAES unit in the TE model wil
discharge forless hours comparedto the FP model (see fabliéduring high

SMP spikes. This is the reasonthe TEmodel has higher revenues per unit of energy
produces, becae it discharges for less time but during higher SMPs.

Additionally, the increased on/off cycling of CAES on the TE model results to
higher starup costs compared to the FP model.

Increasing the discharge time has a more positive effect on profitseohE
scenario comparedto the FP one becausethe effectof pressureis being reduced
In generaloperational cost components per unit of energy produced are very
compaable between the two models (figure)ewith except of startip costs.
Compression cds is the largest cost component except for the high gas price
scenario

If the SMPs are increased or the price of gas is increased the % increase (or
decrease respectively) of profits is cargble in both models (table3h

The energy ratio is very cgparable between models and scenarios. Same is true
for calculated roundtrip efficiencies (the energy ratio is fixed forthe FP model)
Emissions perunit of energy produced are very comparable across both models and
scenarios

The TE model operates CAESan average pressure cldase950PSI across al

scenarios.
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1 Atcurrent Irish SMPs and compensation for operational reserves and at current
natural gas prices all scenarios return a negative NPV for the CAES unit. This
means a CAES wunit in lreland canot be
additional revenue souwes besides performing energy arbitrage and operational
reserves (or unless operational reserves payments increase significantly) (see figure
6-3andtable®) . Such a calculation though doe:
CAES unit can bring into thegwer systemthat we discuss in detailin chapter 7.

1 The CAES unit would be close to breaking even if the Irish SMPs were at 2010
levels and currentgas prices remained in the future according to the FP model. The
TE model shows a negative NBM 25ndiforthe same scenario.

1 CAES NPV is very sensitive to fluctuations of gas prices. Doubling natural gas
prices will make a CAES investmentfar from profitable unless significant system

wide benefits are being considered.

6.3.2.1ResultsBase Scenario

M Fixed Parameterodel

The total operational profit f o) Toale FP mo
operating costs over the 52 week period acc
for a27. 2m. As expected, operatasitvgy revenu
correlated with average SMPs. As shawable6-4 a 54% on average SMPs (from

046/ MWHhH or we e k -2foriweek 6 ¢ah fedittib a 115% increase on
operating profei tt o fur@actddivizii)/ Alidnally, theres a

positive correlation between average weekly SMPs and the cost of compression. This is
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because the more the time the CAES expander operates to make revenues, the larger the

time for compression will be needed to charge the cavern. The cost of running the
compressor (electricity + VOM) is the | arge
(ranging between 38% and 62% of total costs) (figeBg Bhe costof naturalgas is faiy
constant at -upcbsts/adddint for a®und 3% to 8% of total costs for the

most of the time (0U2/ MWh to U3/ MWh) .

Operational costs and revenues
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When participating on the energy markets the CAES unit responds to half hourljoSMPs
maximize its profit. During peak hours the CAES unit expands decreasing the stored
energy in the cavern. During valley hours the compressors charge the storage device (figure
6-6). The FP model shows that on average the expander starts up once al@#ewhi
compressor can staump more than 1 times (figure-®. The increased number of
compressor statps is likely related to our assumption for zero cost for starting up the
compressor. Data fromfiguredndicate there is no correlation among hafigperation

(of either the expander or compressor), number of-sfeat(of either the expansion or
compression) and average weekly SMPs. The hours of operation and numbeupsstart
rather depend on the half hourly values of SMPs and the frequenkigteihee of price

spikes up anddown.
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Figure 6-6: One week of CAES simulation (Model: FBgenario: Base
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Results for the FP model show that the compressor operates for most of the time at full

capacity to charge the cavern fast; for a shorter percentage of time operates at its lowest
operational pointandthere are some scattered moments where the coroperases in

between its maximum and minimum operational range (see figgte 6

Power drawn by compressor [MW]
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Figure 6-8: Power used for compression at each time increment (half hours) over a period of 52
weeks (Model FP, ScenarioBas§

Similar is the case for the expander. The FP model operates the expander at the edges of
its operational range for the great majority of time. There are also some scattered moments
of operation within its operational range (figur&)e The model deides to discharge

CAES at full capacity during very high SMPs to maximize revenues while when SMPs are
not that high it discharges at low levels to make profit butat the same time be conservative

to save energy orreducethe compression requiremerg pétth cycle (see figure%.
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Figure 6-9: CAES power output at each time step (halfhours) over a period of52 weeks (Model: FP, Scenario: Base)

With regards to emissionge have calculated emissions from both the compression and
expansion sides of the device. The emissions of compression are related to the power input
and are calculated using the emissions factor of the Irish grid. The average emissions factor
of the Irish grid is 0.732tonnesof CO2 per MWh. The average emissions factor from
CAES is around 0.78®nnesf CO2 per MWh (see figureBl). It should be noted that
emissions from the expansion side is only @dtghesof CO2 per MWhke. The reason a

CAES unit dévers 1IMWh of energy at higher emissions rate than the grid emis sions factor

is because it burns naturalgas in addition to any conversion losses fromelectrical energy

to mechanicaland then backto electrical again.
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Totaladditional emissions from CAES device alone into the environment from producing

a total of 370GWh overthe period of 52 weeks would belags than 100,0a@nnes
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Figure 6-12: Cumulative emissions over the 82&ek optimization period (Model: FP, Scenario: Base)

1 ThermoEconomic model

The total operational profit for the TE mo:
compared to the FP model (U9. 5m239m,or Tot al (
~124% lessc ompared to FP model (u27.2m). Tot al
period account for 015.7m or ~11% reducti o

for the TEmodelis ~35% over the whole optimization period, same as in the FP model. If

we express revenues and costs per unit of output we figure out the TE model retums
average operating revenues of 077/ MWh ( comp
a 5% decrease compared to FP model. The cost of running the compressor (electricity +

VOM) is similar to the FP model averaging a
of total costs). The cost of natural gas

However, starup costs per output unit are double than the FP model ranging between
209



a4/ MWH a 6/ MWhintabke6s5 sitbw thexe are 34% more expander and 45%

more compressor starps in the TE modelcompared to the FP model. We will retum on

the stardups issue later on this section.
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TE, ScenarioBase)

Both models have very comparable compressor and expander costs expressed per unit of
output. However, the TEmodel discharges on average for 8 hours per day to make revenues
while the FP model for 12 hours. This is a 33% less hours for the TE model.ne sa
figures for the compression side is 6 and 7 hours for the compression side respectively.
There are obviously some differences on the technical and economic performance of the
two models and those can be explained by zooming into the differences eattiea

performance of the two models.

Figure 615 shows the TE modelresults forthe same week as figfuia igure 615 we

observe CAES operation relative to SMPs. The storage level in the TEmodelis represented
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throughthe cavern pressure ratherthanenergy. Additionally, we can observethe air mass

flow that corresponds to each moment when either compressing or expanding. Observing

the data carefully we see that thueascexpande
to the cavern pressure. If the cavern pressure drops below the design level of 864 PSI the
maximum outputis reduced according to figurHE3The same is true for the compression

side; we observe that compressor operation (speed of chargingwedimpput) depends

on both SMP6s and cavern pressure.
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Figure 6-15: One week of CAES simulation (Model: TE, ScenaBase).

Based on those observations | will explain belowwhy the TE ndideharges less time

than the FP model:
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1. The TE model has less freedom to optimize its compression economics
compared to the FP model.This because in the TE model the compressor
responds to)LSMPsand 2) to the cavern pressure unlike the FP model which
responds only to SMPsThe FP model has the ability to reduce the energy
requirement at any level within the compressor operational range (62MW
134MW). However the TE modelwill operate the compressor according to graph
311. The compressaor awomotpraeissahaer gaeb oav e
pressure levels. It can increase the air mass flow at its maximum levels but there
will be a cap on maxmum energy that can be stored at each moment. Higher
amounts of energy can be stored when there is high peebgurg built up.
Similarly there is always a low cap of energy storage ateach moment. Even though,
there is always some flexibility for the CAES operator to control the compressor
power requirement through regulating the air mass flow the operatiogal ran
depends on the back pressure. For example, if the back pressure is 1600PSI then
the possible operational range is from 370 Ib/sec to 475 Ib/sec (or 112MW to
134MW). The operator cannot decrease t he
subsequently thenaount of energy storétvithin a specific time step) below that
level. My point can be shown more clearly through figui&6All three depictions
on the graph correspond to the same time period. The top figure shows the
compressor 6s p kaurtioe perood (24dhalfthaur timasteps? as
well as the cavern pressure based onthe TEmodel. The middle figure shows again

the compressorbés performance versus t he

" The amount of energy stored is equal the compressor energy requirement times thescoropreds ef f i ci ency which in tt
can be anything from 81% to 85%.
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onthe TEmodel. The bottomfigure showsthecamprs or 6 s per f or mance
the FP model. As we see based on the top 2 depictions the compressor adjusts its

output based on both the SMPs and the cavern pressure. When the compressor
begins during time step 184 the pressure in the cavern is very l0GRSHOAt

that moment, there is no possibility to compress at high energy levelsibased

figure3-11 since the compressor needs to discharge to at least600PSI and there is

little flexibility to adjustthe air mass flow at this pressure level. AdditignSMPs

are relatively high at this time and it is not optimumto run the compressor at high

levels anyway according to the results of the FP model. As time progresses and
SMPs reduce the TE model I ncreases t he
following thecavern pressure. During time period 188 when the SMPs are at the

lowest point the FP model charges the compressor at the highest possible level
(134MW) to take advantage of | ow SMPs n
pressure. However, inthe TEmodeh e compressor canoét t ak:
low SMPs and it will only compress using 102MW of power. During time period

192 the cavern reaches pressure of ~1700PSI at the TE model. Even though there

is an upwards spike on SMPsdd hmuaoclo mpo ers:
the compression energy requirement according to greidh Blowever, the FP

model will adjust its output to reduce the cost of compression. The TE model has

reduced flexibility to optimize its economic performance compared to the FP

model. However, such a restriction is more realistic in comparisonto the FP model

that gives a more optimistic output. Because of the fact that the compressor
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responds to cavern pressure all the time operates uniformly across its

operationalrange (gdigures €19 and &20).
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Figure 6-16: 15 hours of CAES operation focusing on the compression part. Upper part: Power input for compression,
air mass flow in the cavern and cavern pressure for thexdéel. Middle part: power input for compression, air mass
flow entering the cavern and SMPs for TE model. Lower part: power input for compression, air mass flow entering the
cavern and SMPs for FP model. All depictions are related tothe same time pE2ibtalfhourly time steps (12 hours)

2.

In the TE model the maximum CAES output is restricted based on cavern

pressure levelsFigure 617 zooms into another 10 hourlong section ofthe same

week as figure-86 with higher SMPs. The top part shows CAtesformance vs

cavern pressure based on the TE model results. The middle part shows CAES

performance versus SMPs again for the TE model. The lower part is the resuk of
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the FP model for the same period. The cavern is nearly fully charged at the
beginning dthe period showin figure6-17. During the first high SMP perod

(time steps 5&4) the CAES unit discharges at full output to make revenues.
During lower SMPs (time steps-68), CAES air mass flow is being reduced to
conserve energy for the second ammng high SMP period (time steps-89).
However, after the cavern pressure has dropped below the design pressure [864P S]]
levelthe maximum output is being constrained according to figie Bhe effect

of pressure is not being captured by the FP masl@le see on the lower part of
figure 617. The cycling pattern ofthe expander can be sefigures 621 and 6

22.

The discussion above has made clear that there are specific restrictions that cause the TE
model to both charge and discharga averageless energy during each storage cycle
compared to the FP model. The same restrictions cause the TE model have a lower
profitability. The effect of pressure is
timed scenario.

Unlike the FP model, the sicharge time on the expansion side seem not to vary
considerable among wedksthe TEmodel (seefigureXd). Same is true for compression

time. However thaveragenumber oCompressor stamips per week vargecausef our

assumption for zero compressor stgtcosts.
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Figure 6-19: Power used for compression at each time increment (half hours) over a period of 52 weeks (Model:TE,
Scenario:Base)
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Figure 6-20: Air mass flowfor compressiomuring each time increment (half hours) over a period of52 weeks (Model
TE, Scenario: Bage
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Figure 6-21: CAESpower output at each time step (halfhours) over a period of52 weeks (Mdj&cenario:
Base)
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Figure 6-22: Air mass flow for expansion during each time increm@relf hours) over a period of 52 weeks (Madel
TE, Scenario: Bage

With regards to emissiotise TE model exerts very similar behavior as the FP model. The
emissions per unit of energy produced are very similar. In absolute numbers the TEmodel
producedess emissions because it stores and discharges less energy. The cumulative
emissions for the 52 week period for the FP modelis shiovigure 6-25. Emissions
patterns per unit of energy produced do not change across all scenarios. For that reason we

won 0t repeat any graphics on the emissions
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Figure 6-23: Emissions rate for the compression and expansion sides (MiE]&cenario: Bage
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Figure 6-24: Emissions from compression and expansion (Model: TE, Scenario:.Base)
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Figure 6-25: Cumulative emissions over the 52 week optimization period (Model: TE, Scenario: Base)

6.3.2.2Results_ow discharge time scenario

1 FP model

The total operational profit f o4). Totle FP mo
operating costs over the 52 week period acc
for 026m. T h en carbpared touhe Basers eedatodot grofits, revenues and
costsaret 0., 4ml. 2mu0@.ndIm respectively. The reduc
reduced storage space. Totalmechanical energy being storedis reduced by 6% overthe 52

week period compared tbe Base scenario. The same reduction occurs for the energy

being sold. Ifwe observe the cost figures perunit of energy being sold we see there s no

difference comparedto the Base scenario (see figt2ésfd €27).
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Figure 6-27: Breakdown of operating o st s e x pr e s a gercemagd ofitotaVapkrating cost on a weekly
basis (Model FP, Scenario: Low discharge time)

As graphs &8 and &9 show, there is no difference on operational pattern between the

expanderand the compressor compared tothe Base scenario.
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Figure 6-28: Power used for compression at each time imere (half hours) over a period of 52 weeks (Mod#?,
Scenario: Low discharge time)
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Figure 6- 6-29: CAESpower output at each time step (halfhours) over a period of52 weeks (Mdj&8cenario:
Low discharge time)
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9 Thermo-Economic model

The total operational profit for the TE mo

revenues are equal to 018.1m and operating

operating profit, revieues and costs compared to the Base scenario is 22%, 24% and 25%
respectively. The TEmodel exerts 30% less profit, 30% less revenues and 30% less costs
compared to the FP scenario. Itis obvious that the impact of lowering the discharge time
(or cavern veume) is more dramatic in the TE scenario compared to the FP scenario. The
results of two models diverge if the cavern volume becomes smaller. However, the revenue

and costfigures per unit of energy produced are very similar to the Base scenario

Operational costs and revenues
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Figure6-30:Operating profit, main operating costs and revenues

Scenario: Low discharge time)
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Figure 6-31: Breakdown of operating costas percentage f t ot al o p er adnaweegkly basis (Modgu / MWh
TE, Scenario: Low discharge time)

The dramatic decline on revenues and costs forthe TEmodel at lower cavern volumes is
based onthe technical restrictions of the compression and expansion parts imposed by the
pressure in the cavern. We described in detail such effects in section &a2em

pressure effects are mode dramatic whenthe cavernvolume is decreased because pressure

increases and drops are more rapid.

226



200

150

EE 100 1600 B
S f— —
=3 § ko 1400 =
57 =238 1200 3
FEER .
oSt 14 q : T 3561000 £
2<33 -50 =
§3_) ~g 800 =

or= . o
g5 T 600 7
C = - (0]

5S> -150 =
§00x ° ° @oo0 ® oo o o 400 o
Sg S L0 ® © ®©® @ [ gy oo °© o o
Lo <
g -250 0
e Hours

——SMPs ® Power drawn by compressor [MW]
® CAESpower output[MW] o AMFin [kg/sec]

© AMFout [kg/sec]

Pressure in the cavern [PSI]

Figure 6-32: One week of CAES simulation (Model: TE, Scenario: Low discharge time)

The impact of low cavern volume on the compressor can bearsigmre6-33 and 634.
We see that the compressor is responding to pressure up and downs operating within its

whole operationalrange.

Focusing on the expansion side (figure356and 636) we observe that the expander
operates towards more partial outputs compared to Base scenario. Again, this is due to
pressure dropping frequently below the design point of 864 PSltiresto constraned

output and low revenues comparedto the Base scenario.
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Figure 6-33: Power used for compression at each time increment (half hours) over a period of 52 weeks [#pdel
Scenario: Lowdischarge time)
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Figure 6-34: Air mass flow for compressioduring eacttime increment (half hours) over a period of52 weeks (Model:
TE, Scenario: Low discharge time)
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Figure 6-35: CAES power output at each time step (halfhours) over a period of52 weeks (Model: TE, Scenario: Low
discharge time)
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Figure 6-36: Air mass flow for expansion during eatime increment (half hours) over a period of 52 weeks (Model
TE, Scenario: Low discharge time)
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6.3.2.3ResultsHigh discharge time scenario

1 FP model

If we increase the discharge time, total operational profit for the FP model over 52
we e ks bec o me s3) Tddlapeating(cdsta dvdr the 58 week period account
for 019m while total operating revtenues fo
the Base scenario for profits, revenues an
The same increase expressed as percentages is 6%afi8%,80 respectively. The
increases are related to increased storage space. Total mechanical enerdggiedisg s
increased by ~9% over the 52 week period compared to the Base scenario. The same
increase occurs forthe energy being sold. If we observethe cost figures per unit being sod
we see there are no significant differences compared to the Basacss@gnae 639 and

6-40).

Operational costs and revenues
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Figure 6-37.0perating profit, main operat i nepnaoveekly msigModeF?, evenues exX
Scenario: High Discharge time)
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