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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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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]).

17



10sec ... 1min ... 10min ... 30min ... lhour ... 1day ... days ...
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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

21



35000
Annual maximum July 26 NY state load
30000 - Year 2005

=

25000

-
7
¥

\\
\»1 PV4+ Wind
\_/\/
e

_

MW

15000

///“\\\\\\\\\ // \
10000 7 \
-~ /|40 GW PV

5000

30 GW Wind

0 6 12 18 24

hours

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.

22



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

24



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

0éE€i o 0O O ATl D DeEio o Vom o Yo oBo ¢
OEQ O o OAf 20 Yo 6 DeEi o 6

LYo o Yo Yo oo X
6Ei 0 0O O6&i o0 6 LYo Yo O OBo y
Where:

yO D4 EIARATADT EBE | O ABDRO

YO D4 EIARATAAT EBk A OO O ARG

#9 ADRBNOE O AEDER EDDAOCAOCHADBAD YO ' *
# o ADBNOE A AHIERN €T DAADO*

r d 1 Gl BEAETRAGOGEROEEA 0ATGA A
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3. Step model
0€E€i 0 0O 6 BeEi o6 | m o Yo OoBo w
0€i O 0O 0 MDei o o
Yo o Yo Yo oo pm
0E€i 0 0O 0O deEi o O Yo Yo 0 o pp
Where:

6 d( ABRBANOECOVAHIER EDDAOAORBKEROOEN O
OORADAAI*

6 d( ADBNOE GBRA O BIECA EDPAOCAORRERHAOI
OORADAAI~*

Figure 3-4: Three diferent models for thermal generator sigrtheating requirement
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