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SYSTEMS DYNAMICS MODELING FOR UNDERSTANDING TRANSNESION
INVESTMENT INCENTIVES

Abstract

by Hui Yuan, Ph.D.
Washington State University
December 2009

Chair: Kevin Tomsovic

Over the past several decades the electric powlesiny has undergone a broad
restructuring process of attempting to introducegetition and improve economic
efficiency. This restructuring has liberalized theditional vertically integrated industry
by separating many traditional engineering fundimom central decision-making in
planning and operation. This thesis focuses orstréssion investment incentives under
these restructured environments, which have begrmteular concern. Specifically, this
work contributes the following:

1. Developed a dynamic model with information feedbd@tnsidering the
characteristics of the restructured industry, §stesn dynamics approach is used as a
tool to model the Western Electricity Coordinati@dguncil transmission planning
process and analyze the effects of different ingeaton its transmission investments.
This is the first time that the system dynamicgsed for transmission planning analysis.

2. Introduced methods to model transmission capagipaesion with soft
constraints. In order to coordinate the contraditbetween transmission expansion and
investment, soft limits are utilized in the optintielnsmission expansion formulation.
This technique provides a systematic method todaatternating between over and under

investment.



3. Developed a tool for studying the effects of diéfierincentives on transmission
investment. System dynamics models are constragtddimulated under different
market structures. The analyses and comparisoes! lsgsthe simulations help us better
understand the effects of different incentivesrangmission investment.

4. Proposed an improved process for transmission pigniVith the developed
models, the system information feedback control@ndplex inter-relationships
between different market components can be takewe fadly into consideration. The
transmission planning process better reflectssgstem conditions. This can reduce
uncertainties and allows a risk-based model forsitae-making.

5. Suggests a framework for improving market desigh ragulations.
Considering the complication of the restructuredi@oindustry, system dynamics
modeling does not need to be limited to transmisplanning and resource planning. It

can also be used to test the effects of differefitigs or structures on the markets.
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CHAPTER ONE

BACKGROUND AND MOTIVATION

Because the electric power industry has been thafgis a “natural” monopoly
industry, it remained vertically-integrated andtcalived until recently [1]. With the
development of new economic theories on power sysigeration [1-3], economists
proposed that the generation system could be caimpetnd separated structurally and
functionally from transmission and distribution &ms. White [3] pointed out that the
primary stimulus for restructuring the US elecp@mwver industry was the gap that existed
in some parts of the US between the price of geioaraervices before and after the
restructuring.

The first restructuring initiative in the industmas the Public Utility Regulatory
Policies Act of 1978 (PURPA) [4-5], which createtharket for non-utility electric
power producers by forcing traditional utilitiesbay power from them. The Energy
Policy Act of 1992 [6] removed obstacles to wholeggower competition in the Public
Utilities Holding Company Act (PUHCA) and createf@mework for a competitive
wholesale electricity generation market. In oraeremove impediments to competition
in the wholesale electricity markets and to bringrenefficient, lower cost power to
customers, FERC issued Order N0.888 [7] and No[8B@& 1996, which required all
public utilities to provide Open Access Non-disanatory transmission services to
transmission customers and an OASIS (Open Access-8ae Information System) to
enable customers to obtain these services. In toderprove engineering and economic
efficiencies in the transmission system and comecteived or real discrimination by

transmission owners, FERC issued Order No. 2000ri9pecember 20, 1999 to



encourage all transmission owners to voluntarily fRegional Transmission
Organizations (RTOs). The Energy Policy Act of 2Q03] promotes market
transparency and discourages market manipulation.

Through the above mentioned processes, the orgvattically-integrated and
centralized electric power industry has begun tgra€lually restructured to a non-
integrated and decentralized structure in the d®any cases, the generation,
transmission and distribution assets no longedeeisi the same company. Accordingly,
the transmission expansion process must changdléatrthis restructuring. The
following describes the general approach proposedis thesis that attempts to fully

incorporate market impact on planning decisions.

1.1 Transmission planning

Transmission planning is a process to find thé a@sitions to when, where and how
much capacity should be expanded. This procesg®ower some specified planning
horizon and must satisfy given networks constraihtansmission planning has had, and

continues for the most part, to have the followshgracteristics:

» The planning process is based on a single-stagasoanalysis, which considers
only one time horizon [11]-[17]. Scenario baseds$raission planning focuses on
detailed analysis but is not responsive, which ra¢he analysis is valid for a
specific set of events. Moreover, this type of apgh is a centralized decision
making process. All major components in the systeenspecifically planned and
implemented by utilities with coordination throutife regional councils. This

characteristic suited the electric power indus#fobe restructuring since the



industry was vertically-integrated and centraliZzédoes not meet the
requirements of a restructured industry whereaalittomponents of the planning
process, such as, generation expansion, are net threlcontrol of the utility.
With large numbers of market players, there is sgaely greater uncertainty
under restructured markets. Moreover, there iserdlfack in the scenario based
transmission planning process. That is, the plam$rede open-loop and do not
respond naturally to events, or the impacts oplhening decisions, as should
happen in an open market. In practice, eventslaoegaeatly affected by the
previous planning decisions (the decision feedlzackrol effects) and ignoring
this effect, can easily leads to erroneous conmhssiln essence, the scenario
based analysis focuses on reliability [18-22], et market effects of risk and
uncertainty are not taken into consideration.

= To provide improved decisions over time, some nesegis have introduced
multi-stage transmission planning, which considrose than just one time
horizon in the planning process. Multi-stage plagr{23-28] is a more involved
process compared to the single-stage planningt sustill not a planning process
with decision feedback control since while it iagetd, there is no true feedback.

We refer to it as a pseudo dynamics approach.

Some researchers [29] classify the transmissiamptg as static or dynamic
according to the treatment of the study period:pa@ning is static if the transmission
expansion is set for a single year in the planhiogzon, otherwise it is dynamic. This
definition more properly classifies transmissioarpling as single-stage or multi-stage

but not static or dynamic. We believe that a tryeaanic process of planning should



satisfy the following two criteria: (1) the modelsgstem is time-series (often in months
or years); and (2) the system status evolves it through a closed information
feedback loop. This classification better reflebts characteristics of the transmission
planning process in that there is information fesdover the given planning time
horizon. The advantage of planning with true fee#tba one of both responding better to
unforeseen events and reducing future uncertagpna expects in a feedback control

system. A planning process with true feedback mightlescribed by Fig. 1.1.

Transmission
Planning Actions

Information
about Markets

Transmission
Planning Results

Fig. 1.1 Dynamic transmission planning process

1.2Background on transmission investment incentives

Generally speaking, transmission investment cacebegorized into the following

three forms [30]:

= System-wide reliability enhancement and improvestesy economy. This type of
investment existed long before electric power ingusstructuring and still

exists today. The project costs are allocated arsabgregions through a cost-



benefit analysis [31] and the investors recoveir ihgestment and gain profits
through a cost-based rate of return.

» Voluntary transmission investment, which includesgyation interconnection
and load connection requests. Voluntary transmsisisestment is sponsored by
those who will directly gain the benefits from tingestment, so there is little or
no incentive problem for this kind of investmente\d#o not consider this form of
investment in this research.

= Merchant transmission investment. This relies @netkistence of competitive
electric power markets and a free entry to thestrassion provision markets.
This type of investment did not exist before theustry restructuring and only
emerged with the industry restructuring. In the atoanal Marginal Price (LMP)-
based wholesale electricity markets, which is theary situation in the US, the
merchant transmission investors rely on the comyesents gained through
allocated Financial Transmission Rights (FTRs)/Gstign Revenue Rights
(CRRs)/Transmission Congestion Contracts(TCCsg¢over their investments

and make profits [32-34].

Based on the above three transmission investmectianesms, we can state that
there are two transmission investment incentivaatefest: one a cost-based rate of
return and the other FTR-based congestion rentdetlost-based rate of return, the
investors recover their investment and make prdiitsugh the set rate of return in the
given time horizon. Investments have to be judtifie the utility commissions based on
local regulations. Under FTR-based congestionirer@ntives, investors are allocated

some quantity of FTR [35]. Through the allocatedRE-®ne can earn income from the



congestion rent equal to the sum of the produtt®fTR and the LMP differences for

the allocated injection and withdrawn node pairs.

1.3Challenges introduced by restructured markets for tansmission planning

With electric power industry restructuring, thaditional transmission planning
decision framework is no longer adequate. Befosueturing, the planning process
only included the regulators and utilities, whi@nde fully overseen, but today the
planning process includes the regulators, a laogeber of market players and, of course,
consumers. These result in numerous inter-reldtipaghat cannot be centrally
managed. There are many components to the markgisare complicated inter-
relationships between these components in the isarke such, the planning process
must become a more decentralized structure. Moreovthis new structure, not all
components of the system can realistically be fudligsidered in the planning process.
Thus, there are more uncertainties, or greateranka, lying outside the decision
process. The transmission planning process shoaltge these uncertainties or risks
effectively.

In Figure 1.3, participants in the restructurestic power industry are categorized

into three categories:

» Regulators, including Department of Energy (DOEEXé&ral Energy Regulatory
Commission (FERC), and State governments or tlyeineies. Together they
regulate the electric power industry and ensuradas in the industry.

= Market Monitors, including RTOs (Regional TransnossOrganizers) or ISOs

(Independent System Operators). Under authoritygdeéd from regulators, they



monitor the day-to-day system operation and thg-lamge planning for the
wholesale electricity markets so that the markatsran safely, reliably, and
economically both in the short term and in the ltergn.

Market Players, including generating companies (&), transmission
companies (TransCos), grid companies (GridCosjl $eaving entities (LSES),
brokers, large customers, ordinary customers, @ahelpendent investors. In the

markets, some make money through investment, seoviproduction, and others

Regulators

receive service.

Figl.2 The integrated structure before restructurin

Regulators RTOs/ISOs

A A

A 4

% Investor'
Customer Customers

Fig 1.3 The decentralized structure after restmirogu




1.4 Historical use of System Dynamics in electric powandustry

System Dynamics (SD) was developed by MIT Profiedag W. Forrester in the mid-
1950s. It provides a method to understand the dymbehavior of complex systems
from a whole system point of view. This methodaséd on a decision framework —
dynamics. It has been used for resource plannitigeirelectric power industry. Ford [36]
summarized the publications on the applicationSfto electric power till 1996, and
these 33 publications are classified into 7 categothe national model; individual
companies and state agencies; Pacific Northwesbbigttric system; electric cars and
the electric utility; privatization (UK) and derdgtion (USA); system dynamics models
at forums or workshops; emerging areas (electr&ityater). Ford [37-38] constructed
SD models to simulate the general patterns of p@lagt construction in the restructured
electric power industry. Dimitrovski, et al [39]rstructed SD models based on the
WECC system to simulate the interplay between tdom@mic, technical and
environmental factors in the restructured indusirgr a long-term horizon. Olsina, et al.
[40] constructed a general model to simulate ting4@rm behavior of liberalized power
markets.

The long-term transmission planning process ferréstructured industry is far more
complicated than before restructuring, with manyermarticipants and complicated
interrelationships. Through system level modelf®D, provides a powerful tool to

address the transmission planning process in teerpstructured industry.



1.5 Contributions of this thesis

In this research, SD is used as a tool for modefagsmission planning and to test

the effects of different transmission investmewgeimtives in the transmission planning

process. The primary contributions of this thesesautlined in the following:

Developed a dynamic model with information feedback Considering the
characteristics of the restructured electric poweustry, the SD approach is used
as a tool to model the WECC transmission plannnoggss and analyze the
effects of different investment incentives on thE@C transmission planning.
This is the first time that the system dynamicgsed for transmission planning
analysis.

Introduced methods to model transmission capacityx@ansion with soft
constraints —In order to coordinate the natural contradictiotwiaen

transmission capacity expansion and investmenh@®xpansion, soft limits are
utilized in the optimal transmission expansion fakation. This technique
provides a systematic method to avoid oscillatietydeen over and under
investment.

Developed a tool for studying the effects of diffemt incentives on

transmission investment -SD models are constructed and simulated under
different incentives. The analyses and comparigased on the simulation
results help us better understand the effectsff@rdnt incentives on transmission
investment.

Proposed an improved process for transmission plaring — With the

developed WECC model, the system information feekllsantrol and complex



inter-relationships between different market congyda can be taken more fully
into consideration. With the help of detailed siatidns, the transmission
planning process better reflects the real systamditions after restructuring. This
can reduce uncertainties and allows a risk basetehfior decision-making.
Potential for improving market design and regulatios —Considering the
complication of the restructured electric powerusitly, the SD modeling should
not be limited to transmission planning and reseylanning. It can also be used
to test the effects of different policies on therkess or the effects of different
market structures. The restructuring of the elegdwer industry does not mean
an elimination of regulations in this industry. th&re are still many possibilities
where different market players can exercise mgyketer and manipulate the
market, careful regulations are still necessargsgtregulations are different
from those before the restructuring in their foonsattempting to encourage
competition and anticipating counter productivatienships between different
market components. SD modeling provides a methaesstathe effects of
different regulations on the market players, holhgfleading to better regulation

rules in the markets.

10



CHAPTER TWO

SYSTEM DYNAMICS METHODOLOGY

System Dynamics (SD) is a methodology for studyng managing complex
feedback in information systems attempting to maa¢h management and technical

issues. In this chapter, this methodology will ikedduced and discussed in detail.

2.1 System Dynamics definition and characteristics

SD isa branch of control theory which deals with socio-economic systems and that
branch of management science which deals with problems of controllability [41]. SD
differs from typical detailed engineering modelghat it emphasizes system information
feedback and the system dynamics brought by tleenrdtion feedback. It is not
intended as a model for detailed point predictidiee “‘dynamics’ in this transmission
expansion research is not traditional power systgnamics arising from system faults
or disturbances but rather thdyhamics of performance’ over a long time period. It has

meanings on two fronts:

» The system is modeled as a time series and ismitédl to a fixed time or
equilibrium point. In another word, the model imé varying, and there is more
than one equilibrium point in the dynamic equilibm model. Though most
existing electric power markets literature is bagedtatic equilibrium models,
there are still some researchers who take dynaengppctives. Cho and Meyn
[42] used a dynamic newsboy model to research gr&ehclearing price in an

electricity spots market. In order to capture tiipaimic nature of power
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networks, Mookherjee, et al [43] proposed a gerandlcomplete model of
Cournot-Nash competition on electric power netwo€karcia, et al [44]
developed a simplified oligopoly model where hydemerators engage in
dynamic Bertrand competition. Garcia and Shen {i&jeloped a dynamic
oligopoly model with a stochastically growing derddn analyze the inherent
tension in market-based incentives for capacitya@spn where capacity
additions take place over long time lags. All thessearchers modeled the
dynamic characteristics of liberalized electric powndustry, which are inherent
to the researched problems.

» The system has a closed-loop information-feedbackral mechanism and any
decision will cause a reaction in subsequent dassiln SD, the system status
changes with time through the closed-loop infororafieedback that is

characteristic of, and embedded into, the system.

The following two figures describe two different des: one is an engineering model
for the power system frequency control; and theoiha SD model for the long-term
transmission planning. In the two figures, we caa that although both engineering
model and SD model have feedback, there is ndeeaereced destination value as input
in the SD model. Also whether the information fieeck control is positive or negative,

depends upon the causal loop inherent to the SCeimod

Pes Control Device | Poen

+ ' Model

»
>

Fig 2.1 Structure of engineering model
for power system frequency control
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Information SD Model for Transmission

about markets Transmission Planning Planning Results
A

Fig 2.2 Structure of system dynamics model for
transmission planning

SD, as used in this research, is a methodolodgeaiback system analysis and
control for the long-term transmission expansioderrdifferent policies (investment
recovery incentives) in the restructured electdwer industry. It deals with the time-
varying interactions between different parts of tifaasmission expansion system over a

specified time of study.

2.2 Advantages and disadvantages of SD

The advantages of System Dynamics include thevioig:

= |t provides a methodology to investigate a higrelesystem description with
feedback. SD is not a tool to build a detailed nhadel the purpose of SD
modeling is not for point prediction but ratherigig into overall performance.
For a power system with thousands of buses andrtrigsion lines, the model
will not represent these components in detail.eadt a simplified model with
several lumped areas connected by equivalentigs-kvill be developed.

= |t provides a methodology to capture the charasties of a complex, nonlinear
information-feedback control system. The intertietaship between any two
components in a modern system is often nonlinearaflSystem with a large
number of such components, it is very difficuld@scribe as a single nonlinear

function. Even if some nonlinear functions are falated to describe such a
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system, with some simplifications, it is still vatifficult to solve these models.
SD provides a methodology to formulate a model ithetides important
components in the system and by some rules thatreaiheir relationships.
Through the modeling of such a system, the sinanatesults will reflect the
characteristics of the system evolving over time.

It provides a methodology for policy or structuselgment in an information-
feedback control system through experiments. IDa®del, a new policy or a
new system structure can be included in the mdded.model simulation results
will reflect the effects of the new policy, or thew system structure on the

system, which helps judge a policy or a systenctsira.

The disadvantages of SD are as follows:

The model builder must have a fairly good undeditamof the system being
researched and its characteristics. Because thad@igl is based on high level
abstractions rather than a detailed descriptigh@tystem, the modeler must
have enough information and insight to describesglstem. Otherwise, the model
will not capture the actual system characteristiod the simulation results will
simply misinform the policy maker.

The SD modeling tends to be system specific or bgsmse. It is generally
difficult to build a general model that could beised like a function, such as,

load flow in the power system.
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» The SD modeling does not suit detailed researdarge scale problems. It does
provide insight into the system from the systeneldut not insight at say the bus

level for a power system with thousands of buses.

The electric power industry after restructuringlsarly a complex information-
feedback control system. For example in the tragsionm planning problem of concern in
this thesis, the congestion rents in the markeidwiaffected by transmission capacity
expansion in the system. In turn, the rents wittetfthe transmission expansion due to
transmission investment recovery. If this feedbiatéraction is ignored and the policy is
based on an analysis without considering this &ufgon for the transmission expansion,
it is very likely that there will be insufficienbagestion rent for transmission expansion
investment recovery. SD provides a methodologgs$t the effects of different policies
(transmission investment recovery incentives) oesaarched system. Hence, we can

better manage system development as well as fuhgertainties and financial risks.

2.3 Analysis tools

SD is chosen as a tool for our long-term transimisplanning analysis to address the
following concerns: unexpected outcomes arisingfrgnoring feedback and
management of uncertainty and risk. In order téebeinderstand the effects of system
feedback control on system performance, a simpen@le is given. In this example, it is
assumed that a product is produced to meet theandeknand. If the production is more
than the market demand, then the extra productigt@ventory; or else the product
from inventory will make up the gap between procrcaind demand. This example is

realized by the SD software, Vensim. Two Vensim aisdre built: one is the case
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without feedback; and the other is with feedbadf. £3 and Fig. 2.4 show these two

Vensim models separately.

Production rate_g,

Yearly productiorl,ﬁaarly production

capability
<Time> Current

Yearly consumptior® Yearl?/ Invento Inventory
fluctuation rate / nput
= Yearly consumption
Yearly consumptio Accumulated cost
base value Current cost on on Inventory

>

Per unit yearly inventory cost inventory

Fig. 2.3 The Vensim model for system
inventory cost - without feedback

Production rate‘//\

& Yearly production Inventory Feedback

Yearly productb(r_/{' \
capability

<Time> X > Current Inventory
. Yearly
Yearly consumption % inventory input
fuctuatonrate —gp.  Yearly .
__p COnsumption

Yearly consumption .

base value >
Per unit yearly inventory cost

Accumulated
Current inventonyl_Inventory Costs
cost

Fig. 2.4 The Vensim model for system
inventory cost - with feedback
The simulation horizon is set to 50 years. Angnéion step of 1/2 year is chosen to
solve the Delay Differential Equations (DDESs) byame of the Euler algorithm in the
Vensim model. The feedback comes from@harent Inventory in the model. Here, we

just want to show the effects of feedback consolfairly simple feedback control logic
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is utilized in this model. In the case without fbadk the production rate is constant,
while in the case with feedback it depends onGheent Inventory values: when
inventory can meet the market demand, the producéte is set to zero; or else it is the
same value as in the case without feedback. Psgarad Fig. 2.6 separately show the
Current Inventory over time for the case without and with feedba&gy. 2.7 and Fig.
2.8 separately show accumulated costs over tim#hécase with and without feedback.
Fig. 2.5 — Fig. 2.8 clearly show that the inventang the inventory costs in the case with
feedback are much lower than those in the caseutifieedback. Fig. 2.9 and Fig. 2.10
better illustrate this observation. The Ratio ig.F4.9 and Fig. 2.10 is defined as
simulation results from the case without feedback

Ratio = — - . (2.2)
simulation results from the case with feedback .

Current Inventory vs. time

40,000
0
0O 5 10 15 20 25 30 35 40 45 &0
Time (Year)
Current Inventory : Currentt $

Fig. 2.5 Current inventory over time - without fbadk
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Current Inventory vs. time

4,000

0 5 10 15 20 25 30 35 40 45 50
Time (Year)

Current Inventory : Current

Fig. 2.6 Current inventory over time - with feedbac

Accumulated inventory costs vs. time
600 M
0
0O 5 10 15 20 25 30 35 40 45 5Q
Time (Year)
Accumulated costs on Inventory : Currentt $

Fig. 2.7 Accumulated inventory costs over time thauit feedback

Accu inventory costs vs. time

100 M

0O 5 10 15 20 25 30 35 40 45 5(¢
Time (Year)

Accumulated Inventory Costs : Current

Fig. 2.8 Accumulated inventory costs over time thyaedback
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Current Inventory Over Time:
Without Feedback/With Feedback

25
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Fig. 2.9 Current Inventory Comparison between tee!
with and without feedback

Accumulated Inventory Cost Over Time:
Without Feedback/With Feedback

Ratio

1 7 13 19 25 31 37 43 49 55 61 67 73 79 8 91 97

Time Point

Fig. 2.10 Accumulated Inventory Cost Comparison
between the cases with and without feedback

There are several commercial software systemsfggalyi designed for the building
and use of SD models, including DYNAMO, DYSMAP, ifk/STELLA, PowerSim and
Vensim. The SD software provides a graphicallyrdgd front end for the development

of SD models: stock and flow for the modeling witle mathematical equations
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implemented through dialog boxes accessible frasthck and flow diagrams, so that
the model is clean, simple and easy-to-follow. Tdharacteristic can be easily seen in the
SD modeling example realized by Vensim in Fig.&8 Fig. 2.4Modeling through

flow diagrams provides a good means for commuraoatstill, this kind of software
provides only simple mathematical functions, sushls, sin, min andmax, and does not
allow for more analytical descriptions. Among coman@ software, Vensim is the only
one to allow external function calls. Thus, one cambine user-defined functions in the
model and provide more advanced relationshipsydiefy optimization [46]. In this
transmission investment research, since a numbsroplex computations are required,

such as DC-OPF, optimal expansion, and so on, Weirsschosen.
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CHAPTER THREE

MODEL DEVELOPMENT

This chapter introduces the overall model develapnand describes in detail the

modeling assumptions.

3.1 Modeling objectives

From an SD modeling point-of-view, an elaboraté aocurate model has little
meaning if it relates to behavior that is of nogbiGal consequence to the system or if it
depends greatly on parameters that cannot be ra@algydound. On the other hand, a
simple and even inaccurate model may be tremenglwaklable if it yields even a little
understanding of the reasons for success anddauain approach [47]. The objective of
our system dynamics model is not for point predictbut for system characteristic
performance. By better understanding the charatiesiof an information-feedback on
transmission investment and congestion, more daitabentives (policies) will be found
and hence better decisions could be made in thlgetenm transmission expansion. The
overall objective of the modeling is to improve theg-term transmission planning in a
large system, such as, the WECC (Western Elegti@uiordination Council). The first
and most important requirement of the model is ithsttould capture the overall
characteristics of the system performance. Thgsstandard for evaluating the SD
model will be less on precision and more on captuthe characteristics of the system.
For the WECC system model in this research, thear&twill be based on DC-OPF. If

the model can simulate the area generation outpatflow directions and values, line
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flow congestion patterns and hours, and the regultMP differences in different

seasons within some reasonable error ranges, ltkenddel will be claimed to be valid.

3.2 Modeling structure

Based on the previous discussion, the developeatehwall be simplified based on

the following assumptions:

1) The modeled system, WECC, is assumed to be run as BMP based wholesale
electricity market. Today, WECC is an organization to promote thebdity and
coordinated planning of interconnected electric @ogystem in provinces of Alberta
and British Columbia, Canada, the northern portibBaja California, Mexico, and
all or portions of the 14 western states in betwéeNVECC there is only one ISO —
CAISO which provides services for the wholesaleteieity markets in the California
area. In this research, we assumed that eventhaltg will be a wholesale electricity
market covering the bulk of the WECC area, which e an LMP based market.
This market will be operated by some future RTO.

2) Transmission upgrade or expansion is congestion-dren. We know that
traditionally the objective of transmission upgrade expansion is either to maintain
or improve system reliability or to promote systeconomy. In the restructured
electric power industry, there are much more @lepmwer transactions in the
wholesale electricity markets, and hence thererames possibilities for congested
lines and over longer time periods. According 18] [#h the eastern interconnection
system, the congestion rent will be over $10duillin 2011 high fuel price case,

which is 5.1% of the total cost of served loadthea PJM interconnection RTO, its
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3)

4)

total congestion costs increased by $271 milliod%percent, from $1.846 billion in
calendar year 2007 to $2.117 billion in calendary#008 [49]. This research is
focused on alleviating transmission congestion,smthe transmission upgrade or
expansion is congestion-driven. The expectatighasthis will improve reliability
and reduce costs indirectly.

A year will be represented by some small set of tygal days In general, the time
horizon for long-term transmission planning spaesadles, accurate data does not
exist to describe every day in a year for sucludystin addition, such a simulation
would be computationally intractable. Most elecpawer systems have a
characteristic that their loading and operatingdtioons change with seasons. In the
transmission planning process, the planners gdypeake about the peak load

condition, since the power flow under such circianse most closely reaches the

OTC (Operating Transfer Capabilities). So in tl@search, each season is represented

by a typical day with the highest loading condis@ctcording to the historic data and
a fixed daily load curve.

The large power system is represented by a limitegumber of areas and
equivalent tielines between these area¥he modern electric power system often
includes hundreds of generators and thousandamgrtiission lines, and it is not
feasible to build a detailed SD model to descréehegenerator, load and
transmission line in the system. Moreover, it isegessary to build such a detailed
model according to the objectives of the resedrcthis work, the WECC will be

grouped into seven areas with interties refleciciyal flows in the system. More
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detailed models are certainly possible but theykhoot at the level of individual
lines or buses.

5) The relationship between interarea line flows andhe area power injections will
be approximately linear. An approximation will be used to describe thatiehship
between the interarea flows and area power injestidhis will be based on
sensitivities from a large scale model but not#tyria load flow calculation. The
need for a special approach arises due to thetoesbbw transmission expansion in
terms of equivalent line reactance and line lengghmpact future flow patterns.
Details are given in Appendix A.

6) There is some physical time delay for the commissiof expanded transmission
lines. The lifecycle of a major transmission line projeatiudes choosing
transmission routes, public information meetingserohouses and public outreach,
regulatory review, environmental review, real esiasues, construction, and
commission. The length of this lifecycle is projdependent and changes from
project to project.

7) Miscellaneous data The developed model requires extensive parardatarfor
investment return, area load growth, generatiotsgcgsnstruction costs, construction
lag time, operations and maintenance fees, and sDetails are provided in

Appendix B.

SD modeling, as used in our research, is a metbgdof feedback system analysis
and control for the long-term transmission expamsioder different policies (investment

recovery incentives) in the restructured electawer industry. It deals with the time-
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varying interactions between different parts o tindustry over a specified time of

study. The SD models are composed of four diffesebtmodels as shown in Fig. 3.1.

Wholesale electric
market sub-model

SF matrix
update su-mode

Generation investment
sub-model

Transmission line
investment sub-model

Fig. 3. 1 Structure of SD models for transmisgtanning

The arrows in Fig. 3.1 represent the flow of infiation between different sub-

models. The function of each sub-model is as fahgw

1) Wholesale electric market sub-modelit models the function of wholesale
competitive electric markets. GenCos submit thigls In the markets, and the
markets are cleared by calculated LMPs based oDGuOPF model.

2) SF matrix update sub-model:it updates the SF (Shift Factor) matrix whenevereh
are some upgrades or expansions on transmissesifithe modeled system. The
SF matrix is a sensitivity matrix that is used &scribe the relationship between

power flows on transmission lines and power ing@tdion nodes. The SF matrix is

linear in our research.
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3) Transmission line investment sub-modelit models the transmission line

4)

investment process under different investment itices in the restructured industry,
including investors’ judgments, decisions, congtarcand commission activities.
Generation investment sub-modelit models the generation investment process
under the restructured industry. The purpose ofesearch is to investigate the
dynamic transmission investment process, but nitit the generator and transmission
investment dynamics in a competitive market. Hexassume some reasonable
generation investment behavior and suggest thdusion drawn for transmission
investment from such models remains sound. Spatlifiave assume that the
generation investment is proportional to the areaual average LMPs that are
modeled in the wholesale electric market sub-maddlignore the typical boom-and-
bust behavior of such investment. The generatieestors will observe area LMPs in
the markets through OASIS (Open Access Same-tifioeniation System) and then
calculate each area’s annual average LMP. Witlethiakies, they can make their
investment decisions accordingly. This is a reab&assumption about generation
investment since in the actual LMP based marketseiator investors’ investment is

basically based on the value of LMPs. Let the sys&ference annual generation
capacity increase rate ¢y and the corresponding increase rate for eachis S¢.

S is a generation capacity increase adjustmenticteft for each area, which is

calculated in (3.1) based on the annual average io\fach area.
_LMP
S Kw,m (3.1)
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wherei =1,2,...n andn is the number of areg LMP, is the annual average LMP for

areai, and _MP" is the maximum annual average LMP in the wholeesgswhich

is defined as

LMP™ = max(LMP, ..., LMP,) (3.2)

3.3 Transmission investment incentives

The following describes transmission incentivesrfi-TR-based congestion rents for
merchant investments and cost-based ROE (Ratdwofir&n Equity) for regulated

investments.

3.3.1 FTR-based congestion rent

Merchant transmission investment is financed thihoe§Rs issued by the
RTOs/ISOs as entitlements to congestion rentsnEinhTransmission Rights provide
holders the rights to receive financial benefiteva from use of transmission capacity.
They can hedge transmission price risk caused @atiloLMP. For merchant
transmission investors, long-term FTRs provide mtiees for them to invest in
transmission assets. There are two configurationsTRs: Point-to-Point Financial
Transmission Rights (PTP-FTRs) and Flowgate FirsdAgiansmission Rights (FG-
FTRs), and two financial treatments: obligationd aptions [50-52]. Obligations grant
the right holders to receive congestion revenuesrvthey are positive and to pay
congestion revenues when they are negative. Opgjarg the right holders only to
receive congestion revenues when they are posiiiteight holders do not need to pay

congestion revenue when they are negative. PTP-Bid&defined from a source
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(injection) to a sink (withdrawn) with a MW quantitFG-FTRs represent the rights to
collect congestion rent by a portion of the capagiter a particular transmission
flowgate in a specified direction. There has beamsaerable debate on the advantages
and disadvantages of PTP-FTRs and FG-FTRs conggttméir liquidity, complexity and
market power issues [see for example 53-56]. Iot@, electricity markets often use a
hybrid model to include both approaches [57].

A flowgate can be a line, a transformer, or a $dihes and transformers with a
certain limit. The capacity of FG-FTRs is deterndiriy physical factors associated with
the defined flowgates, e.g., thermal limits or 8ighimits. The payment to FG-FTRs
holders is equal to the product of the shadow idee flowgate in the specified
direction. Because the shadow price is non-zerg whken transmission congestion
occurs on the flowgate, FG-FTRs are always greaser or equal to zero. Fig. 3.2 — Fig.

3.3 clearly shows the difference between PTP-FTRIsRG-FTRs.

/
Source N\

* Sink

Fig. 3.2 lllustration of PTP-FTRs
Based on the above analysis, we have these tygesgmo€ial transmission rights:

PTP-FTR Obligations, PTP-FTR Options, and FG-FTRid»g. For PTP-FTR holders,

the revenue obtained can be expressed by either

28



PTP - FTR Obligation Revenue = (LMP, . -LMP,_, . )Poro_e1r (3.3)
or

PTP - FTR Option Revenue =|LMP,, -LMP,, .| Porp_ers (3.4)

where LMF; and LMP,,. are the LMP values on the sink and source nodezraely,

and Fere-rris the quantity of PTP-FTRs allocated to FTR hadder

Source

Fig. 3.3 lllustration of FG-FTRs

For FG-FTR Options holders, the revenue can beilzdtd by

FG - FTR Option Revenue= > A P.; (3.5)

where A is the shadow price corresponding to paththe defined flowgate. It is greater

than zero when power flow along the flowgate isgasted, otherwise it is zet P ,**is

the power transfer capability of pathlong the specified direction in the defined

flowgate, which depends on the thermal limits absity limits of this path.
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The feedback control loop for FTR based investmetvery incentives is described
by the causal loop diagram depicted in Fig. 3.4s 8hows how an increase in capacity
or in transfers will negatively impact the investrheeturn to a transmission owner. For
any FTR based incentives, the biggest shortconsitigis contradiction between the
purpose and the means to realize it. The purposam$mission expansion is to alleviate
congestion in the transmission system but the tnégssson investment recovery relies on

the congestion rent, i.e., the congestion itself.

Load Increase

System Transfer Capability

ALMP EIP Transmission Investmeht

! Loop Investment on Line
Capacity Expansion
/

System Total
Congestion Revenue

Fig. 3.4 The causal loop of FTR-based congestinhineentives

For a severely congested system where there ageiaidecongestion rents, there is
no problem with such an incentive initially, sirtbere is sufficient payment for
transmission investment recovery. As time goesflisgnsmission lines are continuously

expanded and the congestion rent decreases igdtens there will eventually be
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insufficient congestion rent to support investnreebvery. It is not possible for such a
simple incentive to completely eliminate systemgzstion.

Although there are three types of FTRs, we onlysaer PTP-FTRs Options in this
research. This consideration will not affect thieetiveness of conclusions that will be
drawn from our research, since it only impactsgtantity of the congestion rents
transmission investors will gain from allocated TiBut does not change the inherent
negative transmission investment feedback conbayp depicted in Fig. 3.4.

Another important issue in FTRs formulation is newe adequacy. Revenue
adequacy means that the revenue collected withi¢éoed prices in the dispatch should at
least be equal to the payments to the holders Bishi the same period [55]. A process
named simultaneous feasibility test (SFT) guarantiee revenue adequacy for the
allocated FTRs to transmission investors. Thisilbdéay test evaluates the ability of the
system to remain within normal ratings, includingtfcontingency conditions, with the
data input for the nominated FTRs. In this researeghmodel the WECC system as a
lumped seven-area and ten tieline system and amigider the congestion rents on these
equivalent area tielines. Actually there are matigiocongested lines within each
aggregated area, which are not researched. Comjuatieel total congestion rents in the
WECC system, the congested rents collected frontethequivalent tielines in our
lumped system may be only a small percentage dbtaévalue. So there is no revenue
adequacy issue in our research, since if therenaudficient payments to the
transmission investors from the ten equivalenirtgs in our lumped system, we assume
that congestion rents within the aggregated arédaswpplement the inadequate

payments.
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The investors’ decision on a transmission investrieebased on their judgment on
the profitability of the investment. We define isters’ decision rule on FTR-based

merchant transmission investment below. Assumeinkastors invest in transmission

line?, and the FTR granted for their investment is aited on lin ¢ then

tl

(o [ALMPIH, , (141) ) 2 a Lo, (1+7)" (1+ p) (14 0)
t=1

st. (3.6)

t <T

j el

In (3.6), 9, is the gquantity of allocated PTP-FTR Options ame /'to merchant
transmission investors who invest on |/ eALMP, is the LMP difference on lin¢",
H.. is the annual average congestion hours on?'n/7 is the load growth ratL, is

the length of line/, U,is the per MW-mile transmission investment costiina ¢, 7 is
the annual loan interest ra®, is the annual profit rat@ is the annual inflation rate,
t;is the number of years after a transmission invessttecision on investment, aiTe,

is the economic life of transmission investmentioa ¢ in number of years.

In (3.6), the left hand side is the predicted aagkated congestion rent from the
allocated FTR in ye. {; and the right hand side is the value of investrsests in

yea !j, which equals the initial value of investment sdsiat is converted to the y it
If (3.6) can be satisfied, investors will make thneestment to upgrade or expand |/ e

by d- MW.
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3.3.2 Cost-based Rate-of-return On Equity

Merchant transmission investment alone is unlikelgroduce sufficient investment
in transmission expansion. As a result [33, 58jutatory involvement in transmission
investment is essential. Under the ROE regulatianable costs are treated as expenses
and passed directly into rates, while capital castscomputed by identifying prudently
incurred capital investment, and assessing thevatlarate of return on this investment
that will allow a firm to raise capital. For ROEdeal transmission investment recovery,
the return dependm the decisions of government institutions or/esgllatory

organizations such as ISOs and RTOs.

1) Cost-based ROE without addersThis is the more typical case for transmission
investment with cost-based RQ@t€entives. This regulated investment in transraissi
assets is based on the granted ROE for cost regcaumdrprofit making. The feedback
control loop for ROE without adders incentives éscribed by the causal loop diagram
depicted in Fig. 3.5. From this figure, we can the the investment in transmission
capacity expansion will result in negative feedbiacklleviate system congestion rents.
As long as there is sufficient ROE to support th@gmission expansion, it is possible to
completely eliminate the congestion in such a systhe investment decision rule on

cost-based ROE incentives without adders is

O,zT+p+o (3.7)

where 9, is the ROE value granted to investors who makestment on lini to

expand its capacity. Based on (3.7), as long agrdneted ROE value is greater than or
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equal to the summation of loan interest rate, iidtarate and profit rate, investors will

make investment on transmission | £ éo improve the transfer capability.

Load Increase

+/-

Z(ALMB ) a-ee \?ystem Transfer Capability

+

Transmission \

Investment Loop

——————— ““Investment on Line
Capacity Expansion
+

System Total
Congestion Revenue

+

ROE

Fig. 3.5 The causal loop for cost-based rate-afrrebn equity
incentives without adders

2) Cost-based ROE with performance-based adders$n order to promote investments
on transmission infrastructure, FERC [59] has psepoperformance-based adders for
the cost-based RO provide a performance-based rate (PBR). Althahgheffect of
this adder on transmission investment is still uritkbate [59-61], FERC [59] believes
that the development of PBR measures may repradeng-term approach for the
industry and the commission to pursue and hengeaheourage development of PBR
proposals. Figure 3.6 depicts the causal loopaofstmission system investment incented
by ROE plus ROE adders. The ROE adders could baysosr negative depending on

the performance of the investment. ROE addersexeled case-by-case.
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Load Increase

+/-
> (ALMP, [R) P ?ystem Transfer Capability
/ N \ .\
Transmission
Expansion Loop
System Total Congestion Investment on Line
Revenue Capacity Expansion
+
+
+/- ROE

ROE Adders ~_»

Fig. 3.6 The causal loop of cost-based rate ofmatcentives
with adders

In our research, we research two ways to deterthm@®OE adders. One assumes

only an ROE addel9d, as in (3.8) that depends on the value of systergestion rents

alleviation brought by transmission investmentse 6ther assumes that there is the same
ROE adde 49, but at the same time the transmission upgradedmanded capacity

AP will also be adjusted by increasing the percentf(29, as in the following

AS, = min(Ad“W,d%) (3.8)
AP =ARS (1+40)) (3.9)

where Ad™is the maximum allowed ROE adder granted to investothe systerr dR,
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is the alleviated annual congestion rent by inwgsii line /'SexpansionR is the system
annual congestion rerA9, is the ROE adders granted to investors who inwesine / ,
APC is the initial optimal capacity upgrade or expansbn line’, and AR is the

optimal capacity upgrade or expansion on ‘1adjusted by ROE adders.

The investment decision rule on cost-based ROBines with adders is

0,+Ad, 2T+pto (3.10)

Based on (3.10), as long as the granted ROE @wuslder’s value is greater than or equal

to the summary of loan interest rate, inflatiorerahd profit rate, investors will invest in

transmission lini? to improve the transfer capability.
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CHAPTER FOUR
MODELING NODAL PRICING AND TRANSMISSION RELIABILITY

For the reduced WECC power system model, the pyiroancern is the interarea
power flows and congestions on the interties. Tihjeative of the SD modeling is to
capture the characteristics of the long-term trassion expansion for the interarea tie-
lines under different investment recovery incergivehus, the nodal prices are needed
for each area at each time point of the study. tk@targe modeling reduction needed for
a system like WECC, there is simply no way to areameaningful full AC-OPF model.

A DC-OPF should provide sufficiently precise resuti serve this purpose. In addition, a
method is proposed to relate these nodal pricinlgcangestion calculations to reliability

considerations.

4.1 Nodal pricing

Nodal pricing is a method of determining nodal esiin which market clearing
prices are calculated in the competitive wholes#etricity markets. The nodal price or
Locational Marginal Price (LMP) is the cost to setlie next MWh of load at a specific
location, using the lowest bidding cost of all dalle generation, while observing all
transmission limits. Nodal price theory was firstrhulated by Schweppe, et al. [62].
This theory constitutes the basis of the currentledale electricity markets in the U.S.
The LMP can be decomposed to three componentsA@Bpugh the decomposition is
really a mathematical artifice rather than a phalyaneaning reality, it still helps one to

better understand the LMP and contributes to utaedsng market management. Let
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LMP = LMPenergy + LMPoongestion + I‘I\/IPIoas% (41)

where LMo, is the marginal cost of ener¢ L-MPungesion is the marginal cost of

congestion an LMR . is the marginal cost of losses. The main advastafesing an

LMP mechanism are that it:

(1) increases the transparency of the true costs whggioad by location;

(2) provides a consistent methodology to price transimisand energy across market
time frames;

(3) provides price signals for developing new genenraitiopreferred locations;

(4) provides some information for transmission expamsio

The disadvantages of LMP are also numerous, howawmdrinclude:

(1) high volatility arising from bidding strategies andmerous possible congestion
patterns in practical wholesale electricity markets

(2) troublesome properties that are counter intuittvgdod engineering practice. For
example, the LMP difference on uncongested lineg In@acaused by other lines.
Also, reinforcing a line according to the LMP diéace may reduce the transfer
capabilities of the system. Moreover, the LMP difece may be negative along
the power flow directions. These counter-intuitpreperties result from the
looped transmission network and Kirchhoff’'s Laws flower flows. Unlike
generation investment, where LMP typically providesansparent price signal,

the signal to transmission investment is obscuesbse of these properties.
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A general LMP formulation and calculation are giwerfi64]. In our research, the
system is linearized and transmission losses aégl. Let’'s consider a standard

formulation of the DC-OPF with quadratic generatdding functions

min P'C,P+C, P

=i | 4.2)

whereC; is the matrix for quadratic coefficients in gertiena production functionC; is
the vector for linear coefficients in generationguction function P is generator active
power output vectol R is generator active power output on bt . is the active load
on busi, P, is the line active power flow vectcP.™" is the line active power flow

limit vector, P™

is generator active power output lower limit vec P™ is generator
active power output upper limit vectod is bus-unit incidence matrifg is bus-load

incidence matrixSF is shift factor matrixm s the total number of buses in the system,
is the bus numbe 4 is the dual variable for the power equality coaistr 77 is the dual

variable vector for the line active power flow ctrait in the reference directio 77 is
the dual variable vector for the line active poWew constraint in the opposite reference

direction.
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For a DC power flow model, transmission lossed@rered so that the LMP and its

decomposition can be calculated by

LMP = LMP,., + LMP, ion = A~ SFT (77" = 177) (4.3)

and
LMP, ., =/ (4.4)
LMP,esion = —SF T (77" = 77) (4.5)

In the present six major RTOs/ISOs in the US, Gféhem, PIM Interconnection,
New York ISO (NYISO), ISO New England (ISO-NE), Midst ISO (MISO), and
California ISO (CAISO), are LMP based wholesalegieity markets, and the
remaining one, ERCOT, will transform to this kinidnearket in 2010. In order to
determine LMPs that accurately reflect physicalrapen of the power system, most
RTOs/ISOs, including PJM interconnection, ISO-NHSK), and CAISO, calculate ex-
post LMPs to clear the wholesale electricity maské&he ex-post LMP calculation is
formulated as an incremental optimization probleouad the operating point. This
strategy helps to mitigate market power since Gern@ang to manipulate prices will be
screened out for eligibility to set the price. ONYISO calculates ex-ante LMPs to clear
the markets, and it claims that the ex-ante LMRscansistent with the real-time market

dispatch signals and hence more efficient.

4.2 Transmission expansion with system reliability corniderations

In our research, the objective of transmission stwent is to alleviate system

congestion. In order to reach this goal, it is seeey to define a metric to measure the
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system congestion level. The System Congestion (&€R) is used and defined as the
sum of the product of the absolute value of LMPedénce, the active power flow, and

the duration on all transmission lines in the syste
t,
SCR= [| ALMP, ()P, (1) |ci (4.6)
0

where ALMP, (1) is the LMP difference on lin? at timet, , is the duration of active

power flowing on line/ and’ is system line number. Similarly, considering syst
reliability in transmission investment requires atrit. There are three common

reliability metrics [65]:

= n-kcriterion
= Loss of Load Probability (LOLP)
» Loss of Energy Expectation (LOEE) or equivalentbsk of Energy

Probability (LOEP)

In our research, the-1 criterion is chosen as the reliability metric,cgrihe other two
are difficult to define within the SD model. Becauke model is a lumped WECC
system, the tielines are equivalences for the htiteaties. The utilization ofi-1
criterion becomes a decrease in line capacity byespercentage but not a disconnection.
The total provided load is used as a proxy to meathe reliability level assuming this

reflects an-1 criterion.
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RI = IZ I:?oald,i (47)

whereRl is the metric to measure system reliability |eamad Pewi is active load value at

busi.

In the SD model, the optimal capacity expansiomdransmission lin ¢ is

calculated based on one of the following threeatiias:

» Strategy 1 (Hard limit expansion) In this strategy, the optimal capacity

expansion on lin? is calculated by relaxing this line’s power floimit in the

DC-OPF. That is:

min P'C,P+C,P

max (4.8)

where P™is the power flow limit on line? | which is to be relaxed. From this

optimization problem, the recommended capacityttategy 1 will eliminate

congestion on lir? to flow P.. Let P° be line!’s initial capacity aniAP° be
the optimal line capacity expansion based on themmim capacity needed to

alleviate congestion. Then there is a need for
AP® =P, -P° (4.9)
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Such a solution provides an optimal capacity exipanglative to current system
operating conditions. We define it as hard limitioyal expansion.

Strategy 2 (Hard margin expansion) We seek approaches to modify the

calculated hard limit optimal expansAP”, because the expansi&P,” only
considers current transmission congestion and doetke into consideration the
possible future line flow increases. In order tketato account the future

operation conditions and improve system reliahikitg allow some fractional

margin increase, seX (0<« <1) for the optimal line capacity expansion. Based

on this assumption, we obtain the expression below

AP,° =(1+x)(P -P°) (4.10)

Strategy 3 (Soft limit expansion) If we simply allow some percentage
margir X for optimal line capacity expansion as in stratggthis can easily result
in over investment. Here we define a third strategyed on a soft limit. In this
strategy, we use a soft constraint to provide gegyatic trade-off between
reliability and needed investment. The detailedhmatatical formulation for the

soft optimal expansion begins from the DC-OPF pobivith hard limits in

(4.2). Define a function to describe the degresatisfactior @ (0< a <1) with

the capacity expansicAP"* on line’:
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0 AP < APC

a= 1 AR~ -1|, AP <AP“® < (1+k \P°
P APC » A=Ak = ' (4.11)
1 , @k P < AP
AQ

APS®

»
>

AR (1+K)ARS

Fig. 4.1 Satisfaction with expansion on line

whereX (0<« <1) s again the capacity margin to improve systelagity.
We convert this satisfaction, or membership, fuorcto the following

optimization problem witld 2 Y

max y
st.
Osy=1 4.12)
Cap
ys1 AP’C -1
k\ AP,
or equivalently
min -y
st.
Osy=1 (4.13)
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Combining the DC-OPF and the optimization problemresponding to soft

constraints, a multi-objective optimization probleriormulated

_P. <P, 4 AP (4.14)
Emin SESEmaX
x 1
1( AP
<= 4 —
k| APC
APC < AP® < (1+ K AP®
0
0
where APS =| (1+ ) AP | and the satisfaction functions 1P'C,P+C," P and
0
0

-yare
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a, a,

Fig. 4.2 Satisfaction function foP'C,P+C," P

A /'12
|
Ko————- 1
|
| 2, ="y
a,=-1 a, g
Fig. 4.3 Satisfaction function foty
1, Z<a,
p=1%"%4 4<7<q (4.15)
1 a,-a, J 1 1 2 .
0, a,<Z,
1, Z,<a,
a,-Z
H, = aj_a? a,sZ,<a, (4.16)
0, a,<Z,

Here @, =P'C,P+C,"P andP are solutions from the DC-OPF problem (4.2).
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a,=P'CP+C,’P andP are solutions from the following quadratic

optimization problem

> R=2.R, (4.18)

with

APC, j=1¢
AR, ="
e {0, otherwise (4.19)

Finally, the soft-constrained optimal expansionigbean objective

become Maxtmin (44, 44,) . Let ¥ =min (44, 44,), so theMaxminproblem is

converted to this maximization problem

max )y
st.

(4.20)

APC < AP™® < (1+ K )APS
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a,-a,

a,-a,

O<y<1

In (4.20), the unknowns ¢P, AP, y, andy . The solutior &8P “"is the
optimal capacity expansion calculated based osafteconstraints. After
obtaining this solution, the system reliability @ Rl will be calculated. The
process is summarized in the flowchart shown in #ig. The calculated
reliability level Rl considering the transmission expansion plan will be
compared with the reliability level of the initigystem to evaluate the system
reliability change. If reliability worsens with thiransmission expansion plan,
this expansion will be abandoned. The completeesing process is given in

the flowchart shown in Fig. 4.5. In this flowchasystem congestion sek{,
K,, ... K,, ..., K }includes all congested lines and is arrangedhéndrder of

the quantity of congestion rentsis the total number of congested lines.
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Define the line that will not take part in
reliability index calculation

Initialize system reliability indeRl = 0

Initialize line number/ =1 for index calculation

»i

A\ 4

Disconnect line/ and perform OPF calculatior

o r=0+1

Update system reliability indeRI=RI+ Rl *

!

Connect line/

/<L-1 Y

N

Fig. 4.4 Flowchart of system reliability index callation




Calculate congestion rents for all
congested lines in the system

v

Define the congestion sek{, K,, ... K,,
- K}

v

SelectK , with /=1

. ]
\ A

Calculate initial system reliability inde®i®

v

Select the most congested lirg for
expansio

v

Calculate the optimal expansiam®, for
line K,

r=r+1

v

Calculate system reliability inde®i®

v

RI°> RI%? Y

N

Output the optimal expansion selection
results: the expanded line numher and

its capacity increasap,

v

o

Fig. 4.5 Flowchart of transmission expansion witstem

reliability considerations
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CHAPTER FIVE

NUMERICAL SIMULATIONS

This chapter evaluates different transmission itnaest incentives using the
developed WECC SD models. We investigate two tgbésansmission investments:
merchant transmission investment and regulatedrmession investment. From the social
welfare point of view, the purpose of these twasraission investments is to mitigate
system congestion rents caused by insufficienstrassion capacities. With the
mitigation of system congestion rents, cheaper igio@ units can produce more electric
power while the congestion rents paid by consumwdlde reduced. Eventually the
social welfare should improve. From the transmissivestors’ point of view, the
purpose for both merchant and regulated investis@ntmake a profit. The focus here is
on the practical impacts of different incentivest@msmission investments and
congestion mitigation.

The SD models are based on a simplified, lumped WEgtem. First, the
methodology to formulate a useful simplified WEGGtem is introduced. The WECC is
divided into four subregions: NWPP, RMPA, AZ/NM/SN&hd CA/MX. The
correspondence between these subregions andistgteen in Table 5.1. This four
subregion WECC system is depicted in Fig. 5.1. Jli@egion of CA/MX is the main
load pocket and the electricity price there isrtiest expensive. There is a significant
amount of inexpensive hydro-energy in NWPP, esfigéraWashington and Oregon. In
wet seasons, electric power flows primarily from R®/to CA/MX; and in dry seasons,
the flow tends to be from AZ/NM/SNV and CA/MX to NR¥P. The bulk power

transactions between these areas often cause tiongas the transmission lines with
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flow limits primarily determined by security. Inder to investigate the impacts of
investment incentives and long-term dynamic trassian planning on system
congestion mitigation, we re-divide the originalifeubregion WECC system into a
seven area system splitting NWPP into Canada, WAd@dRthe remaining part of
NWPP, and splitting CA/MX into NCA and SCA. Theseas are connected by ten
equivalent tielines. A more detailed model is @@ty possible but one is limited by the
available data for subsystems. For example, theilplesnew locations for generation and

new load growth are not known with bus level speityf.

Table 5.1 Subregion and State corresporedfEmdour subregion WECC system

Subregion States Comprised
AZ/NM/SNV (Arizona) Arizona, most of New Mexico, ¢hwestern part of Texas
southern Nevada, and a portion of southeasterfo@@a
CA/MX (California) Most of California and the nogm portion of Baja
California, Mexico
NWPP (Northwest) Washington, Oregon, Idaho and |UBaitish Columbia

and Alberta, and portions of Montana, Wyoming Nevad

and California

RMPA (Rockies) Colorado, eastern Wyoming, and podiof Western
Nebraska and South Dakota
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1 Northwest Power Pool Area (WWPP)
11 Focly Mountain Power Area (RMPA)
111 Arizona-IWNew Mexico-Southern
Nevada Power Area (AZMNNM/SNY
IV California-Mexico Power Area (CAMNE

Fig. 5.1 WECC four subregion diagram

Table 5.2 Area and State correspondence for seneenWECC system

Area Area name States Comprised
number
1 WA/OR | Washington and Oregon
2 RM Colorado, eastern Wyoming, and portions of \&fes

Nebraska and South Dakata

3 SwW Arizona, most of New Mexico, the western pdiTexas,

southern Nevada, and a portion of southeasterifio@ah

4 SCA The southern portion of California and thetimern portion

of Baja California, Mexico

5 NCA Northern portion of California

Remaining | Idaho and Utah, , and portions of Montana, Wyoming
of NWPP | Nevada and California

7 Canada British Columbia and Alberta
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For the seven-area WECC system, the correspondetseen these areas and states
comprised them is given in Table 5.2. Fig. 5.2 shtive WECC seven area geographic
divisions. Fig. 5.3 is the one-line diagram for theped WECC seven-area and ten-
tieline system. In this figure, the arrows on tine$ represent the reference power flow
directions on the equivalent area tielines.

Details on developing SD models for such a lump&fO@ system are given in
Appendix A and B. The different transmission invesit incentives will be tested on
these reduced models. The initial simulation tioretie SD models starts at calendar
year 2004. Typical parameters for the SD modelgiamen in Table 5.3. In order to
observe long-term system dynamics under differamsimission investment incentives,
the simulation horizon is set to 20 years. An iragign step of 0.25 hours is chosen to
solve the Delay Differential Equations (DDESs) byame of the Euler algorithm in the
Vensim model. In the SD models, a year is represeby four different seasons: spring,
summer, fall, and winter. Each season is repreddnta typical day in this season.
Hence a year will be represented by four daysen3P models.

The lifecycle for the transmission line projectslutdes preparation, application,
review, construction and commission. In our SD nidéis lifecycle is assumed to be 2
years. For investors’ investment recovery, the eoaa life of transmission investments
is assumed to be 20 years. In WECC'’s 10-year coatell plan from 2005 to 2015 [66],
the projected average annual compound peak demeandhgrates under adverse hydro
conditions from 2005 to 2015 are 2.1% in the sumseason and 1.9% in the winter
season. Based on this WECC planning data, themsyamta@ual load growth rate in our

Vensim SD models is set to be 2.0%. Based on thlysia on area generation
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investments in Chapter 4, the base annual genenatioease rate is set to be 2% to

match load growth. Again, this is to isolate getierafrom transmission investment.

Table 5.3 Base economic parameters for WECC SD Isode

Parameter Value
Initial time point Calendar year 2004
Planning horizon 20 years
Integration time step 0.25 hours
Time for construction 2 years
Economic life of transmission investments 20 years
Number of days to represent a year 4 days
Annual profit rate 10%
Annual loan interest rate 7%
Annual inflation rate 2.5%
Annual load increase rate 2%
Base annual generation increase rate 2%
Transmission line construction cost $1075 per MVIemi
Capacity expansion margin for strategy 2 20%
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5.1 FTR-based incentives

Merchant transmission investors rely on allocat€R$-to recover investment and
make profit. There are three types of FTRs in tigellMP-based electricity markets:
PTP-FTRs Options, PTP-FTRs Obligations, and FG-FDpsons. We will only
consider PTP-FTRs Options in our SD models. Asugised in Chapter 3.3.1, this
consideration will not affect the appropriatenessamclusions we will draw for the
FTR-based transmission incentives. For transmigsigstors, we assume they use a
linear prediction for the revenues possible frolacated PTP-FTRs Options. We also
assume that the PTP-FTRs Options are allocatadrisrhission investors based on the

following two criteria:

1) The quantity of allocated FTFY: is equal to the increased transmission
capacity on line/ through transmission investments.
2) The location of allocated FTRs lies in the mastgested lini’’ in the

system after transmission capacity expansion @ £in

With these assumptions, the investors’ decisiotramsmission investments will be

based on the judgment on the below (see also (3.6))

4

> (a[ALMRIH, . (147) ) 2 a Lo, (147)" (14 p) (1+0)

t=1
st.
t<T

e/l

(5.1)

Only if (5.1) is satisfied will participants inveist transmission. In (5.1 9. is the

quantity of allocated PTP-FTRs Options on |£'dor transmission investors who invest

57



on line /, ALMP, is the LMP difference on lin?" with line s capacity expansion.
H., is the annual average congestion hours or 'n’7 is the system load growth rate,

L, is the length of line/, Y, is the per MW-mile investment cost on life 7 is the

bank annual loan interest ra®, is the annual profit rate investors require fa th
investment on lin’, 7 is the annual inflation rat!; is the number of years after

investors make investment decision on f1eandTe,/, is the economic life of the

merchant transmission investments on {1 years.

5.2 ROE-based incentives

Regulated transmission investors rely on grante& ROrecover their investments
and make profits. Under the ROE regulation, vagalasts are treated as expenses and
passed directly into rates, while capital costscaraputed by identifying prudently
incurred capital investment and assessing the atloate of return on this investment to
allow the firm to raise capital. In order to promatvestments on transmission
infrastructure, FERC allows increasing ROE vallesugh adding some ROE adders
[59]. These adders are decided case-by-case. Iresearch, the purpose of regulated

transmission investments is to mitigate system estigns. We assume the allowed ROE

O has been decided by a reliability organizatioprwvide enough support for

investment cost recovery. The investment judgnmebaised on the inequality (5.2) below

d21+p+o (5.2)
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If ROE s greater than or equal to the summary of loaerést rat? , profit rate© , and

inflation rate? , there will be investment. There may be an adu#idROE adde29 to
be granted to regulated transmission investors RE@KE, the investment judgment then

becomes

O0+MAo=2T+p+0o (5.3)

Similar to the case without an ROE adder, if (fs3atisfied, then there will be

investment.

5.3 Economic metrics for the effects of transmission westments

In order to measure the efficiency of differentgmission investment incentives, we
define two metrics: alleviated system congestion d& and congestion alleviation
efficiency (CAE). ConceptuallydR is an index to measure the capability of a
transmission incentive and transmission expangiategly to alleviate system congestion
rents — the higher the value, the more effectmeeetxpansion. Equation (5.4) defirufs
as the difference of the system congestion reritgdes the case without transmission
expansion and the case with transmission expamsienthe entire transmission planning

time horizon. In (5.£AR' is the system congestion rent without transmissiqransion,

and AR" is the system congestion rent with transmissigraasion.

dR=AR' - AR (5.4)
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ICAE is defined as the ratio of alleviated system cetige rent and the transmission

upgrade or expansion to the initial investment tGst

ICAE =B (5.5)

ICAE means how much system congestion rent will beieéited by per unit investment
cost in the simulated time horizon, say $10 bikigystem congestion rent will be
eliminated by $1 million transmission investmen2hyears. This is an index to measure
the economic efficiency of transmission investnfeorn the perspective of system
performance. A largdiCAE means higher efficiency in reducing system congesents

for a given investment in transmission assets.

5.4 Simulation scenarios definition

In chapter 4.2, we defined three optimal transmissixpansion strategies to
eliminate transmission line congestions: Strategmard limit expansion, Strategy 2-hard
margin expansion, and Strategy 3-soft limit expamsWe also investigate three
transmission investment incentives: PTP-FTRs Optfon merchant transmission
investments, ROE for regulated transmission invests) and ROE+adders for regulated
transmission investments. Combining these optinaalsimission expansion strategies
and transmission investment incentives resultsrie different scenarios as detailed in

Table 5.4.
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Table 5.4 Combination of transmission investmeratsgies and incentives

Transmission

Transmission Investment Category

Expansion Merchant Investment Regulated Investment

Strategies PTP-FTRs Options ROE ROE+adders
Strategy 1 Scenario 1 Scenario 4 Scenario 7
Strategy 2 Scenario 2 Scenario 5 Scenario 8
Strategy 3 Scenario 3 Scenario 6 Scenario 9

5.5 Economic analysis

In this section, we present simulation results amalysis from our SD models for

nine scenarios.

=  Scenario 1 simulation results

In this scenario, merchant transmission investeatize hard expansion on most

congested lines in the system and rely on allocAe-FTRs Options to recover

investment and make profit.

10,00(

Fig. 5.4 Path T2 capacity change under scenario 1

Path T2 Present Capacity (MW)

J'_'_,_l
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Years
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Fig. 5.5 Path T4 capacity change under scenario 1
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Fig. 5.6 System annual congestion rent change swerario 1

= Scenario 2 simulation results
In this scenario, merchant transmission investeeshard margin expansion on most
congested lines in the system and rely on allocAe-FTRs Options to recover

investment and make profit.
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Fig. 5.7 Path T2 capacity change under scenario 2
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Fig. 5.8 Path T4 capacity change under scenario 2
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Fig. 5.9 System annual congestion rent change swerario 2
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= Scenario 3 simulation results
In this scenario, merchant transmission investeesaoft limit expansion on most
congested lines in the system and again rely acattd PTP-FTRs Options to

recover investment and make profit.

Path T2 Present Capacity (MW)
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Fig. 5.10 Path T2 capacity change under scenario 3
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Fig. 5.11 System annual congestion rent changersog@ario 3
= Scenario 4 simulation results
In this scenario, regulated transmission inveateeshard expansion on most
congested lines in the system and rely on ROE gddoy regulators to recover

investment and make profit.
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Fig. 5.12 Path T2 capacity change under scenario 4
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Fig. 5.13 Path T3 capacity change under scenario 4
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Fig. 5.14 Path T4 capacity change under scenario 4
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System Annual Congestion Rent ($)
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Fig. 5.15 System annual congestion rent changersog@ario 4

= Scenario 5 simulation results
In this scenario, regulated transmission investseshard margin expansion on most
congested lines in the system and rely on ROE gddoy regulators to recover

investment and make profit.
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Fig. 5.16 Path T2 capacity change under scenario 5
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Path T3 Present Capacity (MW)
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Fig. 5.17 Path T3 capacity change under scenario 5

System Annual Congestion Rent ($)

1B

500 M

0

0 2 4 6 8 10 12 14 16 18 20
Years

Fig. 5.18 System annual congestion rent changerseé@ario 5

= Scenario 6 simulation results
In this scenario, regulated transmission invedtigessoft limit expansion on most
congested lines in the system and rely on the R@Eted by regulators to recover

investment and make profit.
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Fig. 5.19 Path T2 capacity change under scenario 6
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Fig. 5.20 Path T3 capacity change under scenario 6
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Fig. 5.21 System annual congestion rent changerstdaario 6
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= Scenario 7 simulation results
In this scenario, regulated transmission inveateeshard expansion on most
congested lines in the system and rely on ROE awitadder granted by regulators to

recover investment and make profit.
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Fig. 5.22 Path T2 capacity change under scenario 7
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Fig. 5.23 Path T3 capacity change under scenario 7
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Fig. 5.24 Path T4 capacity change under scenario 7
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Fig. 5.25 System annual congestion rent changersedaario 7

= Scenario 8 simulation results
In this scenario, regulated transmission invegteeshard margin expansion on most
congested lines in the system, and rely on ROE golusdder granted by regulators to

recover investment and make profit.
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Fig. 5.26 Path T2 capacity change under scenario 8

Path T3 Present Capacity (MW)

8,000 J

0 2 4 6 8 10 12 14 16 18 20
Years

Fig. 5.27 Path T3 capacity change under scenario 8
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Fig. 5.28 System annual congestion rent changersog@ario 8

71



= Scenario 9 simulation results
In this scenario, regulated transmission invedtigessoft limit expansion on most
congested lines in the system and they rely on Bl0&an adder granted by

regulators to recover investment and make profit.
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Fig. 5.29 Path T2 capacity change under scenario 9
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Fig. 5.30 Path T3 capacity change under scenario 9
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Fig. 5.31 System annual congestion rent changersedaario 9

5.5.1 Economic simulation results analysis

The following summarizes the simulation studiesamune different scenarios. The
initial investmentdC, alleviated system congestion re® and investment congestion

alleviation efficiencCAE are calculated for all scenarios. Table 5.5 sunmesithese

calculations AP*" is the path capacity increase in each of the siena

Table 5.5 Simulation results for different scengrio

Scenarios ap= IC dR ICAE
T2 T3 T4

Scenario 1 5039 0 1922 0.444 1.11 2.50
Scenario 2 9510 0 3918 0.865 1.61 1.8613
Scenario 3 3374 0 0 0.181 0.47 2.5967
Scenario 4 3376 2189 319 2.201 7.67 3.4848
Scenario 5 3006 4320 0 4.090 10.04 2.4548
Scenario 6 3075 4782 0 4.514 9.13 2.0226
Scenario 7 4044 2110 605 2.191 8.56 3.9069
Scenario 8 3140 4501 0 4.262 10.27 2.4097|
Scenario 9 3174 4954 0 4.676 9.29 1.9867

“Units: AP in MW: IC, dRin billion dollars
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From the figures for each scenario and Table 5eolserve that

The system annual congestion rent does not gepetatirease quickly with
transmission capacity expansion. The impact of strassion capacity
expansion on system congestion rent must be olib@ver a sufficiently
long time span. Without modeling the informatioedback, one would not be
able to observe this type of behavior. This shows example where static
and multi-stage planning approaches could be naslgain the impacts of
transmission investment potentially leading to paecisions based on a
single snap shot of current congestion rents.

From the alleviated system congestion m@Rtpoint of view, Scenario 8 has
the best performance. The alleviated system colgestnt by Scenario 8 is
$10.27 billion. This is $9.8 billion more than thftr Scenario 3, which
reduces system congestion rent the least amongcaharios. Scenario 5
performs nearly as well as Scenario 8 with only230billion more in
congestion rent.

From the investment congestion alleviation efficiel CAE) point of view,
Scenario 7 performs best. THRAE for Scenario 7 is 3.9069, which is 2.0456
more (or 48%) than the worst performing ScenaridCAE for Scenario 4
performs nearly (89%) as well as Scenario 7.

For merchant transmission investment incentivizgdabocated PTP-FTRs
Options (Scenario 1 ~ Scenario 3), Scenario 2 (hasdgin expansion

strategy) mitigates $1.61 billion in congestiontgermhis is the best strategy
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from the perspective of system congestion rentgation. The highest
transmission investment economic efficiency conmesnf Scenario 3 (soft
limit expansion strategy) at 2.5967. This is thestbstrategy from the
perspective of economic efficiency of transmissiorestment.

= For ROE with/without adders based on regulatedstrassion investment
(Scenario 4 ~ Scenario 9), ROE with adders Scemanie better than ROE
without adders in both system congestion rent mtean and economic
efficiency of transmission investment.

= For ROE without adders based regulated transmigsigstment (Scenario 4
~ Scenario 6), Scenario 5 (hard margin expansiaiesty) performs best in
alleviating system congestion rents. Scenario 4d(hait expansion strategy)
has the highest economy efficiency of transmissiwastment.

= For ROE with adders based regulated transmissiagstment (Scenario 7 ~
Scenario 9), Scenario 8 (hard margin expansioreglya performs best in
alleviating system congestion rents. Scenario 7d(hait expansion strategy)

has the highest economy efficiency of transmisswastment.

5.6 Sensitivity Analysis

In order to understand the behavioral boundarigkeofnodeled WECC system and
to test the robustness of different transmissioestment incentives, sensitivity
simulations are performed. In the sensitivity siatians, a few model parameters are

selected and varied over a specified range duhiegimulations. Based on these
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Table 5.6 Parameter settings for sensitivity anslys

Parameters Minimum value | Maximum value| Distribution
Time for construction 0 5 Uniform
(years)
Annual loan interest rate 5% 15% Uniform
Annual profit rate 5% 15% Uniform

simulation results, we analyze the impacts on trassion investments and system
congestion rents, and the robustness of modeledmnys

Three parameters for sensitivity analysis are “tfareconstruction”, “annual loan
interest rate” and “annual profit rate”. The detdiparameter settings are given in Table
5.6. The reasons we selected these parametell) atime delay often plays an important
role in SD models; 2) Bank loan interest rate amnwstors’ profit rate play important
roles in transmission investment decisions. Thesameters will randomly change
between the given minimum and maximum values aaegid defined probability
distributions. For the defined nine scenarios ibl&&.4, each parameter will be changed
and simulated for sensitivity analysis.

In the following figures for simulation resultsetsensitivities are shown as
confidence bounds. In the simulation results, @ath T2~T4’s capacity will change
with the different parameters, and all other patagiacities do not change. So we only

show path T2 ~ T4’s capacity and system annual estign rents in the following

simulation results.
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= Scenario 1 simulation results
In this scenario, merchant transmission investakenhard limit expansion on most
congested lines in the system, and they rely mcaleéd PTP-FTRs Options to
recover their investments and make profits.
- Sensitivity simulation results for time for consttion.
From the simulation results, we can see that patls ensitive to the time for
construction; path T3 is not sensitive to this pagter, and path T4 is sensitive to
this parameter after the " year. System annual congestion rent is not

particularly sensitive to this parameter.
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Fig. 5.32 Sensitivity of Path T2 expansion to time
for construction under scenario 1
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Fig. 5.33 Sensitivity of Path T3 expansion to time
for construction under scenario 1
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Fig. 5.34 Sensitivity of Path T4 expansion to time
for construction under scenario 1
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Fig. 5.35 Sensitivity of system annual congestimt to
time for construction under scenario 1
- Sensitivity simulation results for annual loan netd rate
From the simulation results, we can again seeptiidt T2 is sensitive to the
annual loan interest rate; path T3 is not sensibuvhis parameter, and path T4 is
sensitive to this parameter after thd' yigar. System annual congestion rent is not
particularly sensitive to this parameter.
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Fig. 5.36 Sensitivity of Path T2 expansion to arhoen
interest rate under scenario 1
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Fig. 5.37 Sensitivity of Path T3 expansion to armhoen
interest rate under scenario 1
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Fig. 5.38 Sensitivity of Path T4 expansion to arhoen
interest rate under scenario 1
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Fig. 5.39 Sensitivity of system annual congestemt r
to annual loan interest rate under scenario 1
- Sensitivity simulation results for annual profitea
From the simulation results, we can see that patk T4 are not sensitive to the

annual profit rate. System annual congestion geatso not sensitive to this

parameter.
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Fig. 5.40 Sensitivity of Path T2 expansion to atnua
profit rate under scenario 1
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Fig. 5.41 Sensitivity of Path T3 expansion to ahnua
profit rate under scenario 1
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Fig. 5.42 Sensitivity of Path T4 expansion to ahnua
profit rate under scenario 1
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Fig. 5.43 Sensitivity of system annual congestmt to
annual profit rate under scenario 1

= Scenario 2 simulation results
In this scenario, merchant transmission investorgley hard margin expansion on
the most congested lines in the system, and thgwneallocated PTP-FTRs options
to recover their investments and make profits.

- Sensitivity simulation results for time for consttion

From the simulation results, we can see that patls Sensitive to the time for

construction; path T3 is not sensitive to this pagter, and path T4 is sensitive to

this parameter after the“i&ear. System annual congestion rent is not very

sensitive to this parameter.
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Fig. 5.44 Sensitivity of Path T2 expansion to time
for construction under scenario 2
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Fig. 5.45 Sensitivity of Path T3 expansion to time
for construction under scenario 2
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Fig. 5.46 Sensitivity of Path T4 expansion to time
for construction under scenario 2
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Fig. 5.47 Sensitivity of system annual congestimt to time
for construction under scenario 2

- Sensitivity simulation results for annual loan netd rate

From the simulation results, we can see that patls fiot very sensitive to the
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annual loan interest rate; path T3 is not senstouvhis parameter, and path T4 is
sensitive to this parameter after around tHB yiggar. System annual congestion

rent is not very sensitive to this parameter.
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Fig. 5.48 Sensitivity of Path T2 expansion to arhoen
interest rate under scenario 2
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Fig. 5.49 Sensitivity of Path T3 expansion to arhoen
interest rate under scenario 2
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Fig. 5.50 Sensitivity of Path T4 expansion to arhoen
interest rate under scenario 2
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Fig. 5.51 Sensitivity of system annual congestemt to annual
loan interest rate under scenario 2
- Sensitivity simulation results for annual profitea
From the simulation results, we can see that patk T4 are not sensitive to the

annual profit rate. System annual congestion eatso not sensitive to this

parameter.
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Fig. 5.52 Sensitivity of Path T2 expansion to ahnua
profit rate under scenario 2
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Fig. 5.53 Sensitivity of Path T3 expansion to ahnua
profit rate under scenario 2
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Fig. 5.54 Sensitivity of Path T4 expansion to ahnua
profit rate under scenario 2
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Fig. 5.55 Sensitivity of system annual congestmt to
annual profit rate under scenario 2

Scenario 3 simulation results

In this scenario, merchant transmission investorgley soft limit expansion on the

most congested lines in the system, and they rebllocated PTP-FTRs options to

recover their investments and make profits.
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- Sensitivity simulation results for time for consttion
From the simulation results, we can see that patls Sensitive to the time for
construction; paths T3 and T4 are not sensitiv@igoparameter. System annual

congestion rent is a little bit sensitive to thésgmeter after year 15.
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Fig. 5.56 Sensitivity of Path T2 expansion to time
for construction under scenario 3
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Fig. 5.57 Sensitivity of Path T3 expansion to time
for construction under scenario 3
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Fig. 5.58 Sensitivity of Path T4 expansion to time
for construction under scenario 3
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Fig. 5.59 Sensitivity of system annual congestimt to time
for construction under scenario 3
- Sensitivity simulation results for annual loan net& rate
From the simulation results, we can see that patls Eensitive to the annual loan

interest rate; paths T3 and T4 are not sensititRisoparameter. System annual

congestion rent is a little bit sensitive to theésgmeter.
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Fig. 5.60 Sensitivity of Path T2 expansion to arhoen
interest rate under scenario 3
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Fig. 5.61 Sensitivity of Path T3 expansion to armhoen
interest rate under scenario 3
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Fig. 5.62 Sensitivity of Path T4 expansion to armhoen
interest rate under scenario 3
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Fig. 5.63 Sensitivity of system annual congestemt to annual
loan interest rate under scenario 3

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pB2hs T4 are not sensitive to the
annual profit rate. System annual congestion geatso not sensitive to this

parameter.
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Fig. 5.64 Sensitivity of Path T2 expansion to ahmuafit
rate under scenario 3
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Fig. 5.65 Sensitivity of Path T3 expansion to ahmuafit
rate under scenario 3
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Fig. 5.66 Sensitivity of Path T4 expansion to ahmuafit
rate under scenario 3
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Fig. 5.67 Sensitivity of system annual congestmt to
annual profit rate under scenario 3

Scenario 4 simulation results

In this scenario, regulated transmission investersoy hard limt expansion on the

most congested lines in the system, and they reRROE granted by regulators to

recover their investments and make profits.
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- Sensitivity simulation results for time for congttion
From the simulation results, we can see that pe2hand T3 are very sensitive to
the time for construction; path T4 is also sensitiv this parameter. System

annual congestion rent is very sensitive to thiaipeter.
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Fig. 5.68 Sensitivity of Path T2 expansion to time
for construction under scenario 4
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Fig. 5.69 Sensitivity of Path T3 expansion to time
for construction under scenario 4
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Fig. 5.70 Sensitivity of Path T4 expansion to time
for construction under scenario 4
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Fig. 5.71 Sensitivity of system annual congestimt to time
for construction under scenario 4

- Sensitivity simulation results for annual loan netd rate
From the simulation results, we can see that pB2hs T4 are sensitive to the

annual loan interest rate. System annual congesgitralso is sensitive to this
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parameter.
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Fig. 5.72 Sensitivity of Path T2 expansion to arhoen
interest rate under scenario 4
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Fig. 5.73 Sensitivity of Path T3 expansion to armhoen
interest rate under scenario 4
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Fig. 5.74 Sensitivity of Path T4 expansion to arhoen
interest rate under scenario 4
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Fig. 5.75 Sensitivity of system annual congestemt to annual loan
interest rate under scenario 4

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pB2hs T4 are not very sensitive

to the annual profit rate. System annual conges#ahis also not very sensitive
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to this parameter.
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Fig. 5.76 Sensitivity of Path T2 expansion to ahmuafit
rate under scenario 4
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Fig. 5.77 Sensitivity of Path T3 expansion to ahmuafit
rate under scenario 4
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Fig. 5.78 Sensitivity of Path T4 expansion to ahmuafit
rate under scenario 4
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Fig. 5.79 Sensitivity of system annual congestimt to
annual profit rate under scenario 4

= Scenario 5 simulation results
In this scenario, regulated transmission investgeshard margin expansion on the

most congested lines in the system, and they reRROE granted by regulators to
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recover their investments and make profits.

- Sensitivity simulation results for time for consttion

From the simulation results, we can see that pe2hand T3 are very sensitive to

the time for construction; path T4 is also sensitiv this parameter. System

annual congestion rent is very sensitive to thiaipeter.
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Fig. 5.80 Sensitivity of Path T2 expansion to time
for construction under scenario 5
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Fig. 5.81 Sensitivity of Path T3 expansion to time
for construction under scenario 5
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Fig. 5.82 Sensitivity of Path T4 expansion to time
for construction under scenario 5
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Fig. 5.83 Sensitivity of system annual congestemt to time
for construction under scenario 5

- Sensitivity simulation results for annual loan nets rate
From the simulation results, we can see that pe2hend T3 are very sensitive to

the annual loan interest rate; path T4 is not §gado this parameter. System
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annual congestion rent is very sensitive to thisupeter.
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Fig. 5.84 Sensitivity of Path T2 expansion to attaen interest
rate under scenario 5
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Fig. 5.85 Sensitivity of Path T3 expansion to attaen interest
rate under scenario 5
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Fig. 5.86 Sensitivity of Path T4 expansion to attaen interest
rate under scenario 5
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Fig. 5.87 Sensitivity of system annual congestemt to annual
loan interest rate under scenario 5

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pe2nhend T3 are not very

sensitive to the annual profit rate; path T4 iss@isitive to this parameter.
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System annual congestion rent is not very sendibivkis parameter.
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Fig. 5.88 Sensitivity of Path T2 expansion to ahmuafit
rate under scenario 5
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Fig. 5.89 Sensitivity of Path T3 expansion to ahmuafit
rate under scenario 5
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Fig. 5.90 Sensitivity of Path T4 expansion to ahmuafit
rate under scenario 5
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Fig. 5.91 Sensitivity of system annual congestemt to annual
profit rate under scenario 5

= Scenario 6 simulation results

In this scenario, regulated transmission investamploy soft limit expansion on
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the most congested lines in the system, and thgyneROE granted by regulators to
recover their investments and make profits.
- Sensitivity simulation results for time for consttion
From the simulation results, we can see that pe2hand T3 are very sensitive to
the time for construction; path T4 is not sensitvé¢his parameter. System annual

congestion rent is very sensitive to this parameter
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Fig. 5.92 Sensitivity of Path T2 expansion to time
for construction under scenario 6
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Fig. 5.93 Sensitivity of Path T3 expansion to time
for construction under scenario 6
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Fig. 5.94 Sensitivity of Path T4 expansion to time
for construction under scenario 6
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Fig. 5.95 Sensitivity of system annual congestmt to time
for construction under scenario 6

- Sensitivity simulation results for annual loan netd rate
From the simulation results, we can see that pe2hand T3 are very sensitive to
the annual loan interest rate; path T4 is not §gado this parameter. System

annual congestion rent is very sensitive to thiaipeter.
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Fig. 5.96 Sensitivity of Path T2 expansion to ahtagn interest
rate under scenario 6
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Fig. 5.97 Sensitivity of Path T3 expansion to ahtagn interest
rate under scenario 6
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Fig. 5.98 Sensitivity of Path T4 expansion to athtogn interest
rate under scenario 6
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Fig. 5.99 Sensitivity of system annual congestemt to annual
loan interest rate under scenario 6

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pe2hand T3 are not very
sensitive to the annual profit rate; path T4 issegtsitive to this parameter.

System annual congestion rent is not very sendibivBis parameter.
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Fig. 5.100 Sensitivity of Path T2 expansion to aimuofit
rate under scenario 6
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Fig. 5.101 Sensitivity of Path T3 expansion to aimuofit
rate under scenario 6
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Fig. 5.102 Sensitivity of Path T4 expansion to aimuofit
rate under scenario 6
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Fig. 5.103 Sensitivity of system annual congestent to annual
profit rate under scenario 6

= Scenario 7 simulation results
In this scenario, regulated transmission investseshard limit expansion on most
congested lines in the system, and they rely on BRQ&EROE adders granted by
regulators to recover their investments and ma&étpr
- Sensitivity simulation results for time for consttion
From the simulation results, we can see that pe2hand T3 are very sensitive to
the time for construction; path T4 is also sensitiv this parameter. System

annual congestion rent is very sensitive to thisupeter.
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Fig. 5.104 Sensitivity of Path T2 expansion to time
for construction under scenario 7
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Fig. 5.105 Sensitivity of Path T3 expansion to time
for construction under scenario 7
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Fig. 5.106 Sensitivity of Path T4 expansion to time
for construction under scenario 7
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Fig. 5.107 Sensitivity of system annual congesteant to time
for construction under scenario 7

- Sensitivity simulation results for annual loan net& rate
From the simulation results, we can see that pe2hand T3 are very sensitive to

the annual loan interest rate; path T4 is alsoitemso this parameter. System
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annual congestion rent is very sensitive to thisupeter.
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Fig. 5.108 Sensitivity of Path T2 expansion to aihoan
interest rate under scenario 7
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Fig. 5.109 Sensitivity of Path T3 expansion to aihoan
interest rate under scenario 7
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Fig. 5.110 Sensitivity of Path T4 expansion to aihoan
interest rate under scenario 7
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Fig. 5.111 Sensitivity of system annual congestent to annual
loan interest rate under scenario 7

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pB2hs T4 are not very sensitive

to the annual profit rate. System annual conges#ahis also not very sensitive
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to this parameter.
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Fig. 5.112 Sensitivity of Path T2 expansion to ainurofit
rate under scenario 7
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Fig. 5.113 Sensitivity of Path T3 expansion to ainurofit
rate under scenario 7
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Fig. 5.114 Sensitivity of Path T4 expansion to ainurofit
rate under scenario 7
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Fig. 5.115 Sensitivity of system annual congestent to annual
profit rate under scenario 7
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= Scenario 8 simulation results
In this scenario, regulated transmission invediseshard margin expansion on
the most congested lines in the system, and thgwneROE plus ROE adders
granted by regulators to recover their investmants make profits.
- Sensitivity simulation results for time for consttion
From the simulation results, we can see that pB2hs T4 are very sensitive to
the time for construction. System annual congesgoi is also very sensitive to

this parameter.
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Fig. 5.116 Sensitivity of Path T2 expansion to time
for construction under scenario 8
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Fig. 5.117 Sensitivity of Path T3 expansion to time
for construction under scenario 8
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Fig. 5.118 Sensitivity of Path T4 expansion to time
for construction under scenario 8
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Fig. 5.119 Sensitivity of system annual congestant to time
for construction under scenario 8

- Sensitivity simulation results for annual loan netd rate

From the simulation results, we can see that pe2nhend T3 are very sensitive to

the annual loan interest rate. Path T4 is not 8eadb this parameter. System

annual congestion rent is also very sensitive ioghrameter.
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Fig. 5.120 Sensitivity of Path T2 expansion to aihoan
interest rate under scenario 8
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Fig. 5.121 Sensitivity of Path T3 expansion to aihoan
interest rate under scenario 8
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Fig. 5.122 Sensitivity of Path T4 expansion to aihoan
interest rate under scenario 8
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Fig. 5.123 Sensitivity of system annual congestent to annual
loan interest rate under scenario 8

- Sensitivity simulation results for annual profitea
From the simulation results, we can see that pe2hend T3 are not very
sensitive to the annual loan interest rate. Patls Tbt sensitive to this parameter.

System annual congestion rent is also not veryitsen$o this parameter.
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Fig. 5.124 Sensitivity of Path T2 expansion to ainu
profit rate under scenario 8

125



50% 75900 95} 100
Path T3 Present Capacity (MW)

8
6
4
2
0

0 5 10 15 20

Years
Fig. 5.125 Sensitivity of Path T3 expansion to ainu
profit rate under scenario 8
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Fig. 5.126 Sensitivity of Path T4 expansion to ainu
profit rate under scenario 8
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Fig. 5.127 Sensitivity of system annual congestent to annual
profit rate under scenario 8

= Scenario 9 simulation results
In this scenario, regulated transmission inveatgessoft limit expansion on the most
congested lines in the system, and they rely on BR&EROE adders granted by
regulators to recover their investments and ma&étpr
- Sensitivity simulation results for time for consttion
From the simulation results, we can see that pe2hand T3 are very sensitive to
the time for construction. Path T4 is not sensitivéhis parameter. System

annual congestion rent is also very sensitive ioghrameter.

127



50% 759 9sv ] 10008
Path T2 Present Capacity (MW)

8 h—
7 |
6
|
S ]
40 5 10 15 20

Year:

Fig. 5.128 Sensitivity of Path T2 expansion to time
for construction under scenario 9
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Fig. 5.129 Sensitivity of Path T3 expansion to time
for construction under scenario 9
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Fig. 5.130 Sensitivity of Path T4 expansion to time
for construction under scenario 9
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Fig. 5.131 Sensitivity of system annual congestant to time
for construction under scenario 9

- Sensitivity simulation results for annual loan netd rate
From the simulation results, we can see that pe2hand T3 are very sensitive to

the annual loan interest rate. Path T4 is not 8eadb this parameter. System
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annual congestion rent is also very sensitive ioghrameter
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Fig. 5.132 Sensitivity of Path T2 expansion to aihoan
interest rate under scenario 9
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Fig. 5.133 Sensitivity of Path T3 expansion to aihoan
interest rate under scenario 9
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Fig. 5.134 Sensitivity of Path T4 expansion to airhoan
interest rate under scenario 9
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Fig. 5.135 Sensitivity of system annual congestent to annual
loan interest rate under scenario 9
- Sensitivity simulation results for annual profitea

From the simulation results, we can see that pe2hand T3 are not very

sensitive to the annual profit rate. Path T4 isgautsitive to this parameter.
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System annual congestion rent is also not veryitban$o this parameter.
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Fig. 5.136 Sensitivity of Path T2 expansion to ainu
profit rate under scenario 9
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Fig. 5.137 Sensitivity of Path T3 expansion to ainu
profit rate under scenario 9
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Fig. 5.138 Sensitivity of Path T4 expansion to ainu
profit rate under scenario 9
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Fig. 5.139 Sensitivity of system annual congestent to
annual profit rate under scenario 9
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5.6.1 Sensitivity simulation results analysis

From the above figures for different parameterseunmiifferent scenarios, we observe

that

= System transmission investments and annual coongestnt are sensitive to
the time for construction (time delay) and annwalnl interest rate but not so
sensitive to the annual profit rate.

» Under transmission expansion strategy 1, transamssapacity expansion and
system congestion rent change are more sensitideruagulated investment
(scenarios 4 and 7) than under merchant invest(seanario 1) for all three
tested parameters: time for construction, annuat iaterest rate, and annual
profit rate.

= Under transmission expansion strategy 2, transamssapacity expansion and
system congestion rent change are more sensitider uagulated investment
(scenarios 5 and 8) than under merchant investfseahario 2) for all three
tested parameters: time for construction, annual loterest rate, and annual
profit rate.

= Under transmission expansion strategy 3, transamssapacity expansion and
system congestion rent change are more sensitider uagulated investment
(scenarios 6 and 9) than under merchant invest(seanario 3) for all three
tested parameters: time for construction, annuat aterest rate, and annual
profit rate.

= For different parameter sensitivity simulations endlifferent scenarios,

transmission investments remain in path T2 ~ T4, the path expansion has
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a similar pattern for different combinations betwgarameters and scenarios.
We also observe the same pattern for annual cangasnt changes. These
show that the SD models for transmission investraemtobust with regard to

the tested parameters.

5.7 Conclusions

According to these simulation results of the nioengarios for economic analysis and
sensitivity analysis and our analysis of these Ilteswe can draw the following

conclusions:

= Single stage or multi stage planning is not su#fitito investigate the impacts
of transmission investment on system congestion change. Closed-loop
feedback control SD models better manage the graatertainties and risks
introduced by electric power industry restructuri@me is also able to look at
total effectiveness over a planning horizon.

= For merchant transmission investment, if one wadatslleviate the most
system congestion rent, hard margin expansioreisrbst effective; however,
soft limit expansion has greater economic efficienc

= For regulated transmission investment (with or withadders), if one wants
to alleviate system congestion rents, hard margpamsion is again the most
effective; however, hard expansion has better aoanefficiency.

= For regulated transmission investment, ROE plussidds more effective
than simple ROE based incentives in alleviatingesyscongestion rent. From

the perspective of transmission investment econeffigiency, adders also
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perform better using a hard expansion strategyp®iROE is more efficient
for hard margin and soft limit expansion strategies

= Whether merchant transmission investment or regdlatransmission
investment, investors are more sensitive to thes tior construction (time
delay) and annual loan interest rate and lesstsengd annual profit rate.

= For three different transmission expansion stratgiransmission capacity
expansion and system congestion rent change are s@msitive under
regulated investment than under merchant investrfantall three tested
parameters: time for construction, annual loanr@sierate, and annual profit
rate.

= The SD models for transmission investment are tolasvariations in
lifecycle of transmission expansion, interest rated profit rate for both

merchant transmission investment and regulatednnesion investment.

We summarize the optimal transmission expansiategjies for different objectives

under different investment incentives in Table 5.7.

Table 5.7 Optimal transmission expansion stratdgiesansmission investment

Objective Merchant Investment Regulated Investment
Mitigate system Hard margin expansion| Hard margin expansion
congestion rent (Strategy 2) (Strategy 2)

Improve investment Soft limit expansion Hard limit expansion
economic efficiency (Strategy 3) (Strategy 1)
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CHAPTER SIX

CONCLUSIONS

6.1 Contributions

The electric power industry restructuring has idtroed a more complex environment
for long-term transmission planning. With industegtructuring, the originally
vertically-integrated and centralized structure éaslved to a non-integrated and more
decentralized structure. The numerous market paatits and the complexity of their
inter-relationships render the traditional transmas planning process, single-staged or
multi-staged, inadequate. This thesis introducesr®Deling to solve the transmission
planning problem and tests different transmissnwestment incentives under

restructured system conditions. Specifically, thesk introduced the following:

» research on the long-term transmission expansioblgm through an information
feedback system for the first time;

» tests of the effects of different incentives ongdgarm transmission expansion
under the restructured industry conditions;

» anew framework for transmission planning by coasidy information feedback;

= a detailed SD model for the WECC.

6.2 Limitations

The SD model more effectively captures the chareties of transmission planning

after the restructuring of the electric power irtdyisit provides a method to model and
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understand the complex power system and the re#dtip between its components

through simulations. Still, there are a numbeiiroftations in this method, including:

1. SD modeling cannot substitute for detailed transmson planning Because
the SD model is not a detailed model for point prigah, the results obtained
cannot be directly used for generating a speaiéicdmission plan. Only when it
is combined with the detailed modeling, which hierealled awo-step
transmission planning process, can the model contribute to a transmission plan.
Complications in the transmission planning underréstructured electric power
industry lies in at least three aspects as we tipia a three dimensional space

in Fig. 6.1:

' Planning time horizon

Complexity of power system

»

Complexity of power industry structure

Fig. 6.1 Modeling considerations for long-term sanssion planning
after power industry restructuring
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=  Complexity of power industry structures. As depicted in Fig. 1.3, the

restructured power industry has becomes more coaiptl in that:

1) The vertically integrated industry structure is nlogvizontally
decentralized. The GenCos, TransCos/GridCos artddois no longer
reside in the same utilities in the post-restriedysower industry.

2) There are many more entities in the post-restradturdustry.

3) The interrelationships between any two entitiessaerdingly more
complicated due to market uncertainties and diffeigcentives.

4) Market participants are more numerous and actiae before.

5) It has become much harder to monitor and overseastustry.

With these changes, coordinating planning betwesetion and
transmission investments has become extremelydiffiUnlike the
integrated-resource planning (IRP) before restruaguwhere IRP could
potentially co-optimize generation and transmisggpansions in a single
company, today generation and transmission plaremagerformed by
numerous different companies. Sauma and Oren @/& Bhown that the
social welfare gains earned from post-restructtra@usmission planning are
lower than those earned from IRP, whether or neretlis coordination
between generation and transmission planning. Atgoincrease in
industry entities and the complexity among thesapmnents make the

responsibilities for reliable performance more wk#.
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Complexity of power system:The modern electric power system is a highly
complicated, high-dimensional, and nonlinear syostzed system. There are
often tens of thousands nodes connected by trasemibnes and associated
advance control devices in such systems. The dioee$ a detailed power
system model for transmission planning analysextsemely large. Moreover
any part’s expansion in such a system will havemerindirect impacts on
the other parts of the system.

Planning time horizon: In long-term transmission planning, the greater the
time length considered, the more operation circantss that could be
considered to ensure desired transmission perfarendn the dynamic
transmission planning process we depicted in Fig.dny transmission
expansion will inevitably influence the transmissiavestment decisions in
the future. Moreover with closed-loop informati@eflback, any information
from previous and current markets is utilized gmits for current and future
transmission planning computations. This shouldltes better preparation
for unforeseen events and a reduction in futuredamties. Traditional
single-stage or multi-stage transmission planninly oonsider one or a few
staged time horizons and lack the closed-loop mé&tion feedback process

between different stages that could help reducgethacertainties.

Because of the complexity in the post-restructdradsmission planning

problem, current mathematic tools and hardware coation capabilities cannot

solve the full problem as a single system model.pfépose to simplify this

complication by selectively reducing one of theethdimensions depicted in Fig.
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6.1 at each step in the planning process. Througlwo-step method we

proposed, the system complication is decomposed by:

Step 1 - Simplified power system modellhe details of power industry structure
and the planning time horizon are kept, and theptimation of power systems is
simplified. An SD model built at this step includége industry participants and
their relationships while the power system physmatiel is greatly simplified by
aggregating the system into several areas connbgteduivalent tie-lines.

Step 2 - Simplified power industry structure and panning time horizon: The
complexity of power industry structure and planniimge horizon are reduced and
the full detailed of power system models are emgiio\A detailed transmission
planning model is considered at this step thaes multi-staged. The market
participants and their relationships are simplifiedhis detailed model, since they
have been considered in Step 1. The outputs fradiest in step 1 provide

guidance to the multi-state process at each step.

Compared to traditional transmission planning metllois two-step

methodology can potentially help planners improlaping efficiency and

overall strategies for meeting reliability requiremts. For example there may be
several sets of candidates for long-term transpnisglianning to mitigate system
congestions in the long run. Step 1 can help plas&een these candidates and
remove some unqualified ones so to improve planeffigiency and provide
more reasonable scenarios for investigation. kdtep, we can use the two

proposed economic metrics to measure these caadidatl help us screen
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unqualified ones, i.e., alleviated congestion defined by (5.4) antiCAE
defined by (5.5). Fig. 6.2 depicts a simple flowtHar this example. In this
figure, as long as the initial SD model has bedlt, libe update of this model by

adding the transmission expansion candidate ssteaightforward.

. Large number of assumptions limits confidence in reults. The intent of SD is
not to build a detailed system model. Still, thest@ched system requires a large
number of system specific parameters and assunspbiomarticipant behavior.
These assumptions directly influence the validitthe SD model and hence the
conclusions drawn from the model. These modelidgetons are not
straightforward since the simplification inevitaldguses the loss of precision that
may violate physical laws and cannot anticipatesuatmarket behavior. This
perhaps is not so much a limitation of the appraechn admission that the
decentralized decision-making is inherently underdad limits the confidence

with which one can make planning decisions.
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Start

A\ 4
Build a SD model for the initial aggregated system

A 4
Input initial transmission expansion candidate get

A 4

Modify the SD model for each candidate set

\ 4
Simulate the SD model for each candidate set

Compare the simulation results from all candidate | SteP 1
sets and remove one or several sets with the wprst
performance

________________ l__________________

Build detailed power system models for each
remaining candidate sets (These models simpljfy
industry structure and planning time horizon)

Step 2

\ 4
Simulate the detailed model for each candidate|set

y

Compare the simulation results from all candidate
sets and select the best one

A 4
Output the best transmission expansion plan

A 4

End

Fig. 6.2 Flowchart for a two-step transmission plag process
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APPENDIX A

TRANSMISSION NETWORK MODELING

A.1 WECC System

Our research interests lie in the impacts of déifétransmission investment
incentives on transmission investments and systergestion rents mitigation. In the
WECC system, California-Mexico Power Area is thadgocket with expensive
electricity prices. Summer is the peak seasorhigrarea. WA/OR area has inexpensive
hydro generation capacity and is a winter peak.&ean the wet summer season, there
is significant power flowing from WA/OR area to @atnia-Mexico Power Area. In the
winter season, lots of power flows from SW areatigh California to WA/OR area. The
large amounts of power transactions between theses aften cause transmission
congestion on the tielines connecting them. Werdegested in researching the dynamic
impacts of transmission incentives on mitigating tongestions between these areas. In
order to investigate the dynamic impacts, we nedzltld SD models for the long-term

transmission planning process under different tragsion investment incentives.

A.2 Simplified WECC Transmission System

The SD models require system power flow data betveeeas, which we can
calculate based on detailed power flow modelsHerltase case scenarios. We are
primarily interested in the transmission congestiarthe tielines connecting different
areas under different transmission incentives, @ajhe between Washington/Oregon

and California-Mexico area. Our research doesomid on the transmission congestions
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within a WECC area. The software and methods uséditd SD models are not suitable
for large numerical computations as required faulldoad flow model. It is not possible
to build a System Dynamics model incorporating stesy of say 10,000 buses both due
to the required computations and the lack of megnirdata. Based on the goal of our
research though, there is no need to build suckildétSD models for long-term
transmission planning. Lumped system models shioellddequate as long as they can
capture the broad system characteristics.

In general, WECC divides itself into four areasciRa Northwest, Rocky Mountain,
Desert Southwest and California/Mexico. Based andlvision and our research
objectives, we further divide Pacific Northwestiltanada, WA/OR and the remaining
part of NWPP, and California/Mexico into NCA and/SGince we are interested in the
power transfers between WA/OR and SCA, NCA, whieeecbngestion often occurs.
With this division, we aggregate WECC into a seae®a and ten-tieline system.

We begin from detailed WECC power flow data for 1896 Winter Peak hour and
2002 Summer Peak hour, to provide the original atéhe lumped system. Based on
these two detailed systems, we formulate anothetetiiled power flow data of winter
off-peak, spring peak, spring off-peak, summerpeék, fall peak and fall off-peak. In
each area, the detailed data is summed to obtagafth area generation, load and tie-
line flows. A shift factor (SF) matrix will be defed in the following to allow for the

relationship between area net power injection @tirte power flows.
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A.3 HVDC lines (PDCI & IPP) in SF matrix update and transmission expansion

The power flow on the HVDC line is actively conteal through power electronic

devices based on scheduled values. In the Vensim&i#ls, we can not rely on the SF

matrix to calculate the power flows along these H/Ihes. Thus, the HVDC lines have

to be handled independently. We propose a proodssdt these HVDC lines as follows:

The power flow on HVDC is set to the scheduled galin different
seasons that are published in WECC's reports.

From the solution of DC-OPF, we find the power flealues for the
lumped AC tie-lines. For the HVDC line, if theremssmatch between the
scheduled values and the calculated solutions, Wadyust the scheduled
values to be equal to the calculated values sahleaCL is satisfied on
each node in the equivalent system.

The LMP calculation for a system with HVDC lineghe same as a
system without HVDC lines. It is still the sum bktdual variables for
power balance equation and line flow constrainth@éDC-OPF problem.
In the SF matrix update, we do not update the mesponding to
HVDC lines.

The transmission investment incentives for HYD@4imemain the same
as AC lines.

The scheduled line flow on HVDC lines increase prtipnally with their

capacity increase.
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A.4 Line construction and maintenance data

The data concerning transmission investments, naigin, and maintenance are as

follows:

= Per MW.mile Cost for transmission expansion is asxlito be $1075 per
MW.mile [68].

» The lifecycle of a major transmission line projeatiudes choosing
transmission routes, public information meetinggerohouses and public
outreach, regulatory review, environmental revie¥a| estate issues,
construction, and commission. The length of theclycle changes from
project to project and is highly variable. In oasearch, we assume this
lifecycle is two years: starting from project applion, ending with the
commission of an expanded transmission line.

» For transmission investment, the fixed costs aremgreater than the
variable cost. The variable costs mainly includeperations and
maintenance fee. In our research, we assume thantiual variable cost

for transmission lines is $524 per mile.

A.5 Equivalent tie-line

Because the entire WECC system is lumped to a saneznand ten-tieline small
system, the parameters concerning ten tie-linesexiimg these seven areas are derived

based on the following assumptions:
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» Line Capacity: we do not know the exact capacity for each lireduded
in the equivalent tie-lines. We use OTC (Operalingnsfer Capability)
under different seasons to approximate its capatitg actual WECC
system OTC data are given in [69-70].

» Line Reactance we assume all lines are parallel for each equivadien
line. Based on this assumption, we can calculadile reactance for

each equivalent tie-line as in (A. 1).

1 11
X_ZZY (A. 1)

» Line Length: for the two HVDC lines (PDCI & IPP) we can finltir
exact lengths. For the HVAC lines, we cannot fin€it equivalent
lengths. So we approximately calculate lengthsdhasesome typical per
mile reactance values at different voltage levéld.[Based on these
typical values and the equivalent lines’ reactacadeulated by (A.1), we
calculate an equivalent line length by (A. 2) bel@e calculated value is

assumed to be the length of the equivalent tie-iieere X | is per mile

line reactance value.
X
Length = x—eq (A.2)

A.6 SF matrix

In the lumped WECC system, we do not know the elaetreactance so it's not

possible to calculate the SF matrix directly by @ipproximated line reactance derived in
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(A. 1). still, we have detailed power flow datarfrethe WECC system. We assume that
there is a linear relationship between area polser ihjections and tie-line power flows
(this assumption is reasonable for our lumped sevea and ten-tieline system). We
define a matrix to describe this linear relatiopséis the SF matrix. Its initial value can be
calculated by the data coming from detailed powewv.f After some transmission
upgrade or expansion, the SF matrix can be updstegproximate methods discussed

in detail below.

1) Calculate SF initial value

From the detailed WECC power flow solutions, we caltulate the initial SF
matrix SF' by least square estimation. Assume that thereoeuof nodes is

M and number of lines Pin our researched system, and then we have the

following equation with node one as the reference

P/,,l 5111 S12’ s Sm-l Fi)n,2

P/,,z _ S Sy e %m 1 Fi)n,s
= (A. 3)

P/,,p Spl’ Sp2; r §,m—l I:i)n,m

P/,l 3_11 S_|_2 y wee gy $m 1 Rn,z

P‘ e
PRI R WY e | =

R/,p Sp11 sz g neny %,m—l Rn,m

To express the linear relationship between trarsondine flows and power

injections for the initial WECC system, we have
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P, =s'P

n

(A. 4)

and for thei" line we have the following equation to calculdte power flow

on this line

Pi=SP, (A.5)
whereS is thei™ row of the SF' matrix.

If we have " detailed power flow cases an>M—1 (mis the number of

nodes), i.e., the problem is overdetermined, toetthiei" line we calculate

power flows on this line for each case as

Pz,il :§iEinl+£l
P/,iz :§iEin2+£2
’ (A. 6)

P/,,in :§|Einn +&"

where&',€%,...." are errors introduced by simplifying the detailed power

flow cases. Reformulating (A. 6) in vector and matrixrigrields

Pl ] [Pz Pags oo P’ gt
S T A R o4& an
27 R P S S £
NowlerY =| ' , X= Foz’s Fnss e , 0=S" and£= d ,
Pl R R R £
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Then we have

Y=X8+¢ (A.8)
Problem (A. 8) can be solved by Least Square E&bm#&_SE). The

condition that the rank (X is M—1 js always satisfied in our problem, since
the power system model is nonlinear and the poleer $olutions under
different load levels will be independent of eathen. Next we derive the

normal equation for the LSE problem. First defimesidual vector

I =Y -X8&. Based on this definition, the least-squares Emilis obviously

the one with the smallest misfit to the measuresaatgiven by
T n
minr'r=>yr’ (A. 9)
i=1

By first order conditions, we wa g :é such thaJe[ 1 (8)(8)]=0.

Equivalently,

0,| (Y~X8)' (Y~-X8)]=0 (A. 10)

Expand (A. 10), we obtain

[
(5]
1
<
3
(=<
|
(<
3
X
D
|
D,
X
<
<
+
D,
X
<
X
)
L1
]
1O

(A. 11)

We know that

Y'X8=6"X"Y=(X"Y) 8 (A. 12)
Substitute this relationship (A. 12) into (A. 1&phd then the gradient becomes
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0| Y'Y -2(X"Y) g+6'X X8| =0 (A 13)
Calculating this gradient, we find
=2XTY+2X'X8=0 (A. 14)

From (A. 14) we derive the normal equation (A. icbestimated by LSE,

provided X" X is nonsingular.
6=(X"x)"X"Y (A. 15)

Although we can calculaig directly from the normal equation, it is possible

-1

-1
that the matri>(XTX) is very poorly conditioned and formir(XTX)
can also produce undesirable round-off error. tteoto improve the
numerical stability of the LSE problem, t QR algorithm is used to

decompose matri X as (A. 16) wittQ'Q=1 and R upper triangular.

Xn><(m—1) = QnX(m—l)R(m—l)x (m-1) (A 16)

If we substitut X = QR into the normal equation, it is straightforwardstmw

that the LSE can be expressed as (A. 17)

6=(RQ'QR)"RQ'Y=R'Q'Y (A 17)
or equivalently as (A. 18)
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RE=QTY (A. 18)

BecauseR is upper triangular, a very stable estimat gafan be obtained by

back substitution. The Matlab functiondivide usesQR algorithm to solve

LSE problem, so it is used to solve the probleraunresearch.

2) Update SF matrix with transmission expansion

Because it is impossible to calculate the exadtamee for the equivalent tie-
lines, we have to approximate the update of then&fix with an equivalent
tie-line capacity increase. For the long-term traission expansion problem
in a large lumped system like WECC, this approxiaraheed not be too
precise as long as it generally captures the implatcansmission expansion

on a line.

» First we define a linear relationship between bapacity and its

reactance as in (A. 19)

C, = P°X (A. 19)

We assume that line capacity and line flow are efpudeavy load
conditions. Although there is some difference betwthese two values,
this assumption is still within our desired accyragince this difference
should not be very large compared to the heavy ¢oaditions and most

transmission congestion happens in heavy (or geak)conditions. Fig.
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A. 1 depicts a transmission line under heavy laaiions. Based on our

assumptions, the power flow along this line cowddchlculated by (A.20).

vLé, R + jX V116,
| 1

S
Fig. A.1 A heavy loaded transmission line

PC+ JQ: P+ jQ=\71I——1*

:\_/.1\/—1 _yz
R- X
Vi -V,
oy e I (A. 20)
R- X
- Vl2 ~VV,U(6,-6))
R- jX
— V12 _V1V2 00561—92 )_ jvyz Sinel_ ‘92)
R- jX
Let 0 =6, 6, we find an approximate line capacity va P°by
V7 -VV,cosd |[R+VV X sind
Pcz[l V;C08 [R+VY, (A. 21)

R2 + X 2
Substituting P€into the linear relationship described by (A.19)e dan

calculate the coefficien€, between line capacity and line reactance as
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R
We choose some typical values Yanchfor different voltage levels,

and then assume there is 10% voltage drop alonign#hender heavy load
conditions, i.eVi =1.03/ V, =0.93/.. . The angle difference along a
heavy loaded transmission line can be calculated the bus voltage
angles in the detailed power flow solutions. In mgearch for each
equivalent area tieline, we choose the maximumeadiflerence value
from all angle difference values for the lines camel together to
formulate this equivalent tieline.

Based on all the above assumptions, we have erdatgho calculate the

coefficient valueC, in (A. 22).
= Based on the coefficier, , we then calculate line reactance

approximately as

X =—L (A. 23)

Based on the line capacity before transmissionresipa, we then
calculate line reactanc¢éand hence the mat SF° before transmission
expansion. With transmission expansion, both leggacity and line
reactance will change accordingly. IAX be increased line reactance

and AP° be increased line capacity. The previous lineatioaship
assumption still holds for the line reactance aayubcity after

transmission expansion. So we have
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C
X+AX =— — (A. 24)
P® +AP°

We have known line reactaniebefore transmission expansion from (A.
23). Substituting this into (A. 24), and the limactance increa<AX after

transmission capacity increase can be calculated as

C,AP°

AX=——
(P°) +aPP*

(A. 25)

After finding the increased line reactarAX from (A. 25), we calculate

the line reactance valt X after transmission capacity increase using

X =X +AX (A. 26)

With this line reactance after transmission expansion, we calculate the

new SF matri SF based on system reactance values. Finally, welesdc

the percentage change for each term in the SFxrstown in (A. 27)

based on the SF matrix valL SF° and SF before and after transmission

expansion.

ASF % =%x100% (A. 27)

o

With this SF matrix percentage change, we upda&thmatrix using
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SF =(1 +AF %) SF' (A. 28)
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APPENDIX B

DETAILED MODEL IMPLEMENTATION AND VALIDATION

B.1 Data sources

In this appendix, we derive a 24-hour daily loageldor each area in each typical

season for our lumped seven-area and ten-tielin€E@/gystem.

*= Hourly data

We have two original detailed WECC power flow dffitss and six other derived
scenarios. Power generation and load levels atsstadj in small step sizes. After
each adjustment, the detailed power flow analgsperformed. This process is
repeated until the power flow diverges. Fig. B.epidts the flowchart of the above
mentioned repeated power flow analysis processdas this analysis, we obtain
the following data to represent the other six tgpbgeasons at On/Off Peak hours as

follows:

Winter Off-Peak Hour -85.74% Winter Peak Hour in load and generation levels
Spring Peak Hour 90.25% Winter Peak Hour in load and generation levels

Spring Off-Peak Hour 81.45% Winter Peak Hour in load and generation levels
Summer Off-Peak Hour 86.21% Summer Peak Hour in load and generation levels
Fall Peak Hour 93.04% Summer Peak Hour in load and generation levels

Fall Off-Peak Hour -81.98% Summer Peak Hour in load and generation levels
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After the above power flow analysis process, weehgight sets of WECC power
flow solutions. We use them to represent the peakodf-peak hours for each area in

each typical season in a year: area generatiorcitgparea load level, and equivalent

tie-line power flow.

Start

Y

Input initial detailed WECC system
power flow data

A 4

Decrease generation and load at each
bus bys%

A 4

Perform whole system power flow
analysis

Power flow
diveraed'

Adjust step sizg = /2

]

Fig. B. 1 Flowchart for repeated power flow anadysiocess
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= Daily load pattern

We use the 24-hour load curves to produce the ##%-gaily load pattern for the
above eight typical days in each area. Currensiyeths only one ISO, California I1SO,
in the WECC system, where we have the daily loadectrom its OASIS. We do not
have 24-hour daily load curve for the remainingaare WECC system. But there are
some other ISOs/RTOs with OASIS. From them, we §iathe typical 24-hour daily
load curves. Considering the similarity in areaelie patterns, we use the data from
some other ISOs/RTOs outside of WECC system tessmt the areas in WECC
system. This approximation is the best we can dsidering current data

availability. We believe this approximation shoblel accurate enough to serve our
modeling purpose. We know that the biggest fada@ftect the load pattern in the
WECC system is climate in each area. As long asotiek curves from ISOs/RTOs
outside WECC have similar patterns, they can bd t@eour modeling. Another
reason is that our SD models are based on a lusgash-area and ten-tieline WECC
system. For such a lumped system, we use one load to represent the whole area
load pattern. Even if precise system data by dihesaggregation only approximates
the load and flow patterns. The correspondencedstWECC area and ISOs/RTOs

is given in Table B.1.
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Table B.1 Correspondence for WECC area load coatiern representation

WECC area Data source for area daily load curve paern
WA/OR NYISO
RM MISO
SW ERCOT
SCA CAISO
NCA CAISO
Remainder of NWPP PIM
Canada ISO-NE

= Daily load level

Now we have some on-peak and off-peak hour data ffetailed power flow

analysis for each area in each typical season landiaily load pattern for each area

in each typical season from ISOs/RTOs OASIS. Combithem together as in (B.1),

yields the daily 24-hour load level for each area

R, (k) =u®)R (k) (B.1)

In (B.1),t=1, 2, ..., 24i=1, 2, ..., 7k=1, 2, 3, 4 U(t) is the load pattern at time point

t. FLi(K) is the load level for areiaat seasok. F.i(t:K) is the load level at time point

t for area at seasok.

B.2 Area generation bidding

Based on results from previous work [72], we carnveequadratic bidding functions

for CAISO. Four regimes are given as the functioh8ICP (Market Clearing Price) vs.
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load in [72], and they are expressed by cubic fonst Quadratic functions are used as

bidding functions in our research. We use LSE $§L&xquare Estimation) to derive the
quadratic bidding functions required by our resea@iven independent variab/X

and N cubic function valutZ . The quadratic function is defined as:

=ax’+bx +c (B.2)
The residual is defined as the difference betwesdtic function value and cubic

function value

h=z-Y, (B.3)

Then the quadratic residual is calculated by

S=2 1" =2.(z-%) (B.4)

Based on the first order conditions, we take thévetive of quadratic residu Sto

variableﬁj and let it be zero as in

aﬁ 2 ﬁ-o (B.5)

Let B in (B.5) be the quadratic function coefficieatd, andc respectively. We obtain

l[(y ~ax’~bx —c)x?|= 0

= ;(W) a3 (x')- bil( 7)-e2(x7)=0 (8.6)
= a3 () +b) (x7) +e3: (1) =2 (x7¥)
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B, =b: 2i:ri (%)= o:i(pg): o:i[(yi ~ax?~bx —c)x |= 0

= Z(w)-aiznl(ﬁ)-bé(xz)-cg(x)=0 (B.7)
= ag(x3)+bg(>ﬁz)+0§nl(>ﬂ)=iZ:(>syi)

B, =c: Zi:ri ()= O:i(ri): bi(x —ax?—bx —c)= C

= g(x)—ag(xz)‘bé(x)—nczo (B.8)
= a3 (x") +b3(x) +ne=3 ()

i=1

Combining (B.6)-(B.8) together in matrix and vectorms yields

>(¢) () o > (v)
é(ﬁ) Z(xz) g(&) H= é(w) (8.9)
20 20 X)) |2

Now let A, = i()@) Z()gz) i()g) by = Zn:(xy,) , then to find quadratic

function coefficients, b, andc in matrix form

a
H = A, b, (B.10)
c
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According to our analysis, Regime 3 in [72] is @sfsto a quadratic function. So it is
used as the cubic function to derive the quadeaBa generation bidding function for
LSE. This quadratic function is derived from CAl8@ta, so it only matches California.
For the other areas, we derive quadratic biddimgtions from the wholesale electricity
markets. The derived quadratic functions by LSEhoabe directly used as quadratic
bidding functions for the seven areas in the lum@&CC system. In order to find these
functions, we modify data from electricity energgding hubs in the WECC area. The
historic electric power price in each hub is au@#d73]. Figure B.2 shows the electric
energy trading hubs in the US. For each area indla€C SDmodel, we can find a

corresponding trading hub. Table B.2 lists thigegpondence. Assuming the marginal

price is 2aX+b at trading hubs, the above two data sources canreined to find an

area generation bidding function for each areaéenlimped WECC system.

Table B.2 The correspondence between trading hubS\#ECC areas

Trading Mid- Four Palo | NP15 | SP15 COB Alberta
Hub Columbia| Corners | Verde Pool
Area WA/OR RM SW NCA | SCA | Remaining Part Canada

of NWPP

"Note: there are no trading hubs in RM area, so Bauners, which is most close to RM
area, is assumed to be the trading hub in RM area.
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Federal Energy Regulatory Commission - Market Oversight @ FERC.gov

Average On-Peak Spot Electric Prices 2008
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Fig. B.2 US average on-peak spot electric pricé&82Q electric energy trading hubs

B.3 Software tools - Vensim

In this section, we introduce how to build SD madal Vensim and how to call

external functions defined in other software, sastMatlab, in Vensim.

= Vensim calls of Matlab functions

Vensim provides some simple built-in functionsealize basic calculations in SD
models. Some complex and purpose-specific calamatiequired by SD models
have to be realized by user defined functions.uinresearch, the LMP calculation for
wholesale electric markets sub-model, SF matrixatgér SF matrix update sub-
model, optimal capacity expansion and system riitiaindex calculation for
transmission investment sub-model require comppeirozation calculations.

Vensim provided functions cannot solve these prabldn this work, Matlab is used
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to formulate these external functions for the failog reasons: (1) it provides many
functions that realize some basic algorithms thatlwe directly called in our own
Matlab functions; (2) Matlab is designed to perforector and matrix operations
efficiently. These characteristics meet the catouterequirements in our research
well. In order to use these user defined functiongensim, we observe the following

steps:

Step 1 According to SD models’ requirements, define tiots and write
codes in Matlab.

Step 2 Invoke Matlab compiler through mcc command topare M-files for
deployment outside of the Matlab environment. heyates Matlab function
dynamic link library (.dll) files, runtime librarlib) files, and header (.h)
files for C/C++.

Step 3 Copy the runtime library files and header filestiotated at Step 2 to
the directory where the main file, a C/C++ filef ¥ensim external function
definition exists. Add codes in this main file &afize the functions defined in
Matlab.

Step 4 Build a project in C/C++ to produce the dynanmidllibrary (.dll) file
that includes the external file definition. Copystldynamic link library file
and the dynamic link library files getting at S&po the directory where the
Vensim model exists.

Step 5 Open Vensim and open the menu “Tools->Optionst.tBe External
function library to be the dynamic link library fatmon formulate at Step 4 as

the “Startup” option. Then close Vensim. Next timieen Vensim model is
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started, it will load the user defined externaldions, and they can be called

in Vensim directly, just as built-in functions.

Fig. B.3 clearly depicts the above external functiefinition process [39].

e
P &
f é b
i Matlab
43 ),r
- __f,-"
\ensim external T
functiens DLL l|r
W T C created functions :_Eu_'li;ﬂ;aEr-l:l.:;n;l;iI;; i
i y AR A
( : \ Functions created in T
l\ vensim .! other languages I
% T T T
S - wrapper functions.
— forinterfacingwith |, | Matlab
~compiled Matlab cod functions OLL
il =

¥

Matlal run-
time libraries

Fig. B.3 the process to formulate Vensim externatfions defined by
Matlab

B.4 Model validation and analysis

The effectiveness of a SD model depends on thdisabf this model. If a SD model
is invalid, all conclusions drawn from this modellwe misleading. If the impacts of a
decision based on such a model are not harmfu,dteeat least nonbeneficial. So SD
model validation is the most important step beforg policy or structure is tested on this

model. Historical data about the researched syatenthe benchmark to measure a
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model’s validity. Among these historical data, thymamics of important data, i.e., their
change over time, is more important than the vagedf. SD model should predict and
reproduce the behavior character of a system, diugpecific events or particular, unique
sections of actual system time history [47]. Intigaftar, an SD model often
approximates a large system with numerous simatibos, which means it is not a
model for point prediction but behavior charactexdiction. Though capturing behavior
character is more important than point predicttbe, predicted point should also be
within reasonable error ranges.

In our research, the WECC system is our researgtiodnd it is simplified to be a
seven-area and ten-tieline lumped system. Conswléne original dimensions of the
detailed WECC system, this reduction is a huge Kiication. The validation of this

model observes the following steps:

Step I Validate the power flow values calculated by 8i2 model. This validation is
realized by comparing the values from SD modeh#results found from actual
detailed power flow analysis for the original eigletailed cases. In the SD model,
the power flow values are calculated in the whdéeskectric market sub-model. This
sub-model is based on a DC-OPF model. The errdvgcle@ them are in the range of
2%~200%. For the important lines with higher poflews, such as line T1~T5 and
T7, the errors are relatively small. For the lespartant lines with lower power

flows, such as T6 and T8~T10, the errors are k&htiarge. These error ranges
should be reasonable to serve our research purEases for such a large system the
difference of the power flow values on differemds are quite tremendous: the

highest value can be 500 times of the lowest vaAitough the relative errors for
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such unimportant lines are large, the actual vadweseally small. These error ranges
are accurate enough for our research.

Step 2 Validate the power flow dynamics calculated by 8D models in different
seasons. This validation is realized by compatiegpower flow direction change
with seasons between the SD model case and thsticehse for the original eight
detailed power flow cases. Because there are mgiry lyenerators in WA/OR, the
generation output in this area is high in wet seagtate spring, summer, and early
fall), and low in dry seasons (late fall, wintendaearly spring). So the power flow
pattern to this area is power flows out from WA/@RNCA and SCA in wet seasons,
and flows into WA/OR from NCA and SCA. Canada selectricity to US all year
around, so power always flows from Canada to WA/GRA is a load pocket with
expensive generation units, and SW with cheapegrgéion units. So SW area sells

electricity to SCA area all year around, and theigroalways flows from SW to SCA.

Once the Vensim model passed the above two-stégatiah process, then the model
is believed to be valid. After the validity testfferent transmission investment incentives
are added to the valid SD models in Transmissioaitivestment sub-model. So we can
test their impacts on long-term transmission inwestts and system congestion rents

through analyzing the simulation results.
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