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Efficient Resource Development in Electric Utilities
Planning Under Uncertainty

Noor M Maricar

(ABSTRACT)

The thess ams to introduce an efficient resource development drategy in eectric utility
long term planning under uncertainty condderdtions. In recent years, dectric utilities
have recognized the concepts of robusiness, flexibility, and risk exposure, to be
consdered in their resource development drategy. The concept of robustness means to
develop resource plans that can peform wel for mog, if not dl futures, while flexibility
is to dlow inexpensve changes to be made if the future conditions deviate from the base
assumptions. A risk exposure concept is used to quantify the risk hazards in planning
dternatives for different kinds of future conditions.

This study focuses on two technicd issues identified to be important to the process of
efficent resource development: decison-making andyss congdering robustness and
flexibility, and decisonmaking andyds congdering risk exposure. The technique
combines probabiligtic methods and tradeoff andyss, thereby producing a decison set
andyss concept to determine robustness that includes flexibility measures. In addition,
risk impact analyss is incorporated to identify the risk exposure in planning dternatives.
Contributions of the work ae summarized as follows. First, an efficient resource
development framework for planning under uncertainty is developed that combines
features of utility function, tradeoff andyds, and the andyticd hierarchy process,
incorporating a performance evauation approach. Second, the multi-attribute risk-impact
andyds method is invedtigated to handle the risk hazards exposed in power system
resource planning. Third, the penetration levels of wind and photovoltaic generation
technologies into the total generation system mix, with their condraints, are determined
usng the decisonrmaking modd. The results from two case sudies show the benefits of
the proposed framework by offering the decison makers various options for lower cog,
lower emission, better rdigbility, and higher efficiency plans.
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1. Introduction

1.1. Problem I dentification

In the past two decades, power system resource planning has changed dramaticaly.
Utilizetion of more efficient resources and environmentad concerns has resulted in a
variety of resource options that need to be addressed completely. These consequences of
resource development must be examined with multiple criteria, addressng many different
players in the planning process. Furthermore, the planning process is dso influenced by
uncertainty factors regarding future demand, resource avalability and economic
dtuations. Adding to that, market based economy congderations for generation,
trangmisson, and didribution are beginning to have dSgnificant impacts on the resource
deveopment of dectric utilities.

Knowing thet fadt, identifying a minimum-cost plan under particular condraints is not
aufficient anymore, other aspects such as environmentad impact and  socio-palitica
concerns have been added and ae of equd importance as the cost minimization
objective. In addition to that, the influence of various uncertainty factors of different
planning drategies must be caefully examined because these may affect the sysem
peformance if the plans ae not designed with adequate levels of robustness and
flexibility to possble changes from the base assumptions. It is dso important to redize
that the decison-making process in planning is done with mathematicd models as well as
human judgment.

In addressing key issues of power system resource planning, five items are of importance.
- Tointegrate various resource options,

To compromise among conflicting decison criteria;

To evauate the influence of uncertainty factors;

To satidfy finandaid, rdiability and environment congdraints, and

To predict future conditions in an efficient way.

Efficent drategic planning approaches have become more popular in eectric  utility
resource planning [24] conddering the prevaling uncertain planning environments. The
gpproach is a process of multi-attribute decison-making (MADM) under uncertainty that
is not concerned with finding optimum solutions, but with exploring the ranges of
resource options and uncertainties as wel as the tradeoffs among conflicting attributes
[49]. The use of andytical tools and decison andyss techniques dlows the approach to
produce a range of acceptable plans or efficient decisons. The find resource drategy is
chosen from among the acceptable plans or efficient decisons based on certan wel-
defined decison criteria

Efficient resource development (ERD) is related to the following concerns.

Resource  utilization of conventiona and advanced generation technologies,
renewable energy sources, non-utility generation through interconnected transmission
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grid, and demand-sde management (DSM) programs [90]. Advanced generation
technology, egpecidly the cleen cod technology, gives dgnificant improvement in
efficency of fud usage and reduction in emissons and pollutants [5, 11]. Renewable
energy sources, especidly wind and solar technologies, play an important role in the
eectric utility genergtion mix and daly operdtion in reducing the environmentd
impact from therma generation. Non-utility generators, such as co-generation and
independent power producers, can sell power to dectric utilities based on the avoided
costs [89, 98]. An fficdent and flexible planning drategy in reducing utility-capacity
needs, improving system-load factor and environmenta qudity is redized through
DSM programs of energy efficiency and pesk-demand shaving [22].

Environmentd regulations and standards govern the gting, design and operaion of
resources and raise the costs of capacity additions and O&M expenses. Therefore,
eectric utilities are faced with the requirements of dlocating their capitd investments
and resources to reduce adverse globa and regiond environmenta impacts [3, 123,
129].

Uncetainty is a mgor chdlenge in dectric utility long-term resource planning [30,
31]. Some uncertainties, such as load growth, fuel price, capita cost, outage cog,
emisson control cog, and emissons alowance, could have a srong influence on the
outcome of utility resource development,.

Multi-criteria  decisonrmaking (MCDM) models ae popua in utility resource
planning to achieve a compromise solution that represents a reasonable balance
among the criteria [15, 59, 69, 116]. The modd should display tradeoffs among the
criteria, quantitative and quditative, economic and norreconomic, and quantify the
vaues and the preferences among the criteria

Risk management is an important part of the planning process in dectric utilities, and
flexibility and robustness are two magor classes of draegies for managing the risk
due to uncertainties [14, 16]. Risk exposure level indicates the measure of probability
and severity of adverse effects [178]. Robustness shows how well a plan would
perform across a variety of possble futures, while flexibility represents how quickly a
plan would respond at reasonable cost to various unexpected future events [24].
Deregulation and compstition increase the uncertainty of dting, timing and operating
paaneters, and thus the levd of difficulty of decisonrmeking in generation and
transmisson expanson projects. Accordingly, planning objectives need to be re
defined and new andytica tools need to be developed to support the market-based
resource planning process and reduce the risks of competition.

Common definitions and efficient resource planning procedures will be discussed in the
following sections.
1.2. Common Definitions

Some common terms and definitions used in dectric utility planning studies [34, 51, 170]
are given below.
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Options ae decisons that an dectric utility can control, i.e. supply-sde capacity
additions, demand-sde pesk shaving, and energy efficiency programs. Each option has
vaues to be specified. A specified option is an option with specified vaues, i.e. type,
capacity, location, and timing of anew power plant.

A Plan is a sst of gpecified options, i.e. building a 100 MW wind turbine a Nevada
together with adding one 230 kV transmission line in the year 2008.

Uncertainties are factors of which the utility has little or no foreknowledge, that will
have dgnificat influence on the peformance of utility sysems, i.e. load growth, fud
prices;, and regulatory changes. Uncetanties ae ether modded with assumed
probability digtributions or described as “unknown but bounded” variables without
assuming a probabiligic structure. A specified uncertainty means a specific vaue is given
to the uncertainty variable, i.e. 3% per year of load growth.

A Future is a combination of specified uncertainties, i.e. “3% per year load growth and
4% per year gas price escaation”.

Attributes are the rdative “goodness’ outcome messures of a particular plan, i.e
financia attributes, economic attributes, performance attributes, environmenta  attributes,
socid-economic  atributes. Attributes are functions of options and uncertainties and
cdculated through smulation sudies. The objectives of the planning process ae to
minimize or maximize eech atribute.

A Scenarioisacombination of asngle plan and asngle future.

Simulation studies ae bedcdly production cod, sysem rdiability, environmenta
impact, revenue requirement, and financid <udies, which are conducted usng a
combination of anaytica models and tools depending on the attributes of interest.

1.3. Efficient Resour ce Planning Procedure

The procedure for efficient resource planning of dectric utilities is proposed and
illusrated in Figure 1- 1. The procedure congsts of five function blocks:

Problem Formulation

Scenarios Devel opment

Decision Database Crestion

Acceptable Alternatives I dentification

Resource Strategy Determination
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Problem Formulation
Identification of Attributes and Attribute Preference Weights
Identification of Options
Identification of Uncertainties, Relevant Uncertainties, and their Probability Distributions
Sdlection of Plans
Selection of Futures

Scenarios Development
Combination of Plans and Futures

Decision Database Creation
Incorporating the Flexibility Measure Procedure
Cdculation of Attribute Vaues
Comparison of Plans (Scenario Analysis)

Acceptable Plans | dentification
Calculation of Attribute Weights and Production Cost Variance
Performance Evaluation Approach (Probabilistic and Tradeoff Method)

Resour ce Strategy Deter mination
Robustness Measure Approach (Decision Set Analysis)
Flexibility Measure Approach
Risk Exposure Measure Approach

Figure 1-1. Conceptua Procedures of Efficient Resource Planning

Problem Formulation

Identifying sets of attributes, options, and uncertainties darts the decison process.
Attribute priority weights can be cdculated from the preference ranking thet the decision
maker (DM) attaches to attributes. Relevant uncertainties can be determined from the
DM par-wise comparisons among their components. The probability didribution for
each of the uncertainties is defined from the assigned expert judgment of the DM. Each
dternative plan is a sat of resource options, and each possble future is a st of
uncertainty factors.

Scenarios Devel opment

The combination of a specific plan and a specific future conditutes a particular scenario.
A number of scenarios could be crested from the combinations of plans and futures,
ranging al the possble dternatives.
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Decision Database Creation

Each scenario is evauated with the use of a combination of utility planning tools, such as
investment optimization modds, production cosing smulation and religbility assessment
programs, environmentad impact andyds and finandd andyss modds Hexibility is
incorporated into each plan according to its respective scenario. Scenario andysis will
edtablish a decison database where dternative plans are compared based on certain well-
defined decison criteria

Acceptable Alter natives ldentification

Identification of acceptable plans, with respect to the attributes and future conditions, is
the key dement of dectric utility planning. Cdculation of attribute weights and
production cost composte variance is peformed to obtan the dtribute vaue range
edimate. Then, peformance evaduaion approach is used as decison andyss that
combines a probability approach and tradeoff andysis.

Resour ce Srategy Deter mination

Three measures are introduced to help the DM choose the optima solution from among
the acceptable plans. robustness, flexibility, and risk exposure. The DM can identify a
better combination of options to invent a more robust or flexible planning drategy or a
less risk-exposed planning drategy, or to reformulaie/restiructure the decison problems
by adding additional or deeting trivid attributes, options, and uncertainties. The risk
exposure is measured using risk impact andyss by deveoping the consequence impacts
of the options and identifying their probability and effects.

1.4. Scope of Study Topics

Previous work [3] has outlined the identification of attributes, options and uncertainties,
and the use of andyticd hierarchicd process (AHP) for caculating attribute weights and
for identifying rdevant uncertainties and probability didributions of uncertainty. Then
[62] has researched the use of a utility function for aitribute certainty equivdent vaue
usng AHP. It aso used digance vadue cdculated automaticdly from smulation result
and incorporated the work of [44] in production cost variance and priority assessment
variance then developed resource drategy based on robustness measure (number of
futures accommodated for each drategy). This research has combined those mentioned
works from the above three mgor theses and has added the following.

1. Introduce an efficient resource planning development (ERD) as a modified verson of
MADM framework for dgrategic resource planning by expanding its robustness
measure capability and adding flexibility and risk exposure measures capability.

2. Incorporate stage-based modding while evaduatiing each scenario usng smulation
models and cdculate the amount of additiond "cost" for each plan to respond to each
scenario [3]. The term "cost™ represents quantity of each attribute’ s vaue.
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3. Incorporate flexibility measures (the dtrategy that can cope with different futures with
minimum cos) by two dternatives. Fird, by cdculaiing totad present vaue of
"flexibility cost” for each plan, and then developing a resource drategy based on the
flexibility messure. Second, by the sdection of dternative technologies The DM
could ether incdude more quickly inddled technology or ingal technology that
makes better use of the existing system.

4. Incorporate the measure of risk exposure as part of the risk estimation assessment,
and develop the resource strategy based on risk exposure measure. Risk exposure can
be reduced in any of these three ways expanding the plant mix, reducing dependence
on dlowance market and externa source of power, and adoption of renewable or
environmentdly friendly technologies.

5. Invedtigate the issues related to the penetration of renewables to the conventiond
eectric grid, and utilize the efficient resource development methodology that has
been developed to address the issues. Some of the issues identified are energy
security, generdtion unit  rdiability, T&D line expangon rdidbility, operation
limitation, energy efficiency, revenue dream dability, environmentd and hedth
impacts, weather impact, etc.

Therefore, the scope of study covers the following topics.

1. An efficent resource development framework for planning under uncertainty hes
been developed that combines features of utility function, tradeoff andyss and
andyticd hierarchy process, incorporating a peformance evauaion approach to
measure robustness, flexibility and risk exposure.

2. A flexibility measure in power sysem resource planning is incorporated, and a
resource strategy based on flexibility measure has been developed.

3. A multi-attribute risk-impact andyss method is investigaed to handle the risk
exposure in power system resource planning, and a resource strategy based on risk
exposure has been developed.

4. The penetration levd of renewable technology into the total generation mix has been
investigated, with its condraints and gpplication using the proposed decison making
modd.

The primary objective of this dissertation proposa is to develop an efficient resource
devdopment (ERD) framework based on multi-attribute decison-making modd for
eectric utilities, then goply it to andyze the peneration level of renewable technology
into the grid system.

The proposed ERD includes aspects that have not been addressed so far, extending its use
to evauate uncertain policy options that are now neglected or only subjective opinions
are used. Example are the socid and environmental costs of building large power plants
like cod or hydro, condgdering population movement, CO2 emissons from flooded trees,
etc. The proposed mode is used for a long term planning study; therefore, it does not
address operations issues such as voltage dability, sysem dynamics, or rdiability of
supply.

The features of the ERD framework can be described as follows.
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Identification of mgor study topics that are important to the success of efficient
resource development in planning;

Identification of the attributes with ther preference weights and options, uncertainties
with ther rdevancy and probability distributions, and scenarios development, as a
systematic gpproach to forming the problem;

Cdculation of atribute vaues where flexibility concepts are included and comparison
of dternatives usng scenario andyss to generate a relisble decison database where
plans are stored and classified;

Cdculation of atributes weghts and production cost composte variance to
incorporate the impact of imprecise information into the decison-making process
usng an interva-based decison gpproach in identifying plans with a certan
confidence;

Evduation of the performance of plans usng probabilistic and tradeoff methods to
solve the problem of multi-attribute planning under uncertainty, giving the solution
constrained as acceptable under the decision set;

Evaduation of the concepts of robustness, flexibility, and risk exposure to help the
DM in sdlecting the most optimd dternatives;

Investigation of the peneration level of renewable technology to the generation mix
using the proposed mode!.

1.5. Document Organization

This document is organized in the following chapters.

Chapter 1 (this chapter) presents an overview of the work, including problem
identification, basic definitions, the resource planning procedure, contributions from this
work, and organization of this document.

Chapter 2 presents literature review in the fidd of dectric utility resource planning with
focus on the application of programming modds, smulation programs, and decison
meaking techniques.

Chapter 3 presents the detail of efficient resource development methodology that has
been identified in Chapter 1.

Chapter 4 presents an overview of renewable energy trends and describes a case study of
ahybrid solar-wind power system design to show the use of the proposed modd.

Chapter 5 presents an overview of exigsing decison-making methodology in Mdaysa
and shows how the proposed methodology gives dternative outcomes, introducing
robustness, flexibility and risk exposures measures in a limited resource case study.

Chapter 6 presents the conclusions of the work and identifies some future research.
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2. Literature Review

Broad literature concerning dectric utility resource planning covers gudies reated to the
development of utility generdtion, transmisson, and didribution sysems. The following
work focuses on the proposed and applied techniques related to generation expansion
planning (GEP) and integrated resource planning (IRP) of eectric utilities.

2.1. Introduction

The god of dectric utility generation expanson planning is to seek an optima generation
capacity expanson system to meet the forecast demand in the most economica manner,
subject to rdiability and environmentad condraints [40, 176]. Two questions are to be
answered by the GEP process Where and when to invest in new generding facilities
(location and time), and what type and cepacity of generating units to ingtdl (fud and
gze).

The god of dectric utility integrated resource planning is to integrate supply-side and
demand-sde options in meeting cusomer energy-service needs and environmenta
improvements in a least-cost manner [12, 35]. Two mgor tasks in the eectric utility IRP
process ae to identify and implement cod-effective DSM programs (i.e. load
management, energy conservation, and off-pesk uses promotion of eectricity), and to
reduce the negative influence associated with uncertainties usng risk  management.
Figure 2.1 shows the developments in the system planning process.

| Traditiond GEP |

IRP

v

‘ GEP with Supply-Side and Demand-Side ‘

Resources

Uncertainties

4

‘ Multi- Attribute GEP with Supply-Side and ‘

Demand-Side Resources Under Uncertainty

Figure 2.1. Developments in Generation Expansion Planning Process
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This chepter presents a literature review of previous research efforts in the fidd of
eectric-utility resource planning. Sections are divided based on the methods used in
deding with various aspects of dectric utility resource planning, covering capacity
expanson optimization modds, production costing sSmulation programs, and decisont
making analys's techniques.

2.2. Linear Programming

Linear programming (LP) modds have been successfully gpplied to utility resource
planning for more than thirty years. LP popularity is due to its ability to modd large and
complex planning problems and the availability of effective dgorithms. The LP gpproach
is used to solve the problem of minimizing or maximizing a linear objective function with
a st of linear equdity and inequdity condraints. The objective function is the sum of
discounted invetment and operationd costs, the condraints represent the equilibrium
between cgpacity and demand, capacity reserve requirement, environmental limitations,
etlc. LP modes categorize the generation technologies by fud type, hence, the totd
capacity of each generaion technology, rather than the size or number of a project, are
decison varidbles However, the invesment in a power plant is usudly influenced by the
location of the power plant even when the generating units are the same category [176].
In addition to that, the generation technologies are commercidly available only in certain
gzes, and the gpproximation of capacity requirement by a st of commercidly avalable
units may sacrifice the optimization benefits. Therefore, the LP formulation is not a very
useful gpproach for the planning problems where actua project sdection needs to be
consdered [119], dthough it is an gppropriate model to determine the optimal generation
MIX Or energy resource mix.

2.3. Mixed-Integer, Stochastic, and M ulti-Objective Programming

Alternative optimization models have been proposed in the literature and have been used
in the power industry to cover aspects that cannot be solved by LP modds. These modes
are mixed-integer programming to solve discrete decison variables problems, non-linear
programming to solve nortlinear objective functions problems, stochadtic programming
to solve random parameters problems, and multi-objective programming to solve
multiple objectives problem [52]. Some of the modds, i.e linear multi-objective
progranming, 4ill retan a liner programming framework, while others dlow nort
linearity in dedling with capita cogts and engineering condrants.

Mixed-integer programming models assign the project-specific capacities as investment
vaiables with the remainders as continuous variables. A binary varidble is assigned to
each candidate project as a build/not-build indicator (one and zero, respectively), in a
given time period, to Smplify the optimization process

Stochadtic programming with recourse is used to solve a multigage decison problem
where parameters are known through probability distributions [23]. The approach finds
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the optima resource development path and minimizes the tota discounted codts. In some
vesons of the method, the dochastic problem is trandferred into a deterministic
equivaent problem.

Multi-objective programming is used to make a decison a the presence of multiple
conflicting objectives, through converson into a single objective problem. The process is
done by ether assgning weighting parameters to each individua objective, or providing
proper constraints on all objectives except the most essentid one [42, 64].

2.4. Dynamic Programming

Dynamic programming (DP) converts a multisage optimization problem into a series of
ample problems and solves usng the recursve application of the principle of optimdity
on the objective. The gpproach is flexible in usng discrete variables, nontlinear objective
functions and condraints and is usad in conjunction with probabilistic production costing
gmulation programs, i.e. Electric Generation Expanson Andyss Sysem (EGEAS) and
Wien Automatic System Planning Package (WASP) [55, 131]. The approach searches dl
solutions to find the optimal sequence of decisons from the initid date to the lesst-cost
find dae and this is the mgor drawback of the approach. Applying ingght into the
nature of the problem to reduce the state space can do some improvement. For instance,
reserve margin can be used to diminate sysem configurations that are ether well below
or wdl above a prefared levd of sysem cgpacity; the number of units for each
generation type sdected each year is specified based on the resource availability and
other limitations. Further enhancement can be achieved by introducing multiple
objectives and random parameters into the modds as in multi-objective dynamic
programming and stochastic dynamic programming models [168, 177].

2.5. Production Cogting Smulation Programs

Apat from the gmilar basc functions of production dmulation programs tha ae
commonly used in the power industry, they have many different modd structures and
smulation dgorithms. The cdlassficaion of production cosing smulation modes can be
done asfollows.

Based on whether or not the random nature of demands and generation capacities is
taken into account in the smulaion: determinigic production costing models vs.
probabilistic production costing models. The probabilistic models are more widdy
used than the deterministic models as an ad in intermediate- and long-range capacity
expandon planning due to the advantage that more reasonable and accurae
production cost estimation and system reliability indices can be evauated.

Based on the choice of system load representation: equivaent load duration curve
approaches vs. chronologicd smulation gpproaches. The concept of equivdent load
duration curve (ELDC) is more convenient to use for less detalled studies and long-
range cgpacity expandon planning, while the chronologicd smulation goproach is
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required for more detalled studies. In the latter case, production costs and fuel
consumption are computed repetitively with the assumption that the load patterns are
known for an extended period into the future. In theory, chronologicd smulation
models ae the off-line agpplication of generation economic dispatch and  unit
commitment techniques.

2.5.1. Probabilistic Smulation Approach

In the past thirty years, the ELDC based smulaion technology has dominated eectric
utility planning [176]. The ELDC is based on the inverted load duration curve (ILDC)
and integrates the random outage of each generating unit with the probability densty
function of sysem load by a recursve procedure. Then the production costs and
reliability indices are cdculated usng the resulting ELDC. The amount of computation is
rather great in the origind ELDC, snce the function vaues a discrete points, which
represent the equivalent load duration curve, must be recdculated with each convolution
and de-convolution computation. Fourier Series method and cumulant method are the two
mgor contributions from research efforts to improve the computation efficiency of
ELDC basad production smulation. In Fourier Series method, the origind LDC is
converted into ILDC by 50 to 100 Fourier series terms such that the convolution
computation can be performed in the Fourier frequency domain [55]. However, this
method does not show ggnificant savings in the amount of computation, and poor curve
fitting has been found when the actud ILDC has a flat tal. In the cumulant method, the
system load duraion curve and the random outage of generating units are described with
random digribution numericd characteristic cumulants [131]. This method has
demondrated subgtantid savings in  computation because the convolution and de-
convolution process are smplified to addition and subtraction of severd cumulants.
However, it may suffer from consderable errors when the system scde is rdative smdl
or the system load duration curve exhibits multi-mode distribution.

The time-dependent nature of system operation condraints is conddered using a
chronologicd dmulation goproach. The time vaying naure of energy dorage
technologies, load management, and renewable energy sources requires the use of
production smulation on the hourly framework for sudying their sysem vaues. The
chronologicd smulation models explicitly trace the sysem daes over time by usng
Monte Carlo techniques to capture the random variation of generation capacities and
demand levels [86]. The results of Monte Carlo chronologicd smulation ae more
detaled than the results of ELDC-based andyss with much higher computationd
requirements. A compaison of different probabilistic production costing Smulation
methods can be found in [84], where the test results of an invedtigation are reported in
terms of the reaive computational speed and solution qudity. These include piece-wise
linear gpproximation method, segmentation method, equivdent energy function method,
cumulant method, mixture of normal approximation method and fast Fourier transform
method. The equivdent energy function method was shown to be preferred, consdering
both computationd efficiency and accuracy. A more recent multi-parameter Beta
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digribution function method has been introduced, which was more accurate than the
cumulant method with little addition of computation time.

2.5.2. Negative Load and Equivalent Multi-State Unit Approach

Technologies such as solar photovoltaic power systems (PV) and wind turbine generators
(WTG) are conddered as intermittent technologies, where the power output of these non
conventiond generation technologies is dependent on fluctuations in solar radiation and
wind speed occurring in the minute-to-minute time frame. It is necessary to andyze the
economics of these resources in the process of utility resource planning since these
renewable energy sources are cgpable of supplying a significant proportion of eectricd
energy in the long-term future. Their common characterigics are high capitd invesment
and low operating costs, and they can cause severe operational problems to utility
gysdems, such as excessve sysem frequency deviations and spinning reserve margin
fluctuations, due to ther intermittent power output behavior. To overcome that, the
eectric utility usudly integraies intermittent generation technologies with adequate
storage facilities (battery) or other power sources (fue cdl).

Negative load method and equivaent multi-state unit method are the two commonly used
modeling approaches for incorporating intermittent generation  technologies  into
production costing Smulaion programs. The negeaive load method approach smply
treets intermittent generation output as a negative load with the expectation that the
dectric utility has suffident online cagpacity to ensure a reiable eectricity supply to
customers. Then, the expected energy production from each individud technology is
esimated, and the system load is modified to smulate the aggregate impacts of combined
intermittent generation sources. After the modified load duration curve is obtained,
probabilistic production costing models ae used to compare dternatlve expanson
drategies, i.e. with and without intermittent generation technologies The method is
adequate only when the pendration of intermittent generdtion into the grid is
inggnificant.

Equivdent multi-state unit method caculates the probability densty functions of PV and
WTG power generation based on long-term higtorical data on solar radiaion and wind
speed [83]. Following that, probabiligic production costing sSmulation program is used
where the intermittent generation is modded by equivdent multi-Sate units, resulting in
a direct comparison of intermittent generation sources with conventiond generation
technologies as candidate capacity expanson dternatives. To accurady evauate the
economics of intermittent generation sources requires the use of a chronologicad hourly
production smulation approach with the assumption that historica data are available for
hourly wind speed, solar insolation, and system load over a certain timeinterva.
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2.6. Decison Making under Uncertainty

Uncertainty has been a mgor issue faced by eectric power industry in the past few years,
and factors such as load growth, fud prices, capital costs and regulatory standards have a
gdrong influence on the outcome of dectric utility resource development. As these
parameters are influenced by many uncertain conditions associated with the changes in
public perceptions, government regulaions, energy policies, economic dtudions, and
competitive markets, it is difficult to provide definite data The methods used in utility
indudry for evduding the influence of uncetanties ae scenaio andyss, sengtivity
andyss, and probabiligtic analysis |3, 31].

2.6.1. Scenario Analysis

Vaious scenarios are condructed, each containing a consstent combination of uncertain
parameters. Resource options are then identified during the planning horizon for each
individud scererio. This method alows the DM to anticipate a broad range of reasonable
futures and resource options. Resource options that are appropriate under mgority futures
are more promising but the method requires a consgderable volume of smulaions, and a
need to discriminate more precisely among dternatives.

2.6.2. Sendgitivity Analysis

Severd least-cost plans are developed according to some base assumptions and resource
drategies, and then the performance of each of these plans is examined in the face of
changed conditions. As a result, the procedure alows the DM to see how each of these
plans responds to posshble variations of primary assumptions. For sysems that are as
complex as the resource planning of eectric utilities, this method requires conducting the
repetitive caculations for dl adjusted conditions.

2.6.3. Probabilisgic Smulations

Probabiligic andyds includes a variety of andytical sStructures to incorporate the effects
of uncertainties, and—unlike scenario andlyss and sengtivity andyss—a measure of
sdecting which plan is optima under various future conditions, such as determinidtic
equivdent, Monte Carlo dmulation, and stochagtic programming. Uncertainties can be
addressed by assgning probabilities to discrete points or by providing a continuous
probability digtribution for each uncertainty factor, depending on the models used. The
smplest gpproach is to caculate the outcomes and use the expected vaues as the bass
for the evauation of dternative planning drategiess A more sophisticated approach
involves attaching probabilistic weights to different scenarios and performing Stochedtic
programming to determine the optima resource plan. To graphicaly represent a complex
multigage decison problem, decison tree or influence diagran modds ae used in
probabilistic analysis[114].
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2.7. Multi-Criteria Decision M aking

Multi-criteria decison making (MCDM) methods are classfied into two categories.
multi-objective decison making (MODM) agpproach and multi-attribute decison making
(MADM) approach. The common characterisics of MCDM problems are conflicting
criteria, incommensurable units, and  difficulties in dedgn/sdection of dternatives. The
difference between MODM and MADM approaches is located in the decison space [27,
65]. The decison space in the MODM gpproach is continuous and dternatives are not
pre-determined, while in the MADM approach, the decison space is discrete, and each
candidate dternative can be evduated usng a combination of andyticad tools. The
decison problem in MODM is solved usng multi-objective linear or nonlinear
methematicd programming modds in which severd objective functions are integrated
and optimized, subject to a st of condraints. In MADM, each planning or design
drategy is asociated with a st of atributes whereby various planning or design
drategies can be compared MODM problems ae defined and solved by severd
dterndtive optimization models, such as compromising programming, condraint method,
god programming, and fuzzy multi-objective programming. For MADM problems, the
utility function method, tradeoff andyss method and anayticd hierarchy process method
can be used.

2.7.1. Compromising Programming

Compromisng programming methods are classfied as eather weighted sum method or
composite distance method [27, 41, 65, 122]. Weighted sum method converts multi-
objective problems into a sngle-objective optimization formulation by assgning a st of
weights to individud objectives. Composite distance method is based on the concept of
ided solution and measures the compodte distance from an ided point in the direction
preferred by the DM. For both methods, the optimization problem is solved by exigting
planning packages for various combinations of weights or directions to create a set of
efficent solutions, defined as a feesble solution where there exists no other feasble
solution performing equally or better on dl criteria The best compromise solution or a
st of desired compromise solutions are identified from this set of efficient solutions.

2.7.2. Constraint Method

Congraint method takes the most essential objective as the most essentid performance
index while others are treated as condraints by providing a proper tolerance level to each
of them. Then, vaying the tolerance levels identifies a st of efficient solutions, which
are feasble solutions under the condition that al congtraints on the objectives are binding
a the optima solution.
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2.7.3. Goal Programming

The god progranming method employs a minimum distance concept based on gods
gpecified by the DM for each objective. Additiona unknown variables are defined which
represent podtive and negdtive deviaions from gods, in order to make them as a linear
programming problem.

2.7.4. Fuzzy Multi-Objective Programming.

Fuzzy programming has been developed in recent years to solve a class of multi-
objective optimization problems with fuzzy objectives and condraints [67]. The
coordination among conflicting objectives is done through the dhgpe of membership
functions assigned to objectives and dso to condraints. It is useful to treat future demand
and other primary paameters as fuzzy numbers such that the influences of uncertainties
are included in the optimization process. The gpplication of fuzzy set theory may reduce
the decision space as compared with traditional multi-objective programming modes.

2.7.5. Utility Function M ethod

The utlity function method sdlects an optimd planning dStrategy based on a function
known as multi-attribute utility function, which is comprised of the preference functions
for individud attributes and the weights that reflect the reative importance of these
attributes [39, 110, 111]. When the conditions hold that (1) additive utility atributes are
independent and (2) the contributions of an individud atribute to the composte utility
are independent with respect to other atribute vaues, then the linear additive utility
modd can be used to amplify the procedure. The dternatives to be evduated in this
method are ranked according to their expected utility values, which are computed as a
probability-weighted mean of al possible future conditions [123].

2.7.6. Tradeoff Analysis Method

The tradeoff andyds method is developed to support the identification of robust plans
under uncertainty [34, 45, 93, 170]. It plots a tradeoff curve in a two-dimensona space
and identifies plans near the knee of the tradeoff curve as pat of the decison set
conditiond on a gpecified future. Knee-st searching dgorithms are used for multi-
dimensond tradeoff anadyss to identify the plans not dominated by any other plans.
Tolerance levels are specified by the DM for each individud attribute, which define the
relative importance of attributes or indicate how far the DM is willing to trade off one
attribute with respect to another. The process is repeated for al futures, and the globa
decison st is determined by the conditional decison sets. This method can be used to
rank the aternatives based on the measure of robusiness, i.e, the number of futures
supporting the plan.
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2.7.7. Analytical Hierarchy Process M ethod.

Many multi-attribute decision problems are dedt with usng Andyticad Hierarchy Process
(AHP) as a dtructured approach and when the decision process is defined hierarchicaly
[104, 128, 137, 138]. The AHP technique three-step procedure is as follows.
Cregte a judgment matrix by pair-wisdy comparing al the factors a one leve of the
hierarchy with respect to each factor in the immediately preceding levd.
Compute the eigenvector of the judgment matrix for the largest eigenvalue,
Cdculate the compodte priority vector from the locd priorities associated with each
judgment metrix.

In cregting the judgment matrix, assgning weights to the factors influencing the problem
can be done through answering proper questions. For example, in an gpplication that
deds with uncetanty, ill-defined parameters, conflicting objectives and inaccuracies in
measurement, a four-layer structure (focus, actors, objectives, and scenarios) is presented
[128]. Then the following questions were asked going down the hierarchy: What is the
relative importance of each actor in determining the focus? What is the effect of each
objective to various actors? What is the effect of each scenario on the objectives? For
each quedtions, rdative weghts are deveoped by par-wise comparisons of items
Explanation of the procedures for eigenvector computation and caculation of composte
priority vector is given in Appendix A.

2.8. Risk Impact Analysis M odels

Among the different categories of impact assessment are technology assessment,
environmental impact assessment, and socid impact assessment [5]. Impact andysis is
defined as the dudy of the effect that the decisons have upon the decison-making
problem [37]. Impact andyss in a multi-atribute framework is formulated usng a
multidage multi-objective optimization model, which introduces the concept of dSage
tradeoff [37, 36, 132]. The stage tradeoff provides a measure of the impacts upon the
levels of the objective function a various sages. Usng the impact informeation provided
by stage tradeoff, it is possble to proceed in the decison-making process as defined by
the surrogate worth tradeoff (SWT) method. Other risk models are risk analysis based on
compliance to a known standard [46] and fault tree andysis based on different kinds of
event categories [58].
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3. Methodology

3.1. Introduction

In order to achieve an efficient resource development drategy in eectric utlities, the
concept of uncertainty needs to be addressed properly using a multi-attribute decisior+
making approach. The purpose of multi-attribute decison-making (MADM) methods is
to hdp the decison makers (DM) of dectric utilities in sdecting the best resource
drategy for sdected attributes. A useful mode should be able to display tradeoffs among
different attributes, both quantitative and quditative, and quantify the preferences. The
following questions should be addressed in the decision process.

Which plan appears to be better than others,

What isthe rationae of ranking the acceptable plans,

What isthe relative importance of one atribute to another,

Wheét are the rdlevant factors affecting uncertainties,

How to measure the plan performance in the presence of uncertainties, and

How to determine final resource strategy in arobust, flexible and lessrisky manner.

Utility function/disgtance vaue modd and tradeoff andyds are the two most commonly
used decison andyss methods in the dectric power industry for multi-atribute planning
in the presence of uncertainties [96]. The concept of the utility function/disance vaue
mode is to optimize a vaue that trandforms a multi-atribute decison problem into a
scae performance measuremert. With this method, the plans are ranked based on the rule
of probability where the best solution is the plan that has the optimal expected vaue.
Tradeoff andyds treats dl attributes individudly and identifies the plans that dominate
other plansfor each future.

The decison methodology sdected combines the tradeoff andyss and the utility
function/digance vaue modd usng a multi-dimensona knee-set searching  dgorithm
based on the measure of composte distance. With this combined method, the non-
dominated plans are ranked based on the measure of robustness ( the number of
supporting  futures), flexibility (the effort in adjusing to different futures), or risk
exposure ( the impact of adverse effects).

The advantages of utility function/distance value method are as follows.
It is based on the rule of probahility,
It suggests the best solution to the planner for which the expected utility/distance
vaueisoptima under the influences of various future conditions, and
It requires edablishing a utility function/digance value and assigning a probability
vaue for eech uncertainty.

The concern in agpplying the utility function/digance vaue method for planning is that it
is difficult to show the reative peformance of the plans with respect to different
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atributes under different future conditions and could lead to low probability of a
catastrophic event.

The advantages of the tradeoff method are as follows.
It provides information on how each plans perform under various futures,
It requires the planner to specify two tolerance parameters for each attribute where
the decison set containing non-dominated plans can be identified, and
It dlows the analys's of uncertainties without explicitly specifying probabilities.

The concern in goplying the tradeoff method is that there is no proper dHatidticd
background to judtify the selection of tolerance levels. Appropriate tolerance parameters
ae of dgnificant important in peforming tradeoff andyss and in the identification of
acceptable plans.

The advantages of the combined utility function/distance value and tradeoff methods are
asfollows.
It facilitates in characterizing the atitude of utility planners,
It can identify a plan or plans that are considered as acceptable plans, and
It provides a globd st of dterndives for dl future conditions as a decison set which
can be used for identification of other enhanced concepts, such as robustness,
flexibility, and risk exposure for judtifying the decision.

The concan in applying the combined utility function/disance vaue and tradeoff
methods is that the cost for providing robustness, flexibility or risk exposure of some

extremely rare conditions could be too high compared with planning solely on the bads
of possibility of occurrence.

The proposed modd consigts of the following characterigtics.

Measur e the Variance

Imprecise information in many of the problems exids due to inaccurate edimates of
atribute vaues and inconsstent human judgments on attribute priorities. It is not enough
to rank the different resource drategies based soldy on the point vaue edimate to
diginguish between the outcomes of competing dternatives. Therefore, it is necessary to
include the measure of variance into the decison process 0 as to increase the level of
confidence in the find decison.

The methodology of confidence interval-based multi-attribute approach in support of the

decison making processis asfollows:

- Condruct the linear additive utility or distance modd to facilitate the process of
obtaining preference utility functions and weighting parameters.
Edimate the composte utility or disance vaiance by the technique of error
propagation, accounting for individua errors from inaccurate atribute measurements
and inconsistient priority judgments.
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Determine the likdy range of compodte utility or disance vaues given a desred
confidenceinterva.

Measure the Uncertainty

Magor planning issues faced by the eectric power industry are due to uncertainty such as
demand growth, fud prices, capitd codts, regulatory standards, and competitive markets
on utility resource development. Deregulated power markets and the increased number of
independent power producers increase the uncertainties for generation capacity additions
in terms of the gting, timing and operating parameters. It is not sufficient anymore to
determine resource development strategies just by using base assumptions and congraints
in getting a guaranteed solution. To overcome these concerns, a decision analyss method
has been used in planning to ded with multiple objectives under uncertainties, using
utility function/distance value modd and tradeoff andyss.

The methodology of multi-attribute planning under uncertainty that combines the festures
of ut|I|ty function/distance value modd and tradeoff analysisis asfollows.
Define the tradeoff region after diminating al inferior plans due to unacceptable
performance of one or more attributes,
Define the multi-atribute modd incorporating variance information usng the
additive utility function/distance vaue;
Compute the vadue of composte utility/distance, both the point estimate and the
likdy range edtimate, for each feasble plan, assuming the erors from attribute
measurements and priority judgments can be properly estimated using interva-based
multi- attribute techniques;
|dentify the best plan for which the value of composite distance is minimd;
Determine the knee s&t, conditiond on the specified future, which contains al data
points satisfying the criteriain forming the conditiona decison s;
Determine the global decison st as the union of dl dternatives in dl conditiond
decison sts.

Measur e the Robustness

A robust resource plan would perform well across a variety of possble futures [19, 24].
Robustness measures the frequency of occurrence of each plan in the globa decison set
formed from utility function/distance value and tradeoff andysis.

The methodology of robust measurement is as follows.
Identify the possble range estimate cases, i.e. erors atributed from messurements
only, errors attributed from priority judgments only, and both errorsincluded;
Compute the vadue of composte utility/distance, both the point estimate and the
likely range edimate in dl cases, for each feasble plan in the globa decison st from
each plan preference ranking for supporting futures,
Compute the number of supporting futures for dl the dternative plans in the globd
decision sat and rank them descending from 100%;
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Identify the robust plan or plans as having 100% scade in supporting dl future
conditions, and when more than one plan is consdered as the best drategy, use the
available approaches to decide the most robust plan.

Measur e the Flexibility

A flexible resource plan would respond quickly at reasonable cost to various unexpected
events in the future [24]. To dlow an easy and inexpendve change to the future
drategies, flexibility is needed. The key festures of flexibility are dlowing smaler
commitment, adgptability, and deferrable decisons. Hexbility can be achieved by
building the sygem from smdl module component or by usng a rdaivey short lifetime
in the planning horizon.

The methodology of flexibility measuresis asfollows.
Compute the amount of additiona “cost” necessary for each d the plans to respond to
each of the scenarios for each stage in the process of attribute value caculation using
utility planning tools, such as invetment optimization modds, production costing
gmulation and rdigbility assessment programs, environmental impact andyss and
financid anayss modds
Compute the expected cost of flexibility for each plan a each stage consdering the
probability of occurrences of that particular future scenario;
Compute the present vaue of the flexibility cost a each dage for al attributes,
congdering the discount rate for the cost atribute only;
Compute the mog flexible plan or plans usng the decison criteria identified from
among plansin the globa decison set using flexibility cost measures.

Measur e the Risk Exposure

Another parameter that is important to observe is risk exposure, defined as the measure of
probability and severity of adverse effects [178]. Situations of risk are defined as those in
which the potentiad outcomes can be described in reasonably wdl-known probability
digtributions. Risk exposure can be measured or estimated by the risk assessment process,
that is the total process of risk anadyss which conssts of risk leve identification and
edimation. Risk exposure quantifies the risk hazards. Risk exposure can be reduced
usng these three drategies expanding the plant mix, reducing dependence on the
dlowance market and externa source of power, and adoption of renewable or
environmentaly friendly technologies.

The methodology of risk exposure measuresis as follows.
Identify causdtive events together with therr probability of risk occurrence, where
each of the causative events can lead to severa possible outcomes,
Identify possble outcomes and determine their relaive probability by conddering the
exposures of humans, inditutions, and the natural environment;
Identify exposure pathways, the means that risks are tranamitted, explicitly, and their
corresponding probabilities;
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Identify possble consequences of risk exposure and determine for each risk the
probability that consequences will occur;

Cdculate the overd| probability from the probability determination steps above;

Assign the consequence vaue to the risk exposure.

3.2. Identification of Parameters
3.2.1. Attributesin Planning

Attributes of concern provide the measure to the objective. The list of aitributes are
grouped as cost and rates, financid integrity, robustness, exposure to risk, flexihility,
quaity, environmentd impacts, and socio-political [3]. It is noted tha some of the
atributes are conflicting and could be ranked differently among different types of utilities
and decison makers (DM).

- Cogt and rates attributes include codts (i.e. capitd investment and operating costs),
rates (i.e. average price to customers) and other ratepayer costs (i.e. DSM options)
[51].

Financid integrity attributes include increased congtruction codts, long lead times,
high interest rates, and regulaory lag.

Robustness includes any plans that can fit to dl reasonable contingency scenarios [30,
51]. The plans that can cope for dl the futures are consdered as robust plans.
Robustness measures could be in terms of percentage of futures that a certain plan can
handle.

Exposure to risk reduction measures includes expanding the plant mix, reducing
dependence on the alowance market and external sources of power, and adoption of
environmentaly benign technologies. The risks conddered are trading complications,
joint ownership conflicts, reliance on the dlowance market, condruction lead-time
and site disruption, exposed to sabotage, and coa price risks.

Flexibility is the adaptability to changes during planning to reduce the effects of
uncertainty [24]. Hexible plans are the plans that can be eadly changed with a
minimum cod in case future conditions deviate. Hexibility measures can be in terms
of the amount of additional “cost” necessary for a plan to respond to a certain
scenario.

Qudity dtributes include rdiability (i.e loss-of-load probability — LOLP, expected
unserved energy — EUSE, or loss of energy probability — LOEP, expected loss of load
— XLOL, and frequency and duration outage — FAD), maintanability (i.e ease
economy, safety and accuracy), produce ability or condruct ability (i.e. effectiveness
and efficency), supportability, viability, technicad feeshility (i.e effective and
efficient supply of materids and energy and of mantenance and repar fadilities,
availability of the technology to sustain the new system).

Environmenta impacts include the use of natura resources (i.e. right-of-way, fuds),
damaging the naturd environment, locdized thermd and paticulate emissons from
fossl-fue generation, regiond effects of acid precipitation, predicted climatologica
dterations resulting from globd warming. Emissons can damage maerids, destroy
forests, reduce anima populations, and affect human hedlth.
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Socio-poaliticd attributes include macroeconomic effects (i.e. bdance of payments for
electricity generdtion, effect on employment), effect on locd economy (i.e leve of
loca industrid and business activity, job creation activities), nationd independence
of sdf-supplying dectricity, effects on policy gods (i.e. policies and objectives set by
government-owned utilities and regulators, such as eectrification programs that have
priority over pure profit congderations).

| dentification of Attribute Preference Weights

In the multi-attribute decisonrmaking problem, esch attribute is associated with its
preference  utility function (dngle utility function) and its weghting parameter that
reflects the rdative importance of this dtribute toward the overal planning objective.
The dtribute preference utility function is condructed usng a certanty equivdent
method and pair-wise comparison andysis explained in a laer section. As for attribute
preference weight, the DM provides pair-wise comparisons of its relative importance to
other atributes in the overdl planning god. A detailed description of how to sdect the
weighting parameter is explained as follows.

Among methods to sdect weights, ratio-quesioning and indifference-tradeoff are the
most frequently used because they have good reliability and are easy to use [15]. Both
methods accept input from the DM to prioritize attributes, but the ratio-questioning
method directly acquires the relaive importance between each par of attributes, while
the indifference-tradecff method indirectly assumes the weighting information from
tradeoff judgments.

The ratio-questioning method is often used in the andyticad hierarchy process (AHP) to
break up the complex priority assessment task into severd evauation stages. The stages
dat from the attribute, through one or more intermediate levels, up to the overdl
objective. Each layer influences the ertities in the layer immediady above it. The
procedureis asfollows:
Starting from the second layer of the hierarchy, the DM is asked to compare the
relaive importance between each par of factors a that layer with respect to the
connected factors on te upper layer. A st of judgment matrices is then created for
each layer.
The priority vectors associagted with these judgment matrices are cdculated by
solving the corresponding eigenvaue problems, as explained in Appendix A. This
shows how the composite priority vectors can be cadculated, i.e, the priority vector
from the bottom layer with respect to the top layer or the normdized attribute
welghting parameters.

There are three reasons that make the AHP based ratio-questioning method is favored

over the indifferent-tradeoff method for the assessment of attribute priorities:

1. It is a sysems agpproach taking into account various concerns regarding the priorities
of conflicting attributes.
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2. It can compensate for inconsgent human judgments by asking redundant questions
and then rerieving the weghting parameters on a compromise bass usng an
elgenvector prioritization method.

3. It can incorporate the influence of the range of attribute vaues on the preference, a
mgor fegture of the indifference tradeoff method, into the assessment process with
properly revised rétio questions.

3.2.2. Optionsin Planning

The concepts of least-cogt planning and integrated resource planning (IRP) result from
reesessing the traditiona practice of utility planning due to increased importance of
government regulation, private power producers, and public awareness of environmenta
issues. IRP is the evauation of combined supply and demand options, which include a
wide range of dtributes in the planning process to minimize the overdl “cost.” Those
options in IRP are the conventiond technologies plus a multitude of supply and demand
options.
Supply sde options include conventiond technologies (i.e. flue gas desulphurisation
retrofit, fluidized bed combugtion, and integrated gadfication combined cycle as a
means to re-power the plants, use of low sulphur fuels, use of environmentd instead
of economic dispatch, replacement or expanson of capacity with low-emitting
technologies, dlowance trading, retirement of high-SO, emitters), power purchase
(i.e. pesk-shaving practice), non-utility generaion (i.e privatization of dectric
utilities), dternative energy sysems (i.e. photovoltaic generation, solar therma power
systems, wind turbine energy systems).
Demand-dde options include demand-sde management (i.e. load shifting, pesk
shaving, vdley filling), and consarveion (i.e. efficiency improvement of resdentid
appliances, better energy management control systems, variable-speed motors).

3.2.3. Uncertaintiesin Planning

Uncertainties in dectric utility planning emanate from the load growth, performance of
the generding sysem (rdiability), capitd and operating costs, environmentd regulaions
and socid and political attitudes. For each of the groups, a brief description is asfollows.

- Factors affecting load growth are population growth, economic factors (i.e. resdentia
gopliance saturations, eectricity prices, prices of subgtitute fuds, disposable income)
[166], technological changes (i.e. increased appliance effidencies insulaion
practices) [40], consumer behavior (i.e. improved insulation, customer response to
competing energy providers), DSM impacts (i.e. paticipation of customers in the
programs, effects of the programs on the load curve, public attitudes towards the
programs) [131].

Rdidbility uncertanties are dafected from exiging utility atrition (i.e retirement of
utility capacity due to age, emissons requirements, regulatory issues for nuclear and
hydro unit re-licenang), future avalability of utility generation (i.e. expected loss of
capacity due to economic reasons, licensng delays, condruction risk), exising non
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utility attrition (i.e. expected loss of NUG capacity due to economic conditions, lack
of fud, lifetime of the technology), future avalability of non-utility generation (i.e
due to licenang complications, condruction schedules, and financing avalability),
life and performance of plants (i.e. expected life of re-powered plants, forced outage
raes of generating units), required reserve (i.e. due to future load shapes, future
energy limited resources, unit availabilities, and tie capabilities).

Cogt uncertainties are affected by fud prices (i.e. due to socio-politic conditions,
Clean Air Act amendments), construction costs and time (i.e. the use of smdler more-
expensve readily avallable plant), cost of resources/capitd cost (i.e. due to rapidly
changing market conditions, technologica development), operating and maintenance
costs (i.e. due to emergency operation and unscheduled maintenance), capitd
ecalaion (i.e. escdation rae, discount rate), cost of replacing power lost due to
emission abatement equipment.

Environmentd uncertainties are affected by environmentd impacts (i.e. ill much
uncertainty on the results of modes predicting the measurements impacts),
environmenta regulation (i.e. cost of future emissions alowances).

Socid and palitical affecting factors are public atitudes (i.e. based on public needs
and perceptions), regulation (i.e. environmental compliance, regulatory approvas on
facility sting and power needs).

| dentify Relevant Uncertainties

Screening an uncertainty to find which of its influentid uncertainties have a consderable
impact on the solution can be done using par-wise comparisons of the impacts given by
the DM to form a judgment matrix. Those uncertainty factors with a low score can be
eiminated.

I dentify Probability Distributions of Uncertainties

Another important aspect concerning uncertainty is the assgnment of probability
digributions. Probabilities are estimated from a number of expert judgments, with the
inherent benefit that an eror in any paticular judgment is compensaied by other
judgment ratios. Furthermore, the st of probabilities assigned to a particular uncertainty
will depend on the probabilities assgned to its factors. In other words, the probability
digributions of a particular uncertainty depend on the vaues sdected for the uncertainty
factors influenced by it. Two cases explained in Chepters 4 and 5 show how to assign the
probability digtributions to rlevant uncertainties.

3.3. Scenario Development
The combination of a specific plan and a specific future conditutes a particular scenario.

A number of scenarios can be crested from the combinations of plans and futures,
ranging al the possible dterndtives.
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3.4. Decision Database | ssues

Each scenario is evduated usng a combination of utility planning tools, such as
investment optimization models, production costing smulation and religbility assessment
programs, environmenta impact andyss and financdd andyss modds Hexibility is
incorporated into each plan reflecting a scenario.  Scenario andlysis will egtablish a
decison database where dternative plans are compared based on certain well-defined
decison criteria.

3.5. Acceptable Alternatives

This section describes the performance evauation technique using probabilistic approach
(composite utility or compodte distance together with decison tree) combined with
tradeoff andyss to identify the acceptable plans. Furthermore, the calculation of atribute
weights and production cost composte variance are given usng an error propagation
technique.

3.5.1. Probabilistic Approach

In doing decison andyss under uncertainty, the utility function or distance vaue method
is used together with a decison tree modding approach. This decison process can
provide a grephica interpretation of dternative planning drategies, decison variables
and uncetainty factors. The technique is termed a probabilistic evauation approach,
where the best solution is determined based on the expected value of composite utility or
composite distance of planning strategy under future conditions.

Trandorming an n-dimensiona vector performance to a scdar performance measurement
in deding with multi-attribute problems has become a common approach, by using the
multi-attribute  utility function or digance vaue. The fdlowing text describes utility
function and distance val ue methods followed by a decision tree modd.

Composite Utility Function and Composite Distance Value

Multi-attribute  utility function is comprised of the preference functions associated with
the attributes (single utility functions) and the weighting parameters that reflect the
relaive importance of these attributes toward the overall planning god or objective.
Although the compogte utility is a nonlinear function of sngle utility functions and
weighting parameters, a specid form of the function, known as linear additive form, can
be usad if the contributions of an individud atribute to the compodte utility are
independent of other atribute vaues. A generd expresson of the linear additive utility
mode is expressed in Equation (3-1).
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U9 =8 wU, (x) (3-1)

i=1

where U (X) is the compodte utility of esch dterndive as a function of the atributes
vector X =[x;,..X,]. U,(x) ad wae the dngle utlity function and weighting
paameter of the i attribute, respectively. Weighting parameter represents the relative
importance in comparison to other attributes and satisfies é w =1.

Many decison problems in dectric utility planning have used linesr additive utility
models, such as generdion resource acquigition assessment,  energy-conservetion
program evduation, sdection of new generation technologies, integrated resource
planning, and transaction sdlection in a competitive market [13, 32, 60, 63, 69].
Attributes conddered in these dudies cover quite different fidds of interet, such as
project investment, energy production cost, sysem rdiability, environmentd impact, and
flexibility in resource development; therefore, the independence condition of additive
utility is satisfied.

The dngle utility function U, (x;) may be replaced by the normalized attribute distance
vaue r,, representing the risk-neutral attitude of the DM. Such a form of linear additive

utility model can be expressed by linear additive distance vaue as expressed in Equation
(3-2):

XX 4w, (3-2)

i=1

Uy (x)—aw

=1

where U, (x)is the compodte distance for a particular plan messured from the idedl
solution Xx* =[X, ,X, ,...X, ], X and r, are respectively the measured and normalized
values of the i attribute, x," is the range of variation of measured atribute vaues with

xi* as the optima (maxima for benefit atributes and minima for cost atributes), and
w, is the weighting parameter of the ™" atribute.

The ided solution x* reflects the attribute optima vaues, where maxima vadues are
used for bendfit atributes and minima vaues for cogt atributes. The range of atribute

vaiaions X' is cdculaed from the difference of maximum and minimum vaues
automaticaly.

The best solution in Equaion (3-1) is the dternative for which the measured composite
utility function output is maximum, while the best dternative determined by Equation (3
2) represents a minimum distance from the ided point in the direction preferred by the
DM. Therefore the term “Compodite Utility” or U(X) can be replaced by the term

“Composte Distance” or U, (X) .

Methodol ogy 26




In the condruction of linear additive utility models, there are two terms of concern: the
gngle utility functions and the weighting parameters, which are determined through
interviews with utility planners using decison andyss techniques. Ratio-questioning
method with AHP is used to determine the weighting parameters, where the discussion is
done earlier when attribute is been addressed. Therefore the following section explains
single uility function caculaion.

Sngle Utility Functions Calculation

The sngle utility function, U, (X;), represents the utility vaues that the DM attaches to
each dtribute which reflects hisher attitude toward taking a risk. DM can define the
utility value on a normdized scale, as the attribute varies between its lower and upper
bounds. Certainty equivdence method is used to evduate a sngle utility function [110],
dthough the convergence procedure in assesSng a cetanty equivdent is time
consuming and cumbersome [39]. Since it is harder for the DM to determine a single
value that will represent a confident atitude, it is more convenient for the DM to specify
a boundary around the true certainty equivdent. Alternatively, ratio-scae method can be
used to measure the DM’s preferences [72, 109], but the method seems to work well only
when there are asmall number of dternatives.

Incorporating pair-wise comparison andyss into the certainty equivdent method has
|mproved the procedure [62]. Some of the benefits of the assessment procedure are:
Improvement over the traditiond method since the vaue of certainty equivdent is
determined by examining severa candidates on a compromise bass and therefore
will increase the leve of confidence in the resulting preference functions;
Increased religbility over the ratio-scale method because the DM’s preference is
evauated over the entire range of attribute vaues.

The steps of the improved procedure are as follows.
Identify the range of atribute vadues obtaned from dealed dudies including
production coging Smulaion, invesment optimization, rdiability evauaion and
environmenta impact anadysisfor dl dternatives.
Assess three certainty equivalent values for x, with respect to U, (x;), U,(X,), and
U,(X,s), respectively. The DM may sdect a few candidate vaues to avoid the
tedious convergence procedure, which are around the true certainty equivdent. The
judgment matrix can be formed, by comparing each par of these candidates for their
closeness to the expected certainty equivdent, from which the priority vector can be
obtained by solving the corresponding e genva ue problem (AHP techniques).
Cdculate the certainty equivdent as the weighted-average of these candidates, using
Equation (3-3):

c=cp' (3-3)
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where ¢ =[c,,C,,...,.C,,] and p=[p,,P,,..., P,] ae the vector of candidates and the
corresponding priority vector, respectively. These three (x,U,(x;)) pars with the

end Eoint utility values of 1 and O, gives five points on the dngle utility function for
the ™" atribute.

Fit a curve through these points to determine the corresponding equetion for U, (x,) .

Decision Tree Sructure

The decison tree modd consists of decison nodes, representing resource options, and
chance nodes, representing uncertainties. Decison nodes are marked as rectangles, while
chance nodes are marked as ovas. The uncertainty is addressed with discrete probability
showing the occurrence estimates of different conditions. Total sum of probabilities on
branches radiating from a chance node must equa to 1.0. A scenario is a complete path
between the tree root and a termind node, consiging of a combination of options and
uncertainty factors that can be traced throughout the tree. A typical decison tree mode
for utility generation expanson planning is shown in Figure 3-1.

Base High High

Generation Medium
Expansion

Strategy P=0.4

No Renewable

P=0.2 P=0.1

Figure 3-1. Typicd Decison Tree Structure

Scenario Evaluation

Each scenario is determined by an overdl performance scaar vaue, cdled composte
utility or composite disance, which is cdculated by the utility function modd (3-1) or
the digance vaue modd (3-2), respectively, taking into account any contributions from
different atributes. Each scenario’'s likdihood is determined by multiplying the
probability of uncertainty for branches starting from the end point to the decison node a
the beginning of the decision tree.

Expected Utility and Distance Value

The expected utility or distance vaue of each plan is determined as the sum of utility or
disgance multiplied by the likdihood of each scenario rdevant to that planning dtrategy,
asindicated in Equation (3-4):
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UM =a pUc()=a pea WU, (%) (3-4)

k=1 k=1 =1

where U (x) is the expected utility or distance vaue for each planning strategy, U, (X) is
the composite utility or composte disance for scenario k characterized by atributes
X =[Xegs Xl » Py 1S the probability of scenario k, U, (X) is the Sngle utility function
or single distance value with respect to the i attribute, w is a weighting parameter for

the i atribute, representing its relative importance to other atributes and satisfying
[¢]
aw =1

The plans are then ranked based on their expected utility or distance vaue. When the best
solution has been determined for each future condition, tradeoff analyss can be used to
identify more inferior plans. This procedure will lead to the formaion of a decison set
that congdts of plans for dl futures. The tradeoff anayss method does not try to find a
unique “optima” plan, but it is an goproach for evaduating reationships between
atributes and uncertainties. The following is the description of the tredeoff andyss
approach.

3.5.2. Tradeoff Analysis

When the objective is to minimize each attribute of the plan, then plan A dominates (is
better than) plan Bif the aitribute vaue of plan A is less than the atribute vaue of plan B
for every attribute. This leads to two conditions of dominance:
Strict Dominance: plan A drictly dominates plan B conditiond on a specific future, if
the attribute value of plan A is better (less) than the atribute vaue of plan B for dl
attributes.
Sgnificant Dominance plan A dgnificantly dominates plan B conditiond on a
gpecific future, if a least one atribute vaue of plan B is “much worsg’” than the
corresponding tribute vaue of plan A, and if no other atribute vdue of plan B is
“dgnificantly better” than the corresponding attribute vaue of plan A.

A st of tolerance levels needs to be sdected by the DM to define the meaning of the
terms “much worsg’ and “Sgnificantly better,” which are sdected independently for each
atribute. As an example, for the atribute “tota cost,” a planner could specify that a plan
coging a million dollars more than another is much worse, but a plan costing a hundred
thousand dollars more than another is not significantly better.

Tradeoff curve is a st of plans that are not drictly dominated by any other plan on a
particular future, and knee set or conditiond decison set is a set of plans that are not
sgnificantly dominated by any other plan on aparticular future.

Fgure 3-2 illudrates an example of two attributes tradeoff grephs, that consst of the

tradeoff curve and knee sat determined using the dominance criteria The following can
be observed from the graph:
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The tradeoff curve forms the boundary between the sets of possble and unachievable
attributes while the knee set contains plans on and near the knee of the tradeoff curve.
Theleves of tolerance determine the Size of the knee s&t.

The knee set boundary dlows the planner to peform visud par-wise comparison of
dl the plans under congderation and quickly identify the best dternatives. The
tolerance for each attribute reflects how far the planner is willing to trade off one
atribute with respect to another, or indicates the planner’s preference on the reative
importance of different attributes.

Attribut B A

Tradeoff curve === '

Kneeset

Attribut A
Figure 3-2. Tradeoff Graph with Two Attributes

To overcome the difficulties of finding the knee st for more than two dtributes and
performing tradeoff andyss for each par of attributes and every specified future, it is
necessary in practica utility planning sudies to use some well-defined numerica knee-
st searching dgorithms ingead of visud examindion. The variance techniques will be
presented first before introducing the numerical knee-set searching dgorithms.

3.5.3. Composite Utility and Composite Distance Variance

Errors Propagation Technigue

The eror propagation technique is used to examine the influence of inaccurate data on
the ranking of dternatives. The error propagation principle is described as “Given some
st of numbers and their errors, what is the error in some prescribed function involving
these numbers?’ [33, 71]. A function y = f(x,,X%,,...,X,) has a generd expresson for
error propagation as in Equation (3-5):

> & ff )
s, =§(1?—st) (35)
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where s, and s, ae the sandard deviations of variable x; and the prescribed function
y = (X, %00 X, ), FESPECtiVElY.

The compodte utility variance for the linear additive utility modd in (3-1) can be derived
asin the following:

S TI B T

s/ =8 dms v AdEs )
5 du, (x

I L R AE 36
i=1 ]

where s, s, and s, ae the dandard deviations of composte utility values, ith

X
dtribute and its weight, respectively. The error s, is created by inconsistent subjective

judgments and the error s , - is due to inaccurate atribute measurements.

The composte utility values may be gpproximatey measured by the norma digtribution.
Given a dedred levd of confidence, the likdy range of composte utility vaues
corresponding to (3-1) can be estimated as the following.

(U_ la/ZSu’U+|a/ZSu) (3_7)

In amilar fashion, the composte distance variance for the linear additive distance modd
in (3-2) can be derived asfollows:

> & U, , ¢ U, )
S¢° =8 (s YA (s )
Sdzzén[rizsvw2+V\’iZqu] (3'8)

where s, s, ad s, ae the standard deviations of composte distance values,

normdized i" atribute and its weight, respectively. Let m be the number of plans
evauated. The standard deviation s |, for thej™ plan can be estimated by Equation (3-9):

1 max min
Srizz max min 4%&-]2(& - X )2+

(Xi - X| )
S e (% - X" s P05 %™ (39)
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where x; is the measured i" attribute for dternative j and the error parameter s % Isits

standard deviation, x,™" = m'n{J)g,-|,j =12,...m}, X, = max{inj|,j =12,...m}.

The likely range of composite distance values of Equation (3-2) can be estimated as the
following.

(Ud'la/25d1ud+|a/25d) (3'10)
Performing multi-attribute eectric utility resource planning produces two magor error
sources, namely production cogt variance and priority assessment variance errors. A brief

discusson of them isasfollows.

Production Cost Variance

The vdue of production coding related to eectric power sysem is not a sngle
determinidic value, but a random variable, due to the uncertainties in unexpected outages
and load variations [175]. The vadue varies around its mean, which is the expected
production cost, and has probability distribution that depends on the load patterns and the
dochadic characterigics of the generation units forced outages in the sysem. The
conventional production costing mode’s output includes the expected energy production
cods, sysdem rdiability indices and generationreated emissons. The measure of
production cogt variance is a useful input to the decison making process in comparing
different generation expanson dternatives, and it has been discussed in many
publications [85, 102, 175]. Results indicate that the variance of the cost is a very smal
percent of the mean vaue. Accordingly, it is important to incorporate the error parameter
using the concept of production cost variance in order to estimate the composite utility
variance.

Priority Assessment Variance

It has been proved that the AHP technique is a reiable tool for attribute priorities
asessment in multi-atribute andyss. Studies caried out a Virginia Tech in modding
the subjective errors from creation of the judgment matrix [44, 125, 126] have shown that

agood estimate of the error parameter s > can be calculated by the following:

? 2 ?ilén\y--z

“hopm-g2 aY (3-11)

where n is the judgment matrix size, y; =In(a;/w;), a;is the judgment ratio [i, j] of
the judgment matrix, w; = w; /w; and w =[w,,W,,...,w,] isthe priority vector.
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Note that the error parameter s ? is caculated based on only the judgment matrix, where
it involves only the judgment ratio a; and te priority ratio w;. The priorities associated
with judgment matrix variances a any layer of the hierarchy are estimated as follows.

2 Zn N
> _nh°-1ed >u 2
Su T a W - W W, (3-12)
n- éa a

The find dep is sdecting the best planning srategy based on the optima (maximd or
minimal, as appropriate) expected vaue as the criterion.

3.5.4. Performance Evaluation Technique

The reasons for selecting this technique are asfollows.

- It provides a datistical background in the sdection of an gppropriate tolerance leve
of plans by edimating the variance of the multi-attribute modd concerning the errors
due to inaccurate attribute measurements and inconsstent priority judgments. Other
avalable methods as in [50, 170] have used the tolerance levels termed as “much
worse” and “ggnificantly better,” which need to be specified for each atribute by the
DM.

It ranks the acceptable plans contained in the knee set based on the measure of
compogite distance, which is useful in differentiating among competing plans.

The technique suggests applying the probabilisic approach in pardld with the tradeoff
approach on the common decison database, to determine a set of acceptable plans based
on the measure of expected performance with further assessments to sdect a plan or plans
that are robugt, flexible or less risky.

Four main steps of the technique are described as follows [51, 170]:
Formulate the attributes, options and uncertainties of the problem.
Develop a decision database for various scenarios.
Identify the set of plans left after dl inferior plans have been rgected (“decison set”)
using the tradeoff concept.
Eliminate more plans by andyzing the plans in the decison s by the determined
resource strategy.

Problem Formulation

Sets of attributes, options and uncertainties are identified before creating various
scenarios to be examined. Each plan is a set of resource options, and each future is a set
of uncertainty factors. The combination of a specific plan and future represents a
scenario.

Creation of Decision Database

Methodol ogy 33




The quantitative and quditative dtributes for each scenario are stored in the decison
dadbase. They ae cdculaed usng andyticd plaaning modds or determined using
subjective judgments. Some methods have been introduced [50, 112, 127, 62] in the
creation of adecision database cons sting thousands of scenarios.

| dentification of Non-Dominated Plans using Knee-Set Sear ching Algorithm

1. Eliminae dl inferior plans due to lack of performance of one or more attributes and
define the tradeoff region.

2. Define the multi-attribute mode asin (3-2).

3. Compute the vaue of composte distance, both the point edtimate and variance
edimate, for each feasble plan, with some properly estimated errors from attribute
measurements and priority judgments.

4. I|dentify the best plan, tha for which the vaue of composte disance is minimd,

Ud,min .
5. Determine the knee set conditiond on each future that condsts of al data points
following (3-13) below:

Ud - | al?> d £Ud,min - Ia/zS d,min (3'13)

where | _,, is the standard deviation of norma distribution with a desired confidence
interval, say 90% or 95%, and s, and s, ae the estimated errors of composite

digances to the plan being examined and the best plan identified in Sep 4,
repectively.

Figure 3-3 illustrates the conceptud knee-set searching process as discussed above when
only two aitributes are involved.

Infeasible Plansdueto
Attribute B

¢ b

AttributB A

( Infeasible Plansdue
Trad8ff Region to Attribute A

Tradeoff curve o= "

Knee set

Best Solution '

Attribut A
Figure 3-3. Conceptua Procedures in Knee-Set Searching
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Decision St Analysis

The decison set andyss is then gpplied to measure peformance dtributes in terms of
robustness, flexibility, and risk exposure as the fina resource strategy.

The globd decison et is the set of plans that are left after dl inferior plans have been
eiminated. Plan A remains in the globd decison set only if there is no other plan which
drictly dominaes plan A for dl futures. It is convenient to say that the union of the
conditional decison satsform the globa decision set.

3.6. Determination of Resour ce Strategy

Determination of resource drategy utilizes the integrated performance approach
methodol ogy, which can be summarized as follows.

Formul ate the decision problem properly.

Create areliable decision database.

|dentify decison sets after diminating dl inferior plans.

Anayze the decision sets to support the find resource strategy.

The integrated methodology differs from the traditiond tradeoff andysis gpproach in the

following aspects.

- It incdludes a multi-dimensond knee-set searching agorithm based on the measure of
composte digance together with datistical background for the sdection of
gppropriate tolerance leve.

It provides a decison-making modd, in which the resource plans can be evaluated
based on the rule of probability and tradeoff consderation, further expanded for
attribute measures such as robustness, flexibility and risk exposure.

The following sections explain the concept introduced for determination of resource
drategy in sdecting plans that meet the criteria of robustness, flexibility and risk
exposure.

3.6.1. Robustness M easure Approach

Decison st andyss supports the resource development drategy by identifying robust
and inferior options. The frequency with which the plan appears on the globa decison
st or the number of supporting futures determines its robustness. A 100% robust plan is
aplan that isawaysin the knee st for dl futures.

In the case where multiple plans are identified as the robust plan, or plan that has a 100%
scale in supporting al future conditions, the following approach can be used to decide the
most robust plan.
Compare the plans according to ther preference ranking and choose the most robust
plan as that with mgority highest ranking among the future conditions.
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Compare the plans using ther range of attribute vaues and choose the most robust
plan for each of the attributes to be considered.

Compare the plans usng probabilisic andyss modds by generating different cases
where each case represents a specific probability digtribution assigned to dl the future
conditions, and choose the most robust plan based on the assumption of a particular
case condition.

In the case when no plan is completdy robudt, i.e, there is no any sngle plan that is
optima or nearly so for dl possble futures, hedging to reduce the risk must be gpplied.
This is usudly the red dtuation in dectric utility planning due to conflicting objectives
and diverse future forecasts. One practical and effective risk-mitigating gpproach is to
reessemble the identified robust resource options into new plans that may be expected to
perform better or more robustly than any originad plans.

3.6.2. Flexibility M easure Approach

Fexibility is defined as the ability of the power system to adapt to new future conditions
in the best way. Hexibility can be incorporated a two levels of the eectric utility
planing process, fird in the sdection of dtenative generation and trangmisson
technologies [24], and second in the evduation of expanson options[3].

The firg leve is done by the DM ether to incdlude more quickly ingtaled technology or
to ingdl technology which makes a better use of the exising sysem, while the second
level is when atribute vaues ae cadculaed usng utility planning tools, such as
investment optimization models, production costing smulation and reiability assessment
programs, environmenta impact andyss and financing andyds modds and within the
scope of determination of the final resource strategy.

Selection of Alternative Technologies

In achieving a flexible power sysem for the benefit of reducing the effects of uncertainty
through sdection of dterndive technologies, the DM could ether include more quickly
ingdled technology or inddl technology that makes better use of the exising sysem. A
comprehensve meansto provide flexibility is described in [24].

Evaluation of Expansion Options

In the calculation process for attribute vaues, the evaduation of expansion @tions can be
done by caculating the additiona “cost” necessary for each of the plans to respond to
each of the future scenarios to be cdculated for each stage. The codts of flexibility for
plan i, future scenarios s, and stage k are caculated from the attribute values, such as
cod, emissons, or reiability. Let's say that A is consdered as the attribute value of
cost calculated for plan i, future scenario s, and stage k. Therefore, C,,, can be calculated

usng Equation (3-14):
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Co =8 [Ax- AUA, - AL (3-14)

=1

where U (x) isthefunction follows (3-15) and S isthe number of future scenarios.

upg=t X0 (3-15)
10 x<0

Now the expected cost of flexibility is calculated for each plan for each dtage,
incorporating the probakilities of occurrence for al scenarios using Equation (3-16).

S
Ci = é. P<Cis (3-16)
s=1
where C, is the expected cost of flexibility for plan i a stage k, C, is the cost of
flexibility for plan i a stage k under future scenario s, and p, is the probability of
occurrence of future scenario s, with é p, =1.

When C, congdered as the generation cost dtribute, then the present value of tota

flexibility cogt for plan i is cdculated consdering al the stages and incorporating the
discount rates using Equation (3-17):

(3-17)

where C, is the present value of flexibility total cost for plan i, r is the discount rate, and
K is number of stages.

For atributes other then cos, such as emissons and rdidbility, the find vaue of
flexibility cost for plan i is caculated usng Equation (3-18).

Cix (3-18)

Qo=

C =

=~
1l

1

Hexibility messure is implemented for plans that fdl under the same future conditions.
Let's say some plans fdl under 100% robust conditions. Distance vaue of the flexibility
cost is cdculated for those plans, and then the following steps can be done for sdecting
plans based on their flexibility measure and deciding the most flexible plan.
Compare the plans according to the distance vaue of the flexibility cost and a fixed
probability of futures, then choose the mog flexible plan for the lowest distance
value.
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Compare the plans using probabilistic andyss modds by generaing different cases
where each case represents a specific probability distribution assgned to al the future
conditions, and choose the most flexible plan based on the assumption of a particular
case condition.

3.6.3. Risk Exposure M easure Approach

Risk exposure can be measured or estimated by a risk assessment process. Risk
assessment is defined as the total process of risk andyss and conddts of identification of
risk levels, esimation of risk levels, and the socid evduation of risks [43, 178]. Rik
identification comprises efforts to identify new risks and identify changes in exiging risk
parameters. Risk estimation is used to estimate the probability of risk occurrences and the
magnitude of risk consequence vaue. Risk evdudion ams a knowing risk averson and
risk acceptance. Figure 3-4 shows the risk assessment overdl diagram.

The manner in which risk are perceved and identified is a mgor condgderation in coping
with it, dnce risk is conddered as a potentid threat to man, his environment and his well-
being. Changes in the leves of risk ae identified in three conditions that can occur
smultaneoudy: when a new risk is created or found, when the magnitude of an existing
risk changes, and when perception of an existing risk changes A rik that did not
previoudy exist is conddered as a new risk, which is created by man as a result of new
technology againg the baance of nature. A perception of existing risk is changed when
the hazard is identified, the magnitude of hazard changes suddenly, or a dow change in
the hazard’'s magnitude crosses some threshold of societal concern. Public perception of
exiding risks may change whether or not the objective levd of risk changes, such as
when a more dominant risk is eiminated or reduced. The terms “hazard” and “risk” may
be used interchangegbly, dthough the term “hazard” means the present exisence and
“risk” the potential existence, or “thregt,” of some unwanted consegquence.

I Risk Assessment I
|

Risk Identification Risk Estimation Risk Evaluation
New risks Probability of occurrences Risk Aversion
Changesin risk parameters Magnitude of Risk Acceptance

consequences value

Figure 3-4. Risk Assessment Overd| Diagram

The process of risk esimation can be divided into five steps identifying the cause of the
risk, measuring its effects, determining risk exposure, defining the consequences of
exposure, and vauing the consequences of exposure. The first four steps are parts of the
probability determination, while the last dep beongs to consequence vaue
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determination. Probability determination consgs the following four deps. Fird, identify
causative events together with their probabilities of risk occurrence, where each of the
causdtive events can lead to several possible outcomes. Second, define these outcomes
and determine their relative probabiliies by conddering the exposures of humans,
inditutions, and the naturd environment. Third, define the exposure pathways with their
corresponding probabilities, which implies that risks are tranamitted explicitly. Fourth,
define the possble consequences of risk exposure and determine for each risk the
probability that consequences will occur. Consequence vaue determingtion asks the
affected individuals or the DM to assign a value to the consequences of the risk exposure.
AHP isused for this sep.

Risk evduation is reated to human responses. Although man by nature is risk aversive,
tending to avoid acts or gtuaions whose consequences may thresten his hedth and
safety, he may aso choose to take and accept risks to achieve specific benefits. The \due
judgments required in risk evduation fdl into three classes, namdy technica, societd,
and managerid, which are used to evauate the risk exposure measured from the previous
identification and edimation dgeps. The technique developed for measuring the risk
exposure is based on risk identification and risk estimation methods.

| dentification and Estimation Method

There are two ways that risk identification can be done, usng experimental and non
experimenta  techniques [139]. The experimentd risk identification technique is used
when data records of cases are avalable and new experiments can be smulated by
experiments. From the results of experiments, other unavailable data within domain of
interest can be extrapol ated.

The non-experiment risk identification technique relates some varigbles to other variables
in capturing certain information by correation. For example, the reationship between
wind speed and cloud covering at a certain location can be predicted.

Since risk can never been known in cetanty, risk edimation dways includes
assumptions about future behavior and is subject to two kinds of uncertainty: error due to
modd assumptions, and error due to fluctuations in the database. Confidence interva
techniques use those errors to quantify the ranges, and it is preferable to use methods that
require fewer assumptions and more data. The following three methods are used in risk
edimation: subjective or expert judgment, mode andyds, and estimate based on daa
series. All edtimates are accompanied by some measure of ther uncertainty. When the
edimate is based mogly on judgments and modd andyss, sengdtivity anayss is used. If
the data series is used, uncertainty is estimated by confidence intervas.

Risk exposure quantifies the risk hazards. Risk exposure can be reduced in these three
ways expanding the plant mix, reducing dependence on the dlowance market and
external source of power, and adoption of renewable or environmentaly friendly
technologies.
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After identifying the risk consequences, risk exposure can be measured usng the additive
multi-objective value modd [46] and caculated using Equation (3-19):

V(9 = 8 wv (%) (3-19)

where V(X) is the overal vaue provided by the consequence dternatives with the set of
scores X, w ae the globd weghts (product of locd weghts up the hierarchy of
consequences) of the ith consequence measures, v, (x;) is the dngle dimensond vaue

function of the ith consequence measure, and n is the number of the consequence
measures.

The sngle dimensond vadue functions provide the returns to scde on the score of the
consegquence measures. Vdue functions usudly occur in four basc mathemdicd forms
linear (congtant return to scale), concave (decreasing returns to scale), convex (increasing
returns to scae), and an S-curve (increasing then decreasing returns to scae). The vaue
functions were obtained by asking DM the rdaive vaue of increments of the
conseguence measure scae.
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4. Hybrid Solar-Wind Case Study

Increasing interest in power generation from renewable energy sources is caused by Sx
factors. economic ressons (i.e. production cost saving), reiability benefits (i.e. reduction
in expected energy not supplied, reduction in sysem loss of load probability), fud
security (i.e. limited reserves of cod, oil and gas), hedth and safety (i.e. reduced threat of
nuclear accident), fuel price volatility (i.e. increased oil price due to politicad conditions),
and environmental issues (i.e. reduced carbon emissons) [34, 117]. In spite of their
advantages, the limited use of the renewable energy sources by the dectric utilities is
manly due to thar high cost of generated dectricity. Further condderation about
seasondity of wind and solar data is taken into account usng long-term annua average
data that smooth out the seasondity but could cause over or under-design of such
fadlities

This chapter will look into the renewable energy technologies, currents and future trends
affecting them, and issues rdated to the grid integration of renewable technologies.
Further, the chapter will try to andyze some of the technicd and economic aspects of
wind and solar energy systems, and then use the results to investigate the penetration
level of renewable sysems into the conventiond dectricd system using the decisont
making process under uncertainty, consdering robustness, flexibility and risk exposure
criteria

4.1. Renewable Energy Technologies Overview

Energy derived from resources that are based on sdf-renewing energy sources such as
aunlight, wind, flowing water, the eath’'s internd heat, and biomass (i.e crops,
agricultural and industrid waste, and municipd waste) ae consdered as renewable
energy. The use of U.S. renewable energy in 1998 comprised hydropower (55%),
biomass (38%), geothermal (5%), solar (1%), and wind (0.5%) [153]. More detailed
information on facilities that generate U.S. grid-connected eectricity from renewable
resources is available eectronicaly [159].

Renewable energy resources are abundant, and every region has some energy resources,
which can complement one other. By teking them together they can contribute
sgnificantly to energy security and regiond development, without dependence on foreign
energy sources. Also, most renewable energy sysems are modular, dlowing flexibility in
matching load growth. The markets of renewable energy system range from specidized
usage to centrdized energy production, where the laiter is reativey more capitd
intendve compared to conventiond technologies. After the initid investment has been
made, the economics of centralized renewable energy Systems improve in comparison
with conventiond technologies because of low mantenance and operating costs,
epecidly for solar and wind systems, for which fud cogt is not only condant, it is zero,
while the conventiond technologies will be affected by future fud price increases.
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Renewable energy systems dso generate little of waste and pollutants that contribute to
acid rain, urban smog, and hedth problems and do not require environmentd cleanup
costs or waste disposa fees. Solar, wind and geotherma systems do not contribute any
carbon dioxide to the atmosphere, minimizing the potentia of globa climate change [54].

In the last 20 years, serious developments have been teking place in the application of
renewable energy technologies by the industry and government (primarily the U.S.
Depatment of Energy, DOE), which reault in large improvements in codt, performance,
and reiability [38, 88].

Photovoltaic Enerqy

Converting sunlight to dectricity is the badc principle of photovoltaic devices using
semiconductor materids such as dlicon. The devices have no moving parts, produce no
emissons, and can be used in smdl cdls pands and arrays. Photovoltaic systems require
little maintenance and typicaly have 20-year lifetimes.

Research efforts are focused on developing more efficient semiconductor materids and
device desgns, while expanding production capecity, incressing production rates, and
improving product quality [148, 144, 158, 2].

A new type of thermo-photovoltaic is in development that uses the energy of hesat or
infrared radiation to generate eectricity, with the advantage that a generator can operate
a night or when the sky is cloudy, diminating the need for batteries. The heat is provided
from a fud such as naturd gas, and the devices use semiconductors for converson rather
than conventiond diesd generators, resulting in higher fud-to-éectricity converson
efficiencies, modularity, minima pollutants, quiet operation, and high rdiability [133].

Wind Energy

Converting kinetic energy of the wind into other forms of energy such as dectricity is the
principle of wind power sysems. The converson concept is relaively smple, but the
turbine desgn can be quite complex. Most wind turbines use a horizonta-axis
configuration with two or three blades a drive train including a gearbox and generator,
and a tower to support the rotor. The eectricity is produced within a specific range of

wind speeds.

Rapid research progress in the technology has reduced costs until they are competitive
with the conventional power [25]. Research aims to increase the aerodynamic efficency
and dructurd strength of wind turbine blades, develop variable speed generators and
electronic power controls, and use tdler towers that dlow access to the stronger winds
found in greater heights[149, 160].

Bio-power
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Converting biomass resources, ranging from agriculturd and forest product residues to
crops grown, into eectricity is the principle of biomass power plants. Direct combustion
systems are used to burn biomass in boilers to produce steam that is expanded through a
turbine/generator to produce power. Alternatively, co-firing subgtitutes biomass for cod
in exiding cod-fired boilers, or a gasfication process converts biomass to fue gas tha
can be substituted for naturd gas in combustion turbines [154].

Research efforts are ongoing in the aess of improving converdon efficiency of
commercid plants, reducing costs, and resolving issues related to biomass resdud ash
[145, 161].

Bio-fuels

The use of ethanol as a gasoline additive to raise the octane leve of gasoline and promote
cleenear combugtion is the principle of bio-fud sysems Another benefit of ethanol
blended with gasoline is the reduction of motor vehicle emissons of carbon monoxide by
25% to 30%, with corresponding reductions in ozone levels that contribute to urban
smog, for combustion of ethanol produces 90% less carbon dioxide than that of gasoline.
Ethanol is produced from corn kernels using traditiond fermentation technology, and as
corn requires a high amount of energy (as fertilizer and fam equipment fue) to grow,
bio-ethanol has dso been produced from corn waste, waste newspaper, rice straw, forest
thinning to prevent wildfires, and grasses and trees cultivated as energy crops [87]. The
production of bio-ethandl involves hydrolyss of biomass using enzymes or acid catayds,
to form soluble sugars, which are converted to ethanal.

Research focuses on lowering production cost of enzymes for bresking down cdllulose,
improving microorganism performance, production of suitable energy crops, and
demondtration of bio-ethanol production from a variety of biomass feedstocks [146, 56].

Geothermal Enerqy

Converting steam and water from geotherma resources such as dry steam, hot water, hot
dry rock, magma, and ambient ground heet to eectricity or useful hegt is the principle of
geotherma power generation and geothermal heat pumps.

Research focuses on lowering costs, improving methods for finding and characterizing
reservoirs, and trapping broader resources [150, 162].

Concentrating Solar Power and Solar Buildings

Converting the sun’s heet to dectricity or other usages is the mativation for concentrating
solar power, as in the “solar thermd” technologies. Three options for a possble system
configuration are described briefly. The firgt type of sysem condsts of rows of highly
reflective parabolic troughs, where each trough focuses and concentrates sunlight on a
centrd tube filled with heat-adbsorbing fluid that is used to generate dectricity. The
second system configuration, the “power tower,” generaies a large amount of dectricity
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udng a tdl, fluid-filled tower located a the focd point of a large fidd of mirrors. The
third option is the DishrStirling sysem, which uses a sandl aray of mirrors to focus
sunlight on a Stirling engine that produces el ectricity [151, 21, 164].

Solar water hedting is the most widespread concept in solar building technology, and
research progress is being made in improving the reigbility and durability of this type of
sysem.

Hydrogen and Fuel Cdlls

Converting hydrogen to dectricity is the principle of fud cdls The commercidly
avalable fud cdls are phosphoric acid fud cdls that use naturd gas as the source of
hydrogen, molten carbonate fud cels and solid-oxide fud cdls. Another type under
development is the proton exchange membrane fuel cdl [130].

Research efforts are directed toward the development of technologies to produce
hydrogen from sunlight, water, and biomass, development of low-cost and low-weght
hydrogen storage technologies for both stationary and vehicle based agpplications such as
carbon nanotubes and metd hydrides, and development of codes and standards to enable
the widespread use of hydrogen technologies.

Distributed Power

Modular generating systems sized from less than a kilowatt to tens of megawatts and
located at or near consumer Sites are consdered as distributed power. The system can be
either grid connected or operate independently of the grid. The god is to reinvent the
power grid from the present case of producing eectricity only a large, centrd plants and
tranamitting only one direction, to some degree of customers energy independence, with
the sysem open to manty gmdl supplie's Technologies avalable for generating
eectricity as didributed power are fud cdls, photovoltac sysems, wind turbines,
biomass based generators, micro-turbines, engine/generator sets, and dectric storage
sysems[4].

The benefits of didributed power sysems are rdiability of service, improved power
qudity, greater effidency with respect to power generation system heat loss, and the
ability to function as standby generation or serve as an uninterruptible power supply. The
key barier is interconnection with the grid; the IEEE is now leading the development of
a consensus standard for interconnection to ensure that distributed systems operate safey
and reliably and are applied uniformly across the U.S. power system.

4.2. Trends and Issues Affecting Renewable Ener gy Technologies
The range of issues afecting the deveopment of renewable energy technology includes

technologicd advancement, cost related influences, public support, market uncertainties,
policy encouragement, didributed generation, fue cdls, biomass energy, and
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international  markets.  Furthermore, government and independent entities carry out
scenarios related to the future renewable energy technology penetration level.

Current |ssues Affecting Renewables

Scientific and engineering advances drongly influence the progress of renewable energy
technology developmert including information technology, such as essly accesshle web
dgtes, red time metering for dectricity pricing, and control equipment in buildings [130].
Cods of dectricity and retal price of dectricity from renewable sysems is ill higher
then for conventional systems because the hidden costs of fossl fuds (environmenta
cost, health cost, energy security cost) for conventiona system are not included [155, 38].

Renewable energy atracts public support because of the preferences for clean “green’
development and energy efficiency [11, 120, 28]. At the same time, renewable
technology is a vauable protection againgt naturd disasters because of the extensve use
of foss| fuels has impacted the environment in a negative way [26].

Deregulation in power makets makes it more difficult for renewable technologies to
penetrate large markets because of the newness and uncertainty surrounding investments
in relaivedy new technologies the expectation of iff price competition, and higher
initid cost of renewable technologies [29, 163].

Policy measures, such as renewable portfolio standards, are needed to encourage the use
of renewable energy dectricity. A market-based mechanism may be developed to ensure
a minimum leve of renewable energy deveopment in the dectricity portfolios of power
suppliers, as determined by a state or other regulatory entity [152].

Remote or digributed markets will be more favorable to renewable dectricity than the
centralized eectricity market because of the changes in the dectricity marketplace [20].
Didributed generating sources may begin to fill in some of the large requirements for
capacity replacements expected during the next 20 years [157].

In the trangportation sector, the current low price of oil makes t rddivdy less atractive
to develop and use bio-ethanol, bio-diesdl, hydrogen, and renewable-powered fud cdlls.
This dtuation may change quickly as the increesng amount of oil imports to the U.S.
begins to impact the country’ s energy security [157, 156, 18].

Increases in biomass energy usage will become dgnificant and will impact the
agricultura community, through the utilization of waste products (agriculturd,
indugtrid, and municipd wagtes) and the harvesing of energy crops (fast-maturing
species of trees and grasses that are grown on farms) [115]. In order to address the
increesed demand for energy in developing countries, and to avoid the environmenta
problems created by conventional energy systems, it is expected that internationd
markets for renewable energy technologies will be promoted [38, 47, 66, 147, 68].
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In summary, current issues dffecting renewable energy technologies suggest interesting
possbllltlesm predicting risks [1], which include the following.

Scientific discoveries and engineering progress

Development of new economic structuresin the dectricity sector

Trends towards decentralization and modul arity

Rapid progress with respect to computers, information and telecommunication

Globdization of markets

Overdl and perdgtent support for the environment

Limited future availability of less expensve fossi fuds

Severa government and independent entities have developed scenarios indicating that
renewable energy will play a mgor role in the energy mix, with increasng impacts
beginning in 2000-2010 and maor impacts by 2050 [171, 172, 173, 95], while
contributions from conventional energy resources begin to levd off in 20-30 years from
now [121]. Factors that incresse the use of renewable eectricity technologies that could
replace coal-based, nuclear and natural gas power plants are distributed energy resources,
internationa markets, continuing technica advances, and public opinion [130].

Climate Change Solution Scenarios

In order to assess the world's reliance on renewable energy for this century, some well-
known scenarios have been developed by the United Nation's Intergovernmenta Pane
on Climate Change (IPCC), the Internationa Inditute of Applied Systems Andyss
(IIASA), the World Energy Council (WEC), and Shell QOil. It is remarkable to note that
the IPCC “Cod Intensve’ scenario predicts that 65% of dl worldwide primary energy
from renewables can be achieved by 2100, garting from 15% a present moment [174].
These scenarios use the estimates of uncertainties that cover the following.

Therole that climate change will play in market evolution

The price of fossl fuels asthe 21t century progresses

The availability of fossl fuds

The progress of technologica development (both renewable and conventiona)

The extent of and access to renewable energy resources

The infrastructure developments required in shifting energy markets to renewable

energy

Redization of those scenarios requires resource availability, lower technology cods,
government support through appropriate policies, and public acceptance and adoption of
renewable energy dternatives. Some other bariers that involve cost competitiveness are
lack of customer awareness of the dtributes and potentid of renewable energy,
condraints on consumer choice, absence of standards and certification procedures, and
externd codts (eg. locd ar emisson) not included in market decisons. Policy initiatives
that can promote worldwide renewable energy address research and development (R&D),
tax incentives, information campaigns, green power pricing programs, Standardization,
and cextification.
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4.3. Issues Related to the Integration of Hybrid Solar-Wind System to the Grid

This section is intended to lig some of the critica issues rdated to the integration of
renewable technology, specificdly the hybrid solar-wind system, to the conventiond grid
sysdem. These factors relate to politicad and socid conditions, technicd advances and
economic, aswell as environmenta and climatic issues[99].

Andyzing those factors identifies some of the attributes, options (decison varigbles), and
uncertainty variables. The attribute variables represent the measures of feashbility and
goodness of the overal systems. Decison variables represent the category of variables on
which the DM has a reasonable amount of control, such as the decison to construct a
new generding unit, expand the exising generaing unit, or retire a generaing unit.
These decison variables are used to identify options. Uncertainty factors are the variables
over which the DM haslittle or no control.

Some of the atribute variables are listed as follows.
1. Cost
o total present worth
o fud costs
0 capacity codts
0 annud codts
2. Fud use
0 annua consumption of cod
0 totd consumption of ail
3. Rdiahility
0 lossof load probability
0 expected energy not served
4. Financid impact
0 dividend pay out
0 requirements of new financing
0 requirements of rate relief
0 interest coverage
5. Environmenta
0 carbon emisson
0 wulfur emisson

Some of the decison variables are listed below.
Wind area

Solar area

Subgtation rating

Battery rating

Type capacity

Location of ingdlation

Timing of Ingalation

Nouhs~owdpE
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Some of uncertainty factors are listed below.
Escdation rate of capital cost
Condtruction lead time

Caoitd availability

Load growth

Fud prices

Source availability

Fud avalability

Infletion rate

Interest rates and rate relief

CoNoa~wWNE

The following sub-chapters lis some identified issues that can influence the integration
of renewable technology into the conventiona grid system.

4.3.1. Energy Security

Energy security is a messure to address from where the energy comes. Par-wise
comparison matrices, which condst of the variables tha influence energy security, need
to be congtructed to incorporate many aspects. The question is, “what are these aspects,
and how are they related?”’

4.3.2. Generation Unit Rédiability

Rdiability is measured by the generating unit's forced outage rates and mantenance
outage rates. It is important to consder how these conventiond rdiability terms are
cdculated when the renewable technology isincluded in the system.

4.3.3. T&D Line Expansion Reliability

Trangmisson and didribution line rdiability is changed when the grid sysem is
penetrated by renewable energy sources. The components that contribute to this change
need to be investigated.

4.3.4. Operation Limitation

Integrating renewable technology into the conventiond grid sysem has many technicd
condraints. In addition, due to intermittent behavior of renewable technology, the grid
sysdem can accept only a cetan raio of renewable technology to conventiond
technology. Therefore, it is necessry to know the operationd limitation of renewable
technology penetration to the conventional system and what affects this limitation.
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4.3.5. Energy Efficiency

As renewable energy technology advances, energy efficiency development is progressng
aswdl. A contentiousissue is the pricing of energy efficiency improvements.

4.3.6. Revenue Stream Stability

Investment decisons to include renewable technology are motivated by the dability of
the investors revenue dream. The dability indicator is influenced by many factors
which rdae the investment decisons with the associated risks. The characterization of
those risks remains to be fully explored.

4.3.7. Environmental and Health Impact

Utilization of renewable sources can be judified on the bass that reduction in eectric
utility related amospheric emissions is desrable. Ultimately, cusomers will have to pay
not only the cost of generating the power they use, but aso the indirect costs related to
environmental cleanup and hedth effects [124].

4.3.8. Weather Impact

Wind and solar power link the avalable generation directly to weather patterns and
introduce daily seasondity into the supply of eectricity. Therefore, it is not possble to
fully control the power output and predict the avalability for any future date.  This
inherent feature adds some degree of risk on the supply and demand sides.

4.3.9. Robustness

Robustness measure favors any plans or scenarios that perform wel for mog, if not dl,
futures. The number of plans that fal under dl futures is used to measure the robustness
of aplan.

4.3.10. Flexibility

Hexibility dlows inexpendve changes to be made if future comditions deviate from

assumptions. It is measured as an additiond cost for a plan to respond to certan
scenario.

4.3.11. Risk Exposure
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Risk exposure quantifies the risk hazards. Risk exposure is measured by considering the
probability of the exposure and the consequence vdue determined by the DM. The
exposure may covers many different issues such as ecologicd, socid and hedth issues.

4.4. Hybrid Solar-Wind Power Systems

Problem Formulation

The system under study is based on references [107, 108], which refer to optima design
of a hybrid solar-wind power system (HSWPS). The sysem consists of four energy
sources. wind generators, PV aray, grid-link substation and battery storage. The main
god of the work is to increase utilization levels of renewable energy technologies. Three
objectives are conddered for the sdection of suitable system components: minimization
of cost and emissons and maximization of system reiability [100, 101].

| dentification of Attributes

Condraints and policy options are identified usng priority ordering of three desgn
objectives (attributes). The AHP technique is used for atribute priority assessment to
overcome factors influencing the DM’s preference regarding the relative importance of
different objectives. Figure 4-1 shows the hierarchy for the attribute priority assessment.

I I ncrease Utilization of Renewable Eneray Technoloay I

Inadequate
Funding

iol Economic
nstruments

Government Privatization Product
I ncentive | Promotion

Reliability

{

Environmental
Consideration

Figure 4-1. Hierarchy for Attribute Priority Assessment

The hierarchicd dructure conggts of four layers, from main god down to the condraints,
induding the polices affecting the condraints, and finaly the attributes or objectives.
Starting from second layer of the hierarchy, ratio questions are asked of the DM
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concerning the relaive importance between of each par of factors a that layer with
respect to a factor on the adjacent upper layer. The result of these pair-wise comparisons
are judgment matrices corresponding to eech level, as given in Appendix B1l. The loca
priority vector associated with each judgment matrix for each evduation levd is
cdculated using the egenvector prioritization method. The globa priority vector is
computed by combining the priority vector a the top evaudion levd with the priority
vectors of levels below. The resulting globa priority vector based on given judgment
matrices indicates that minimizing the cost of energy supply is ranked firg (0.5006),
followed by system rdiability (0.3094) and then environmenta concerns (0.1901).

| dentification of Options

Identification of options is based on the desgn varigbles for wind area, solar area,
ubgtation rating, and bettery rating.

| dentification of Uncertainties and their Probability Distributions

1. Identify the Relevant Uncertainties

Uncertainty factors conddered in this case dudy ae economic Stuation, resource
avalability and load growth. For the purpose of showing how to identify reevant
uncertainties, load growth is sdected. The uncertainties affecting load growth ae
posshility of new regulations, cusomer behavior including end-use practices and
response to technology changes, changes in economic conditions, and DSM impacts,
mainly on load demand and energy. Figure 42 shows the hierarchy for load growth with
its possible contributing factors. Now expert opinions are used to generate the par-wise
comparisons as shown in matrix A below.

Load Growth

Regulations Customer Economic DSM Impacts
Behavior Conditions

Figure 4-2. Hierarchy of Load Growth

& 1/3 1/9 170
& 1 15 1/3Y
[Al=¢€ u
@ 5 1 340
¥ 3 13 149

The ratio scales reflects the assessments that:
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“Regulaions’ is dightly less important than “Cudomer Behavior”, not as important
as “Economic Conditions’ and very much less important than “DSM Impacts.”

“Cugomer Behavior” is much less important than “Economic Conditions’ and is
dightly lessimportant than “DSM Impacts”

“Economic Conditions’ is dightly important than “DSM Impacts.”

Solving the egenvaue problem from the above judgment matrix gives the normdized
egenvector (weights) r = [0.0451, 0.1708, 0.8885, 0.4202]. The vaues indicate the
weighting factors for Regulations, Customer Behavior, Economic Condgderations, and
DSM Impects, respectively. The resulting weghting factors dlow for diminating the
uncertainty factor due to new regulaions because its tota impact is smal compared to
that of other factors.

2. Calculate the Probability Distributions of Uncertainties

The next step is to show how to cdculate the probability ditributions of uncertainties.
Condder now that the load growth is affected by customer behavior, economic factors
and DSM impacts. Each of these factors has its own probability distributions that are
derived from the pair-wise comparisons by the DM, as shown in Teble 4-1.

Table 4-1. Load Growth Uncertainty Factors.

Uncertainty Factor Effect High | Base | Low | Weights
Customer Behavior High 1 17 11/3 ]0.0810
Base 7 1 5 0.7306
Low 3 5 11 0.1884
Economic Conditions High 1 15 | 13 ]0.1047
Base 5 1 3 0.6370
Low 3 3 11 0.2583
DSM Impacts High 1 U5 | U7 ]0.0719
Base 5 1 1/3 10.2790
Low 7 3 1 0.6491

For each of the factor effects, i.e “high” customer behavior, “high” economic factor and
“low” DSM impects, the DM peforms another comparison of likdihood. A question
such as, “How much more likely for the load growth to be ‘high’ (i.e. 5%) than ‘base

(i.e 3%)?7 is asked, and a judgment matrix such as the following is formed for each
effect.

high & 1/3 1/7y

_é a
base-ga 1 1/54
low & 5 1§
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The reallting normdized eigenvector (weights) are given bdow. This means that if
cusomer behavior results in higher load growth, economic factors result in higher load
growth, and DSM effects result in lower load growth, the sysem load growth will have a
probability distribution such as these results.

high ¢.0810y
_¢€ a
base = £.1884,
low §0.7306¢
The procedure implies that probability distributions of load growth for its “high”, “basg’,

or “low” conditions, depend on probability didributions of its components (customer
behavior, economic condition, and DSM impacts).

Sdlection of Plans

Design variables are wind area (m2), solar area (m2), subgtation rating (KW), and battery
rating (kwh). The range and step of variation for each desgn varidble is sat, from which
960 (=12x5x8x2) dternative plans can be generated. Table 42 shows the variaion range
and step of the selected design variables.

Table 4-2. Range and Step of Variation of the Design Variables

Wind Area | Solar Area | Subdtaion Rating | Batery Rating
(m2) (m2) (kW) (kwh)

Min 20,000 0 200 500

Max | 75,000 20,000 900 1000

Step | 5,000 5,000 100 500

Salection of Futures

Decriptions of sdected futures, accounting for the influences of uncertainty factors for
economic dtuation, resource avalability and load growth are consdered. In this case
sudy, only four futures are sdected for uncertainty modeling of the decison problem.
The sdected futures share the base case assumptions in wind speed, load growth and
economic factors, but differ with each other in the levd of solar insolaion and PV
efficiency. Table 4-3 shows the description of selected futures.

Table 4-3. Description of Sdlected Futures

Future | Solar Pv Grid-energy | PV Cost | Interest Wind | Load
Insolation | Efficiency | charge (¥m2) Rate Speed | Growth
(pu) (o) ($/kwh) (o) (pw ] (%)
Base | 10 12 0.08 450 12 10 0
F1 0.9 12 0.08 450 12 10 0
F2 11 12 0.08 450 12 1.0 0
F3 09 17 0.08 450 12 10 0
F4 11 17 0.08 450 12 10 0
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Smulation Considering Flexibility

To incorporate flexibility into the design process, the production smulaion modd will
need to be run for every year, and the DM will decide at the end of each smulation year
which future to anticipate. In this process, numerous smulations will need to be run;
therefore, for the purpose of this study, the process is smplified to two stages, with each
dage representing a tenryear planning horizon. At the end of stage one, the DM will
arive a a decison point on sdecting the future. Stage one is the period of study from

2003-2012, and stage two is the period of study 2013-2022. Figure 4-3 shows the
decision tree schematic representation.

Solar PV | Solar PV
| Insolation Efficiency | Insolation Efficiency
Decision Decision
node 2003 node 2013

Fgure 4-3. Two-stage decison tree

Given the range and variaion gep of the desgn variables and possible futures, severd
thousand scenarios are created and studied using an energy production smulation mode
for each stage. The outputs of the smulation modd include the cost of energy production
(¥KWh), expected energy unserved (%), and CO2 emissons (kg/year). In addition, the
present vaue of flexibility “cost” is cdculaed from computing the amount of additiona
“cost” necessary for each plan to respond to each of the futures at each stage. The “cost”

refers to the cost of energy production, expected energy unserved, and CO2 emissions for
this particular case study.

Calculation of Attribute Values

Knowing the attribute vaues and flexibility cost for each of the attributes obtained from
detalled dudies including production-cogting smulation for al dterndives, the process
of identifying the ranges of attribute vaues or flexibility cost vaues can be done
Attribute values can be used to measure the robustness, while flexibility cost values can
be used to measure flexibility. The next gep is to cdculae the sngle utility function or
digance vaue for esch of the diributes or flexibility cods Single utility function
cdculation is sdected when the DM prefers to assign additiond certainty equivaent
vaues for each of the attributes. The procedure of incorporating the pair-wise comparison
andyss has been discussed in Chapter 3. For single distance vaue, cdculation can be
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done automaticaly after assgning the ided solution for eech dtribute vaue, which
endbles the dgorithm to cdculate the normdized vaue of esch dtribute, following
equation (3-2). For the attributes in this case study, the ided vaues are “zero” for cod,
emission, and energy not served and “100” for rediability.

1. Using Sngle Utility Function Method

To illusrate the dngle utility function cdculation procedure, attribute reliability is taken
as an example. The value of attribute EENS are caculated to be in the range of 0.2% to
25%. The lower bound of EENS represents the best sysem performance, therefore
U(0.2%) = 1.0, while the upper bound of EENS indicates the worgt stuation of system
religbility and thus should have U(2.5%) = 0. The next step is for the DM to assess three
certanty equivaent vaues in the range of EENS measurements with respect to U(Xs),
U(X,75), and U(X,zs).

The candidates for x 5 with respect to U(xs) = 0.5 are selected as ¢ = [1.2, 1.3, 1.5, 1.6]
(%), and by comparing each pair of these candidates for their closeness to the expected
oenanty equivaent using the following assessment, the judgment matrix [A] isformed.
(1.2% EENS levd) is dightly less likedly than (1.3% and 1.6% EENS levds), but very
much lesslikdy than (1.5% EENS levd)
(1.3% EENS levd) is much less than (1.5% EENS leve) and is as likdy as (1.6%
EENSleved)
(1.5% EENS levd) is much more likely than (1.6% EENS level)

él 1/3 1/7 1/3u

A

& 1 15 18

Al=¢€ J
[]§75 1 50

S 1 15 1

Solving the eigenvdue problem usng AHP for the above judgment matrix results in the
priority vector p = [0.0624, 0.1514, 0.6348, 0.1514]. Then, the certainty equivalent X5 is
computed as a weighted-average of these candidates using equation (3-3).

X5=[1.2, 1.3, 1.5, 1.6] x [0.0624, 0.1514, 0.6348, 0.1514]" = 1.466%

Similarly, the candidates for x 75 and X 25 with respect to U(X 75) = 0.75 and U(X 25) = 0.25
are sdlected to be [0.5, 0.7, 0.9, 1.1] (%) and [1.7, 1.9, 2.1, 2.3] (%), respectively. The
certainty equivadents for these levels are X 75 = 0.875% and X 25 = 2.075%. Together with
the two end points, these three (x;, U(x;)) pairs ad five points to the single utility function
of reigbility. The next gep is to fit these points by a third order polynomia function that
represents the function itsaf. The procedure is performed for al three attributes, and the
gngle utility functions for cod, emissons and rdiability are given bdow by Ui(xi),
Uz(x2), and Us(x3), respectively. Figure 4-4 shows the plot of sngle utility function for
religbility.
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U1(X1) = -7867.6 x13 + 2953.5 x;2 - 390.83 x; + 18.728
Uz(X2) = 3E-12 o> - 2E-07 X2 + 0.0028 X - 13.26
Us(xs) = -0.0281x3> + 0.0705x5% - 0.4332x5 + 1.0858

0.8 1

0.6 1

U3(x3)

0.4 1

0.2 1

0.2 0.7 1.2 1.7 2.2
EENS (%)

Figure 4-4. Single Utility Function for Rdliability
Findly, usng the result of weighting parameters of globd priority from Fgure 4-1 that
rank the cost of energy supply as firs (0.5006), followed by system rdiability (0.3094)
and then environmenta concerns (0.1901), the linear additive utility function can be
written as follows.
U(x) = 0.5006 U1(x1) + 0.1901 Uz(x2) + 0.3094 U3(x3)

2. Using Distance Value Method

In andyzing this case dudy, sngle disance vaue cdculaion is used indead of sngle
utility function cdculation as described previoudy. The cdculation is done automaticaly
following equation (3-2), asindicated bel ow:

Ug(r) = 0.5006 r1 + 0.1901 1, + 0.3094 r3 (4-1)
Ugcr(Cr) = 05006 Cry + 0.1901 Cr, + 0.3094 Cr3 (4-2)

where r; and Cr; ae normdized dtribute digance vaue and normdized flexibility
disgance vaue, respectivdly. The above two equations (4-1) and (4-2) are use to
determine the robustness and flexibility measures.

Decision Analysis
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Table 4-4. Top 10 Acceptance Plans for Continuous Future

[First  |second Jwind |solar Jsubstation|Battery Jcost [Eens Jco2  |Ranking
10years [10years JArea JArea JRating Rating

m 2 kw kWh  J$/kWh |% Kkalyear

F1 F1 45000 Qg 500 5000 0.1269 24409 185494 1
45000 Qg 600 500 0.1297] 04941 191644 2
50000 Qg 500 500 0.131q 2.0024 174301 3
50000 Qg 600 5000 0134 02694 179780 4
45000 Qg 5000 1000 01299 243731 185124 5
30000 5000 500 500 0.13094 1.8064 183304 6
45000 Qg 600 1000 0.1319 04904 191274 7
55000 Qg 500 500 0.13644 1.6404 163580 8
50000 Qg 5000 1000 0.1341] 19834 173694 9
350000 5000 500 500 0.135¢q 15124 1715794 10

F2 F2 30000 5000 500 500 0129 1679 17504 1
350000 5000 500 500 0.1339 14049 163549 2
30004 5000 600 500 0.13194 0571 178534 3
30000 5000 500 10000 0.131q 16674 174334 4
50000 Qg 500 500 0.131q 2.0024 174304 5
50000 Qg 600 500 0134 0269 179780 6
350000 5000 600 5000 0.13674] 0.393] 166734 7
400090 5000 500 500 0.1384 117 152454 8
350000 5000 500 10000 0.1364 14049 162672 9
30000 5000 600 1000 0.13494 0571 177794 10

F3 F3 300000 5000 500 500 012574 15749 168184 1
250000 5000 500 500 0.1224 1869 1795794 2
25000 5004 600 5000 0.125 06969 1832794 3
250000 5000 500 1000 0.1253 18614 178904 4
350000 5000 500 5000 0.1324 1.3249 157024 5
300000 5000 600 5000 0.1304 05114 171544 6
350000 5000 500 1000 0.1349 13244 146804 7
300000 5000 500 1000 0.130]) 15757 167311 8
350000 5000 400 500 0.1308 4.2791)] 147719 9

F4 F4 200000 5000 500 5000 0.1154 19979 180114 1
250000 5000 500 500 01204 1.71294 168991 2
20000 5000 600 500 0.1184 0.7859 18349 3
300000 5000 500 500 0.1253 1436 158202 4
250000 5000 600 500 0.1233 0.6009 172520 5
250000 5000 600 100y 0.1228 1.7114 167849 6
30000 5000 400 500 0.123q 44924 1485990 7
300004 5000 5000 1000 01279 14339 1567571 8
30000 5000 600 500 0.1283 04471 161329 9
25000 5004 6000 1000 01259 0.6004 171344 10
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The tradeoff andyss method is then gpplied to the decison database to determine the
optima combination of device cgpacities based on the measures of robustness, flexibility
and risk exposure. The steps are as follows.

Determination of tradeoff region

Identification of conditional and globa decison sets

Decison sats andyss

Table 4-5. Sdected Plans for Changing Futures at Second stage

[First  [second |wind |Solar [Substation|Battery Jcost  JEENs Jcoz  |Ranking
10 years [10years JArea JArea IRating Rating

m e kw kwh  sikwh oo fkglyear

F1 F2 | 30000 s000 so 5o 012004 17411 17917 1
so00q  d sod 5o o131 2002 174304 2
5000  d eod 500 0134 o026d 17975 3
35000 5000 so 500 01347 1458 16756 4

F1 F3 | 3000d 5000 sod 500 01284 16004 175744 1
35000] 5000 so 5o 0134 1418 164304 2

F1 F4 | 30000 5000 sod sof o128y 16214 170754 1

F2 F3 | 3000 s000 sod 5o 012734 16259 171614 1
30000 5000 sof 1000 01308y 16214 170824 2
30000 5000 6od 500 013119 05413 175040 3
35000 5000 so 500 01331 13647 160284 4
35000 5000 sof 1000 013565 1364 154740 5

F2 F4 | 3000d 5000 sod  sod o271 15561 166624 1
30000 5000 sof 1000 01207 1550 165544 2
30000 5000 60d 500 01301 050009 16903 3

F3 F4 | 25000 s000 so 500 012159 17904 174284 1
25000 5000 60 500 0124494 oe48d 177804 2
30000 5000 sod 500 01259 15054 163194 3
30000 5000 sof 1000 0.1280q 15043 162034 4
30000 5000 60 500 012034 04794 166431 5

Determination of tradeoff region among the feasble plans under different futures is
characterized by four desgn variables, dong with three decison attributes. These
feedble plans ae determined after diminating dl inferior plans due to unacceptable
performance of one or more dtributes. All plans with a “cost of energy production”
higher than 0.15 $/kWh and/or with the EENS index greeter than 3% are rejected. For the
decison problem with three attributes, graphica representation of the tradeoff region
requires a 3-D greph. Alternatively, 2-D graphs can be used to relate each pair of
attributes.

Identification of decison sets congsts of the following steps.

Composite digance vdue is cdculated for every plan contained within the tradeoff
region using equetion (3-2), which is rewritten for this case study as (4-1).
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Composite digtance variance is estimated using the gpproximate error mode. Errors
due to incondgtent priority judgment are assumed to be 10% of the expected vaues,
and errors from inaccurate attribute measurements are assumed as 5% of the range of
attribute values.

Decison st is identified, conditiond on a gpecific st of futures following the
criterion of equation (3-9).

Globa decison et is determined as the union of conditional decison sets.

Decison st andyss is done to quantify the robustness of plans and to identify the
flexible plans among the robust plans. Table 44 and Table 45 are given for the top few
acceptable plans for plans that do not change futures at their second stage and for the
onesthat do change futures at their second stage

Robustness Measure

Table 4-6. Globa Decison Set for Robustness

Plan |wWind JSolar|Substation |Battery Robustness
No. JArea JArea|Raing Raing
m2  |m2 kW kWh JF1IF2|F3|F4

IG1  [25000{5000 5000 500 212 50%
|GZ 2500015000 600 500 315 50%
IG3  [30000{5000 5000 50006]1]1]4] 100%
|G4 300005000 5000 1000114} 4|8]8| 100%
IG5 |3000015000 6000 500111]3|6]9] 100%
IG6  [35000{5000 5000 500410f 2] 5 ]11] 100%
|G7 350005000 5000 1000420} 9 | 7 |19] 100%
IG8  [35000{5000 600] 500118] 7 50%
|GQ 4000015000 5000 500{19] 8 50%
IG10 |so000 O 5000 5001 3|5 50%
IG11 [s0000f O 5000 10004 9 |14 50%
|612 550000 G 5000 500 8 |11 50%
IG13 [s0000f O 6000 500146 50%

The robustness measure can be done in three steps. Firdt, the ligt of plans that appear in a
leest two futures is shown in Table 4-6. The andyss of the globa decison set supports
the following observations.
Five robugt plans, G3 through G7, are identified from the globa decison set. These
plans are acceptable for al futures and therefore are recommended as the candidate
dternatives for the find decision-making.
All of the identified robugt plans involve four energy sources that indicate the
harmonizing characteristics of these resource optionsin the system operations.
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These candidate plans reflect a conservative desgn attitude in utilizing wind and solar
technologies and emphasize the importance of adequate storage capacity and grid
supply.

Pan G3 isregarded as the best strategy based on its preference ranking.

Among other four candidate dternatives, plan G6 seems to be superior to plans G4,
G5, and G7 because the ranking of G6 is higher than that d G4, G5 and G7 under the
mgority (at least 3 out of 4) of supporting futures.

Second, to decide among the 100% robust plans, Table 4-7 shows the variaion of
atribute vaues associated with the candidate design dternatives (G3 though G7) under
different future conditions.

Table 4-7. Range of Attribute Vaues under Different Future Condition

Plan KVind IISAoIar Substation [Battery IRange of Attribute Values
No. |Area rea  |Rating Rating  |cost [Eens ooz
M2 e few kwh  Jekwn % Ikg/year

01253- | 14362- | 158202-

= 30000 | 5000 500 500 01309 1.8062 183309
01278- | 14335- | 156757-

(e 30000 | 5000 500 1000 01335 1.8062 182805
01283- | 04471- | 161328-

(€3 30000 | 5000 600 500 01319 06511 186939
01304- | 11889- | 147951-

€3 35000 | 5000 500 500 01356 15124 171579
01320— | 11861— | 146506-

le7 35000 | 5000 500 1000 01390 15124 171075

It is shown that plan G3 is preferred because reducing the cost of energy production is the
dominant design objective. But, plan G5 or plan G6 can be sdected as the best solution
the DM condders tha improved system rdiability index (in plan G5) or reduced CO,
emisson (in plan G6) is more important than the low cost advantage associated with plan
G3. Plans G4 and G7 follow closaly behind plans G3 and G6, respectively.

The third dsep is to determine the expected performance for each design srategy.
Probabiligtic andyss modes, which combine utility functions and a decison tree
modding approach for handling multi-attribute planning under uncertainty, are used to
evduate candidate design dternatives. Let's assume that uncertainties are modeled with
discrete probability digributions. Since probability digtribution assgnment is a subjective
matter, instead of assgning a sngle set of values, it is better to conduct the probabiligtic
andyss by invedigaing the solution mapping space for a range of probability
digributions [167]. Now, let's examine the expected performance of robust plans under
five specified probability distributions. The base case assumes an equd chance, i.e. 0.25
for each future condition, while in the other four cases, Case-1 through Case-4, one future
is assumed twice as likely to occur as the other three futures. For example, in Case-1, a
probability vaue 040 is dlocated to future A, and other three futures are assigned a
vaue of 0.20 each. Table 4-8 shows the results of probabiligtic analyss.
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Table 4-8. Expected Performance of Robust Plans

Pan Base Case-1l | Case-2 | Case-3 | Case-4
No. Case

G3 0.3954 0.4029 | 0.3863 | 0.3896 | 0.4026
4 0.4661 0.4718 | 0.4573 | 0.4709 | 0.4641
G5 0.4588 0.4626 | 0.4491 | 0.4630 | 0.4605
G6 0.4595 0.4626 | 0.4488 | 0.4634 | 0.4632
G7 0.5302 0.5315 | 0.5198 | 0.5447 | 0.5247

It is shown that plan G3 is more atractive than other candidete dternatives, while plans
G4 and G7 seem non-competitive with others in expected performance of design dSrategy,
in view of ther congstent rankings. Also the preference order between plan G5 and plan
G6 can change under different future conditions.

Flexibility Measure

Using the flexibility cost caculated during the production costing smulation and the base
case assuming an equa chance (i.e. 0.25) of each future condition, totd flexibility cost
for each of the attributes can be cdculated usng Equations (3-16), (3-17), and (3-18).
Vadue of composte digance of flexibility cost is cdculaed for every robust plan using
equation (3-2), which rewritten for this case study as (4-2). The ranking is based on the
flexibility cost compogte distance. Table 4-9 shows the results.

Table 4-9. Hexihility of Alternative Robust Plans

Pan  [wind [solar |Substation|Battery |Rexibility Cost
No. Area |Area |Raing |Raing [Cost |EENS [co2  |Ranking
2 jm2  Kw _ Jkwh  |skwh ] kgyear

G3 | 30000 | 5000 | 500 500 | 0.00504 0.30285 20544 5
G4 ] 30000 | 5000 | 500 | 1000 ] 0.00469 0.30269 2121 4
G5 ] 30000 | 5000 | 600 500 | 0.00447 0.16782] 2095 1
G6 | 35000 | 5000 | 500 500 | 0.00429 0.26257] 19351 2
G7 ] 35000 | 5000 | 500 | 1000 ] 0.00444 029979 22493 3

The andyss of the globd decison set conddering flexibility cost produces the following

observations.

Pan G6 is regaded as the mogt flexible plan consdering its cost and emissons,
while plan G5 is the mog flexible plan for its rdiability. The ovedl flexibility
performance ranking sdlects plan G5 as the most flexible plan.
Pan G3, which is consdered as the mogt robugt plan, is the least flexible plan among
dl robust dternatives. Plan G3 is shown to have the most expensive flexibility cost
among the dterndtives.
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The next dep is to examine the expected peformance of flexible plans under five
Specified probability distributions. The base case assumes an equd chance (i.e 0.25 to
each future condition), while in the other four cases, Case-1 through Case-4, one future is
assumed twice as likely to occur as the other three futures, the same as when measuing
robustness. Table 4-10 shows the results of probabilistic analyss.

Table 4-10. Expected Performance of Flexible Plans

Plan Base Case-l | Case-2 | Case-3 | Case-4
No. Case

G3 0.76074 0.60859 | 0.66922 | 0.82088 | 0.94426
G4 0.73626 0.58901 | 0.65107 | 0.74497 | 0.96001
G5 0.61288 0.49030 | 0.54183 | 0.62537 | 0.79401
G6 0.66180 0.52944 1 0.58475 | 0.67027 | 0.86273
G7 0.72536 0.58029 | 0.64476 | 0.75880 | 0.91761

It is shown that plan G5 is more attractive than other candidate dternatives, followed by
plan G6, while plans G3 and G7 ae less condgent in ther peformance ranking
compared to other design dtrategies. Also, the preference order between plan G4 and plan
G7 can change under different future conditions.

The following obsarvations can be made in deciding the “optima” desgn drategy of

HSWPS with and without considering the flexibility measure.

- Condgdering the robustness measure only (Table 46), five acceptable plans are given,

and plan G3 is conddered as the mogt robust plan. Adding the flexibility measure
among the robugt aternatives (Table 4-9) shows plan G5 as the most flexible plan.
Robust plan G3 reflects a middle desgn dtitude towards utilizing wind and solar
technologies and emphasizes the importance of adequate Storage capacity and grid
supply, while flexible and robust plan G5 reflects the same attitude with more
commitment to grid connection compared to plan G3.

Risk Exposure Measure
Activity Stress Ecological Effect Social Consequences

I Qil burning H Acid rain Dead or holding back the L oss of timber I
growth of treesin
watershec

Greater Weaken the water Need for desalination
exposure to storage and flow control and flood control
wind and rain capability

Dam building
and river
channeling

Figure 4-5. Consequences Exposure from Oil Burning
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In this example problem, consequences of exposure are evauaed for a grid connection,
based on subdtation rating in kW, assuming that the main contribution is from oil burning
in a conventiona power plant. Consequences of exposure can be divided into three
groups. nature dress, ecologica effects, and socid consequences. The following Figure
4-5 dhows the interconnection between the human eactivity “oil burning” and its
exposures, which will lead to other activities.

The following is a lising of the consequences of ecological amenities loss borne by
society [58].
- Depend more on indugtrid fertilizers, pesticides and herbicides for agriculture (1)
Depend more on irrigation water for agriculturd (1)
Depend more on wilderness lands for agricultura (1)
Depend more on desdlination or other trestment of water (2)
Depend more on erosion and flood control measures (2)
Depend more on atificid climate control (air conditioning, humidifying, etc) (3)
Content with greater fluctuations and decrease in foods supply (1)
Content with odors and other aesthetic affronts (5)
Content with increased incidence of diseases and epidemics of harmful pests (4)
Content with more unpleasant weather (3)
Content with poorer air quaity (3)
Content with poorer water quality or reduced water quantity (2)
Content with reduced naturd variety/diversity (6)
Content with fewer options for future innovation and improvement of life (6)
Content with increased ecosystem ingtability (6)
Content with greater vulnerability to fire or flood (5)

The above conseguences to society can be grouped in the agriculturd, water, climate,
hedlth, living place, and ecosystem categories, as shown in Figure 4-6.

I Society Consequences from Ecological AmenitiesL oss I

Agriculture Climate Living
(D 3) Place (5)

Figure 4-6. Society Consequences of Subgtation Rating
Then, the risk exposure of socid consequences from the subdtation rating can be

identified usng subjective expert judgments of the DM. The judgment matrix [A] is
formed as indicated below.

Hybrid Solar-Wind Case Sudy 63




él 1/3 1/5 3 5 1/50
e u
& 3 1 5 3 5 7 i
[A]—(:ES /5 1 13 13 34
/3 13 3 1 3 b5y
/5 1/5 3 1/3 1 34
€5 17 13 U5 13 1§
Table 4-11. Consequence Measures
No. | Consequence measure Weight Range
1 Number of major systems components 124 0-50
2 Percent of major components successfully deployed in installation 124 0-100
3 Area of land required (in thousands of meter squared) 112 0-50
4 Number of regulations that apply V12 0-50
5 Y ears of plant expected in operation 116 0-40
6 Score = probability X consequence 116 0-10
Probability = 0.1 X yearsin operation whentime £ 10 years, else=1
Consequence = number of system breakdown when system breakdown < 10
times, else=10
7 Score = probability X consequence 116 0-10
Probability = 0.1 X major system components when £ 10 components, else=1
Consequence = number of system breakdown when system breakdown < 10
times, else= 10
8 Amount of carbon emissions (in kg/lkWh) /48 0-100
9 Qualitative ranking based on level of harm imposed on wildlife surrounding the /48 0-10
site, 0 indicates that a protected species is endangered while 10 indicate that no
wildlifeis affected.
10 | Quadlitative ranking based on level of harm imposed on plants surrounding the 1/48 0-10
site, 0 indicates that a protected species is endangered while 10 indicate that no
plants are affected.
11 | Percent of reduction in fertilizer use for agriculture 0.0236 0-100
12 ] Percent of reduction in food supply 0.0236 0-100
13 | Percent of reduction in wilderness land use for agriculture 0.0236 0-100
14 | Percent of reduction in flood control to avoid erosion 0.0855 0-100
15 | Percent of reduction of poorer water quality 0.0855 0-100
16 | Percent of reduction of poorer air quality 0.0700 0-100
17 | Percent of reduction of epidemic diseases 0.0840 0-100
18 | Percent of reduction of fire hazards 0.0525 0-100
19 | Percent of increased of natural diversity 0.0259 0-100
20 | Percent of reduction of the ecosystem instability 0.0259 0-100

Solving the egenvdue problem from the above judgment marix gives the normdized
eilgenvector (weights) w = [0.1416, 0.3420, 0.1400, 0.1680, 0.1050, 0.1036]. The values
indicate the weighting factors for Agriculture, Water, Climate, Hedth, Living Place, and
Ecosystem, respectively. The results of uncetainty weghting factors show the
importance of Water consderations, followed by Hedlth and Agriculturd issues.
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Risk Exposur e from Generation Options
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Figure 4-7. Criteria Hierarchy of Consequence Measure
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Let us assume tha the risk exposure for dl types of generation technologies involved in
this case sudy (oil, solar, wind, and battery) are assessed using the criteria governed by
therr implementability, effectiveness [46], and ther treatment efforts to reduce ecologica
loss, as defined previoudy. Weights from the above judgment matrix are assgned to the
aopropriate reduction of ecological loss through trestment efforts, while consequence
measures relaed to implementability and effectiveness are given the equa loca weights.
Following the process of assgning loca weights, globd weights are caculated for each
of the consequence measures by multiplying the locd weights as shown in Table 4-11.
Figure 4-7 shows the criteria hierarchy of the consequence measures.

Table 4-12. Score Vaue for Generation Options

Consequence | Wind Solar Grid (Oil) | Battery

measure No.
1 27 10 48 5
2 90 90 90 90
3 [mf]/2000 | [n]/2000 | 0.05*[kW] | 0.001*[kWh]
4 20 15 45 10
5 30 20 40 5
6 2.7 1 4.8 0.25
7 2.7 1 4.8 0.25
8 0 0 5 0
9 5 5 10 0
10 5 5 10 0
11 0 0 100 0
12 0 0 100 0
13 0 0 100 0
14 0 0 100 0
15 0 0 100 0
16 0 0 100 0
17 0 0 100 0
18 0 0 100 0
19 0 0 100 0
20 0 0 100 0

For each scenario dternative, the overal vaue expressed by Equation (3-19) is cdculated
with the vaue functions for each generation option obtaned by asking the DM’s
preference for certainty equivdent vaues as is done for sngle utility function
determination. In this case dudy, a linear function is used, and the overdl vaue can be
expressed as in Equation (4-3). The score values used for each generation option or
technology type are lisged in Table 4-12.
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The Weights [W,qs Weyiar s Wi » Wharer,] € Obtained from technology priority assessment,

taking into account the cod-to-benefit ratios for each generation option, cdculated
separately from cogts influencing the technology and bendfits influencing the technology

[9]. Figure 4-8 and Figure 4-9 show the costs and benefits hierarchies, respectively, for
the technology priority assessment.

I Generation Technology Cost I

Figure 4-8. Cogts Hierarchy for Technology Priority Assessment

The hierarchicd dructure conssts of three layers, from the main god down to the costs
influencing the technology, then the technology or objectives The resulting globd
priority vector based on given judgment matrices as in Appendix B2 indicates tha grid
(ail) technology is ranked first (0.3479), followed by wind (0.3159) then solar (0.2469)
and battery (0.0895).

I Generation Technology Benefit I
National

System Sy
Efficiency Rel Security

stem
iability

Availability
of Fud

Figure 4-9. Benfits Hierarchy for Technology Priority Assessment
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The hierarchicd dructure conssts of three layers, from the main goa to the benefits
influencing the technology, and findly the technology or objectives. The resulting globa
priority vector based on given judgment matrices as in Appendix B3 indicates tha solar
technology is ranked first (0.4114), followed by wind (0.2976), then battery (0.1935) and
oil (0.0976).

The relative cogt-to-benefit ratio of the sdected technologies is congructed from both of
the hierarchies. The reaulting relaive weights indicate that fossl fud (oil) ranks the
highest (0.6266), followed by wind (0.1866), then solar (0.1055) and battery (0.0813).
Figure 4- 10 shows the comparison of cost, benefit, and relative cost-to benefit ratios.

0.7

0.6 ]
[2]
= 05 -
=
§ 0.4 —
£ 0.31 —
IS
o 0.2 1 -
14

0 T T T
Wind Solar Battery Grid (Qil)
Technology
@ Cost @ Benefit O Relative cost-to-benefit |

Figure 4-10. Comparisons of Costs, Benefits, and Cost-to benefit ratios

Table 4-13 shows the risk exposure for al the robust dternatives, calculated using
Equation (4-3).

Table 4-13. Risk Exposure of Alternative Robust Plans

Plan]wind Area [Solar Area |Substation Rating [Battery Rating [Risk Exposure |Ranking
No. |m2 m2 kw kWh

[G3 T 30000 5000 500 500 0.60509 1
G4 | 30000 5000 500 1000 0.60516 2
|G5 30000 5000 600 500 0.61031 5
[G6 T 35000 5000 500 500 0.60664 3
IG7 | 35000 5000 500 1000 0.60671 4
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It is shown that plan G5 is less attractive than other candidate dternatives, while plan G3
ranks as the mogt attractive, followed by plans G2, G6 and G7.

The following observations can be made in deciding the “optima” design drategy of

HSWPS, conddering robustness, flexibility and risk exposure measures.

- Robustness messure favors any plan, which has “fixed” desgn varigbles and is adle
to cope with a “moving” environment. It is shown that plan G3 peforms wel for
these criteria
Hexibility measure favors any plan that has the minimum “moving” desgn vaiadle
cods and is able to cope with “moving” environment. It is shown tha plan G5
performs wdl for these criteria
Risk exposure measure favors any plan, which has “moving” design variable priority,
based on subjective judgment, and is able to cope with “any” environment. It is
shown that plan G3 peformswell for these criteria
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5. Limited Resour ces Case Study

The decison of what type of generation needs to be utilized for a given area depends on
the avallability, security and reliability of resources in tha area. An aea tha has limited
resources will present options that require the DM to choose in stages, thereby increasing
the flexibility measures of the outcome.

This chapter discusses a case dudy in Maaysa It is meant to show the implementation
of the methodology in a red-world application. It covers the Third Outline Perspective
Plan 2001-2010 in energy sector and sugtainable development [79], the Eighth Maaysan
Plan 2001-2005 in energy sector, environmental and sustainable resource management
[78], the exiging framework of decisornrmaking in the energy sector, the application of
the Efficient Resource Development Methodology to this case study, and the comparison
of results.

5.1. The Third Outline Per spective Plan

The Third Outline Perspective Plan (OPP3) of Madaysa consds of a tenryear plan from
2001-2010 and maks the second stege in redizing Visdon 2020 (meking Madaysa a
developed country by the year 2020) that darted in 1991. The following sdected
strategl es have been listed for the energy sector:
Ensuring the competitiveness of the economy usng sudanable development by
managing both depletable and renewable energy resources in the following ways:
0 To ensure an adequate, secure, high qudity, and cost- effective supply of energy
0 Topromoteitsefficient utilizetion
0 To minimize the negative impact on the environment
Increasing oil stock from deep-sea exploration locally, and prospecting for resources
overseas to overcome the shortage of oil reserves by 2008.
Increasing the utilization of gas in the power sector due to increased availability of
gasin Peninsular Maaysawith the following consderations
0 Toensure system security and religbility using an optima generation mix
0 To condder and intendfy utilization of gas by the non-power sector as well, such
as the transport sector and petrochemica industries
Emphasizing the adequecy of eectricity supply and improving its productivity and
effidency in the following ways
0 To encourage new private investments and co-generation sysems
o To improve coverage, rdiability and qudity of supply through trangmisson and
digtribution system improvements
o To improve the frequency limit and reactive power requirement in The Maaysan
Grid and Digtribution Codes
0 To edablish an Energy Commisson to regulate the technicd and economic
efficiencies of the dectricity supply industry
Encouraging new sources of energy such as renewables to supplement the
conventiona supply of energy in the following ways.
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o To extend the fud diverdficaion policy from four fuds comprisng ail, gas,
hydro, and cod to a five-fuels policy tha includes renewable energy, i.e. biomass,
biogas, municipa waste, solar, mini-hydro, pam diesdl and hydrogen fue

0 To widen the use of biomass resources in particular, such as oil padm, wood waste
and rice husks for dectricity generation

Encouraging efficent utilization of energy through the enforcement of the Energy

Efficency Regulaions and implementation of Demand Side Management, in the

following ways

o To implement retrofiting programs, didrict cooling programs, and appliance
labeling and to change the energy usage pattern

0 To edablish new integrated complexes and townships that are managed in an
energy-efficient manner

o To formulate dandards on efficent lighting, ar-conditioning, and building
envelope systems

o0 Toincorporate energy efficiency provisonsinto Uniform Building By-laws

Promoting the development of domedtic energy related industries and services to

achieve ahigher locd content in energy sector, by the following initiatives:

o0 To introduce the Entrepreneur Development Programs undertaken by Tenaga
Nasional Berhad (TNB) and the Vendor Development Programs by Petroleum
Nasional Berhad (PETRONAS)

0 To promote Maaysaasaregiond center for energy-related engineering services

o0 To urge mgor companies and independent power producers, to expand ther
participation in energy-related industries and services in other countries

OPP3 aso promotes environmentdly sustainable development, to ensure that the
environment is clean, hedthy, productive, and capable of sudtaining the nation's needs
and aspirations. Emphases on four mgor areas are proposed, as outlined in the following
sub-chapters. These mgor areas become the background of the decison makers in energy
planning, particularly for generation expangon planning schemes.

5.1.1. Integrated Approach and Strategies

Addressng environmental and resource issues is done in an integrated and holistic
manner. The chdlenge is to identify prudent, cod-effective, and adaptive management
approa:hes that result in multiple benefits for a sustainable future, such as:

Providing access to clean water

Providing adequate food without excessive use of chemicas

Using more organic fertilizers

Providing energy services without environmentd degradation

Deveoping hedthy urban environments

Consarving critical natural habitats and resources

Land resources ae further improved through integraive land-use planning. The
Biodiversty Policy is the bass for integraing and consolidating biodiversity programs
and projects in the country. Specificdly, the policy promotes intensfied efforts to
sugain forets and expand multiple use foredtry, formulate integrated river basin
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management plans to improve water quality and supply, manage water resources, ensure
sudtainability of coastd resources, and introduce integrated coastal management plans in
al gates.

5.1.2. Reducing Pollution Intensity

Reduction of energy and materids usage, pollution, and waste intendty in the urban
indugtrid  environment is becoming a critical activity. Measures are being implemented to
influence choices in technology and management of new urban and industrid investment,
such as steps to promote the reduction, re-use and recycling of materids. A policy of
‘pollution-free and reduced-resource intensity for technology is one step further than the
exiging policy on controlling pollution a the source and adopting preventive measures in
aprocess of continuous improvement.

5.1.3. Increased Use of Economic I nstruments

The Polluters Pay Principle has been initisted with enforcement efforts to ensure
compliance with environmental laws and regulations. In addition, these measures ae
complemented by the use of innovaive economic and tax insruments, i.e. remova of
digortions and bariers that impede efforts toward improving environmenta qudity and
optima natura resource use.

5.1.4. Environmental Perfor mance Standards

Environmenta performance measurement is encouraged as a basis for harnessng market
forces and community engagement in addressng environmental issues. Environmenta
and resource issues need to be identified, measured, and tracked through the use of
udanable deveopment indicators and various environmentd dandards. Then, the
environmenta intendty of economic activity becomes more efficacious in forcing the
market, and society a large, through customer demand, community pressure, and supply-
chain managemert.

5.2. The Plan on Energy, Environment and Resour ce

The five years of the Eighth Mdaysan Plan (2001-2005) focus on ensuring the
sugtainable development of energy resources, both depletable and renewable, in support
of the development of a knowledge-based economy. Efforts are made to ensure adequacy,
qudity and security of energy supply, to encourage larger utilization of gas and
renewable energy, to provide adequate eectricity generating capacity, and to support the
development of industries that produce energy-related products and services.

The plan aso addresses the environmenta and resource management issues in an
integrated manner to identify prudent, cod-effective, and appropriate management
approaches. Efforts are made to address air pollution, to mitigate degradation d rivers, to
improve marine and groundwater qudity, and to ded with waste in a comprehensve
manner.
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To address the issue of natural resources, the following strategy has been proposed:
grengthening land use planning, extending the Biodiversty Action Plan to the various
dates, expanding the sudainable management of forests, and addressing multiple-use
issues in marine aess. Efforts ae made to promote environmentd performance
messurements, promote market-based  indruments, and engage communities  in
addressing environmental and natural resource issues.

5.2.1. Energy

The main objective in the energy sector is to maintain its sustaindble development. The
focus is on ensuring an adequate, secure, high-qudity and cod-effective supply of
energy, promoting its effident utilization, ard minimizing negdive impacts on the
environment. The qudity of dectricity supply is becoming more crucid as the promotion
of high technology and Information and Computer Technology (ICT) driven
manufacturing isincreasing. The Strategies of the energy sector are as follows:
- Ensuring adequacy and security of fud supply and promoting the utilization of gas
and renewable energy
Ensuring adequacy of eectricity supply and improving productivity and efficiency
Developing energy-related industries and services, and increasing local content
Promoting centers for energy-related engineering services and making them known
regiondly
Encouraging efficient utilization of energy in the industrid and commercid sectors

5.2.2. Environment and Sustainable Resour ce M anagement

Two mgor chdlenges for the government are to atain the naiona environmental and
natura resource gods efficiently and to reduce the negative environmental impaect of
development activities. Steps are taken b identify and implement sensible, codt-effective,
and appropriate management approaches, such as ensuring access to clean air and water,
providing adequate food without excessive use of chemicds, proving energy services
without environmental  degradetion, developing hedthy urban  environments, and
consarving critical naturd  habitats and resources. The draegic policy thrusts for
environmental and sustainable resource management are as follows:

- Reducing energy, materids, pollution, and waste intensity of urban indudtrid activity
to address ar pollution and waste disposd and to mitigate deterioration in water
quality
Promoting the use of appropriate market-based instruments and sdf-regulatory
measures among industries
Promoting environmenta  performance measurement and  drengthening the database
for environmentd decison-meking
Empowering locd authorities and engaging communities in addressng  environmentd
issues
Enhancing land use planning, intendfying biodiverdty conservetion, the sustaingble
management of forests, and improving the management of maritime affairs
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5.3. The Existing Decision Framework

Energy is the key ingredient in any economic activity. Adequacy of energy supply is
important for acceleration of economic development. Consumption of energy, however,
produces some undesirable impacts on the environment and climate. Hence, sustainable
ue of energy is being given increesng atention. Madaysa is gifted with both
conventiona (nortrenewable) and non-conventional (renewable) sources of energy. The
largest non-renewable energy resource is petroleum (i.e. ol and gas). This resource is
being activdly exploited. Although the country has some coa deposts, only a smadl
percentage is being mined. Renewable sources of energy are dso abundant, the most
important ones being biomass and solar.

Energy consumption per capita is low compared to any developed countries but is
expanding a a rapid rate in tandem with economic development. In addition, energy
intengty with respect to gross domestic product has shown an increasng trend
higoricdly. For more information on energy resources and the energy baance of
Maaysa, one may refer to the Energy Center Madaysa (Pusat Tenaga Mdaysa - PTM)
webste [80] or Department of Energy (EIA) website [142].

Among the principd functions of the Energy Divison of the Minidry of Energy,
Communications & Multimedia [74, 75 ae to formulate policies and draegies,
undertake planning of the dectricity supply industry, promote energy efficiency and
renewable energy, and monitor energy programs and project implementation. Therefore,
this divison of the government plays a very important role in the process of energy sector
decisonrmeking. The following sections show the interaction of the energy planning
decision makers and the policies that have been implemented.

5.3.1. Energy Industry Players

The players in the energy sector (i.e. dectricity supply industry and gas supply indudtry at
the reticulation stage) are as follows:
- The Government and Energy Commisson (G-EC), which acts as a policy maker and
regulator
Energy Supply and Service Companies (ESSC)
Research and Development Ingtitutions (RDI)

Consumers
RDI ESSC

<9

Maavsian Bus Inputs Approva to |
aydan Busness Im .
Council (MBC) plement i Adjustments
Industry Based Didog > G-EC ]
Suggestions

Figure 5-1. The Planning Decison FHow Diagram
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The Economic Planning Unit (EPU) under the Prime Miniser's Depatment and other
related departments representing the Government are given the authority to decide the
direction of energy planing. The input from utility companies is dther adjusted or
goproved by the Government as shown in Figure 51. More detail explanations are found
in the EPU webgte [73]. The following sub-sections describe the role and scope of each

player.

The Government

Policy making for the energy sector resdes with the inditutions as shown in Table 5-1
and the economic and technicd regulatory functions resde with the inditutions as shown
in Table5-2.

Table 5-1. Maaysian Government Decision Makersin Energy Policy

Ingitutions Areasof Jurisdiction
Prime Minigter's Department Pqtrol eum (0l and gas)
I(Eoonomic Aanning Unit) gré\é;'az?; ?wn;;)gl;[/hi?l sty
( www.epu.jpm.my ) e IPPs

Ministry of Energy, Communications - Electricity supply industry
and Multimedia (MECM) - Energy efficency

|( www.ktkm.gov.my ) - Renewable energy
Minigtry of Rurd Development -

|( www.kplb.gov.my ) Rural dlectricity supply.
Minigtry of Primary Industry - Domedtic exploitetion of cod
1 www.kpu.gov.my ) resources.

Table 5-2. The Economic and Technical Regulatory Functions

Ingtitutions Areas of Jurisdiction
. Electricity in dl states except Sarawak (technica
mgégmﬁon ( including safety and economic)
A Gas reticulation only (safety and economic)
Department of Occupationa - SAfety in gas sector (et reticulation stage)
Hedlth & Safety - Safety in oil sector (up stream and down stream).

Prime Minister's Department
Economic Planning Unit

Ministry of Domegtic Trade &

Natural Gas prices.

Price of petroleum products.

|Consumer Affairs

State Governments - Exploitation of cod resources.

Minigtry of Internationa Trade

and Industry - Licendng on petroleum processing activities.

{(www.miti.gov.my )
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Energy Supply and Services Company

Energy supply and services companies are divided into the following two categories:

Petroleum — Oil and Gas Industry: Petronas with 15 other petroleum companies that
had entered into Production Sharing Contracts.
Electricity Supply Indusry: Tenaga Nasond Berhad (TNB), sarving Peninsula
Maaysa, Sabah Electricity Sdn. Bhd. (SESB), Sarawak Electricity Supply Corp.
(SESCo), and Kedah’'s Northern Utility Resources (NUR), with other 1PPs and about
30 co-generators.

Research & Development I nstitutions

There are saverd R&D indiitutions in Mdaysa involved in both scientific and economic

research.

- Madaydan Enegy Center - Pusat Tenaga Mdaysa (PTM) is involved in energy
planning and research, energy efficiency and technologica research, development
and demondration. It is a one-sop energy agency for linkages with the universties,
research inditutions, indudtries, and other nationd and internationd  energy
organizations.

TNB Research (TNBR) undertakes R&D activities for TNB. It provides qudity
assurance, laboratory testing, and consultancy services in energy and environment
preservation for TNB and other energy suppliers.

Petronas Research Scientific Services (PRSS) undertekes R&D activities for the
petroleum indugtry.

SIRIM Berhad (SRIM) is involved in R&D activities for the industrid sector in the
energy fidd of, with afocus on renewable energy and energy efficiency.

5.3.2. Energy Industry Policy
National Energy Policy

Three principd energy objectives are indrumentd in guiding future energy sector
development [76]. They are:
The Supply Objective: To ensure the provison of adequate, secure, and cost-effective
energy supplies through developing indigenous energy resources, both non-renewable
and renewable, usng the least-cost options and diversfication of supply sources
within and outsde of the country;
The Utilization Objective: To promote the efficent utilization of energy and to
discourage wasteful and non-productive patterns of energy consumption;
The Environmentad Objective: To minimize the negaive impacts of energy
production, trangportation, converson, utilization and consumption on the
environmen.

National Objectives Strategies
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To achieve the nationd objectives in energy planning, the Government is pursng the

following Strategies [77]:

- Secure supply: Diverdfication of fud type and sources, technology, maximize use of
indigenous energy resources, adequate reserve capecity to adlow for contingencies,
adequate reserve margin for generation, upgrading of transmisson and distribution
networks, and distributed generation (idanding).

Sufficent supply: Demand forecadt, correct energy pricing, and formulation of plans
to meet demand.

Efficent supply: Promoting competition in the dectricity supply industry.
Cost-€ffective_supply: Promating competition and providing indicative supply plan to
meet demand based on a least-cost approach, using computer software for dectric
power such as WASP.

Sudanable  supply: Promoting the devdopment of renewable energy and co-
generation whenever possible.

Qudity of supply (low harmonics, no surges and spikes, minima voltage variation):
Matching qudity with customer demand with variable tariffs

Effident utilization of energy: Benchmarking, auditing, financdd and fiscd
incentives, technology development, promotion of Energy Service Companies
(ESCOs), labdling, retings, correct pricing, energy managers.

Minimizing Negdive Environmentd Impacts Monitoring impacts, improving the
efficiency of utilization and conversion, and promoating renewable energy.

Rural Electrification

By the year 2005, 96% of rura households in Mdaysa ae served with eectricity as
shown in Table 5-3.

Table 5-3. Rurd Electrification Coverage by Region 1990-2000

Region 1990 | 1995 | 2000 2005
Peninsular 91 99 100 100
Sabah 48 65 75 84
Sarawak 50 67 80 91
Malaysia 80 92 93 96

Renewable Energy Resources

In the Eighth Madaysan Plan, renewable energy (RE) is introduced as the fifth fud in the
new five-fud drategy in the energy supply mix. It is targeted that RE will meet 5% of the
country's total eectricity demand by the year 2005, the end of the Plan period. With this
objective in mind, grester effort is being undertaken to encourage the utilization of
renewable resources for energy generation, such as biomass, biogas, solar, and mini-
hydro.

A program amed a increasing public awareness of the postive atributes of RE and
enagy effidency (EE) measures is being caried out by the Center for Education and
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Training in Renewable Energy and Energy Efficdency (CETREE), Universty Science
Mdaysa, Penang. The government is currently working on “hands-on” gpplications of
RE with anumber of ongoing projects.

A recent RE sudy identified the renewable energy resource potentid in the country,
including forest resdues, pdm oil biomass, solar therma, mill resdues, hydro, solar PV,
municipa waste, rice husks, and landfill gas. PAm oil waste has been identified as the
biggest resource that can be easly deveoped. Solar is another important option,
particularly for rurd eectrification and water heating.

Planting-Up Program

Due to the long lead-time for energy projects to come on-stream, long-term planning is
vitd. Planing and the plating-up program for the dectricity supply indusry are
discussed and evauated by the Committee for Planning, Implementation for the Supply
of Electricty and Taiffs The Miniger of Energy, Communications and Multimedia
Maaysa chairs this committee, comprisng representatives from the Minidry of Energy,
Communications and Multimediaz Economic  Fanning  Unit, Prime  Miniger's
Depatment, Energy Section, Ministry of Finance, Ministry of Internationd Trade and
Industry, Maaysan Indudtrid Development Authority, PETRONAS, and TNB

Energy Programs

The following are some of the programs related to the policy on energy.

- Center for Education and Training for Renewable Energy and Energy Efficiency
(CETREE).
Project on Capacity Building in Integrated Resources Planning (IRP) a& Government
and related agencies.
MECM's Low Energy Office (LEO) Project.
Small Renewable Energy Program (SREP).
Demand Side Management (DSM) Project.

5.3.3. Resultsfrom the Planning Program

The energy commisson and other rdaed inditutions in the planning committee have
produced the planned generation output for ten years 2001 — 2010 [91], which its
summary isliged asin Table 5-4.

Table 5-4. The Planned Generation 2001-2010

Oil |Coa |Gas |Hydro |Solar |Biomass [Nuclear [Cost lco2 Efficiency
MW MW MW MW MW MW MW RM/kWh] ton/year %
0 | 5600 |5656 3000 | 200 520 0 0.36 79,178,136 0.3179
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5.4. Implementation using The M ethodology
5.4.1. Problem Formulation

The man god of the study is to increase the sdf-sufficiency leved with respect to energy
supply and energy technology requirements under limited resources conditions. The
country under study has six energy sources oil, cod, gas, hydro, solar and biomass.
Nuclear energy can be added as an option regardless of its no-support status from the
national policy. The wind energy source has limited avalability due to the low wind
peed throughout the country. Three objectives are considered in the sdection of the
qitable energy sources. minimization of cost and emissons and maximization of overal
efficency. The ovedl efficiency is defined as the totd energy output (in Joules) divided
by the totd energy input (in Joules). The tota energy output is the total capacity of dl the
generation types, while the tota energy input is the sum of each generation type's output
divided by its efficiency.

5.4.2. |dentification of Attributes

Congraints and policies options are identified for three design objectives (attributes), and
the AHP technique is used for attribute priority assessment. These condraints and

policies options are deduced according to the brief explanation given in the previous
sections. Figure 5-2 shows the hierarchy for the attribute priority assessment.

I I ncr ease self-sufficiency level on ener gy supply and ener gy technology I
Lack of Public Insufficient Inadequate Lack of Reduced Life
Resour ces Awar eness Laws & Funding Technology Quality
Reaulations
|

| | | |

PollutersPay Environmental Resour ces Enforced Laws

Principle Performance Conservation and
Standards Proarams Reaulations

Economic

Initiatives

Product Privatization
Promotions

Cost CO2 Overall
Emissions

Efficiency
Figure 5-2. Limited Resource Hierarchy

Government
Instruments

The four layers of the hierarchicd dructure start with the main god, then the condraints,
then address the policies affecting the condraints, and findly the atributes. Starting from
second layer of the hierarchy, raio questions are asked of the DM concerning the relative
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importance between each pair of factors at that layer with respect to each factor at the
adjacent upper layer. The judgment matrices corresponding to each levd ae given in
Appendix B4. The resulting globa priority vector based on the given judgment matrices
indicates tha minimizing the cost of energy supply is ranked first (0.4498), followed by
overdl efficiency (0.3448) and then CO2 emissions (0.2053).

5.4.3. Identification of Options

Identification of options is based on the design variables oil plant capacity, cod capacity,
gas capacity, hydro capacity, solar area, biomass quantity, and nuclear plant capacity.

5.4.4. | dentification of Uncertainties

Table 5-5. Uncertainty Factors Detall
Category Uncertainty Factors
Economic Stuation PV cost (RM/m2)
Oil-plant cost (RM/MW)
Coal-plant cost (RM/MW)
Gas-plant cost (RM/MW)
Hydro-plant cost (RM/MW)
Biomass cost (RM/MW)
Nuclear-plant cost (RM/MW)
PV efficiency (%)
Ol efficiency (%)
Cod efficiency (%)
Gas efficiency (%)
Hydro efficiency (%)
Biomeass efficiency (%)
Nuclear efficiency (%0)
Resources Avallahility Solar insulation (pu)
Oil-supply (pu)
Coal-supply (pu)
Gas-supply (pu)
Hydro-discharge (pu)
Biomass supply (pu)
Nuclear-fud (pu)
L oad growth L oad growth (%)

Uncertainty factors consdered in this case dudy are economic Stuation, resources
availability and load growth. Table 5-5 ligts the detall of the uncertainty factors.

5.4.5. Selection of Plans
Dedgn vaiables are Qil plant capacity (MW), Coa plant capacity (MW), Gas plant
capacity (MW), Hydro plant capacity (MW), Solar area (n7), Biomass quantity (ton), and
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Nuclear plant capacity (MW). The range and step of variation for each design variable
ae s, and from these 77,760 (=5x9x4x6x6x6x2) dternative plans can be generated.
Table 5-6 shows the variation range and step of the salected design variables.

Table 5-6. Range and Step of Variation of the Design Variables

Qil Cod  |Ges Hydro Biomass Nuclear

capacity |capacity |capacity |capacity |Solar area Jquantity capacity

MW) _ JMW) JMW) f(MW)  [(m2) (ton) (MW)
Min 0 o 1500 500 o 800,000 0
IMax 20000 56000 6000 3000| 5,000,000f 4,000,000 6000
Step 500 7000 1500 500{ 1,000,0000 640,000 6000

5.4.6. Selection of Futures
Table 5-7. Destription of Sdlected Futures

Uncertainty
Factors Base F1 F2 F3 F4
PV cost (Fm2) 350 350 350 350 350
[Gil-plant cost (YMW) 846000 | 846000 | 846000 | 846000 | 846000
[Coal-plant cost (¥MW) | 912000 | 912000 | 912000 | 912000 | 912000
[Gas-plant cost (FMW) 698000 | 698000 | 698000 | 698000 | 698000
[Hydro-plant cost (¥MW) | 923000 | 913000 | 913000 | 913000 | 913000
[Biomass cost (¥MW) 1602000 1602000]1602000{1602000] 1602000
INuclear-plant cost (¥MW) [1623000]1623000]1623000{1623000] 1623000
Solar insulation (pu) 1 1 1 1 1
|Gil-supply (pu) 1 1 1 1 1
ICoal-supply (pu) 1 1 1 1 1
IGas-supply (pu) 1 1 1 1 1
IHydro-discharge (pu) 1 1 1 1 1
IBiomass supply (pu) 1 1 1 1 1
INuclear-fud (pu) 1 1 1 1 1
IPV eficiency (%) 25 25 25 25 25
[0il efficiency (%) 40 40 40 40 40
ICod efficiency (%) 30 30 30 30 30
[Gas efficiency (%) 50 50 50 50 50
[Hydro efficiency (%) 90 90 90 90 90
IBiomass efficiency (%) 4 4 4 20 20
INudear efficiency (%) 40 40 40 40 40
ILoad growth (%) 2.9 5.9 0.9 5.9 0.9
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Descriptions of sdected futures, accounting for the influences of uncertainty factors in
economic Stuation, resources availability, and load growth are consgdered. The decison
problem sdects four futures for uncertainty modeling. The sdected futures share base
case assumptions in resource availability and economic factors but differ with each other
in the load growth and biomass efficiency. The uncertainty in load growth in Madaysa
for the pagt five years has become a mgor decison factor in forecasting for the next ten
years. Biomass technology devedopment, with its uncertan converson efficiency, is
neverthdess likely to be a dominant renewable technology under government focus due
to the abundant resource of pam tree waste in the country. Table 5-7 shows the
description of selected futures.

5.4.7. Smulation Considering Flexibility

The two-stage process is sdected, with each stage covering a five-year planning horizon.
At the end of dage one, the DM will have to agan make a decison on sdecting the
future. Stage one is the period of study from 2001-2005, and stage two is the period of
study 2006-2010. The present vaue of flexibility “cos” is cdculated from the amount of
additional “cost” necessary for each plan to respond to the sdected future at each stage.
This “cost” refers to the costs of energy production, CO2 emissons, and overdl
efficency.

5.4.8. Calculation of Attributes Value

The next sep is to cadculate the dngle distance vadue for each of the attributes and
flexibility cods. Its cdculaion can be done automaicdly &fter assgning the ided
solution for each dtribute vaues, which enables the dgorithm to caculate the normdized
vaue of each atribute The ided vadues are zero for cot and emisson and one for
efficiency. In this case dudy, sngle distance vdue cdculaion is used indead of single
utility function cadculation due to its amplicity. It can be used to incorporate the DM’s
inputs automaticaly without much difficulty, according to these equations:

Uq(r) = 0.4498r; + 0.2053r, + 0.3448r (5-1)
Uder(Cr) = 0.4498Cry + 0.2053Cr + 0.3448Cr3 (5-2)

where r; and Cr; ae normdized dtribute disance vdue and normdized flexibility
distance vaue, respectively. The two equations (5-1) and (5-2) are use to determine the
robustness and flexibility messures.

5.4.9. Decision Analysis

The tradeoff andyss method is then gpplied to the decison database to determine the
optimal combination of device capacities, based on the measures of robustness,
flexibility, and risk exposure. The steps begin with determination of the tradeoff region,
then include identification of conditiona and globa decison sets and findly decison set
andyss.
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Table 5-8. Top 10 Acceptance Plans for Continuous Future

IFirst5 [Second5J0il  |Cod Gas [Hydro Solar [Biomass [Nuclear ICost CO2 Overall I

vears  ears  [Mw) fvw)  Jovwy fmw)  fkm2) |kton) |(MW) (RM/ kwH(10%gry) [EF.(%) [Rank
F1 F1 1500 6000 3000 o 800| O 0.0883 3.25 489 1
1500 6000 3000 1 800| O] 0.0894 3.23 817 2
2000 6000 3000 o 800| O 0.0883 3.38 434 3
1000 70001 6000 3000 o 800| O] 0.0869 3.34 479 4
1500 O 6000 3000 2 800| o 0.0914 3.21 489 5
2000 O 6000 3000 1 800| O] 0.0894 3.36 483 6
2000 14000 4500 3000 o 800| o 0.0796 3.81 a7 7
1500 7000 6000 3000 o 800| O] 0.0864 3.464 4711 8
1000 21000 4500 3000 o 800| O 0.0783 3.77 438 9
1000 7000 6000 3000 1 800| O 0.0884 3.32 47.3 10
F2 F2 o O 1500 3000 o 800| o 0.1625 o 519 1
o o 1500 2500 o 800| O 0.1437 o 90 2
0 O 1500 3000 1 800| o 0.1769 o 5.4 3
o o 1500 2000 o 800| O 0.1249 o 46.1] 4
o O 1500 2500 1 800| o 0.1583 o 485 5
500 o 1500 3000 o 800| o 0.1799 o 50 6
0 O 1500 3000 2 800| o 0.1917 o 509 7
500 o 1500 2500 o 800| o 0.1614 o 479 8
0 O 3000 3000 o 800| O 0.2055 o 5.4 9
o o 1500 2000 1 800| O] 0.1393 o 457 10
F3 F3 1500 O 6000 3000 o 800| O 0.0883 3.25 5411 1
1500 O 6000 3000 o 1,440| O 0.0884 3.25 534 2
1500 O 6000 3000 1 800| O] 0.0898 3.23 539 3
2000 O 6000 3000 o 800| O] 0.0883 3.39 533 4
1500 O 6000 3000 o 2,080I O 0.0885 3.25 5271 5
1000 7000 6000 3000 o 800| O] 0.0869 3.34 522 6
1500 O 6000 3000 1 l,440| O 0.0899 3.23 532 7
1500 O 6000 3000 2 800| o 0.0914 3.21 534 8
2000 O 6000 3000 o l,440| O 0.0883 3.38 52¢¢ 9
2000 O 6000 3000 1 800| O] 0.0894 3.36 5300 10
F4 F4 o O 1500 3000 o 800| o 0.1625 o 674 1
o O 1500 2500 o 800| O 0.1437 o 65.4 2
0 O 1500 2000 o 800| o 0.1249 o 6284 3
o O 1500 3000 1 800| o 0.1769 o 66.4 4
0 O 1500 2500 1 800| o 0.1583 o 6420 5
o O 1500 1500 o 800| O] 0.1062 o 509 6
0 O 1500 3000 o l,440| o 0.1679 o 64 7
o O 1500 2000 1 800| O] 0.1393 o 6174 8
0 O 1500 2500 o l,440| O 0.1497 o 624 9
o O 1500 3000 2 800| o 0.1917 o 65.3 10
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Determingtion of the tradeoff region among the feesble plans under different futures is
characterized by seven design varigbles, dong with three decison attributes. The feasble
plans are determined after eiminating dl inferior plans due to unacceptable performance
of one or more attributes. All plans with the cost of energy production higher than 0.20
RM/kWh and/or with the efficiency index lower than 30%, are reected. For a three-
attribute decison problem, graphica representation of the tradeoff region requires a 3-D
graph. Alternatively, 2-D graphs can be used to relate between each pair of attributes.

Identification of decison sets consigts the following steps.
Composite distance vaue is caculated for every plan contained by the tradeoff region
using equation (3-2), which rewritten for this case sudy as (5-1).
Composite distance variance is esimated using the approximate error model. Errors
due to inconggtent priority judgment are assumed to be 10% of the expected vaues,
and errors from inaccurate atribute measurement are assumed as 5% of the range of
attribute value.
The decison st is identified, conditional on a specific sat of futures following the
criterion of eguation (3-9).
The globa decision sat is determined as the union of conditiona decison sets.

Table 5-9. Sdected Plans for Changing Futures at Second stage

Hydr Nuclear co2 SIOveralI
Gas |o capacity| emi ssiongefficien
Qil capac Jcapac (MW) (kglyear) Jcy (%)
Future |Future [capaciCoad ity ity Biomass Cost  |(x 10
First5 [Second Jty capacit (MW [(MW [Solar area Jquantity (RM/
ears [5years (MW)ly (MWD j(m2) (ton) kWh) JRank
F1 F2 (none)
F1 F3 1500 ] 6000 3000 (] 800,000  0.0883 3.2 51§ 1
1500 (] 6000 3000 1,000,000 800,000  0.0893 3.23 5.3 2
2000 ] 6000 3000 ] 800,000  0.0883 3.33 5.4 3
1000 700 6000 3000 ] 800,000 d 0.0869 3.3 499 4
1500 (] 6000 3000 2,000,0000 800,000 q 0.0914 3.2 51) 5
2000 ] 6000 3000 1,000,000 800,000  0.0893 3.34 504 6
F1 F4 (none)
F2 F3 (none)
F2 F4 Qg ] 1500 3000 ] 800,000 q 0.1625 Qg 504 1
Qg q 1500 2500 ] 800,000 q 0.1437 Qg 570 2
Qg (] 1500 3000 1,000,0000 800,000 q 0.1769 Qg 584 3
Qg q 1500 2000 ] 800,000 q 0.1249 Qg 544 4
Qg ] 1500 2500 1,000,0000 800,000 q 0.158] Qg 564 5
Qg ] 1500 3000 2,000,000 800,000 q 0.1912 Qg 5794 6
Qg (] 1500 2000 1,000,000 800,000 q 0.1393 Qg 5374 7
F3 F4 (none)

Limited Resource Case Sudy 84




Decison st andyds is done to identify the robustness of plans and to determine the
flexible plans among the robust plans. Table 58 and Table 59 are given for the top few
acceptable plans for plans that do not change future on their second stage and for the
plansthat do change future on their second stage

Robustness Measure

The robustness measure can be determined by listing the plans that appear in a least two
futures, as shown in Table 5-10. Andyds of the globd decison set reaults in the
following observations.

Table 5-10. Globa Decison Set for Robustness

Qil Codl Gas Hydro [Solar |Biomas JNuclear
Plan Jcapacitycapacity]capacityjcapacity Jarea  |quantityjcapacity
No |(MW) j(MW) J(MW) [(MW) Jkm2) [J(kkton) [(MW) JF1 2 3 |JF4 [Robustness
|Gl 0 0 1500 | 3000 0 800 0 1 1 50%
|GZ 0 0 1500 | 2500 0 800 0 2 2 50%
|GS 0 0 1500 | 3000 1 800 0 3 4 50%
|G4 0 0 1500 | 2000 0 800 0 4 3 50%
|GS 0 0 1500 | 2500 1 800 0 5 5 50%
|G6 0 0 1500 | 3000 2 800 0 7 10 50%
|G7 0 0 1500 | 2000 1 800 0 10 8 50%
|GS 1500 0 6000 | 3000 0 800 0 1 1 50%
|G9 1500 0 6000 | 3000 1 800 0 2 3 50%
|GlO 2000 0 6000 | 3000 0 800 0 3 4 50%
|Gll 1000 | 700 | 6000 | 3000 0 800 0 4 6 50%
|GlZ 1500 0 6000 | 3000 2 800 0 5 8 50%
|GlS 2000 0 6000 | 3000 1 800 0 10 10 50%

No 100% robust plan can be identified from the globa decison set. Only 50% robust
plans can be identified, which represents al the plans that can cope with two future
conditions.

The firg seven plans of the lig (G1 — G7) reflect the same low load growth; therefore,
in these plans, conventiond energy from gas and hydro are sufficient in meeting the
demand. The remainder of the plans (G8 — G13) reflects the high load growth case, in
which coa and oil energy sources become necessary.

All the plans reflect a middle desgn dtitude in utilizing biomass technologies and
emphasize the importance of solar energy sources. Nuclear is not preferred at dl.

Plan Gl isregarded asthe best Strategy, asreflected in its preference ranking.

Other plans following G1 in preference ranking, G2 to G5, share dmilar energy
source options and show that solar technology can be added into the system without
much influence on the preference ranking.

The resultsin Table 5-10 can be grouped into two future scenarios, low load growth and
high load growth, which are summarized in Table 5-11 and Table 5-12.
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Table5-11. Low Load Growth Robust Plans Grouping

Plan Qil Coal Gas Hydro Biomas  INuclear

Group [capacity|capacity [Jcapacity [capacity Solar area Jquantity  Jcapacity

No (MW) [(MW) (MW) (MW) (km2) (kton) (MW)  JRankings
P1 0 0 1500 [ 2000 - 3000 0 800 0 1
P2 0 0 1500 | 2000 - 3000 1 800 0 2
P3 0 0 1500 3000 2 800 0 3

The andyds of the globd decison set for low load growth results in the following
observations.

Among the low load growth plans, plan group P1 is regarded as the best Srategy, as
indicated by its preference ranking. It requires a range of hydro capacity and no solar
technology.

The second and third ranked plan groups, P2 and P3, require solar technology to be
implemented and reflect a reduction in robustness.

Table 5-12. High Load Growth Robust Plans Grouping

Plan Coa Gas Hydro Biomas Nucl ear

Group [Oil capacity Jcapacity [capacity [capacity [Solar area |quantity Jcapacity

No (MW) (MW) (MW) (MW)  J(km2) (kton) (MW)  JRankings
P4 | 1500-2000 0 6000 3000 0 800 0 4
P5 | 1500-2000 0 6000 3000 1-2 800 0 5
P6 1000 700 6000 3000 0 800 0 6

Andyss of the high load growth global decision set leads to the following observetions.

Among the high load growth plans, plan group P4 is regarded as the best drategy
according to its preference ranking, with a range of oil capacity required and no solar
technology.

The plan groups that require solar technology, P5 and P6, are ranked fifth and sixth,
and their robustnessiis reduced.

When cod capacity is added, as in P6, the plan has less robustness compared to other
plans.

Flexibility Measure

Limited Resource Case Sudy

Usng the flexibility cost cadculated during the production costing smulation and the base
case assuming an equa chance, totd flexibility cost for each of the attributes can be
cdculated usng Equations (3-16), (3-17) and (3-18). The vaue of composte distance of
flexibility cost (or normdized flexibility disance vaue) is cdculated for every robust
plan usng equation (3-2), which is rewritten for this case study as (5-2). The ranking is
based on the flexibility cost composite distance. Table 5-13 shows the resuilts.
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Table 5-13. Hexibility of Alternative Plans

|P|an |Oi| Coal |Gas |Hydro Solar  |Biomass |Nuc|ear IFIexibiIity Cost
No. Jcapacity Jcapacity Jcapacity Jcapacityjarea quantity Jcapacity ICost CcO2 [t |Rank
Mw | mw | Mw | MW | km2 kton MW | $/kwh Jkglyear] %

G10 | 2000 0 6000 3000 O 800 0 0 0 0048] 1
G12 | 1500 0 6000 3000 2 800 0 0 0 Joo48) 2
39 | 1500 0 6000 30001 1 800 0 0 0 Joo48] 3
G13 | 2000 0 6000 30001 1 800 0 0 0 Joosi] 4
G11 | 1000 700 6000 30007 O 800 0 0 0 Joos1} 5
G3 | 1500 0 6000 30000 O 800 0 0 0 JoOs52] 6
G7 0 0 1500 20000 1 800 0 0 0 Joury 7
G6 0 0 1500 30000 2 800 0 0 0 Jois1l] 8
(€3) 0 0 1500 2500 1 800 0 0 0 0156] 9
G3 0 0 1500 3000 1 800 0 0 0 Joaise] 10
4 0 0 1500 20000 O 800 0 0 0 Joaiel] 11
R 0 0 1500 25000 O 800 0 0 0 Joaie2] 12
Gl 0 0 1500 30007 O 800 0 0 0 Joaie7] 13

Andyss of the globd dedson sat conddeing flexibility yiedds the following
observations.

Pan G10 is regarded as the most flexible plan (the one that has the lowest flexibility
distance vaue) for dl dternatives and among the high load growth adterndives.
Plan G7 isthe mog flexible plan for the low load growth dternatives.
Pan G1 that is regarded as the most robust plan, is the least flexible plan among dl
dternatives and aso among the low load growth scenarios.
Pan G8 shows the least flexibility cost among the high load growth dterndtives.

Knowing that no 100% robust plan exists, we can group the plans into two 50%-robust
plans, namely low load growth plans and high load growth plans. In the following Table
5-14, plans P4 to P6 are the high load growth dternatives, and plans P1 to P3 are the low
load growth dternatives.

Table 5-14. High and Low L oad Growth Flexible Plans Grouping

Coal 3 Gas Hydro Solar [Biomas  |Nuclear
Plan Oil capacity Jcapacity [capacity |capacity area |quantity |capacity
Group No [(MW) Mw)  fimw)y — fivw) «m2) Jkton)  JiMw)  JRankings
P4 1500-2000 0 6000 3000 0 800 0 1
P5 1500-2000 0 6000 3000 1-2 800 0 2
P6 1000 700 6000 3000 0 800 0 3
P3 0 0 1500 3000 2 800 0 4
P2 0 0 1500 J 2000-3000) 1 800 0 5
P1 0 0 1500 | 2000-3000] O 800 0 6
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The following observaions can be made in deciding the “optima” design drategy for the
Limited Resource case with and without congdering flexibility measure.
Consdering the robustness measure only (Table 511 and 512), sx plans are found,
and plan Pl is consdered as the mogt robust plan. Adding a flexibility measure
among the robust dternatives (Table 5-14) yieds plan P4 as the mogt flexible plan.
Robust plan Pl reflects a desgn attitude toward utilizing gas, hydro and biomass
supplies and shows no preference for solar technologies, while flexible and robust
plan P4 reflects the same aititude with more commitment to gas and oil supply,
compared to plan P1.

Risk Exposure Measure

Table 5-15. Consequence Measures of Limited Resource Problem

No. | Consegquence measure Weight Vaue Range
1 Number of major systems components 124 0-50

2 Percent of major components successfully deployed in installation 124 0-100

3 Areaof land reguired (in thousands of meter squared) 112 0-50

4 Number of regulations that apply 112 0-50

5 Y ears of plant expected in operation 116 0-50

6 Score = probability X consequence 116 0-10

Probability = 0.1 X yearsin operation whentime £ 10 years, else=1
Consequence = number of system breakdown when system breakdown < 10
times, else= 10

7 Score = probability X consequence /16 0-10
Probability = 0.1 X major system components when £ 10 components, else=1
Consequence = number of system breakdown when sygem breakdown < 10

times, else=10
8 Amount of carbon emissions (in kg/kWh) 1/48 0-100
9 Qualitative ranking based on level of harm imposed on wildlife surrounding the 1/48 0-10

site, 10 indicates that a protected species is endangered while O indicate that no
wildlifeis affected.

10 | Quadlitative ranking based on level of harm imposed on plants surrounding the /48 0-10

site, 10 indicates that a protected species is endangered while O indicate that no

plants are affected.
11 | Percent of increased in fertilizer use for agriculture 0.0236 0-100
12 | Percent of increased in food supply 0.0236 0-100
13 | Percent of increased in wilderness land use for agriculture 0.0236 0-100
14 | Percent of increased in flood control to avoid erosion 0.0855 0-100
15 | Percent of increased of poorer water quality 0.0855 0-100
16 | Percent of increased of poorer air quality 0.0700 0-100
17 | Percent of increased of epidemic diseases 0.0840 0-100
18 | Percent of increased of fire hazards 0.0525 0-100
19 | Percent of increased of natural diversity 0.0259 0-100
20 | Percent of increased of the ecosystem instability 0.0259 0-100

In this example problem, consequences of exposure are taken from oil, cod and gas
supply, based on their subgtation rating in MW, assuming that the main contribution is
from fud burning consequences. Borrowing the concept introduced in Chapter 4
regarding the consequences of exposure, we will use the consequences measures as listed
in Table 5-15.
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For each of the scenario dterndives, the overdl vadue expressed by Equation (5-3) is
cdculated, where the linear vaue functions are used and the score vaue for each of the
generation options or technology types aslisted in Table 5-16.
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Table 5-16. Score Vdue for Limited Resource Problem
Consequence | Qil Cod Gas Hydro | Solar Biomass Nuclear
measure No.
1 48 48 38 20 10 438 40
2 90 90 90 90 90 90 90
3 0.00005 | 0.00005 | 0.00003 | 0.00001 [mﬁ/lOOO 0.0000000065 | 0.00004
“[MW] | *[MW] | *[MW] | *[MW] *[ton] *[MW]
4 45 45 45 45 15 45 48
5 40 40 40 50 20 40 30
6 4.8 4.8 4.8 3 1 4.8 6
7 4.8 4.8 4.8 3 1 4.8 6
8 5 5 4 0.5 0 5 0
9 9 9 9 9 4 9 10
10 9 9 9 9 4 9 10
11 50 50 50 20 0 50 70
12 50 50 50 20 0 50 70
13 50 50 50 20 0 50 70
14 50 50 50 20 0 50 70
15 50 50 50 20 0 50 70
16 50 50 50 20 0 50 70
17 50 50 50 20 0 50 70
18 50 50 50 20 0 50 70
19 50 50 50 20 0 50 70
20 50 50 50 20 0 50 70
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The weghts [woi,,wcoa,,wgas,whydro,wsolar,wbiomass,wnudea,] are obtaned from technology

priority assessments that take into account the cost and benefit aspects for each

generdtion option, caculated from cods and benefits influencing each technology. Figure
5-3 shows the costs and benefits hierarchy for the technology priority assessment.

I Generation Technology Cost and Benefit Aspect I

Nuclear

Figure 5-3. Costs and Benefits for Technology Priority Assessment

Table5-17. Risk Exposure of Alternative Plans

Plan  Oil Codl Gas Hydro Solar |Biomas |Nuclear |Risk

Group [capacity Jcapacity [capacity Jcapacity area |quantity Jcapacity |Exposure

No (MW) (MW)  [(MW) [(MW) (km2) j(kton) (MW) IRankings
4 0 0 1500 2000 0 800 0 30.47453 1
&) 0 0 1500 2500 0 800 0 30.47459 2
Gl 0 0 1500 3000 0 800 0 30.47464 3
Gl1 1000 700 6000 3000 0 800 0 3047767 4
€3] 1500 0 6000 3000 0 800 0 30.4776 5
G10 2000 0 6000 3000 0 800 0 304779 6
G/ 0 0 1500 2000 1 800 0 49.04953 7
€3) 0 0 1500 2500 1 800 0 4904959 8
&3 0 0 1500 3000 1 800 0 49.04965 9
€] 1500 0 6000 3000 1 800 0 49.05269 10
G13 2000 0 6000 3000 1 800 0 49.05295 1
6 0 0 1500 3000 2 800 0 67.62469 12
G12 1500 0 6000 3000 2 800 0 67.62769 13

The hierarchicad dructure consgs of three layers, from man god, to the aspects
influencing the technology, and findly the technology or objectives. The resulting globa
priority vector based on given judgment matrices, as in Appendix B5, indicates that solar
technology is ranked first (0.2229), followed by gas (0.2019), nuclear (0.1829), hydro
(0.1450), oil (0.1226), coa (0.0639), and finally biomass (0.0608). The degree of
uncertainty built into these numbers is determined by their confidence intervas as listed
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in Appendix B5. Table 5-17 shows the risk exposure for dl the robust dternatives,
cdculated usng Equation (5-3).

The andyds of the globd decison set condgdering the risk exposure arives a the
following observetions.
It is shown that plan G12 is less dtractive than other candidate dternatives, while
plan G4 isranked the mogt atractive.
It is dso observed that plans that have lesser solar capacity are less risky than the
ones that have higher solar capacity.

Table 5-18 ligs the results for divison of plans into high load growth and low load
growth aternative groups.  Table 519 summarizes the ordering of the group plans when
robustness, flexibility and risk exposure are consdered.

Table 5-18. High and Low Load Growth Risk Plans Grouping

Coal 1Gas Hydro Solar |Biomas  |Nuclear
Plan Oil capacity Jcapacity [Jcapacity Jcapacity area Jquantity [Jcapacity
Group No J(MW) (MW) (MW)  [(MW) (km2) (kton) (MW)  JRankings
P1 0 0 1500 J 2000-3000) O 800 0 1
P6 1000 700 6000 3000 0 800 0 2
P4 1500-2000 0 6000 3000 0 800 0 3
P2 0 0 1500 | 2000-3000] 1 800 0 4
P5 1500-2000 0 6000 3000 1-2 800 0 5
P3 0 0 1500 3000 2 800 0 6
Table 5-19. Summary of Group Plan Ranking Order
M easur es Group Plan Ranking
Order
[Robustness P1, P2, P3, P4, P5, P6
[Robustness & Flexihility P4, P5, P6, P3, P2, P1
[Robustness, Flexihility & Risk Exposure P1, P6, P4, P2, P5, P3

The following observaions can be made in deciding the “optima” design drategy for the
caxe of Limited Resources, congdering robusiness, flexibility and risk exposure
measures.
Congdering the robustness measure only (Table 5-11 and 5-12), six group plans are
found, and plan Pl is conddered as the most robust plan. Adding a flexibility
measure to the robust dternatives (Table 5-14) shows group plan P4 as the most
flexible plan. When risk exposure is added (Table 5-18), group plan Pl is again
considered as the best plan.
Robust & less risky group plan PL reflects a desgn atitude towards utilizing gas,
hydro and biomass supplies and gives no preference to solar technologies. Hexible
and robust plan P4 reflects the same dtitude, but with more commitment to gas and
oil supply, compared to group plan P1.
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The robustness measure favors plans according to the least use of gas, ol and cod
capacity.

The robustness and flexibility measures favor plans according to the highest usage of
oil, gas, cod, then solar capacity.

The robusiness, flexibility and risk exposure measures favor plans with the leest use
of solar, followed by ail, coa, gas and hydro capacity.

5.5. Comparison Results

Maaysa power authority’s (TNB) planned generation for 10 years from Table 5-4 is
shown again in Table 520. The best plans results from the proposed design strategy for
low load growth and high load growth are liged in Table 5-21 and Table 5-22,
respectively.

Table 5-20. TNB Planned Generation 2001-2010

[0l |Coa |Gas [Hydro [Solar |Biomass [Nuclear |Cost [co2 [Efficiency
Mwivw  MwiMw [Mw [Mw MW | RM/KWh] tonlyear %
PO | O | 5600 [5656] 3000 | 200 | 520 0 0.36 | 79,178,136 | 0.3179

Table5-21. Low Load Growth Best Plan Generation 2001-2010

[0l JCoa |Gas [Hydro [Solar |Biomass [Nuclear |Cost lco2 [Efficiency

MWMW [MWIMW MW MW MW  |RM/kWh| ton/year %
PLT o] o [iso0f3000 | © 104 0 0.16 0 0.5936
P2T 0] 0 [1s0003000] 40 104 0 0.18 0 0.5864
P3]T o] o [1s000 3000 80 104 0 0.19 0 0.5796

Table 5-22. High Load Growth Best Plan Generation 2001-2010

[0l |Coa |Gas JHydro [Solar |Biomass [Nuclear |Cost [co2 [Efficiency
Mwivw IMwiMw [Mw [Mw MW | RM/KWh] tonlyear %
P6 J2000] 700 [6000f 3000 | O 104 0 0.087 | 33,400,000 | 0.4984
P4J2000] 0 [e000f 3000 © 104 0 0.088 | 33,800,000 | 05150
PS5 |2000] 0 [6000f 3000 | 80 | 104 0 0.091 | 33,600,000 | 05129

The following observations can be made in comparing the two decision results, one based
on traditiond resource planning, the other one based on the optima desgn drategy
consdering robustness, flexibility and risk exposure measures.

- The totd generation addition proposed by the TNB for 10 years is 14,976 MW, which

is 33.9% grester than the highest high load growth scenario (plan PS = 11,184 MW).
The sdection of a high load growth vaue of 5.9% (Futures 1 and 3) represents the
highest possible load growth vaue for Madaysia; therefore, it is not necessary to build
more capacity above that vaue.
Usng optimd desgn draegy, TNB will have the flexibility to choose plans
depending on the uncertainty of occurrences, such as low load growth or high load
growth. Therefore, more choices are provided among the best plans, knowing ther
robustness, flexibility and risk exposure.
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The penetration leve of renewable resources (solar and biomass) for the best plans
range from 1.65% for high load growth plans to 3.93% for low load growth plans, to
ensure robustness, flexibility and risk exposure, while the proposed plan from TNB
which specifies 5% of power coming from renewable sources will not fdl under a
robust and flexible plan.

Using the current practiced planning scheme, TNB will not be able to achieve the 5%
renewable contribution, unless they adopt the proposed method to find the most
robus and flexible and least risky plans by running the scenarios with the 5%
renewable contribution option.

Usng this proposed method for sdecting robust plans that have 5% renewable
contributions yields the result shown in Table 5-23.

Table 5-23. Robust Plans of 5% Renewable Contribution

[0l |Coa |Gas JHydro [Solar |Biomass [Nuclear |Cost [co2 |Efficiency

MWMW  MWIMW MW MW MW RM/KWh| ton/year %
R1 1000| 1400 6000| 3000 | 80 520 0 0.2619 | 35,167,000 ] 0.4035
R2 l500| 1400 6000| 2500 | 80 520 0 0.2623 39,085,000 | 0.3941

The following observations can be made regarding a comparison of robust plans of the
proposed method (Table 5-23), with current planned generation (Table 5-20).

The total generation addition is 12,000 MW, which is 2976 MW (or 19.87%) lower
than the current planned generation. Currently, TNB is experiencing over-reserve
capacity conditions (larger than 20%) that have prevented them from promoting
demand sde management and energy conservation measures nationwide. In  this
dtuation, this proposed method should be able to hedp TNB or the Mdaysan
government in their future generation planning scheme,

The two 100% robust plans proposed have higher efficiencies that the current
proposed plan by 7% to 8%, with CO, emissons lowered by around 100%, and
aound 25% lower generation codst. This Stuation occurs due to reduction of cod
generation for the robust plan compared to the TNB plan by 75% (from 5600 MW to
1400 MW) and the reduction of total generation (from 14,976 MW to 12,000 MW).
Usng this proposed srategy, TNB will not suffer as it does now when load growth is
declining, or when other future events change, for it has been sat in advance to
anticipate different future event occurrences.

To improve the generation mix and efficiency, it is better for TNB to add about a
10% share of the total generation in oil and cod, as given by the proposed method.
The current planned generation adds up to 37% of cod done, which contributes to
poorer efficiency and less robustness to future changes such as load growth, etc.

The addition of solar technology for the robust plan accounts only for 0.7%, whereas
the in the current TNB planned addition, it is around 1.3%. The exigence of some
uncertainties in planning horizon shows that a moderate level of solar technology is
preferable and more practica, since this is the first period in which TNB includes the
use of solar technology in its renewable target.
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5.6.

Proposed Planning Flow Diagram

Further observations from the current practice of the decisorn-making process show that
it is important to condder influence from citizen interest groups, which will collectivey
represent socia and environmenta concerns, such as the issues of carbon tax, alowance
markets, population movement, etc. Figure 5-4 shows the proposed planning decison

flow diagram for Mdaysa
Citizen Interest Groups Energy Supply <
Companies _:
Research and !
Development Approvdlto |
Ingtitutions I npUtS | mp| ement I AdJ ustments
Maaysan Business |
Coundil Government and |
Industry Based Diaog > CoIrEnnnewrigéon |
Suggestions

Figure 5-4. The Proposaed Planning Decision Flow Diagram

Table 5-24. The Differences of TNB Planned with 5% Renewable Robust Plans

Oil [Coal |Gas [Hydro|Solar |Biomass |[Nuclear [Cost [co2 |Efficiency

MW MW MWIMW MW MW MW RM/KWh| ton/year %
D1]-1000§ 4200 |-344f O 120 0 0 0.0081 | 44,011,136 ] -0.0856
D2] -1500 | 4200 |-344] 500 120 0 0 0.0977 | 40,093,136 ] -0.0762

The differences between the TNB planned generation and the proposed plan with 5%
renewable contributions are listed in Table 5-24. The following can be concluded.

D1 is the differences of plan PO (from Table 5-20) with respect to plan R1 (from
Table 5-23), and D2 isthe differences of plan PO with respect to plan R2.

The proposed plans are different from the current planned generation due to the
availability of choices from thousand of plans, which are ranked on different future
conditions based on robustness, dthough it is not necessarily the planned generation
emphasizes on the robustness issues.

It is shown that the robustness messures guarantees baanced generation mix
representing different types of generation.

The mgor differences are in the use of ol and cod plant generation (by increasing
oil, and reducing cod), which causes a large reduction in CO, emissons,
improvement in the overdl efficiency by about 8%, and cheaper costs by about 10
centskWh.

Achieving an amogt 20% reduction in output shows that the TNB planned generation
has used too high for its reserve capacity.
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6. Conclusion and Future Work

6.1 Conclusion

A method of efficient resource deveopment for dectric utilities planning under
uncertainty has been developed in this dissertation. Four technical issues are conddered
as important to the success of efficdent drategic planning, namdy: flexible resource
development, multi-attribute risk impact andyss, efficient resource planning framework,
and renewable technology assessment. The proposed ERD includes aspects that have not
been addressed so far; the framework can be used to address uncertain policy options that
ae now neglected or evduaed with only subjective opinions. This framework,
developed usng AHP techniques, can be used to modd any uncertainties that are not yet
modeled. The results of the two case dudies show the benefits of the proposed
framework by giving various options to the decison makers to achieve lower cos, lower
emisson, better rdiability and higher efficdency plans The man contributions from this
dissertation work are summarized as follows.

Flexible Resource Devel opment

A flexibility messure in power sysem resource planning is incorporated, and a resource
drategy based on flexibility measures has been developed. A flexible resource plan
dlows easy and inexpensve changes to be made if future conditions deviate from the
base assumptions Three common flexibility enhancement options include smdler
commitments, adgptability, and decison deferment. The efficient resource-planning
framework developed in this dissertation, which is a combined scenario anadyss and
externa optimization modding agpproach, is capable of evaduding flexibility meesures in
resource development. A mult-stage decison andyss is required to address the
influences of various uncertainty factors and flexibility enhancement options. However,
due to its computationd complexity, which increases exponentidly with the number of
uncertainties, decison options, and time periods represented in the decison modd, a
practical solution is to develop a two-stage decison analyss modd. This is a compromise
between the smplified one-period modding agpproach and the complicated multistage
modeling approach. The focus will be on the decison made a the fird sage of the
decison process and examining the outcomes of different planning dSrategies over the
entire planning horizon, with proper flexibility enhancement meesures implemented a
the end of the firg time period. The additional “cost” necessary for each of the plans to
respond to each of the future scenarios is caculated for each stage usng an evaudion of
expansion options process.

Multi-attribute Risk Impact Analysis

A multi-atribute risk-impact anayss method is invesigated to handle the risk exposure
in power system resource planning. A resource strategy based on risk exposure has been
developed. Risk exposure quantifies the risk hazards. Risk exposure can be reduced usng
one of these methods expanding the plant mix, reducing dependence on the dlowance
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market and external source of power, and adoption of renewable or environmentd
friendly technologies. After identifying the risk consequences, risk exposure can be
measured usng an additive multi-objective vaue modd. The sngle dimendond vaue
functions provide the returns to scae on the score of the consequence measures. Vaue
functions usudly occur in four basc mathematicd forms linear (constant return to
scae), concave (decreasing returns to scae), convex (increasing returns to scae), and an
S-curve (increasing then decreasing returns to scae). The value functions are obtained by
asking the DM the relative vaue of increments of the consequence measures scale.

Efficient Resource Planning Framework

An efficient resource development framework for planning under uncertainty has been

developed, combining feastures of the utility function, tradeoff andyss, and andytica

hierarchy process, incorporating a peformance evauation approach to measure

robustnesa flexibility and risk exposure.
The identification of rdevant uncertainties has been implemented by screening an
uncertainty to find which of its influentid uncertainty factors have a consderable
impact on the solution. This is done usng par-wise comparisons of the impacts given
by the DM to form a judgment matrix. Those uncertainty factors that have low scores
can be diminated.
The identification of probability didributions of uncertainties has been implemented
from a number of expert judgments. If there is an error in any particular judgment, it
is compensated by other judgment ratios. Therefore, a set of probabilities assgned to
a paticular uncertainty will depend on the probabilities assgned to its uncertainty
factors. In other words, the probability distributions of a particular uncertainty depend
on the values sdected for the uncertainty factors influencing it.
The AHP techniqgue has been incorporated into the procedure to facilitate the
assessment process of preference functions and weighting parameters for the given
atributes. A multi-dimensond numericd knee-sst  searching dgorithm, which is
based on the measure of likey range of compodte distance, is used to identify
acceptable plans or desgns with respect to the given attributes under the specified
future condition.
The intervad-based multi-attribute methodology has been utilized in support of the
decison process with imprecise information. The developed methodology is based on
the lineer additive utility function mode and extends the problem formulation with
the measure of compogte utility variance, accounting for individud errors from
inaccurate  atribute  messurements and  inconsstent  priority  judgments.  This
methodology will hep the DM gan indght into how the imprecise data may affect
the choice of best solution on one hand, and how a set of acceptable dternatives may
be identified on the other.
The flexible resource development in power system resource planning has been
incorporated, and a resource drategy based on flexibility measure has been
developed.
The multi-attribute risk-impact anayss method has been investigated to handle the
risk exposure in power system resource planning, and a resource strategy based on
risk exposure has been developed.
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Renewable Technology Assessment

The peretration levd of renewable technology into the total generation sysem mix has
been invedigated, with renewable technology condraints and application usng the
proposed decison-making modd. Some of the issues that can influence the integration of
renewable technologies into the conventiond grid sysem have been identified, including
energy security, generation unit rdigbility, T&D line expanson rdiability, operation
limitation, energy efficency, revenue dream dability, environmentad and hedth impacts,
westher impact, robustness, flexibility, and risk exposure. This dissertation has shown the
issue of robustness, flexibility and risk exposure application usng two case Sudy
examples incorporating cog, reiability, emissons, and energy efficiency.

6.2 Future Work

Mar ket-Based Planning Approach

Electric utilities are forced to perform market driven resource investment decisons due to
deregulation and competition [82, 136]. The need for new generation and transmisson
cgpacity is determined by an engineering rdigbility criterion based on a least-cost
planning drategy in a veticdly integraied utility. As for the timing and type of new
generation additions are driven more by expectations of market prices, generating plant
capitd, operating costs and resulting profit margins in competitive eectric markets. A
combination of traditiond trangmissonreated reiability criteria and market-based
opportunities for energy trading is most likdy used for transmisson expanson
invesment decisons. Therefore, new anadyticd models need to be developed and new
decison attributes need to be defined in support of market-based investment decision+
making process. The decidon andydss technique developed in this dissertation, which
developed usng AHP techniques, could be very hepful in market-based generation and
transmisson planning process by providing a dructured project evauation framework for
performing uncertainty andyss and risk management. Efficdent planning in deregulated
markets requires the integration of financid and enginegring andyss tha can
amultaneoudy consder the economics and physical laws of power generation and
tranamisson throughout the grid. Such an integrated engineering and economic andysis
tool should hep the utility to identify and evduate potentid generation and transmisson
opportunities in terms of project location, timing and optimal project capacity.

Risk-Based Renewable Resource Planning Approach

The scope of risk exposure in power sysems has grown wider, especidly at this time of
power sector restructuring. The range of options in a bulk power system, such as ingdled
capacity, avallable trandfer capacity, pendties, and interruption costs, can be determined
using a proper risk analyss [10, 48]. An approach that recognizes generation unit outages
and hourly load fluctuations probabiligicaly dong with firg contingency transmisson
outages should be included in the planning process. Further use of risk and rdiability
andyss can detect the wesk point in the sysem using outage information, and then
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improvement measures can be done. The risk exposure criteria developed in this thess,
which is based on the utility function, can be extended to include other gain-versus-risk
tradeoff gpproaches, such as minimizing the maximum regret and vaue a risk (VaR)
[92]. The concept of digribution utilities is widely recognized for improvement of energy
efficency and promotion of renewable technologies [105]. In this competitive
environment, regulated digributors will likedy remain responsble for acquiring a least-
cog portfolio of digribution system improvements, efficiency measures, and distributed
generation (renewable and conventiond). The risk-based gpproach in this thess can be
extended to include the new risks introduced by renewable technologies such as solar and
wind [113, 70]. Attributes related to hedth issues, ecologicd risks, naturd disasters, and
sabotage can be modeled using expert opinions and made a part of the decison-making
process.
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Appendices

An Analytic Hierarchy Process

The andytic herarchy process (AHP) introduced by Saaty [137] is a structured approach
for deding with complicated multi-attribute decision problems. In AHP, the decison
problem is broken up into layers, esch layer influencing the entities in the layer
immediately above it. From the second layer of the hierarchy, the Decison Maker (DM)
will be asked to compare the rdative importance between each pair of factors at that layer
with respect to every connected factor on the upper layer. For example, the following
ratio questions may be asked in the assessment of attribute priorities How much stronger
or important does this atribute contribute to, dominate, influence, satisfy, or benefit the
overdl desgn objective than does the attribute with which it is being compared to? This
process will create a judgment matrix A with a row and a column for each attribute. For a
decison problem with an n-layer hierarchy, a sat of judgment matrices will be generated
for each of n-1 evauation levels

Creation of Judgments

To create a judgment matrix with m factors, at least (m-1) ratio questions need to be
asked. However, in compensation for any bias or inconsstency, redundant pair-wise
comparisons are usudly performed thus increasing the ratio questions up to m(m-1)/2.

If we denote the relative importance of f" factor with respect to " factor by a, then the

ij?
relative importance of " attribute with respect to i factor would be 1/a;, and the
importance of every factor with itsdf a, is equd to one. The matrix obtained in this way
iscaled “reciproca judgment matrix” or “pair-wise comparison metrix” as given below.

gau a, - alng é 1 a;, aing
~a a -eoa, - ~/ 1 - a, -
a=€n B T Tnlp Azg oo » (A-1)
é' : 0 e : : . : i
&y Q, Ay g'/ Q& 1 &, - 1 a

For the entries of the judgment matrix, a set of integer numbers are recommended by
Saaty [137] to represent the relative importance of one factor with respect to another.
Table A-1 givesthe scales and their descriptions used for pair-wise comparisons.
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Table A-1 Scales and Descriptions

Intensity of importance Definition Explanation
1 Equd importance Two dttribute contribute
equdly to the objective
3 Wesak importance of oneover | Experience and judgment
another dightly favor one criterion
over another
5 Essentid or strong Experience and judgment
importance strongly favor one criterion
over another
7 Demonstrated importance An dtribute is srongly

favored and its dominance is
demondirated in practice

9 Absolute importance The evidence favoring one
attribute over another is of the
highest possible order of
affirmation

2,4,6,8 Intermediate values When compromise is needed
between the two adjacent
judgments

Eigenvalue Prioritization Method

The egenvdue prioritization method is a unique technique to determine the rdative
ranking of factors associated with each judgment matrix by normdizing the principa
eigenvector p of judgment matrix A tha is obtaned by solving the following egenvaue
problem

Ap=2_.p (A-2)

where | . is the principd or the largest red eigenvaue of judgment matrix A. For an n

layer hierarchy, the composte priority vector form the bottom layer with respect to the
top layer can be cdculated using the following matrix equation:

1n-1 2,n-1 Ly g gh2 2,2 \ 2 N
gp H gpln pl,n pln l:l gp13 p1,3 p l'eplZ i
11 1n-1 2,n-1 my-1n-aUd € 12 2,2 11
epZnU ep2n p2n  Pon u._.epz,s p23 p23 uepzz U(A 3)
é . u e e ..U @ e e ue
é 1n-1 2,n-1 mn-l,n-lu é 1,2 ,
&P, a @prmn Pan - PTG @Pms Phs P suépmzzu

where m is the number of dements & layer i and pik,'jl IS the priority of element i at layer
J with respect to dement k at layer |
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B Judgment Matricesand Priority Vectors

B1. Hybrid Systems Attribute Weights

The judgment matrices of the hybrid sysem are taken from the previous study done in

[62].

Level 2.1: Increased Utilization of Renewable Energy Technologies

Lack of Resource
Inadequate Funding
Public Acceptance
Palitical Will
Technology Immaturity

Level 3.1: Lack of Resources
Government Incentive
Privatization

Economic Instruments
Products Promotion

Level 3.2: Inadequate Funding
Government Incentive
Privatization

Economic Instruments
Products Promotion

Level 3.3: Public Acceptance
Government Incentive
Privatization

Economic Instruments
Products Promotion

Level 3.4: Political Will
Government Incentive
Privatization

Economic Instruments
Products Promotion

Level 3.5: Technology Immaturity

Government Incentive
Privatization
Economic Instruments
Products Promotion

Level 4.1: Government Incentive
Cost

Environmental Consideration
Reliability

Level 4.2: Privatization
Cost

Environmental Consideration
Reliability

Level 4.3: Economic Instruments
Cost
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Environmental Consideration 17 1 1/5 0.0668

Reliability 7 5 1 0.2185
Level 4.4: Promotion of Products

Cost 1 1/5 17 0.0778
Environmental Consideration 5 1 1 0.4353
Reliability 7 1 1 0.4869

B2. Technology Cost Weights

The judgment matrices of the technology cost weights are taken from the previous study
donein[9].

Level 2.1: Generation Technology Cost

Cost of Fuel 1 17 3 1 1/3 0.0921
Hardware Cost 7 1 9 5 1 0.4327
Maintenance Cost 1/3 1/9 1 1/5 1/5 0.0389
Auxiliary System 1 1/5 5 1 1/5 0.1032
Environmental Constraint 3 1 5 5 1 0.3330
Level 3.1: Cost of Fuel

Wind 1 1 1/9 1/7 0.0454
Solar 1 1 1/9 17 0.0454
Grid (Qil) 9 9 1 7 0.6920
Battery 7 7 17 1 0.2173
Level 3.2: Hardware Cost

Wind 1 3 1/3 7 0.3306
Solar 1/3 1 1/3 5 0.1804
Grid (Qil) 3 3 1 1 0.3811
Battery 1/7 1/5 1 1 0.1079
Level 3.3: Maintenance Cost

Wind 1 1 1/5 3 0.1574
Solar 1 1 1/5 3 0.1574
Grid (Qil) 5 5 1 5 0.6132
Battery 1/3 1/3 1/5 1 0.0721
Level 3.4: Auxiliary System

Wind 1 5 1/3 7 0.3037
Solar 1/5 1 1/5 5 0.1099
Grid (Qil) 3 5 1 9 0.5481
Battery 7 1/5 1/9 1 0.0383
Level 3.5: Environmental Constraint

Wind 1 1 7 5 0.3935
Solar 1 17 9 5 0.4419
Grid (Qil) 17 1/9 1 7 0.1164
Battery 1/5 1/5 17 1 0.0483

B3. Technology Benefit Weights
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The judgment matrices of the technology benefit weights are taken from the previous
study donein [9].

Level 2.1: Generation Technology Benefit

System Efficiency 1 3 1/3 17 3 17 0.0717
System Reliability 13 1 3 17 3 1/9 0.0743
Availability of Fuel 3 1/3 1 1/5 5 17 0.0844
National Security 7 7 5 1 9 3 04216
Social Benefits 13 13 1/5 1/9 1 13 0.0340
System Safety 7 9 7 13 3 1 0.3139
Level 3.1: System Efficiency

Wind 1 13 1/5 1/9 0.0576
Solar 3 1 13 1 0.1831
Grid (Qil) 5 3 1 3 0.4955
Battery 9 1 1/3 1 0.2638
Level 3.2: System Reliability

Wind 1 7 1/3 1/5 0.0539
Solar 7 3 7 3 0.5921
Grid (Qil) 3 17 1 13 0.1049
Battery 5 1/3 3 1 0.2490
Level 3.3: Availability of Fuel

Wind 1 3 9 5 0.5588
Solar 13 1 7 3 0.2645
Grid (Qil) 1/9 17 1 17 0.0367
Battery 15 13 7 1 0.1400
Level 3.4: National Security

Wind 1 3 9 3 0.5291
Solar 13 1 9 3 0.2999
Grid (Qil) 1/9 1/9 1 13 0.0428
Battery 13 13 3 1 0.1283
Level 3.5: Social Benefits

Wind 1 13 7 13 0.1836
Solar 3 1 7 13 0.3061
Grid (Qil) 7 17 1 13 0.0601
Battery 3 3 3 1 0.4502
Level 3.6: System Safety

Wind 1 1/9 17 13 0.0412
Solar 9 1 9 5 06214
Grid (Qil) 7 1/9 1 17 0.0991
Battery 3 5 7 1 0.2334

B4. Limited Resour ces Attribute Weights
The judgment matrices of the limited resources are teken from the compilaion of

Mdaysa planning scheme in [78] and [79]. The author has used his scade from the
importance aspects emphasized in the planning scheme for ten years planning horizon.
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Level 2.1:lincrease Self-sufficiency Level on Energy supply and Energy technology Requirements
1 1

Lack of Resources

Public Awareness 1/5
Insufficient Laws & Regulations 13
Inadequate Funding 1
Lack of Technology 1
Reduced Life Quality 17
Level 3.1: Lack of Resources

Polluters Pay Principles 1 1/9
Economic Instruments 9 1
Environmental Performance Standards 1 1/7
Products Promotions 1/3 1
Government Initiatives /5 3
Resource Conservation Programs 1 7
Privatization 3 1/3
Enforced Laws and Regulations 1 1/9
Level 3.2: Public Awareness

Polluters Pay Principles 1 1/5
Economic Instruments 5 1
Environmental Performance Standards 1/3 1/7
Products Promotions 5 3
Government I nitiatives 3 1
Resource Conservation Programs /3 15
Privatization 15 17
Enforced Laws and Regulations 1 13
Level 3.3: Insufficient Laws & Regulations
Polluters Pay Principles 1 5
Economic Instruments 1/5 1
Environmental Performance Standards 1/3 7
Products Promotions 1/7 1
Government I nitiatives V7 3
Resource Conservation Programs 1 3
Privatization 1/9 1/3
Enforced Laws and Regulations 1 7
Level 3.4: Inadequate Funding

Polluters Pay Principles 1 1
Economic Instruments 1 1
Environmental Performance Standards 1/3  1/5
Products Promotions 1/5 1/3
Government I nitiatives 1/5 1/3
Resource Conservation Programs 17 15
Privatization 3 3
Enforced Laws and Regulations 9 U7
Level 3.5: Lack of Technology

Polluters Pay Principles 1 13
Economic Instruments 3 1
Environmental Performance Standards 1/5  1/5
Products Promotions 15 U7
Government Initiatives 1/3 1/5
Resource Conservation Programs 7 19
Privatization 3 1
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5 3 1 7 0.2731
1 1/5 1/3 17 1 0.0455
5 1 1/3 1/5 1/3 0.0828
3 3 1 13 3 0.1776
7 5 3 1 5 0.3403
1 3 1/3 1/5 1 0.0807
1 3 5 1 3 1 0.1148
7 1 3 U7 3 9 0.2069
1 1 1 3 13 1 0.0478
1 1 1 3 13 3 0.0623
1 1 1 5 1 3 0.1004
3 3 5 1 7 9 0.3353
3 3 1 vr 1 5 0.1031
1 3 13 19 15 1 0.0295
3 5 13 3 5 1 0.0909
7 U3 1 5 7 3 0.2299
1 5 13 1 3 15 00311
5 1 1 9 3 1 0.2541
3 1 1 5 3 3 0.1911
1 79 15 1 U3 17 00264
3 3 13 3 1 3 00523
5 1 3 7 3 1 0.1242
3 7 7 1 9 1 0.2656
7 1 3 13 3 7 00425
1 5 3 1 3 3 01453
5 1 1 3 13 3 0.0944
3 1 1 1 3 U5 00643
1 3 1 1 3 3 01159
3 3 3 13 1 9 00482
3 3 5 3 9 1 0.2238
3 5 5 7 3 9 0.2356
5 3 3 5 3 7 0.1944
1 3 15 3 U3 15 00409
3 1 1 3 5 13 00561
5 1 1 3 5 1 0.0709
3 13 13 1 U7 13 00240
3 5 5 7 1 3 0.2975
5 3 1 3 3 1 0.0809
5 5 3 7 3 1 0.1533
5 7 5 9 1 5 0.3029
1 s vr 1 U5 13 00259
5 1 U3 3 U3 3 0.0734
7 3 1 3 3 5 0.1235
1 3 13 1 7 19 00225
5 3 3 7 1 3 0.2241
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Enforced Laws and Regulations 1 1/5 3 /3 15 9 /73 1 0.0743
Level 3.6: Reduced Life Quality

Polluters Pay Principles 1 1 5 5 3 5 3 /3 01503
Economic Instruments 1 1 3 5 /73 15 5 5 0.1416
Environmental Performance Standards 1/5 1/3 1 5 3 /3 3 1 0.1010
Products Promotions 1/5 /5 15 1 3 17 3 3 0.0501
Government I nitiatives /73 3 1/3 3 1 /3 7 3 0.1234
Resource Conservation Programs 5 5 3 7 3 1 9 5 0.3266
Privatization 3 15 13 13 17 19 1 1/5 00210
Enforced Laws and Regulations 3 /5 1 /3 1/3 15 5 1 0.0851
Level 4.1: Polluters Pay Principles

Cost 1 1 7 0.4869

CO2 Emissions 1 1 5 0.4353

Efficiency 7 1/5 1 0.0778

Level 4.2: Economic Instruments

Cost 1 9 3 0.6554

CO2 Emissions 1/9 1 17 0.0549

Efficiency 1/3 7 1 0.2897

Level 4.3: Environmental Performance Standards

Cost 1 1/3 3 0.2426

CO2 Emissions 3 1 7 0.6694

Efficiency 1/3 7 1 0.0879

Level 4.4: Products Promotions

Cost 1 5 1/3 0.2969

CO2 Emissions 1/5 1 1/5 0.0856

Efficiency 1/3 5 1 0.6175

Level 4.5: Government Initiatives

Cost 1 3 1 0.4286

CO2 Emissions 1/3 1 1/3 0.1429

Efficiency 1 3 1 0. 4286

Level 4.6: Resource Conservation Programs

Cost 1 3 1/5 0.1884

CO2 Emissions 13 1 7 0.0810

Efficiency 5 7 1 0.7306

Level 4.7: Privatization

Cost 1 9 3 0.6716

CO2 Emissions 1/9 1 1/5 0.0629

Efficiency 1/3 5 1 0.2654

Level 4.8: Enforced Laws and Regulations

Cost 1 1/3 1/5 0.1104

CO2 Emissions 3 1 3 0.5666

Efficiency 5 1/3 1 0.3230

B5. Limited Resour ces Generation Cost and Benefit Weights

The judgment matrices of the limited resources generation cost and benefit are taken
from the compilation of Maaysa planning scheme in [78]. The author has used his scade
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from the importance aspects emphasized in the generation mix priority of Maaysa The
vaidity of this assumption is based on the current condition.

Level 2.1: Generation Cost and Benefit Aspect
Total Cost 1
Total Benefit 1

Level 3.1: Total Cost

Oil 1 3 1/3 7
Cod 1/3 1 1/5 3
Gas 3 5 1 5
Hydro 17 1/3 1/5 1
Solar 1/9 1/7 1/7 1/2
Biomass 1/5 1/3 1/7 3
Nuclear 3 3 2 17
Level 3.2: Total Benefit

Qil 1 2 1/2 1/5
Coal 1/2 1 1/5 17
Gas 2 5 1 1/3
Hydro 5 7 3 1
Solar 7 9 5 2
Biomass 1/2 2 1/3 1/3
Nuclear 1 2 1/2 1/7
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