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1. Introduction

The efficiency of the classic planning methods for solving realistic problems largely relies on
an accurate prediction of the future. Nevertheless, the presence of strategic uncertainties in
current electricity markets has made prediction and even forecasting essentially futile. The
new paradigm of decision-making involves two major deviations from the conventional
planning approach. On one hand, the acceptation the fact the future is almost unpredictable.
On the other hand, the application of solid risk management techniques turns to be
indispensable.

In this chapter, a decision-making framework that properly handles strategic uncertainties is
proposed and numerically illustrated for solving a realistic transmission expansion planning
problem.

The key concept proposed in this chapter lies in systematically incorporating flexible
options such as large investments postponement and investing in Distributed Generation, in
foresight of possible undesired events that strategic uncertainties might unfold. Until now,
the consideration of such flexible options has remained largely unexplored. The
understanding of the readers is enhanced by means of applying the proposed framework in
a numerical mining firm expansion capacity planning problem. The obtained results show
that the proposed framework is able to find solutions with noticeably lower involved risks
than those resulting from traditional expansion plans.

The remaining of this chapter is organized as follows. Section 2 is devoted to describe the
main features of the transmission expansion problem and the opportunities for
incorporating flexibility in transmission investments for managing long-term planning risks.
The most salient characteristics of the several formulations proposed in the literature for
solving the optimization problem are reviewed and discussed along Section 3. The several
types of uncertain information that must be handled within the optimization problem are
classified and analyzed in Section 4. The proposed framework for solving the stochastic
optimization problem considering the value provided to expansion plans by flexible
investment projects is presented in Section 5. In Section 6, an illustrative-numerical example
based on an actual planning problem illustrates the applicability of the developed flexibility-
based planning approach. Concluding remarks of Section 7 close this chapter.
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352 Distributed Generation

2. The transmission expansion planning

Since the beginning of the power industry, steadily growing demand for electricity and
generation commonly located distant from consumption centres have led to the need of
planning for adapted transmission networks aiming at transport the electric energy from
production sites towards consumption areas in an efficient manner. In the vertically
integrated power industry, the responsibility for optimally driving the expansion of
transmission networks has typically lied with a centralized planner.

During the last two decades, stimulating competition has been a way to increase the
efficiency of utilities as well as to improve the overall performance of the liberalized
electricity industry (Rudnick & Zolezzi, 2000; Gémez Expodsito). Because of the large
economies of scales, a unique transmission company is typically responsible for delivering
the power generation to the load points. Under this paradigm, the transmission activity has
special significance since it allows competition among market participants. In addition, the
transmission infrastructure largely determines the economy and the reliability level that the
power system can achieve. For this reasons, planning for efficient transmission expansions is
a critical activity. With the aim of solving the transmission expansion planning problem
(TEP), a great number of approaches have been devised (Latorre et al., 2003; Lee et al., 2006).
A classic TEP task entails determining ex-ante the location, capacity, and timing of
transmission expansion projects in order to deliver maximal social welfare over the planning
period while maintaining adequate reliability levels (Willis, 1997). Under this traditional
perspective, the TEP problem can be mathematically formulated as a large scale, multi-
period, non-linear, mixed-integer and constrained optimization problem. In practice,
however, such a rigorous formulation is unfeasible to be solved. Planners typically solve the
TEP problem under a very simplified framework, e.g. static (one-stage) formulations, where
timing of decisions is not a decision variable (Latorre et al., 2003).

2.1 The emerging new TEP problem

The improvement of computing technology with increasingly faster processors along with
the option of solving the problem in a distributed computing environment has made
possible to handle a bigger number of parameters and variables and even formulate the TEP
as a multi-period optimization problem (Youssef, 2001; Braga & Saraiva, 2005). However,
jointly with the above mentioned increasing competition brought by the deregulation,
relevant aspects such as: the development of new small-scale generation technologies
(Distributed Generation, DG), the improvement of power electronic devices (e.g. FACTS),
the environmental concerns that makes more difficult to obtain new right-of-way for
transmission lines, the lack of regulatory incentives to investing in transmission projects,
among others, have increased considerably the dynamic of power markets, the number of
variables and parameters to be considered, and the uncertainties involved. Accordingly, the
TEP problem is now substantially more complex (Buygi, 2004; Neimane, 2001).

Under this perspective, ad doc adjustments of expansion plans or additional contingent
investments made in order to mitigate the harmful economic consequences that unexpected
events have demonstrated the limited practical efficiency of applying classic TEP models
(Ano et al., 2005). In fact, the substantial risks involved in planning decisions emphasize the
need of developing practical methodological tools which allow for the assessment and the
risk management.
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2.2 Nature of transmission investments

Due to some singular characteristics, transmission investments exhibit a distinctive nature
with respect to other related investment problems (Kirschen & Strbac, 2004; Dixit &
Pindyck, 1994):

Capital intensive: because of the substantial economies of scale, large and infrequent
transmission investments are often preferred, involving huge financial commitments.
One-step investments: a substantial fraction of total capital expenditures must be
committed before the new transmission equipment can be commissioned.

Long recovering times: transmission lines, transformers, etc. are expected to be paid-off
after several years or even decades.

Long-run uncertainties: transmission investments are vulnerable to unanticipated scenarios
that can take place in the long-term future. Future demand, fuel costs, and generation
investments are uncertain variables at the planning stage.

Low adaptability: transmission projects are typically unable to be adapted to circumstances
that considerably differ from the planning conditions. An unadapted transmission system
entails considerable loss of social welfare.

Irreversibility: once incurred, transmission investments are considered sunk costs. Indeed,
it is very unlikely that transmission equipment can serve other purposes if conditions
changes unfavourably. Under these circumstances the transmission equipment could not be
sold off without assuming significant losses on its nominal value.

Postponability: In general, opportunities for investing in transmission equipment are not of
the type “now or never”. Thus, it is valuable to leave the investment option open, i.e. wait
for valuable, arriving information until uncertainties are partially resolved. Thus,
transmission investment projects can be treated in the same way as a financial call option.
The opportunity cost of losing the ability to defer a decision while looking for better
information should be properly considered.

Due to the mentioned features, transmission network expansions traditionally respond to
the demand growth by infrequently investing in large and efficient projects. Consequently,
traditional solutions to the TEP inevitably entail two evident intrinsic weaknesses:

e Because only large projects are economically efficient, planners have a limited number
of alternatives and consequently the solutions found provide low levels of
adaptability to the demand growth, and

e To drive the expansion, enormous irreversible upfront efforts in capital and time are
required.

The huge uncertainties of the problem interact with the irreversible nature of transmission
investments for radically increasing the risk present in expansion decisions. Such interaction
has been ignored in traditional models at the moment of evaluating expansion strategies.
More recently, it has been recognized that conventional decision-making approaches usually
leads to the wrong investment decisions (Dixit & Pindyck, 1994). Therefore, the interaction
between uncertainties and the nature of transmission investments must be properly
accounted for.
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2.3 New available flexible options

Although the major negative concerns regarding classic TEP models have been analyzed, in
this work potential positive aspects are also considered and exploited. In fact, available
technical and managerial embedded options exhibit some desirable features such as: modularity,
scalability, short lead times, high levels of reversibility, and smaller financial commitments.
This option can be incorporated as novel decision choices that a planner has available for
reducing the planning risks as well as for improving the quality of the found solutions.

In this sense, planners must rely on an expansion model able to capture all major
complexities present in the TEP in order to properly manage the involved huge long-term
uncertainties and deal with the problem of dimensionality.

The key underlying assumption of conventional probabilistic models is the passive
planner’s attitude regarding future unexpected circumstances. In fact, available choices for
reacting to the several scenarios which could take place overtime are ignored during the
planning process. However, in practice planners have the ability to adapt their investment
strategies in response to undesired or unanticipated events.

Hence, planning for contingent scenarios by exploiting technical and managerial options
embedded in transmission investment projects is a effective mean for satisfactorily dealing
with the current TEP problem

2.4 The flexibility value of Distributed Generation

Distributed Generation is defined as a source of electric energy located very close to the
demand (Ackerman et al., 2001; Pepermans et al., 2003). Usually, DG investments are neither
more efficient nor more economic than conventional generation or transmission expansions,
which still enjoy of significant economies of scale such. Nevertheless, important
contributions of DG occur when: energy T&D costs are avoided, demand uses it for peak
shaving, losses are reduced, network reliability is increased, or when it lead to investment
deferral in T&D systems (Jenkins et al., 2000; Willis & Scott, 2000; Brown et al., 2001; Grijalva
& Visnesky, 2005).

DG seems a plausible means of improving the traditional way of driving the expansion of
the transmission systems. Delaying investments in T&D systems by investing in DG is one
of the major motivations and research topics of this work (Brown et al., 2001; Daly &
Morrison, 2001; Vignolo & Zeballos, 2001; Dale, 2002; Vasquez & Olsina, 2007).

The fact of considering DG projects as new decision alternatives within the TEP, involves
the incorporation of additional parameters such as investment and production costs of DG
technologies, firm power, etc.

Based on the typical short lead times of DG projects and their lower irreversibility, the
uncertainty present in DG project investment decisions and investment costs can be
neglected. Provided that the DG technologies considered in this work are fuel-fired plants,
the availability of the DG could be modelled by assessing only availability factors (Samper
& Vargas, 2006).

3. State-of-art of the TEP optimization approaches

The successful development of an efficient and practical expansion model primarily
depends on considering the following topics: the planner’s objectives, the availability and
quality of the information to be handled as well as the depth level at which the planner
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decides to face the problem. In this sense, a set of basic elements that the planner must
consider and specify before mathematically formulating the problem are summarized in the

Table 1.
Topic Concern Recommended Value | Symbol
Planning horizon |10 to 15 years T
Decision periods >1 year p
(i-c:il;se f:skgli:éids Weekly, monthly, seasonally | subp
Demand duration .
de Peak, valley, mid-load P(b), Q(b)
Expansion strategy Sk, St
Large transmission projects Dx(p)
Alternatives that | Defer transmission projects
Decisi?n planner has Invest in DG projects O(p)
alternatives |available fc.)r driving Type of alternative [0,1,23.7]
the expansion T
Investment decision timing p
Decision alternative location | £ (bus)
Efficiency in Investment costs Ci, Cing
Objective  |investments, Operative costs Cg Canc
function (Cx) |operative efficiency, | O&M costs CosM
components |reliability and VOLL or EENS costs CLoL
technical feasibility | Active power losses costs -
Power balance S+ Sp= St
o Voltage limits Vimin, Vi max
Transmission —
expansion plans Generators capacity limits Pi min, Pimax
Constraints | performance DG plants capacity limits DGinin, DGt
assessment subject . - -
tor Transm1§s1on lines power 3
flow limits
Budgetary constraints -
Certain Certain S(h)
Input Random X0
parameters |Uncertain Truly uncertain

Fuzzy

Table 1. Basic elements to be defined before devising a TEP methodology

The current TEP problem can be described as the constant planners” dilemma of deciding on
a sequential combination of large transmission projects and new available flexible options,
which allows the planners to efficiently adapting their decisions to unexpected
circumstances that may take place during the planning period.
Under this novel paradigm, TEP is a multi-period decision-making problem which entails
determining ex-ante the right type, location, capacity, and timing of a set of available
decision options in order to deliver a maximal expected social welfare as well as suitably
reducing the existing risks over the planning period.
Probabilistic decision theory, i.e. the probabilistic choice paradigm, is well-known and has
been extensively applied in several stochastic optimization problems. However, a
probabilistic decision formulation within the TEP is an intractable task and its application
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has only been feasible when very strong simplifications are adopted by planners (Neimane,
2001). This work proposes a practical framework for treating the TEP. Even though a
number of simplifications are still necessary, the main features of the new TEP problem are
retained.

The analysis of the state-of-art of the TEP solutions approaches sets as a start point the
classic stochastic optimization problem formulation. Under the assumption of inelastic
demand behaviour, the optimization problem can be rigorously stated as follows:

opt {E[OF|s]}= opt f f f OF (C)dF(C (1)

opt €2 f opte f10

where, the performance measure of the optimization is the expected present value of the
objective function E[OF(C)] evaluated over a planning horizon T, for a proposed expansion

strategy S. @ is the set of all feasible states of the network, F(C) is the distribution function
of the expansion costs function C(C;,C,,Cj3,...,C;) . The planning period T usually only can
take discrete values ty,t;,t,13,..., tp , and Q is the domain of existence of C(X,S). The
expansion costs function depends on several uncertain input parameters

X (x1 (1), x5(1), x3(1), ..., x,,( t)) which change over the time, as well as depending on the state of

the network, which also varies over the time S(Sl(t), Sy(t),s3(), ..., Sd(t)). It is important to

note that the problem is subject to a set of constraints, namely Kirchhoff's laws, upper and
lower generation plants capacity limits, transmission lines capacity limits, upper and lower
voltage and phase nodes limits, and budgetary constraints, among others, which are
represented by means of equality and inequality equations. With these considerations, (1)
can be rewritten as follows:

n(p+1)

t {E[OF]}= opt OF[C(X,S)|d®(X 2
Suzzsf{[ I} = sDZZsff - ))d2(X) )

subject to:

PA (X78)+PB (Xa‘S) = PL (X,S)
blmin < 91 (XaS) < b2max

blmin < 92 (X7S) < meax

bmmin < Im (X’S) < bmmaX

where @ (X ) is the n(p+1)-dimensional function of probability distributions of input
parameters and W is the domain of existence of the input parameters X.

Formulating ® (X), which incorporates the information about the uncertainties that largely

influence the solution, is a complex task as it involves determining probabilities and
distribution functions of n(p +1) uncertain parameters. However, the more difficult (and in

some cases impossible) task is the formulation of the objective function OF(C). In this sense
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the most common simplification considered by TEP models is OF [C (X,S)] =C(X,S)and (2)

can be rewritten as:
n{pt1)

E[C|.]t = CXSd<I> 3
Jmin {HCl = min |7 Clxspan(o ®

which implies that the objective function can be entirely described by the expansion costs
function. In this case the planning problem is often reduced to the minimization of the
expected total expansion costs. Although the complexity of the problem is greatly reduced,
such a formulation does not take into account desires of the decision-maker for reducing
risks present in the expansion decisions. Eventually, this risk neutral formulation may lead
to wrong decisions.

On the other hand, considerable difficulties are related to the computational effort necessary
for efficiently assess the multidimensional integral and for proposing the corresponding
optimization procedure. The only method for dealing with (3) as strict as possible, given
that the n(p+1) -dimensional integral must be solved, is applying Monte-Carlo simulation

techniques for evaluating the attributes of the objective function.
There are (n+d)(p+1) input parameters in the expansion costs function

C(xX1,0/-Xp 0 s0r X, p 51,054, ) » from which d(p+1) are decision variables. Assuming as I
the number of available decision choices in each possible right-of-way d, the number of

possible candidate solutions are I dlp+1) Additionally, by denoting as N the number of
simulations that requires the Monte Carlo simulation, the number of simulations to be

performed depends on the number of periods of time as N(p+1). It is important to

mention that N depends on the degree of confidence that the planner demands on the
results. Under these considerations, the number of required computations for rigorously
evaluating the multidimensional integral and therefore for finding the global optimum is

N (p+1)1d(p +1) . Unfortunately performing this task in a real multi-period TEP is not

possible since the number of simulations dramatically increases with the result of
multiplying the possible links and the time periods d(p+1). Due to this fact, researchers

have proposed diverse approaches in order to make the TEP feasible and, in some cases, to
incorporate the desires of the decision-maker for reducing the planning risks. According to
the reviewed literature such simplifications can be categorized as static, deterministic and
non-deterministic formulations of the TEP.

3.1 Static formulation

When the planner demands on further simplifying a deterministic formulation, the
intertemporal dependences and the dynamic nature of the TEP problem is not considered.
Such a formulation is named static. This is a deterministic formulation that entails finding
the optimal state of the network for a future fixed year. Consequently, the input parameters
X do not change during the whole solving process. In this case, there are n+d input

parameters within the expansion costs function C(x;,x,,...,x,,,...81,...5;) from which d are
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decision variables. Assuming as I the number of available decision choices in each possible

right-of-way d, the number of possible solutions is I? . For instance, in a small TEP problem
with d = 11 and five decision choices on each right-of-way I = 5, the number of possible

combinations is 5" = 4.88-10".

3.2 Deterministic formulation

Deterministic models are nowadays widely used in practice for transmission network
planning. This type of models assumes that all the input parameters and variables are
known with complete certainty and, therefore, there is a unique and known scenario for the
evolution of all input parameters. Consequently, there is no need to use probability
distribution functions and the complexity of the optimization process is greatly reduced.
Thus, deterministic formulation entails finding the optimal state of the network over a
planning horizon T, given that the evolution of X along the time is known with certainty.

There are (n+d)(p+1) input parameters inside the expansion costs function
CX1,0, X051 X, ps---51,0,---Sq,p) from which d(p+1) are decision variables. Assuming as I
the number of available decision choices in each possible right-of-way d, the number of

possible solutions to be evaluated for finding the global optimum is I 4r+1) For instance, in
a small TEP problem with eleven possible new right-of-ways d = 11, five decision choices in
each right-of-way I = 5, and only two decision periods p+1 = 2, the number of possible
combinations are 5" =2.38-10" .

In this work, the subject of optimization is the present value of the total expansion costs
function C(X,S), evaluated along a planning horizon T, for a proposed expansion strategy S.
C(X,S) is a non-linear function subject to a set of constraints, i.e. Kirchhoff's laws, generation
plants capacity limits and transfer capacity of transmission lines, among others. Such
constraints are represented by means of equality and inequality equations.

smin {Cls} = gmin {C(X9)} @

5= T CI(X,St) Ccen(X,tS)+Co&M(}<t,s)+cL0L(X,ts)
i=o| (1+7) (1+7) (1+47) (1+7)

®)

subject to:
P4(X,S)+ Pg(X,S)+...+ Pr(X,S) =P, (X,S)

blmin < 81 (X,S) < b2max
blmin < &2 <X/S) < meax

bmmin < 8m (X'S> <b

— “mmax
where
Ci(X,S) : Investment costs of the new expansion decisions.
Cien(X,S) : Production costs of the different generations units.
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Coem(X,S): Annual O&M costs of the transmission network elements.
Cro(X,S) : Loss of load annual costs.

r : Annual discount rate.

3.3 Non-deterministic formulation

Basically non-deterministic formulations of the TEP problem are able to consider the
possible events which could take place in the future by taking into account the uncertainty
present in the information. In this category, the TEP problem can be solved either by means
of a stochastic optimization-based formulation, where the objective function is typically
formulated in term of an expected value or by means of a decision-making framework,
which encompasses a deterministic optimization plus a decision tree analysis. Unfolding
uncertainties are incorporated as branches and decisions are made on the evaluation of the
consequences of deciding on the different expansion alternatives. In this sense, the decision-
making framework allows the planners to gain insight into the risks involved in each
expansion choice and could even suggest new and improved alternatives.

The dimension of the search space for the different TEP formulations depends on the
number of decision choices, the number of decision variables and the number of periods.
Additionally, the degree of detail of the model describing the temporal evolution of the PES
along the planning horizon, namely demand discretization, time resolution and extent of the
planning horizon is another important aspect to take into account since the computational
effort for evaluating each combination depends on it.

To reasonably accomplish the challenging task of solving the TEP problem from a non-
deterministic perspective, require incorporating and modeling a variety of data of diverse
nature. Moreover, due to the large problem size, which is clearly defined by its stochastic,
multi-period, multi-criteria and combinatorial nature, substantial efforts are required in
order to sustain the viability of the proposed models. In this sense, an adequate treatment of
the different types of the information is one of the most important stages before formulating
the non-deterministic TEP model.

4. Handling information within the TEP

The process of solving actual planning problems requires handling a large amount of
information from which only a small fraction is known with complete certainty. In this
section, the major uncertainties affecting the TEP and referred to as variables that affect the
outcomes of decisions and which are not known at time of planning, are analyzed and
categorized from a descriptive viewpoint. Excluded here are the uncertainties originated in
the model’s user, i.e. what is not captured by the model but desired by the user, as well as
uncertainties originated in the model (i.e. the “right” model structure, modelling techniques
and tools).

4.1 Uncertainties present in the TEP
Data about the current state of the network is much more accurate than forecasted data.
Furthermore, uncertainties present in forecasted data are very diverse in nature (Neimane,
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2001). Therefore, it is recognized the importance of categorizing the uncertain information to
be incorporated within TEP models.

In this work, it is assumed that forecasts and characterization of the forecast uncertainty are
provided to the planning activity. Instead, the attention of this research work is posed in
categorizing all the information to be handled within the TEP and proposing a systematic
methodology for properly incorporating uncertain information of various source and nature
within the TEP model.

4.2 Certain Information

Certain data are those parameters which can be defined explicitly (Neimane, 2001). This
category includes the present network configuration, electrical parameters of the network
components, possible expansion choices and their electrical parameters capacity limits of
transmission lines, nominal voltages and voltage limits.

4.3 Information subjetc to stochastic uncertainty

Uncertainty in data mostly appears due to the inevitable errors incurred when forecasts are
performed. When it is possible to objectively assess the magnitude of such errors with a
satisfactory degree of confidence, then the uncertainty is said to be of random nature (Buygji,
2004). The uncertainty of such variables can be adequately represented by means of
probability distribution functions. Demand, fuel prices and hydrologic resources evolution
are typical examples belonging to this category. In (Vasquez et al., 2008) a well-founded
means for modelling random uncertainties is extensively presented.

4.4 Uncertain non-random information

When it is not possible to estimate with a satisfactory degree of confidence the errors
incurred when forecasts are performed, information is deemed to be of a non-random
nature (Buygi, 2004). Uncertainties in this group are related to human processes (e.g.
investors decisions, changes in regulation, planners and managers investment strategies,
beliefs or subjective judgments). In fact, the future does not appear to be predictable through
extrapolation of historical trends applied to the current environment (Clemons & Barnett,
2003). Thus, non-random uncertainties assessment is derived from decision-makers
perception, experience, expertise and reasoning. Inside this group there are two types of
uncertainties.

The first type belongs to a large amount of valuable information that only can be expressed
in linguistic form, e.g. “satisfactory”, “considerable”, “large”, “small”, “efficient”, etc.
Although this vague information has a very subjective nature and usually is based on
expert judgment, it can be useful during the decision-making process. Fuzzy sets theory is a
well-founded approach for modelling properly these kinds of uncertainties (Buygi, 2004).
The second type of non-random uncertain information is distinguished by holding
uncertainties typical of dynamic environments that undergo severe and unexpected
changes. This is the case with the TEP environment. According to the literature, these kinds
of uncertainties are known as strategic uncertainties (Clemons & Barnett, 2003; Brafias et al.,
2004; Detre et al., 2006). A specific feature of them is that they are gradually solved as new
information arrives over time and, once enough information is known, the uncertainty is
solved and disappears definitively (Dillon & Haimes, 1996; Clemons & Barnett, 2003).
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Within the TEP problem, this uncertainty affects crucial events that could take place in the
future, such as the generation expansion evolution or the delay on the expansion projects
completion. Data with strategic uncertainties are considered the most important information
to be handled within TEP since they are fundamental drivers of PES evolution and,
therefore, of this decision-making problem. For further reading about this topic see (Detre et
al., 2006). On the other hand, within the PES planning environment, there are not much
bibliographic references about modelling of strategic uncertainties in planning models. In
(Neimane, 2001), this type of information has been designated as truly uncertain
information!. Either discrete probability distribution functions or a scenarios technique are
proposed for modelling information of this kind.

Taking into account the above mentioned, in this work it is proposed to model truly
uncertain information by means of discrete probability distribution functions (PDF) where
the probabilities assigned to the occurrence of different scenarios are assumed as known
information. In this sense, a reasonable way for dealing with these two types of uncertainties
is proposed in (Vasquez et al., 2008).

5. The proposed flexibility-based TEP framework

The described TEP problem can be suitably faced by applying the decision tree technique,
which basically consists in decomposing the whole problem into a number w of less
complex sub-problems, each one concerned with solving a multi-period deterministic
optimization as well as assessing the attributes of the expansion plans.

A sub-problem or complete path is represented by a number P of sequential discrete events.
Such events are specified by the assumed discrete nature of strategic uncertainties. Under
these conditions, each sub-problem handles only random uncertainties. Therefore, the
different feasible expansion plans can be valued by applying a probabilistic analysis of the
attributes of the objective function and decisions are made by applying a robustness-based
risk management technique.

A master dynamic programming (DP) problem, by means of a backward induction of P
sequential decisions, makes it possible to incorporate flexible options and, subsequently,
rank the new flexible expansion strategies.

The entire proposed methodology, can be described as follows in five stages and illustrated
in Fig. 1:

To decompose the TEP problem into w sub-problems.

To obtain a set of feasible expansion plans for each sub-problem w.

To assess the OF attributes of the different expansion plans for each path w.

To sequentially incorporate in the expansion plans, starting from the last decision
period P, new flexible decisions for each path w.

5. To form flexible expansion strategies, by repeating 3 and 4 with backward induction
until P =1.

Ll

1 This term refers to relevant non-random uncertain variables, which convey strategic information.

www.intechopen.com



362

Distributed Generation

INPUTS DECISION ANALYSIS
EVENTS TREE
Strategic /
/ Uncertainties / > FORMATION

w sub-problems

Expected Values of
random information

/

/

DETERMINISTIC

/

Random
Uncertainties

/

/

P OPTIMIZATION

Sub-problem 3

v

Set Si of feasible
expansion plans

<=

PROBABILISTIC

/

ANALYSIS
of Sk

SIM UiA TION

Decoupled Attributes
Assessment
Ak,p and Af,p

DECISION TREE
FORMATION
Opportunities for
reducing risks

:

DYNAMIC

Flexibility Technique: DG
and Deferring options

/

ouTPUT

PROGRAMMING
decisions based on

§ robustness
i (Sf formation)

(ALYSIS

Flexible Expansion
Strategies Sf

Fig. 1. Complete proposed framework for finding a flexible strategy
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5.1 Decomposing the problem

The reason why optimization-based TEP models are inefficient is the presence of
uncertainties. In fact, one of the most important concerns within the current TEP problem
lies in suitably handling a large amount of uncertain information of diverse natures.

The traditional TEP formulations commonly reduce the future into an assumed probability-
weighted certainty equivalent. This fact, in presence of strategic uncertainties implies
averaging highly different scenarios. However, in practice equivalent scenarios will never
take place since the future can unfold as either favourable or adverse. Therefore, stochastic
optimization models formulated in terms of expected values are not suitable approaches for
treating the TEP.

Event tree technique is a graphic tool that provides an effective structure for decomposing
complex decision-making problems under the presence of uncertainties. The interested
reader in decision tree analysis technique is further referred to Dillon & Haimes, 1996 and
Majlender, 2003.

o.0,..0p ‘ 1
-
-
-
-~ ~

S
g @2
0ty @

a‘/"% !

h.ﬂ&v‘
‘ .

|
\\ I
~_ /‘ w-
~ -
_
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<> <L——> <+ — > <>

1 2 D P

Fig. 2. Example of a binomial event tree

Fig. 2 depicts an example of a resulting events tree formed by assuming that the whole of
the problem’s strategic uncertainties can unfold into only two discrete scenarios. A complete
event tree representing crucial states of the problem along the planning horizon allows
getting insight about the diverse future circumstances, which candidate expansion plans
should cope with.

Nodes of the event tree represent an explicit feasible scenario obtained as a result of
combining all the possible discrete probability distributions of uncertain events along a
discrete time p-decision periods. Each event is associated with composed occurrence
probability which results from combining the discrete subjective probabilities assigned to
the occurrence of a single uncertain event (¢, S, ...) and provided that the occurrence of
such probabilities are independent of what happened in previous periods as shown in Fig. 2.

www.intechopen.com



364 Distributed Generation

5.2 Obtaining a set of feasible expansion plans

The goal of this stage of the planning process lies in successfully reducing the dimension of
the TEP by finding a set of feasible candidate expansion plans which fulfil fundamental
constraints of the sub-problem. By reducing the search space, a rigorous economical and
risk-based assessment of a reduced set of feasible expansion plans in subsequent stages
turns practicable.

Under the scope of this work, it is assumed that the regulatory entity annually executes a
centralized TEP task, in which a set of environmental, societal and political long-term
energy policies must be achieved. In fact, the previous performance of environmental,
societal and political feasibility assessments reduces the large number of decision
alternatives to be considered by planners for searching candidate expansion plans for
driving the expansion of the transmission grid. It is assumed that a number of possible
transmission expansion alternatives have indentified. Despite this, the number of possible
combinations of sequential decisions, i.e. the potential solutions, is still enormous. Since only
a reduced number of combinations will meet the constraints of the TEP sub-problem, a
technical efficiency-based assessment is a plausible means for reducing the search space and
finding a set of technically feasible expansion plans.

The TEP sub-problems are formulated as a deterministic multi-period optimization and an
evolutionary algorithm has been developed for properly solving such optimization problem
(Véasquez, 2009)

Why is deterministic optimization the best choice?

The major foundations of this work for deciding on the deterministic choice lie in the nature
of the TEP problem as well as in the problem decomposition proposed in the previous
section. In fact, since only a reduced number of combinations will meet the TEP problem’s
constraints, and given that location, timing and type of the transmission expansion
alternatives are discrete and limited in number, feasible candidate solutions are therefore
also limited in number and noticeably different from one another. On the other hand, with
the proposed decomposition of the TEP into sub-problems, strategic uncertainties have been
removed temporarily. In this sense, the only presence of random information, which implies
that uncertainties can be forecasted with a satisfactory degree of confidence, allows for a
suitable technical assessment where the uncertain input variables are explicitly modelled by
means of expected values.

5.3 Assessing the performance of expansion plans

The reduced number of candidate solutions allows a more detailed valuation of the
expansion plans. This stage of the planning process entails performing a probabilistic
technical-economical performance assessment of all the feasible expansion plans. The
performance assessment of an expansion plan is achieved by accounting for a group of
decoupled attributes of the objective function. Decoupled attributes Ax denote a
measurement of the relative “goodness” of a specific transmission expansion plan Si in
every decision period p expressed by means of its probability distribution Fyp. These p
probability distribution functions represent the likelihood of the possible future values that
the OF could acquire over time, characterizing the time-dependent risk profile of selecting
the expansion plan Sg.
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Stochastic simulation

Stochastic simulation techniques are applied for modelling the randomness of the objective
function. In spite of the large computational effort demanded by Monte Carlo methods, the
most significant advantage of the simulative approach over analytical probabilistic
techniques is the accurate estimation of the tails of probability distribution Fy p.

On the other hand, some planning engineers may worry about a possible conflict between
the proposed deterministic optimization stage and the subsequent probabilistic and risk
analysis stages. In fact, there is no conflict at all provided that all the feasible expansion
plans have been found during the deterministic analysis stage. The probabilistic analysis
stage is not intended to replace the deterministic TEP models, but to add better information
on the merits of the expansion plan and its risk profile. This goal is achieved by assessing
the time-decoupled attributes for every feasible expansion plan.

The total attributes of a specific expansion strategy Si, Ax comprise all the information
enclosed in the probability distributions Fyp, which describe the possible future
performance of Sy provided that all the problem uncertainties (random and strategic) have
been taken into account during the simulative process (Neimane, 2001). If such resulting
probability distribution function, defined in this work as Fj, can be fit to a Gaussian
distribution, Ax can be expressed as follows:

Ay =F (Cy, 0% ) (6)

where,

C, = Nikﬁ;(:k'i : OF's Expected Value for S
Cy; :OF'svalue of the strategy S; during the realization i. See Equation (5)
Ay :Total Attributes of the stratey S;
F i : OF's Probability Distribution for strategy Sy
N; :Number of realizations until achieve the required
confidence in determining F;

o, :OF's standard deviation for strategy S

Although an assessment of Ay provides the information about the performance of an
expansion strategy, the planner is unable to visualize the risk evolution over time and the
effects on the OF's performance caused by the diverse type of uncertain variables.
Nevertheless, having this information is a key issue for properly tackling the TEP. One of
the major contributions of this work lies in successfully coping with these two concerns. In
first place, Section 4.1 proposed to decompose the problem by applying the event tree
technique. In second place, under the assumption that each node of the events tree
represents one event unfolded by the combination of strategic uncertainties, a set of
decoupled attributes where only random nature uncertainties are present needs to be
evaluated. Under this perspective, by performing w Monte-Carlo realizations and then, by
means of backward induction and considering the associated cumulative occurrence
probabilities, the individual effects of the strategic uncertainties can properly be accounted
for, from the last decision period until the first one. At the same time, the diverse time-
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decoupled attributes of an expansion strategy F, are assessed, step by step, until its total

attributes F; are obtained.
At the end of this valuation process, F;, which represents the total attributes of the analyzed

expansion strategy, is obtained as follows:

_ Sp
Fp (CP/UP)‘WH =\fp-1,j (EPfl,j/VPfl,j) + 20@,1' - fp,i(Cpivp,)
1=

Wp_1
) | Sp-1 4
Fp_1(Cp_1,0p_1) o \ fo—2x(Cpa ik Vp_o i)+ z ap_1,j-Fp(Cp,op)
. =1 Wp_p

— — il —

F (C1r01> = A(C,c) = fo,0(%,0v0,0)F 14 Fou(Cour 02,4 )
k=1

where,
E, : OF's decoupled attributes during the period p
EP,S : OF's Expected Present Value for event s during p
0y, : OF's standard deviation for event s during p
aps © Ocurrence Probability of event s during the decision period p
s, 1 Number of feasible discrete events during p

fps + Partial OF's Probability Distribution for event s during p
¢, : Partial OF's Expected Value for event s during p

: Partial OF's standard deviation for event s during p

Fig. 3 graphically shows the increasing uncertainty of the objective over time. As planning
horizon extends in time, the risk grows accordingly. Provided that the probabilistic
properties of expansion attributes are reasonably described by a Gaussian probability
distribution, blue dots correspond to the annual expected values of the expansion costs and
the vertical black segments represent the annual standard deviations of the objective

function.
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Fig. 3. Graphic representation of the time-decoupled attributes of an underlying asset

The idea of a decoupled assessment of the expansion plans’ attributes can be rooted to the
Bellman’s Principle of Optimality since it allows applying dynamic programming for
valuing the flexibility gained when embedded or contingent decision options are
incorporated within the planning process (Dixit & Pindyck, 1994). In following sections, this
process is explained in detail.

Ranking of expansion strategies and decision-making

Derived from the optimal portfolio selection theory, expansion plan attributes can be ranked
based on their efficiency, by means of the Sharpe ratio rsharpe (Nielsen & Vassalou, 2003).
This index was proposed by Sharpe in 1966 as the ratio between the expected benefit and
the risk, where risk is measured as a standard deviation of the benefit. According to static
mean-variance portfolio theory, if investors face an exclusive choice among a number of
alternatives, then they can unambiguously rank them on the basis of their robustness
(Sharpe ratios). An expansion alternative with a higher Sharpe ratio will enable all investors
to achieve a higher expected utility by accepted risk unit.

The inverse of rsharpe, Which is known as the coefficient of variation according to Ladoucette
& Teugels (2004) and Feldman & Brown (2005) is a useful measure for comparing variability
between positive distributions with different expected values. An alternative with a lower
coefficient of variation will result in lower risk exposition per unit of expected benefit. In
this work, the inverse of the 7sharpe Will be used to measure the desirability of an expansion
strategy.

In order to express in percentage the coefficient of variation, the use of a relative volatility,
which is accounted for as the relation between the expected volatility of the underlying asset
o, divided by the maximum expected volatility of all the evaluated strategies o,y , is

proposed. See (8).
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where,

B, : Expected Benefit of the underlying asset S,
o : Underlying asset expected volatility

5.4 Risk management by incorporating flexible Options

An important underlying assumption of the probabilistic optimization approach is the
passive planner’s attitude regarding the future. In fact, under this modelling paradigm, the
diverse available choices that the planner has for reacting upon the occurrence of
unexpected events are ignored. However, in practice planners have the ability for adapting
their expansion decisions in response to undesired events (Gorenstin et al., 1993; Dixit &
Pindyck, 1994; Ku et al., 2003; Vasquez & Olsina, 2007). A well-established way to
systematically incorporate this fundamental aspect is the application of a complementary
flexibility-based risk analysis stage.

New decision variables, new objective function

The flexibility-based risk analysis stage basically consists in solving an optimization
problem of dynamic nature. The decision variables are the type, the timing and the location
of the flexible -technical or managerial- options which are embedded in the previously
obtained set of feasible expansion plans. Indeed, to solve this problem involves finding
expansion strategies that are improved in performance in terms of their total attributes. Such
expansion strategies are composed not only of large transmission projects D,, but also of
flexible decision options. Thus, flexible options O, available in each decision period p, are
planned for being advantageously incorporated if strategic uncertainties unfold as
unfavourable scenarios.

Like previous stages, a total expansion costs-based objective function, which includes the
new components of costs relative to the new flexible choices, is defined. This new OF is still
subject to the same constraints of the original problem plus the constraints relative to the
flexible options, e.g. generation capacity limits of DG plants and feasible locations of DG
projects.

Visualizing opportunities for contingent decisions

A graphic illustration (see Fig. 4) of a complete event paths representing crucial states of the
problem along the planning horizon together with the time-decoupled attributes
information (Fp, Fp, ..., F1) suitably represents the dynamic process that this optimization
problem involves. In fact, with this information the planner has an insight into the risks
associated with the decisions as well as is able to determine the timing when it would be
meaningful to incorporate flexible or contingent choices. The problem search space is
therefore noticeably reduced.

www.intechopen.com



Flexibility Value of Distributed Generation in Transmission Expansion Planning 369

Given that only one discrete probability function during each period is assumed, the nodes
of events tree showed in Fig. 2 represents the planner’s opportunity for incorporating
flexible or contingent decisions.

5.5 Valuing flexibility and ranking expansion strategies

When an irreversible expenditure D, is made, i.e. the investment option is exercised, not
only the deferment choice disappears but also all the other investment choices (Kirschen &
Strbac, 2004). The value of the lost option, analogous to a financial call option, is an
opportunity cost, which depends on the project’s irreversibility as well as on the existing
risk and flexible embedded options at the decision time (Dixit & Pindyck, 1994; Ramanathan
& Varadan, 2006). However, classical project appraisal methods overlook this interaction
even though, in practice, it evidently affects the planner’s decisions.

Since flexibility can only be assessed by comparison (Ku et al., 2003; Gorenstin et al., 1993),
the value of a flexible option is assessed by comparing its coefficient of variation with the
coefficient of variation of a feasible inflexible reference strategy (flexibility = 0) belonging to
the set of feasible expansion plans Si. This basic procedure can be systematically extended
into a multi period strategies comparison problem and solved by using the dynamic
programming formulation expressed in (9) and (10) (Dixit & Pindyck, 1994; Ramanathan &
Varadan, 2006).

. fei(Dp, Op)
Fp = min {relfe(De, O ) + fey(De_y I} ¢
\ a};. |
# fﬂf,«.\% 4,
B = min{m(F(D.0)) + i Do)} 7 Sl
A U B AR l ﬁg”. .I 0
5 r @ @
®
O
% _y @
falBg, Cg ) &‘
I
e
Tl Qp w-1
Fz - f—"’ .

fo wlDp,0p)
Fig. 4. Decoupled attributes of the objective function and decision tree representation
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Fp = Igin{FP(DPrOP)} = min{7p(fp(Dp,Op))+ fp_1(Dp_1)}

P n,P

Fp_1 = min{7p_1(Fp(Dp_1,0p_1)) + fp_2(Dp_2)}

P-1

b = n(i)in{ﬁ(Fl(DerO) + fo(Do)}

where

D, : Expansion decision to be defferred since period p
O, : Flexible option incorporated in period p

T, : Immediate costs valuation function during p

Going backward in dynamic programming allows decomposing a whole sequence of
decisions into just two components: the immediate decision and a valuation function which
encapsulates the consequences of all the subsequent future decisions.

As shown in Fig. 4, the process of incorporating flexible options starts at the last decision
period (p = P), which is concerned with deciding for or against incorporating (min{Fp}) one
of the available flexible choices Op. This is a classic single-stage optimization problem under
the presence of only random uncertainties. As was analyzed in Sections 4.3 and 4.4 of this
chapter, this task is proposed to be solved by applying a robustness-based probabilistic
decision approach. In fact, by assessing, on one side, the time-decoupled attributes of the
static expansion plan Fp (Dp) and, on the other, the time-decoupled attributes of one or more
new flexible expansion strategies composed by a flexible option Fp (Op), the planner can
decide about the incorporation or not of such a flexible option in p = P, by comparing the
two coefficients of variation (r-Isharpe (Dp), Lsharpe (OP)).

This solution (min{Fp}) provides the information for the penultimate decision in P-1 which,
in turn provides the information for deciding in P-2 and so on until p = 1 the moment in
which a flexible strategy S¢ is obtained. This procedure repeated for all the feasible
expansion plans can be used for obtaining a set of flexible expansion strategies.

6. Numerical example: power supply capacity expansion planning problem of
a the mining firm

In the following, a numerical planning problem built on an actual setting demonstrates the
contribution of the proposed flexibility-based framework by enhancing the ability of making
contingent expansion decisions along the planning horizon. Investing in DG projects and
delaying a large transmission project are flexible options that the planner has available for
reducing the planning risks.

Investment, energy procurement, and maintenance costs as well as expected unserved
energy costs have been considered for computing the expected total costs of the diverse
expansion strategies. Because of the short lead time, DG investment decisions are assumed
to be made in the same time interval that the additional capacity is required. On the other
hand, due to the large construction time, transmission projects are commenced one year
before the additional capacity is required.
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Let considers a mining firm which will operate over ten years located in a remote site
without public service of electric energy supply. Daily production of the mine is assumed
constant. It is known with certainty that the demand for the first to fifth year is 60 MW.
Available information in year zero indicates that demand would increase to 120 MW
depending on results of a current assessment of mineral reserves. The probability of the
higher demand scenario is p = 0.5. The probability of power demand remaining at 60 MW is
1-p = 0.5. Then, the expected value of demand along the second time period is 90 MW. Fig. 5
depicts the two possible demand paths along the planning horizon, which is set to 10 years.
The main question is: How the mining firm should meet, in an optimal way, its current and
future requirements of electric energy under consideration of ongoing demand uncertainty?
For successfully accomplishing this task, the proposed flexibility-based decision-making
framework will be applied, which involves the development of the following stages:
e Identification of a set of feasible expansion strategies.
e Assessments of the corresponding objective function for each feasible expansion
strategy.
e Incorporation of flexible decision options in order to conform new expansion
strategies.
e Ranking the expansion strategies by properly valuing the flexibility of the options
incorporated in 3.

I I I I I : :D1=:120MW :
120 - -4 ———b - —d— b d- -y o o o »
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= T R T R R (N T
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Fig. 5. Future demand scenarios along the operative lifetime of the mining firms

6.1 Obtaining Feasible Expansion Strategies

The large of economies of scale involved indicate that the most efficient expansion strategies
have to deal with building 346 km of a new transmission line from the nearest system node
instead of installing generation on site. Three technically feasible configuration of
transmission lines are obtained as shown in Fig. 6 based admissible voltage limits.
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Voltage Regulation of Feasible Expansion Strategies (pu) - Demand = 120 MW
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Fig. 6. Convergence and voltage regulation of feasible expansion strategies

The identified strategies are listed as follows:

e To build in year zero a 220 kV single circuit radial transmission network from the
nearest system node. In the sixth year a capacitive compensation in node B; is
installed in order to improve voltage levels (see Fig. 8).

e To build in year zero a 220 kV double circuit radial transmission network from the
nearest system node.

e To build in year zero a 500 kV single circuit radial transmission network from the
nearest system node.

These three inflexible decision options allow the mining firm to purchase energy from the
spot market and therefore meet its expected demand. The next stage in the decision-making
process involves valuing and ranking, from a probabilistic viewpoint, the obtained
expansion strategies.

6.2 Assessing the attributes of feasible expansion plans

The substantial economy of scales involved in the expansion of the processing plant of the
mining firm leads to an increase of electrical demand in large discrete amounts. As
remaining relevant variables are assumed to be known with absolute certainty, only the
uncertainty affecting the load growth will be resolved over the time. For this reason, the risk
profiles of expansions will have the same shape as the forecasted demand evolution (see Fig.
5). Therefore, the assessment of the attributes of the expansion alternatives along the
planning horizon can be completely determined without applying the Monte-Carlo

technique. The objective function (OF) of the constrained stochastic optimization problem is
formulated as follows:
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subject to:

Sci—D; i =51 i —Sns i =0(MVA
Gy Ly NS ( ) : Balance of power

09<V3=<11 : Voltage limits

F, <T :Transmission capacity constraint

where

E[Cr ]: Net Present Value (NPV) of the total expected costs.

C f;L : Investment cost in transmission network for strategy S;.

Ca,j: Acquisition cost of energy in the spot market in year ;.
Cogm, j - Operation and maintenance cost of lines and sub-stations incurred in year j. These

costs are assumed to be 2% and 3% of the respective investment costs.
C E[ENS],} ° Expected costs of the energy not supplied in year j.

5¢,j:D;,j+S1,i,SNs, j - Spot market power, power demand in i-th stage, power losses, and not

supplied power in the j-th year.

The Value of Lost Load (VOLL) has been estimated at 500 $/ MWh and reflects the economic
losses incurred when the mining firm stops its production. Discount rate is set to 12% / yr.
Because of the length, capacitive compensation is needed for the single circuit 220 kV choice.
The fixed investment cost of compensation is 1 M$ and capacity dependent costs are 17 000
$/MW of incremental line capacity. The investment cost functions for 220 kV and 500 kV
substations are depicted in Fig. 7.

Costs of transmission lines have been modelled as a linear function of the transmission
capacity, as indicated in Table 2.

Table 3 provides the electrical line parameters needed for performing an AC power flow
analysis on each alternative in order to verify voltage limits, line flows, losses, etc.

Table 2. Transmission lines investment costs

Fixed costs Capacity costs
220 kV single circuit 90 000 800
220 kV double circuit 135 000 600
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Fig. 7. Investment cost functions of transmission substations.

Voltage R X B
Q/km Q/km pS/km
220 kV single circuit 0.0481 0.385 2.341
220 kV double circuit 0.0241 0.192 4.682
500 kV single circuit 0.0234 0.279 4.169

Table 3. Electric parameters of transmission lines

In Table 4, reliability parameters of transmission components and DG plants are given, as
they are necessary for computing the expected energy not supplied to the mining process.
Stochastic behaviour of system components are modelled as two-state Markov reliability
model (Billinton & Allan, 1996). Because of the small number of components, exhaustive
state enumeration has been applied for the reliability evaluation.

Procurement costs of energy have been computed considering the long-term spot prices that
would prevail in node B2 (see Fig. 8) provided that the transmission network was to be built
with optimal capacity. The spot price duration curve in node Bl remains constant over the
planning period and it is given in Table 5.

Parameter Market Line Transformer DG Plant
Pr(O) 0.99886 0.99545 0.99825 0.98000
Pr(F) 0.00114 0.00455 0.00174 0.01999

Table 4. Reliability parameters of system components

Duration (%) 6.96 13.87 38.64 32.46 8.33

Price ($/MWh) 8229 75.7 61.7 57.6 37.03
Table 5. Spot prices during periods

www.intechopen.com



Flexibility Value of Distributed Generation in Transmission Expansion Planning 375

According to (1), the power supply capacity optimization problem is solved when a
transmission project, which satisfies technical and economic requirements for all anticipated
demand scenarios, minimizes the total discounted expected expansion costs incurred along
the planning horizon. In the valuation process, the occurrence probabilities of each demand
scenario are considered and the remaining information is assumed to be known with
certainty. Fig. 9 shows the performance of the three technically feasible expansion strategies
identified before, which meet the uncertain power demand of the mining firm over the
planning horizon.

Expansion strategies are ranked considering the minimization of the present value of total
expansion costs. Under this perspective, the 220 kV single-circuit transmission line with a
capacity of T =120 MW and capacitive compensation in By, which is denominated S;, would
be the strategy that the planner would select under a classic risk-neutral probabilistic choice
as it exhibits the lowest expected costs (E[Cr]= 302.87 M$).

BI
Spot Market
F12
____________________________________
220 : 13.2 kV
QQikV 346 km .
Fig. 8. Expansion strategy S, single circuit 220 kV- 120 MW transmission link
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Fig. 9. Present value of expected expansion costs for all identified feasible expansion
strategies

6.3 Flexible Expansion Strategies Conformation

For illustrative purposes the only feasible-inflexible expansion strategy considered during
the next stages of the planning process is S;. Unlike the classic probabilistic approach, the
proposed valuation method accounts for contingent expansion choices, i.e. DG investments
and delay of a large transmission project, that the planner has available in each demand
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scenario. DG projects are based on installing diesel-fueled gensets. From manufacturer data,
nameplate capacity of each DG diesel units is 15 MW. However the maximum power output
is derated to 13 MW at the location altitude. Investment costs of diesel units are assumed to
be 200 $/kW. The DG plants fuel specific consumption is 217.98 1/MWHh?2 and the fuel price
is 0.3 $/1. In Table 6 below, apart from S;, are listed five additional expansion strategies with
various degrees of flexibility, that planner could consider once better information about
demand evolution arrives.

Real Options
S Period 1 Period 2
1 Single Circuit Trans Line 120 MW
2 1st circuit trans. line 60 MW 2nd, circuit (expand to 120 MW)
3  Single circuit trans. line 60 MW | Single circuit trans. line 60 MW
4 DG 5x15 MVA Single circuit trans. line 60 MW
5 DG 5x15 MVA Single circuit trans. line 120 MW
6 DG 5x15 MVA DG 5x15 MVA

Table 6. Description of possible expansion strategies to be valued

6.4 Decision-Making: Valuation and Ranking of Flexible Expansion Strategies
Valuation of flexible expansion strategies

Strategy S; consists of initially building the first circuit of a double circuit 220 kV
transmission link with a capacity of 60 MW for satisfying the known demand from year 1 to
5. In the fifth year, if the power demand is increased to 120 MW, i.e. once uncertainty has
been unfolded, the planner takes the decision of adding the second circuit, expanding the
transfer capacity from 60 to 120 MW. Details of calculation of the discounted expected total
expansion costs of S; are given by the following expression:

T=60 MW
E[CTz]: C?OMW(lstcircuit) i 25: CA/j 4 CO&M"]' + CE[ENSW +
D, =60 MW
0 c T=60 MW
10 C, . C - ‘
H1-p) Y| AL TOkM, | TEENS)] +
6| (112)) (112 1.12)
i D, =60 MW
=
7 T=120 MW
C60H120(2nd.c1rcuzt) 10 c, . C . C ;
1| S 25 s A;jJr O&;/I}] n E[ENZS}]‘/J (12)
(1.12) j=o|(112)  (1.12) (112) D, =120 MW

E[Cr,] = 297.1M$

2 A specific fuel consumption of 217.98 1/MWh entails a combined efficiency of the genset (engine and
generator) of 43.54%, assuming for diesel fuel an average Net Calorific Value (NCV) of 43 MJ/kg and a
density of 0.883 kg/dm?3at 15°C.
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Strategy Ss involves the construction of a 220 kV single circuit transmission line with a
capacity 60 MW for satisfying the demand of the first period. In the fifth year, only if the
power demand rises to 120 MW, the planner takes the decision of build another 220 kV
single circuit transmission line with capacity 60 MW. The present value of the expected total
expansion costs for Sz is computed according to (13).

It is important to notice that the expected total costs of these more flexible strategies are
lower than cost of strategy S;. That is because the total expenditure has been separated into
two stages. The second investment is committed in the fifth year only if it is actually needed.

4 C T=60 MWW
. C,. C , .
60MW 1 A, O&M, E|ENS|,
E[Crs]=C}, s €>+Z (1 12])f * (1 12)f] ! (1[ 12)]]']
= ' ' D, =60 MW
0 c T=60 MWW
0(c,. C : :
M s
6| (1.1 1 .
= [RET TR ETANERE R
60 MW (single) T=120 MW
C 0 c,. C . C .
151y A,j O&M,j  “E[ENS],j
7 (1.12)° +Z6 (1.12) ' (1.12) ! (1.12)
= D, =120 MW

E[Cr3]=295.1M$
(13)

In the following, some investment policies including DG projects are analyzed. Strategy S4
comprise the installation of five 15 MW diesel generators for satisfying the power demand
of the mining firm during the first period. Then, only if the demand effectively grows to 120
MW, a single circuit 220 kV transmission line with a capacity of 60 MW is built in year five,
to meet the mining demand along the second period.

The investment cost of a diesel DG plant is 3 M$. Additionally, costs fuel storage facilities
are assumed to be 1.5 M$. Maintenance costs are computed as a percentage of investment
costs. For DG plants they are set as 5% and, for fuel storage facilities they are assumed to be
3% of its investment costs. Lifetime of DG generators is assumed to be 20 years. Linear
depreciation has been used for assessing recovering value of DG equipment. In this case the
mining firm sells off the five DG plants at the closing of the mining project. Assuming that
20% of the investments cost are required to uninstall the generation plant, the recovery net
costs can be assessed and included. The present value of the expected total expansion costs
for S4 is computed according to (14).
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60 MV DG=60 MIW
E[Cpy] = — o +25: Cs,;  Coem,j . CEEns)j
T 1 j j j
1.12 i=1|(1.12 1.12 1.12
CEFTNS = (RETANNTRETANNTRETS
60 MV DG=60 MWW
+(1_p)'_CmDG +i0: Cc,j , Cosm,; CE[ENS]fj
(L) S (t2)y (r12) o (112) o
=
DG+T=120

Cr,  Coune 3 Ccia,i Co&m,j CEENS);

(112°  (1.12)" a2y ey ) (14)

=6
D, =120 MW

where
MW

Che

C¢ : Annual generation costs of 60 MW DG power plants.

Cga: Generation and acquisition costs incurred when operate at the same time the DG

: Investment cost of 60 MW DG power plants.

plants and the trans. line.

CSOMW.: Recovery net value of DG equipments.

Similarly, expansion strategy Ss consists in installing five 15 MVA diesel DG plants in the
first year. If power demand escalates to 120 MW, a single 220 kV transmission line with
capacity 120 MW is built to cover the energy needs during the second period. Under Ss, the
five DG plants are sold off in the sixth year. The present value of the expected total
expansion costs for Ss is computed according to (15).

COMW DG=60 MWW
Cloe 2| Cc,i  Coem,i = CHENS]
Blersl= (1.12)" 2 (112) (112 (112)
' =1 ' ' D, =60 MW
60 MV DG=60 MW
(1 p)|Cudg, 37 Coi | Cowm; , Criens] .
> . : .
1.12 ol (112 (1.12Y 1.12)
(112)7  j=e|(112)  (112)  (1.12) b, oM
. T=120 MWW
120 MW (single) 60 MV
I _ Crenc +i°: Caj_, Cowm,  CHens)j (15)
1.12)° 112)° =112y (112 (112)
(1.12) (112" j=e|(112)"  (112)"  (1.12) D120\

E[Crs]= 294.04M$

Similarly as with Sy and Ss, strategy Se entails installing five 15 MVA diesel DG plants in the
first period, and then, adding five new 15 MVA diesel DG for covering the mining peak load
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in the second period only if it unfolds as the high demand scenario. The expected total costs
of strategy S¢ can be evaluated according to (16).

OMV 5 ( C CC 'DG:6OMW
E[C _ IDG Z G,j O&M, j E[ENS],j
T6 . :
(1 i=1 112) (1.12) (1.12) b, _eon
DG=60 MW
| Cape 8| Coj | Cosm,j , Crens);
+(1-p) = 127 | 112y + Y
1.12 (1. . .
< ) ]76( ) ( ) ( ) D, =60 MW
DG=120 MW

60 MWW
C oMV w0 c.. C  Crpnl
4y Inc  “recDG 4 Z G,j n O&M,j n [ENS],j (16)

(112 (a2t 12y (LY (112)

D, =120 MW
E[Cr¢|=291.5M$
Components of OF E[Cr1] E[Cr2] E[Cr3] E[Crs E[Crs] E[Cre]
Net Investment (M$) 7236  67.52 66.12 28.61 32.52 16.37
O&M (M$) 846  7.59 7.03 5.57 5.16 5.25
Generation & Procurement (M$) 2219 2219 221.9 262.2 256.3 269.83
E[ENS] (M$) 0163 0.067 0.087 0020 0034  0.006
TOTAL (M$) 302.88 297.07 29513 296.40 294.01 291.45
Standard Deviation (M$) 502  56.5 71.6 68.9 65.5 61.8
Risk, Fsharpe (%) 7011 7740 9744 9417 88.80  83.06

Table 7. Summary of decision variables for the proposed expansion strategies

Ranking of Flexible Expansion Strategies

Depending on the planner’s attitude regarding risk, the decision could be made either based
on the minimum total expansion costs criterion (S¢) or by choosing the option with lowest
risk (S1). For instance, by comparing the present values of the expected present costs of the
six alternatives it is concluded that flexible strategies S4, Ss, and Se, though much more
expensive in terms of operating costs, are better than the economies of scale provided by S;.
A breakdown of the costs incurred by each alternative is provided in Table 7.

Fig. 10 illustrates the effect of uncertainty on the expected costs of each strategy. The
economic efficiency of S; increases when the probability for the occurrence of the higher
demand scenario is high. On the other hand, investing for retaining flexibility is more
convenient if there is a low probability for the occurrence of the higher demand scenario.
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Total Expansion Costs (M$)

Fig. 10. Sensitivity analysis of the performance of the expansion choices to the probability of
a high demand scenario

Valuing flexibility of the embedded options

Decomposing the problem based on the nature of the uncertainties allows the proposed
framework to account for the value of the gained flexibility by comparison using discrete
Sharpe ratios rsure. Nevertheless, in this specific example, it has been assumed that the
planner has made his decision based on the expected NPV of the total expansion costs. In
fact, a suitable way for valuing the flexibility of strategies Sy, S3, S4, S5, and Se with regard to
S1 is to ask how much lower should be the investment costs of Si (Clrro) to make this
investment policy the preferred alternative. For instance, the flexibility of S¢ could be
assessed by equating (11) and (16) and solving for transmission investment costs Clrr;.

Fig. 11 shows that investment costs of the single-circuit 220 kV transmission line should be
about 13% lower to prefer investment strategies S; to strategy Se. Therefore, the flexibility
value provided by Se can be computed as
follows: Clyy =Clyy +ROs; RO, = FHlexibilitys, =60.95-72.36 =11.4M$
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Fig. 11. Flexibility value for diverse transmission investment costs

7. Conclusion

Risk management techniques based on strategically incorporating flexible investment
projects represent a tool for consistently dealing with risks present in transmission planning
problems. The larger the irreversibility of the conventional expansion investments and the
uncertainties affecting future conditions more efficiency can be achieved by the proposed
planning approach.

In a numerical example, it has been verified that ignoring the value of flexible choices can
lead to wrong investment decisions. Despite the large economies of scale of the traditional
transmission expansion projects, it has been shown that the optimal investment strategy
would be to preserve the wait option by investing in more expensive DG projects, while
deferring the decision of building the transmission line until uncertainties are resolved.

In order to accomplish the goal of properly integrating DG investments and exploiting their
potential benefits requires an efficient cost-based evaluation. A very important emerging
issue is therefore the pricing and reward of system benefits provided by DG projects. In fact,
electricity prices as seen by final consumers are substantially higher than prices at
centralized generation levels. This difference is due to the added costs of T&D services to
transport electricity from the point of production to consumption. Distribute generation,
however, located close to demand, delivers electricity directly with limited requirement for
use of T&D network (Djapic et al., 2007). Ignoring this particular feature in the valuation
process could result a false DG non competitiveness perception regarding traditional
expansion decisions.

Other important topic that calls for further investigation is the proper valuation of the
planning flexibility provided by option of relocating DG facilities across large networks, as
uncertainty on demand growth unfolds divergently among the different system zones.

www.intechopen.com



382 Distributed Generation

8. References

Ackerman, T.; Andersson, G.; Soder, L. (2001). Distributed Generation: A definition, Electric
Power Systems Research, Vol. 57, No. 3, pp. 195-204, 2001.

Ano, G.; Frezzi, P.; Vargas, A. (2005). Planificacion de la expansion de sistemas de transporte
de energia eléctrica en mercados competitivos: Estado del arte, Proceedings of XI
Regional Iberoamerican Meeting of CIGRE (XI ERIAC), May 2005, Paraguay.

Billinton, R; Allan, R. (1996). Reliability Evaluation of Power Systems, Ed. Plenum Press, ISBN-
10: 0306452596, New York.

Braga, A. S. D; Saraiva, ]J. T. (2005). A multiyear dynamic approach for transmission
expansion planning and long-term marginal costs computation, IEEE Transactions
on Power Systems, Vol. 20, pp. 1631-1639, 2005.

Brafias, P.; Jiménez, F.; Morales, A. (2004). Strategic uncertainty and risk attitudes: The
experimental connection, Cuadernos de Economia, Vol. 27, Universidad de
Granada (La Cartuja), Granada, Spain.

Brown, R. E,; Jiuping, P.; Xiaorning, F.; Koutlev K. (2001). Siting distributed generation to
defer T&D expansion, IEEE PES Transmission and Distribution Conference and
Exposition, Vol. 2, pp. 622-627, 2001.

Buygi, M. O. (2004). Transmission Expansion Planning in Deregulated Power Systems, Ph.D.
Thesis, Faculty of Electric and Information Systems, Technical University of
Darmstadt, Germany, pp. 5-14.

Clemons, E. K. & Barnett, S. (2003). Strategic uncertainty and alternative futures: evaluating
our options in the post-september 11 world, Operations and Information
Management Department, Wharton School of the University of Pennsylvania,
online: http:/ /opim.wharton.upenn.edu/~clemons
/files/conflict_scenarios_v3_6_doc.pdf

Dale, L. (2002). Distributed Generation and Transmission, Proceedings of IEEE PES Winter
Meeting, Vol. 1, pp. 132 - 134.

Daly, P. A. & Morrison, J. (2001). Understanding the potential benefits of distributed
generation on power delivery systems, Proceedings of IEEE Rural Electric Power
Conference, pp.A2/1-A213, Little Rock, AR, USA.

Detre, J. D.; Briggeman, B. C.; Boehlje, M.; Gray, A. W. (2006). Score-carding and heat
mapping: tools and concepts for assessing strategic uncertainties, International Food
and Agribusiness Management Review, Vol. 09, online:
http:/ /www .ifama.org/tamu/iama/conferences/2005conference/Papers
&Discussions/1044_Paper_Final.pdf.

Dixit, A. K.; Pindyck, R. S. (1994). Investment under Uncertainty, Princeton University Press,
pp- 3 -54, New Jersey.

Dillon, R.; Haimes, Y. (1996). Risk of extreme events via multi-objective decision trees:
Application to tele-communications, IEEE Transactions on Systems, Man and
Cybernetics - Part A: Systems and Humans, Vol. 26, No. 2., pp. 262-271, 1996.

Djapic, P.; Ramsay, C.; Pudjianto, D.; Strbac, G.; Mutale, J.; Jenkins, N.; Allan, R. (2007).
Taking an active approach, IEEE Power and Energy Magazine, Vol. 5, pp. 74-76, 2007.

Feldman, J.; Brown, R. L. (2005). Risk and Insurance, Education and Examination Committee
of the Society of Actuaries, USA.

Gomez Exposito, A. (2002). Andlisis y Operacion de Sistemas de Energia Eléctrica, McGraw-Hill,
pp- 33-66, Spain.

www.intechopen.com



Flexibility Value of Distributed Generation in Transmission Expansion Planning 383

Gorenstin, B.G.; Campodonico, N.M.; Costa, J. P. & Pereira, M.V.F. (1993). Power system
expansion planning under uncertainty, IEEE Transactions on Powers Systems, Vol. 8,
pp. 129-135, 1993.

Grijalva, S. & Visnesky, A.M. (2005). Assessment of DG Programs Based on Transmission
Security Benefits, Proceedings of IEEE PES General Meeting, pp. 1441-1446, 2005.

Jenkins, N.; Allan, R.; Crossley, P.; Kirschen, D.; Strbac, G. (2000). Embedded Generation,
Institution of Engineering and Technology, London, ISBN: 0852967748, pp. 1-20.

Kirschen, D. & Strbac, G. (2004). Fundamenntals of Power Systems Economics, John Wiley and
Sons, ISBN-10: 0470845724, pp. 228 - 264.

Ku, A.; Wagle, P; Miller, A,; Christian, J.; Sioshansi, F. P.; Hinrichs, L.; Eydeland, A.;
Wolyniec, K.; Dyner, I.; Larsen, E.; Lomi, A. (2003). Risk and Flexibility in Electricity,
Risk Books, Incisive RWG Ltd., pp. 1-32.

Ladoucette, S. A. & Teugels, J. L. (2004). Risk measures for a combination of quota-share and
drop down excess-of-loss reinsurance treaties, EUURANDOM Reports Netherlands,
online: http:/ /www.eurandom.nl/

Latorre, G.; Cruz, R. D.; Areiza, J. M.; Villegas, A. (2003). Classification of publications and
models on transmission expansion planning, IEEE Transactions on Power Systems,
Vol. 18, No. 2, pp. 938 - 946, 2003.

Lee, C. W; Ng, S. K. K.; Zhong, J.; Wu, F. F. (2006). Transmission expansion planning from
past to future, Proceedings of IEEE PES Power Electric Systems Conference and
Exposition, PSCE, pp. 257-265, 2006.

Majlender, P. (2003). Strategic investment planning by using dynamic decision trees, IEEE
Proceedings of the 36th Hawaii International Conference on Systems Sciences.

Neimane, V. (2001). On Development Planning of the Electricity Distribution Networks, Ph.D.
Thesis, Royal Institute of Technology, pp. 12-14, Stockholm, Sweden.

Nielsen, L. T. & Vassalou, M. (2003). Sharpe Ratios and Alphas in Continuous Time, Journal
of Financial and Quantitative Analysis, Vol. 39, No. 1, pp. 7-8, 2003.

Pepermans, G.; Driesenb, ].; Haeseldonckxc, D.; Belmansc, R.; D’haeseleer, W. (2003).
Distributed Generation: definition, benefits and issues, Energy Policy, Vol. 33, pp.
787-798, 2003.

Philipson, L. & Willis, H. L. (1999). Understanding Electric Utilities and De-Regulation, Marcel
Dekker Inc., pp.1-70, New York.

Ramanathan, B. & Varadan, S. (2006). Analysis of transmission investments using real
options, Proceedings of IEEE PES Power Systems Conference and Exposition PSCE '06,
pp. 266-273, Atlanta, USA, 2006.

Rudnick, H. & Zolezzi, J. (2000). Planificaciéon y expansién de la transmision en mercados
eléctricos competitivos, Proceedings of VII Symposium of Specialists in Electric
Operational and Expansion Planning (VII SEPOPE), May 23-28, Curitiba, Brazil,
online: http:/ /www2.ing.puc.cl/~power/ paperspdf/sepope%20planif.pdf.

Samper, M. & Vargas, A. (2006). Caracterizacion de las Principales Tecnologias de
generacion distribuida, CIDEL, Congreso Internacional de Distribuciéon Eléctrica
239, Buenos Aires, Argentina.

Vasquez, P. & Olsina, F. (2007). Valuing flexibility of DG investments in transmission
expansion planning, Proceedings of IEEE PES Power Tech 2007, July 2007, Lausanne,
Switzerland.

www.intechopen.com



384 Distributed Generation

Vésquez P., Styczynski Z.A., Vargas A. (2008). Flexible decision making-based framework
for coping with risks existing in transmission expansion plans, Proceedings of IEEE
PES Transmission and Distribution Conference and Exposition, Bogota, Colombia.

Vasquez, P. (2009). Flexibility-Based Decision-Making Framework for Facing The Current
Transmission Expansion Planning Problem, Ph.D Thesis, Institute of Electrical
Energy, National University of San Juan, ISBN: 978-987-05-6401-0, San Juan,
Argentina.

Vignolo, M. & Zeballos, R. (2001). Transmission networks or distributed generation?,
IASTED International Conference on Power and Energy Systems, Proceedings 6.,
Rhodes, Greece.

Willis, H. L. (1997). Power Distribution Planning - Reference Book, ABB Power T&D Company
Inc. Cary, North Carolina, ISBN: 0-8247-4875-1, pp.807-862, 901-960.

Willis, H. L. & Scott, W. G. (2000). Distributed Power Generation, Marcel Dekker, Inc., ISBN: 0-
8247-0336-7, pp. 1-34, 97-150, New York.

Youssef, H. K. M. (2001). Dynamic transmission planning using a constrained genetic
algorithm, International Journal of Electrical Power & Energy Systems, Vol. 23, pp. 857-

862, 2001.
Acronyms
DG Distributed Generation
DP Dynamic Programming
EENS Expected Value of Energy Not Supplied
FACTS Flexible AC Transmission Systems
NPV Net Present Value
O&M Operation and Maintenance
PDF Probability Distribution Function
PES Power Electric System
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T&D Transmission and Distribution (Systems)
TS Transmission System
VOLL Value of Lost Load
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