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Abstract—Efficient and well-timed investments in electric trans-
mission networks that cope with the large ongoing power market
uncertainties are currently an open issue of significant research
interest. Strategic flexibility for seizing opportunities and cutting
losses contingent upon an unfavorable unfolding of the long-term
uncertainties is an attribute of enormous value when assessing
irreversible investments. In this sense, flexible AC transmission
systems (FACTS) devices appear as an effective manner of adding
flexibility to the transmission expansion planning. This article
proposes an investment valuation approach which properly as-
sesses the option value of deferring transmission lines investments
whereas gaining flexibility by investing in FACTS devices. The
flexibility provided by FACTS investments—option to abandon
and to relocate—is assessed through a real option valuation
approach based on the novel least square Monte Carlo method.
In order to illustrate the practicability of the proposed valuation
approach, a traditional expansion strategy (lines) and a flexible
investment strategy (lines and FACTS) are compared in a real
study case. The article shows that a proper combination of lines
and FACTS leads to efficient investments by allowing a progressive
adaptation of the transmission grid to the changing scenarios.

Index Terms—Dynamic programming, flexibility, risk analysis,
stochastic simulation, transmission planning, uncertainty.

I. INTRODUCTION

T HE transition towards a competitive electricity sector
has increased the requirement for efficient operation and

planning of the transmission network to enhance the degree of
market competition. Efficient allocation of transmission invest-
ments and timely expansion decisions are therefore becoming
increasingly important.

Several algorithms and approaches have been proposed for
solving this complex problem [1]. Nevertheless, the theory and
tools for assessing transmission investments (TIs) are still below
the practical requirements of the new power markets. This is
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particularly true in aspects such as the TI flexibility and the in-
troduction of transmission controllers.

The inevitable long-term uncertainties involved in the trans-
mission expansion planning are better coped with flexible in-
vestments. Planners need flexibility for seizing opportunities or
avoiding losses upon the occurrence of unfavorable scenarios.
This flexibility may include various actions at different stages
of the investment horizon, such as the options to defer, expand,
or even abandon the project. In this context, flexibility has a sub-
stantial value, and must be taken into consideration within the
decision-making process.

Usually, grid reinforcements are primarily focused on invest-
ments in new transmission lines (TL). This kind of TI has a huge
level of irreversibility, which leads to a high risk exposure to
the long-term uncertainties. In addition, expanding the grid in
this conventional manner might not be the best way to deal with
some constraints, especially those that arise due to the lack of
control over power flows [2].

An alternative for dealing with these shortcomings is the in-
stallation of flexible AC transmission systems (FACTS), instead
of building TLs. FACTS are power electronics-based devices for
the control of voltages and/or currents, which enhance control-
lability and the power transfer.

The original objective has been to use FACTS controllers to
operate near the safety margins set up according to the transient
stability, and consequently, the power flow through the existing
transmission lines can be raised near to their thermal limits [3].
Hence, it would be possible to defer the financial investment
needed to build new lines [4].

In addition, FACTS investments exhibit features that consid-
erably improve their flexibility, e.g., modularity and higher re-
versibility. Thus, the inclusion of FACTS in the TI portfolios
adds new strategic options to the grid expansion plan that sig-
nificantly improves its flexibility.

Some contributions have recently been made in this area.
These works show that expansion alternatives with FACTS
present similar performance compared to traditional network
upgrading [2]–[6]. However, all these papers apply the net
present value (NPV) method and consider neither the uncer-
tainty on future market conditions nor the flexibility value
added by the FACTS to the network planning.

Since installation of FACTS devices requires substantial ex-
penditures, all benefits that these devices provide must be as-
sessed. For instance, a fact often ignored is the ability of relo-
cating or selling out these devices at a substantial value. This
flexibility is relevant in order to make optimal TI decisions and
should consequently be fairly valued. Any attempt at valuing
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flexibility almost naturally leads to the notion of real options
(ROs) [7].

The RO valuation (ROV) technique provides a well-founded
framework—based on the financial options theory—to assess
investments under uncertainty. It quantitatively takes into ac-
count the risks and the flexibility value for making decisions
contingent to unfolding information.

RO models often exhibit higher complexity than the financial
options. Indeed, real projects exhibit an intricate set of inter-
acting options, complicating their evaluation.

In this sense, Longstaff et al. [8] proposed a method for
solving interacting financial options, based on Monte Carlo
simulations. Recently, Gamba [9] exposed an extension of this
approach for valuing capital investment problems with em-
bedded options considering the interaction and interdependence
among them.

Although option pricing approaches based on simulation
methods have already been used in the fields of finance and
economics [10], [11], even including the evaluation of genera-
tion investments [12], [13], it is the first time that the usefulness
of these techniques has been proved for assessing FACTS
projects in particular, and for power transmission investments
in general.

This paper is an extension of the research presented in [14]
and illustrates the applicability of this approach to the TI
problem with several embedded ROs. The approach considers
FACTS as a TI alternative, appropriately valuing the flexibility
of relocating and abandoning them as well as the deferral option
on both FACTS and TL projects.

II. FLEXIBILITY IN TRANSMISSION SYSTEM INVESTMENTS

In grid expansion studies, network upgrades are decided by
either motivations to reduce system operational costs due to
transmission congestions or by network reliability or security
requirements [2].

The TI valuation problem should be formulated taking into
account the nature of the investment involved. Scale economies,
low adaptability, lumpiness, irreversibility, and deferral options
are typical TI characteristics [15].

Due to the significant economies of scale, transmission ex-
pansions meet the load growth by infrequently investing in large
transmission projects with low adaptability [15].

Moreover, TIs, once executed, are considered irreversible. In
fact, it is very unlikely this equipment can serve different pur-
poses if conditions turn out to be adverse [14].

Consequently, the valuation of TIs should be treated as a risk
management problem, in which flexible investments act as a
hedge against adverse scenarios. In case of unfavorable con-
ditions, this flexible investment should let the planner adjust,
making changes in an easy and economical way [16].

Typically, TI projects are not now-or-never opportunities.
Hence, the postponement option of the investment decision is
one of the most relevant flexible features of traditional trans-
mission expansions. Indeed, keeping the investment option
open waiting for uncertainties being partially resolved is the
main hedge against an adverse evolution of the future. Thus,
the time for optimally exercising the investment option is a key

factor determining the efficiency of the expansion. Accordingly,
network investments should be treated in an analogous way
to an American call option [17]. In fact, the opportunity cost
incurred when the ability of deferring is lost must be assessed
together with other costs and benefits.

In most cases, the substantial value of the postponement op-
tion and the lumpiness of the transmission projects lead to re-
tain flexibility by delaying the TI decision. Normally, this en-
tails a waiting period of several years until the grid is effec-
tively upgraded. Accordingly, it is imperative to seek new flex-
ible TI alternatives, which combined with conventional expan-
sion projects diversify the TI portfolio, allowing a more efficient
management of uncertainties.

In this context, as was mentioned before, FACTS devices
seems to be a suitable alternative for increasing the flexibility
of the TI portfolios (TIPs).

The several benefits offered by FACTS in the liberalized mar-
kets are currently under intensive research. A review of the lit-
erature in the field shows that FACTS have a major influence on
many aspects of power market behavior. In numerous papers,
the impact of FACTS on congestion management is analyzed,
as well as their ability to improve controllability and reliability
of power systems [6].

Despite the many advantages offered by FACTS devices,
there are only few proposals [2]–[6] for integrating them
into the network expansion planning. Valuing in monetary
terms the gained flexibility in transmission expansion plans by
investing in FACTS—while postponing conventional transmis-
sion projects—is a key issue that still remains uninvestigated.
The main flexibility options provided by FACTS are analyzed
in the following.

A. Abandon Option

According to the typical cost structure of FACTS investments,
power electronic components represent about 50% of the total
cost [18]. Accordingly, the scrap value of the FACTS devices
should be considerable.

Recently, in a previous article from the authors [14], the au-
thors highlighted the importance of the strategic option to re-
sell the devices in the future if complementary investments have
been executed (i.e., TLs) or the evolution of the power market
uncertainties unfolds unfavorably. This article extends that ap-
proach, by including the relocation option.

B. Relocation Option

As pointed out in [6], new FACTS designs allow installa-
tion so that they can easily be relocated: e.g., power electronics
and auxiliary components are installed in a movable container,
whereas high voltage equipment is installed fixed on-site. This
novel feature opens the option to relocate the device according
to the development of system uncertainties. This paper proposes
a methodology to quantify in economic terms the value of this
option.

III. VALUING FLEXIBLE INVESTMENT UNDER UNCERTAINTY

It has been proven that the traditional NPV valuation can be
misleading for appraising irreversible investments under uncer-
tainty in the presence of managerial flexibility [19].
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The RO approach is an investment valuation technique suit-
able for flexible projects subject to uncertainty, which applies
notions from finance theory to the valuation of capital invest-
ments. It refers to choices on whether and how to proceed with
investment projects. This appraisal provides a decision-making
tool for investments that might be delayed, expanded, aban-
doned, or repositioned.

In thefirstROapplications,valuationwasnormallyconfined to
the investment options that can be easily assimilated to financial
options, for which solutions are well-known and readily available
[11]. This was done using few underlying assets and simple op-
tions with European features or American perpetual options [10].
Nevertheless, an investor normally is confronted with a large and
diverse set of opportunities. From this point of view, investment
projects can be seen as a portfolio of options [17], where its
value is frequently driven by several stochastic variables.

The introduction of multiple interacting options into RO
models highly increases the problem complexity, making
traditional numerical approaches impracticable. However in
the recent years, simulation procedures for solving multiple
options have been successfully proposed. One of the most
powerful approaches is the least square Monte Carlo (LSM)
method proposed by Longstaff and Schwartz [8]. LSM method
is based on stochastic chronological simulation and uses least
squares regression to determine the optimal stopping time in
the decision-making process.

The main contribution of this work is presenting an LSM-
based method for evaluating the complex RO problem involved
in TIs, including the FACTS-related options.

A. Least Square Monte Carlo Valuation Framework

The value of an American option, with state variable ,
payoff , where is a known profit function, and that
can be exercised from until maturity , is equal to

(1)

where is the optimal stopping time and the op-
erator represents the expectation conditional on the infor-
mation set available at . The discount factor between any two
periods is , where is the adjusted-risk discount
rate.

The LSM approach proposed a Monte Carlo simulation algo-
rithm to estimate the option value stated in (1) [10]. Equation (1)
can be expressed in a discrete time splitting the maturity time

in discrete intervals. Then sample paths of the under-
lying asset are generated by means of Monte Carlo simulation
techniques.

The optimal stopping policy—along the path —can be de-
rived by applying the Bellman‘s principle of optimality: “An
optimal policy has the property that, whatever the initial ac-
tion, the remaining choices constitute an optimal policy with re-
spect to the sub-problem starting at the state that results from
the initial action” [19]. This statement can mathematically be
expressed as follows:

(2)

By this equation, we can determine the optimal path policy,
by comparing the continuation value

(3)

with the payoff . Hence, the optimal stopping time
for the th realization is found, beginning at and working
backwards, by applying the following condition:

(4)

At maturity, the options are no longer available. Therefore,
the continuation value equals zero, , conse-
quently (4) holds as long as the payoff value is positive. Prior
to at , the option holder must compare the payoff obtained
from the immediate exercise, , with the continu-
ation value, . When the decision rule (4) holds,
the stopping time is updated. Finally, the value of
the option is then calculated as the mean of the values over all
samples [7]:

(5)

Then, the problem reduces to one of finding the expected
continuation value at , in order to apply the rule (4).
Here, the LSM method estimates the continuation for all pre-
vious time-stages by regressing from the discounted future op-
tion values on a linear combination of functional forms of cur-
rent state variables. Considering that the functional forms are
not evident, the most common implementation of the method is
simple powers of the state variable (monomial) [8]–[10].

As exposed in [11], let us define , with as
the orthonormal basis of the state variable used as regres-
sors to explicate the occurred present value in the th realiza-
tion, then the least square regression is equivalent to solve the
following optimization problem:

(6)
Then the resulting optimal coefficients from solving

(6) are utilized to estimate the expected continuation value
applying the following expression:

(7)

Working backwards until , the optimal decision policy
on each sample path—choosing the largest between the imme-
diate exercise and the expected continuation value—can be de-
termined. Finally, by applying (5), the value of the American
option can be computed.

In order to clarify the applied optimization procedure, a flow
chart diagram is shown (Fig. 1) which portrays the evaluation
procedure of a deferral option of maturity equals to two years
by the LSM method, looking forward to add clearness to the
concept this appraisal. In this figure, is the present value
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Fig. 1. Deferral option valuation by the LSM method.

and is the option value of the investment alternative at the
simulation path and the year . Likewise, is the termi-
nation value, is the continuation value, and represents
the risk-adjusted discount factor.

In this case, the optimal policy of exercising the options is de-
rived by comparing the intrinsic value of the deferral option with
the value of keeping alive the option using backward dynamic
programming techniques. The problem starts from the latest
year—where the continuation value is zero—and working back-
ward is completed in the first year. Although the above chart
flow diagram focuses on a single deferral option, the proposed
approach optimizes multiple options, i.e., deferral, abandon, and
relocation options.

B. Multi-Option Investment Problems

In [9], Gamba has presented an extension of the LSM method
to value independent, compound, and mutually exclusive op-
tions. According to that approach, options can be classified as
[10] follows.

Independent options: The value of a portfolio comprising
only independent options is equal to the sum of each indi-
vidual option value, computed by the LSM method. Only
in this situation, the additivity property holds, even when
the underlying assets might be not independent.
Compound options: Let a portfolio of compounded
options, where the execution of the th option creates the
right to exercise the subsequent th option. A typical
example of this kind of sequential option is the right to
expand capacity, which is just originated when the initial
investment option is exercised.
Mutually exclusive options: A set of options are mutu-
ally exclusive when the exercise of one of them eliminates
the opportunity of execution of the remainder. The expan-
sion and abandon options are common examples of mu-
tually exclusive options. Thus, the problem is extended to
find both the optimal stopping time and optimal option to
be exercised. Therefore, the variable control is a bi-dimen-

sional variable, and ; where is an exercising time in
and .

The mathematical formulation for the appraisal of these mul-
tiple options is presented in detail in [9].

IV. VALUATION OF FLEXIBLE TIPS INCLUDING FACTS

Let us consider a power market where the transmission net-
work is operated by an independent system operator which sub-
mits a transmission expansion plan in order to be evaluated by
the regulatory agency.

The valuation of this TI plan is the focus of this paper. The
reduction of the system costs incurred for serving the forecasted
load demand over the optimization horizon is used as the mea-
sure to evaluate the economic performance of the proposed net-
work upgrades.

Hence, the value of a TIP will be defined by the variation of
the social welfare resulting from executing the investments con-
sidered in the portfolio. The incremental social welfare should
be quantified through the cost savings between the base (without
TI) and the investment scenarios.

The optimization process for the optimal location of FACTS
devices is beyond the scope of this paper. This article is fo-
cused on appraising a feasible set of transmission investments
portfolios. Thus, once an investment alternative fulfills the legal
requirements, i.e., the building license, right-of-way, environ-
ment permission, service leasing, etc., it is considered as fea-
sible. Then, only the feasible TIPs are assessed by the proposed
approach.

This article proposes an extension of the model published in
[14], considering the relocation and the abandon option when
investing in FACTS, as well as a more detailed FACTS de-
vice model. In the following, the mathematical algorithms for
assessing the performance of TIPs including FACTS devices
under long-term uncertainties are presented.

A. Stochastic Simulation of the Power Market Operation

In this module, the stochastic behavior of the power market
over the study horizon is simulated through the Monte Carlo
method. The stochastic behavior of the main uncertain input
variables is modeled by appropriate random processes, which
are described in the following.

Demand growth rate: the evolution of the electricity de-
mand is a key variable largely influencing the performance
of TIs.
For the sake of simplicity, only two demand periods (base
and peak) are taken into account, and the period durations
are assumed constant during the evaluation. The uncertain
evolution of the load demand on each geographical area
is modeled as a stochastic growth rate. The zonal demand
growth rate is replicated through a multivariate stochastic
process, illustrated below, which suitably considers the
correlation between geographic areas of the system [20]:

...
... (8)



BLANCO et al.: REAL OPTION VALUATION OF FACTS INVESTMENTS BASED ON THE LEAST SQUARE MONTE CARLO METHOD 1393

where is the matrix of stochastic growth rates at the
time and th realization, and growth rates
in peak demand and base of the th node, at the instant
in the th realization, respectively. represents the
vector drift at time . Hereafter, the vector of the Wiener
process in of the th realization is denoted by .
is an lower triangular matrix satisfying .

, where is given by covariance matrix, defined
by . The diagonal matrix of variances is de-
fined according to (the variance of zone ),
and the matrix of correlations between areas according to

(the correlation between areas and ).
Generation costs: The generation costs typically include
fuel, O&M, and startup costs. Commonly, generation cost
is linked to the fuel prices through the heat curve of the gen-
erating unit, according to the following expression [21]:

(9)

where is the generation cost at a production
level in and is the fuel price in .
Hence, the uncertainty on the generation cost in thermal
units is strongly linked to fuel price variations. It is quite
common to model the stochastic dynamics of fuel price
fluctuations as a mean reversion stochastic process. In-
stead of formulating the mean-reversion model in the
prices themselves, it is formulated in the logarithms of
prices [21]:

(10)

where is the speed of reversion to the mean, is
the volatility of natural logarithmic of prices, and is the
“reversion level” of fuel prices.
Subsequently, with the demand growth and fuel price sim-
ulations as inputs, optimal power flow calculations are con-
ducted in order to determine the minimal operation cost of
each hour of the investment horizon under the base and the
investment scenario. A DC representation of the network
is considered in the OPF model. The cost difference be-
tween both scenarios defines the underlying asset (incre-
mental social welfare), which is assessed later on.

The DC-OPF is calculated using the MATLAB-based power
system simulation package Matpower 3.2 [22], modified to in-
troduce FACTS devices in the transmission system (TS). These
FACTS are implemented according to the mathematical model
which is described below.

Electrical model of the FACTS: In this article, a thyristor
controlled series compensator (TCSC) is considered. It
was chosen given that it is most suitable for dynamically
controlling power flows in an electric power system under
rather unpredictable changing conditions. In comparison
to more conventional compensation strategies (e.g., fixed
series compensation), it has the advantage of a very fast
output response to changes in control values. Indeed, since
this work analyzes the power market operation under
uncertainty and the flexibility of the TIs, a continuous,
dynamic and flexible compensation according to the un-
folding of the uncertain variables is required.

The TCSC mathematical model is developed based on its
steady-state operation. By modifying the TL reactance, the
TCSC acts as a capacitive/inductive compensator. Its rating
depends on the reactance and maximal current that can flow
through the TL where it is located:

(11)

where is the reactance of the TL and is the
coefficient which defines the compensation degree by the
TCSC [23]. Based on the DC power flow model,
the power flow along the line with a TCSC can be
formulated as

(12)

The representation of the FACTS applied in this paper is
based on the power injection model (PIM), which results
by interpreting the power injections of the converters as
real and reactive node injections. Through PIM, FACTS
devices can be included into power flow formulation
without any alteration of the admittance and the Jacobian
matrixes [23].
The power injections are formulated according to the type
of FACTS modeled. For a TCSC connected between the
nodes and , the power injection can be derived as

(13)

Within the classic DC-OPF problem, power injections re-
lated to FACTS devices must be added to nodal power
balance constraints. In addition, the constraints related to
the line power transfer limits in the compensated branches
must be modified. The transfer capacity in the compen-
sated line is increased by 12% due to the stability improve-
ment [6].
To avoid overcompensation, the operating range of the
TCSC is chosen between and [6].
Due to the fact that TCSC power injections are a func-
tion of voltage angles as well, which are state variables in
DC-OPF model, there are no fixed limits for these power
injections, but there are fixed limits for . Therefore,
operating constraints of the TCSC are two extra inequality
constraints:

(14)

(15)

In [14], the mathematical model of FACTS is developed
by modifying the reactance of the transmission line. The
TCSC acts as the capacitive or inductive compensation, re-
spectively. In this study, the reactance of the transmission
line is adjusted by TCSC directly. This model implies a
bi-level optimization approach, where the DC-OPF opti-
mization problem is embedded into the optimal TCSC re-
actance setting problem. The main drawback of this ap-
proach is the huge computation time required to perform
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thousands optimizations within the Monte Carlo simula-
tion. Additionally, the study case in [14] analyzed invest-
ments in a small three-bus system, and does not assess
the option to relocate the FACTS controller. The applica-
tion of this approach is unfeasible for large power system
and it is necessary to look for alternative formulation to
this problem. In this context, the PIM model allows us to
conduct the overall optimization problem in an integrated
process, significantly reducing the computation effort with
the same level of accuracy.

B. Financial Assessment of TIPs

This module estimates the present value of the incremental
social welfare (ISW) cumulated on the study horizon on the
basis of the system cost savings.

First, the cash flows of the ISW originated by the execution of
the proposed TIP are discounted by the weighted average cost
of capital (WACC):

(16)

where and are the system operation costs
of the base case and investment case, respectively,
is the annual incremental social benefit, is the
present value of the by executing the investment portfolio
in the year and is the investment horizon. In each case, the
subscripts correspond to the th hour, th year, th realization
for the th investment strategy, respectively.

Afterwards, taking as the underlying asset
(state variable ), the ROV is applied in order to quantify the
value of the strategic flexibility embedded in the investment al-
ternatives, i.e., the postponement option in traditional transmis-
sion expansions and the FACTS-related options in those cases
where the investment portfolio includes these controllers.

In order to illustrate the proposed appraisal procedure, two
expansion alternatives are considered: a FACTS device and/or a
TL. These investment opportunities remain open for years.
Therefore, the available mutually exclusive investment strate-
gies to expand the system are: to invest in the FACTS devices
first ; to invest in the TL first or ; and to invest in the
FACTS and TL jointly .

It is important to note that all the evaluated strategies in-
clude the option to invest in both: TL and TCSC. Then the final
transfer capacity added to the system, and consequently the per-
formance, could be considered the same in all of them. In other
words, it is possible to initially invest in any of the first two
options and in successive years, prior to the expiration of the
option, to invest in the other. This means that the execution of
any of the two alternatives (FACTS or TL) separately creates the
option of investing in the other alternative subsequently. This is
the flexibility of investing in stages and must be considered in
the assessment. Additionally, the FACTS alternative has the op-
tion of relocation and abandon.

Fig. 2. Strategies—option map. (R: Relocate option, A: Abandon option).

The mapping option of a FACTS investment is illustrated in
Fig. 2. The diagram shows the options which become available
once the FACTS device is installed. It should be noted that the
deferral option is present at each decision-making stage, and its
execution means to postpone all the remaining available options
in that period to the next one.

Fig. 2 also depicts the mapping option of the remaining in-
vestment strategies: investing in the TL first and investing in the
TL and FACTS jointly, respectively. In all cases, the option ma-
turity is three years.

Conversely to the TL investments, the flexibility added by
the FACTS appears just once the investment is executed and
its strategic flexibility is available after the investment expen-
diture has been committed. The alternatives with FACTS allow
for making investments in stages, retaining flexibility for man-
aging uncertainties during the whole planning horizon. For this
reason, FACTS-related options reinforce the signal of imme-
diate investment execution.

On the contrary, the value of the postponement option in ex-
pansion alternatives where these options are not available is con-
siderable due to the huge uncertainties on the investment per-
formance and the fact that the flexibility is lost in the moment
of the investment execution. This suggests that planners should
“wait-and-see” until a substantial portion of the long-term un-
certainty is resolved. Bellman equations for the evaluation of the
options are given below

Option to invest first in the FACTS :

(17)

Option to invest first in the TL :

(18)
Option to invest in the FACTS & TL Jointly :

(19)
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where is the option value and
the profit value, for the option ( : FACTS, : trans-
mission line, : FACTS relocation, : FACTS abandon) at
the state ( : FACTS investment done, : line invest-
ment done, : FACTS abandon done). Expanding (17)
yields

(20)

(21)

(22)

Similarly, expanding (18) and (19):

(23)

(24)

(25)

The profit function in the investment cases is given by

(26)

where is the investment cost of the th investment
strategy at the th year. On the other hand, in the reloca-
tion and abandon cases, the profits are computed by

(27)

(28)

where is the relocation cost and is the
scrap value of the FACTS devices at the th year. Finally,
the LSM approach is applied for solving the RO dynamic
programming problem.

V. VALUING A FLEXIBLE TIP. STUDY CASE: THE

ITALY-FRANCE-SWITZERLAND INTERCONNECTED SYSTEM

The transmission planning is classified as dynamic, if mul-
tiple years are considered and the optimal expansion strategy is

Fig. 3. Ten-bus network with three regions.

outlined along several planning stages. The associated dynamic
planning problem may be exceedingly complex and large be-
cause it must account not only for sizing and placement but also
for timing considerations. This results in a large number of vari-
ables and restrictions to consider, and requires a huge computa-
tional effort to get the solution, especially in real power systems.
Few works about dynamic models for real-world transmission
planning problems can be found in the technical literature. Nor-
mally, reduced network models, carefully calibrated for repro-
ducing actual conditions, are required in order to analyze real
investment in complex power systems [1].

A well-known congestion path in Central Europe appears in
the interconnection between the Italian electric system and its
neighboring countries, France and Switzerland. Italy has to im-
port large quantities of electric energy through these intercon-
nections, due to limited domestic generation capacity. In year
2008, Italy was importing cheap energy through international
interconnectors on average 2013.5 GWh monthly from Switzer-
land and more than 1000 GWh from France [6], [24].

Thus, this section presents a reduced real case study about
installing a TCSC in the lines directly connecting France and
Switzerland applying the valuation approach presented in the
previous sections. The network chosen to replicate the phys-
ical conditions around the aforementioned congested link is il-
lustrated in Fig. 3. This system is a ten-bus network with five
equivalent generators, eight aggregate loads, and 13 TLs. The
parameters of the TLs, the generation units, and the loads were
carefully selected in [6] in order to accurately replicate the im-
pact of the congested scenario on the system. The detailed elec-
trical and economic parameters of the network components are
the same presented in [6] as well.

Under the analyzed scenario, the TL-13 is congested, being
needed to implement a congestion management technique. A
long-term solution should be the upgrading of the congested TL.
However, this solution involved a large-scale irreversible invest-
ment which could be excessive (observe that there is still avail-
able transfer capacity on TL-8) during several years, mainly, if
the uncertain variable evolution is not the expected. Hence, the
deferral of this project, waiting for the unfolding of the uncer-
tainties, could be worthwhile.
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TABLE I
GENERATOR COST PARAMETERS [6],[25]

TABLE II
DURATION AND GROWTH PARAMETERS OF DEMAND [24]

As mentioned before, one possible way of addressing this
problem may be the deployment of FACTS. Although new line
investments cannot be completely eliminated from long-term
transmission expansion plans, by investing in FACTS, the addi-
tion of news lines may probably be postponed until more certain
information becomes available. Thus, a proper mix of transmis-
sion controllers and TL would be required.

Two investment alternatives are evaluated: 1) a new TL be-
tween the nodes 2 and 10 (identical to the TL-13); 2) a TCSC
of 365 MVar connected to the TL between nodes 2 and 10 with
the option to relocation between nodes 6 and 7.

Then, the three mutually exclusive options (strategies , ,
), which was exposed in Section V, must be evaluated.
Generators 1 and 4 are aggregate hydro units, generator 2

aggregated nuclear plants, generator 3 represent aggregate lig-
nite-based thermal units, and generator 5 are gas-fired thermal
units. Table I provides the generator parameters needed to con-
duct the temporal generation cost simulation.

Two demand periods are considered, base and peak. The pe-
riod duration remains constant (8 h peak and 16 h base load) over
the investment horizon. Probabilistic parameters for simulating
the annual growth rate are provided in Table II and correlation
matrix as follows:

TL costs have been modeled as a linear function of the TL
length [5]. The capital expenditure is considered to be 600
k /km for a new 380 kV TL. The line length is about 250 km;
therefore, the TL cost is 150 .

Within this paper, the initial outlay including installation
costs function for the TCSC is considered the same as what is

TABLE III
RANKING OF STRATEGIES BY APPLYING THE PROPOSED EVALUATION

APPROACH AND DE TRADITIONAL APPRAISAL (M�)

proposed in [6]. Similarly, the scrap value of the FACTS device
and its relocation cost are considered equal to the 40% of and
20% the total FACTS capital cost, respectively.

Under energy deficit scenarios, the zonal price is set at the
value of lost load (VOLL), which has been assumed to be 500

/MWh. It is considered as maturity for all investments options
three years and 15 years as the investment horizon, with a dis-
count rate equal to 12%/yr.

The Monte Carlo stopping criterion is defined with a max-
imum relative error of 1.5% with a confidence interval of 95%
[20]. Hence, 20 000 simulations were necessary for satisfying
the convergence criterion.

A. Result Analysis

Traditional investment appraisal methods, such as NPV,
suggest as the optimal investment choice. Notwithstanding,
taken into account the strategic flexibility provided by FACTS,
the RO valuation determines the as the optimal decision, as
shown in Table III. This table also provides the flexibility value
for the three investment strategies. The economic value of the
flexibility provided for each investment strategy is given by
subtracting the expected NPV of the expected option value.

It can be noticed that the investment alternative , investing
in FACTS first, has the higher flexibility value. This fact is
mainly due to the flexibility of FACTS remains after the invest-
ment has been executed allowing a better adaption to possible
adverse scenarios in the long-term.

Thus, FACTS devices allow making expansions, retaining
flexibility for managing uncertainties of the TI problem.

On the contrary, in TL expansion alternatives, these options
are not available and only the deferral option is present. Accord-
ingly, the economic value of such expansion projects is lower
than more flexible investment portfolios.

Table IV depicts the possible composition of the RO portfo-
lios and its respective value. Thus, for instance, the composition
TL-F-R-A means that the option to invest in the TL, FACTS,
relocation, and abandon are available. It is important to bear in
mind that in all cases, the deferral option is considered available.

As can be also noted in Table IV, the value decreases when
are unavailable the abandon and relocation options. This means
that these options are valuable and its valuation is relevant. Nev-
ertheless, in this particular case, value is always higher than
the values of and .

In a portfolio which includes FACTS, the most important op-
tion is probably the option to defer the new TL. This can be
observed by comparing the option values with and without TL
in their set of options. In fact, if both investment, FACTS and
TL, were mutually exclusive, then the optimal decision would
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TABLE IV
OPTION VALUE AND THE COMPOSITION OF THE OPTION PORTFOLIO

TABLE V
LOAD PARAMETERS [6]

be . This decision is made by comparing the option values
(F-R-A) with (TL).

From the same option portfolio composition, (TL), it is
possible to obtain the value of the deferral option of the TL. By
comparing this value with the flexibility value, it is easy to
note that the largest flexibility of the strategy to invest in TL
first is the TL deferral option. The high value of keeping open
the wait-and-see option is consistent with the observed low in-
vestment activity in most transmission systems.

VI. CONCLUSION

This paper presents a new framework for assessing flexible
investments in the transmission network under uncertainties ac-
counting for the economic value of the option of relocation and
abandon of FACTS devices.

It was shown that the traditional NPV method may be wrong
when assessing TIs, since the presence of uncertainties dramat-
ically increases the risk involved in large-scale irreversible de-
cisions. Flexibility for reconsidering, relocating, or abandoning
a TI project in light of unfolding information is highly valuable
in such an uncertain environment.

The option values have their own source from the fact that
they establish a floor against possible project losses. A real op-
tion valuation framework has been developed, using for the first
time in power investments the novel LSM approach for solving
the related large-scale dynamic programming optimization
problem.

It has been verified in a real study case that improved adapt-
ability levels to the uncertain scenarios may be obtained by
strategically mixing FACTS devices and TLs investments along
the planning horizon.

These expansion alternatives induce the investment execution
in stages instead of only deferring large TL projects. Thereby,
a proper tradeoff between large TL investments and flexibility
offered by FACTS can be achieved. This allows a progressive

TABLE VI
TRANSMISSION LINE PARAMETERS [6]

adaptation of the transmission grid to the uncertain long-term
development of power markets.

APPENDIX

Table V lists the load parameters from [6], and Table VI lists
the transmission line parameters from [6].
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