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Keywords: Probabilistic realizations of outages and their effects on the operational costs are highly overlooked aspects in
Filtering power system expansion planning. Since the effect of randomness in contingencies can be more prominent
Generation and transmission expansion especially when transmission switching is considered, in this paper we introduce contingency-dependent
glealli]:l:i]l?ty transmission switching concept to ensure N-1 criterion. To include randomness of outages and the outputs (i.e.

flow on the lines/generation amounts) during the outages, we represent each contingency by a single scenario.
Status of transmission lines, generation amounts and power flow decisions are defined as recourse actions of our
two-stage stochastic model, therefore, expected operational cost during the contingencies are taken into account
in a more accurate manner. A solution methodology with a filtering technique is also proposed to overcome the
computational burden. The model and the solution methodology are tested on the IEEE Reliability Test System
and IEEE 118-bus power system and the results show that the solution method finds the solutions for these power
systems in significantly shorter solution times. The solution method is also tested on a new data set for the 380-
kV Turkish transmission network. Suggestions for possible extensions of the problem and the modifications of

Stochastic programming
Transmission switching

the solution approach to handle these extensions are also discussed.

1. Introduction

Power system expansion planning determines the least costly ex-
pansion plan by locating new generation units and transmission lines.
Generation expansion planning (GEP), a problem in which the location,
capacity and time of building new power plants is determined [1-4],
and transmission expansion planning (TEP), a problem that optimizes
the design of a network by selecting the location, capacity and time of
building new transmission lines [5-7] have been studied in this field.
Generation-transmission expansion planning (GTEP) problem uses the
interconnected nature of GEP and TEP problems (i.e. capacity and lo-
cation of a new generation plant is affected by the available capacity of
transmission lines) to simultaneously optimize them. For more in-
formation on the different modelling approaches and solutions techni-
ques refer to [8,9].

Reliability constrained GTEP (R-GTEP), another problem commonly
studied in literature, defines reliability as the ability to withstand dis-
turbances arising from outage of generation units or transmission lines
[10]. The problem determines the new investments to guarantee that
the system remains feasible in case of a component break-down (whole
system load can still be met). Most of the studies that consider relia-
bility criteria plan new investments based on only the feasibility of the
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power system after a line or generator contingency and ignore the
outcomes during the contingency states [11-16]. As the probabilistic
realizations of outages are customarily overlooked, the effect of ran-
domness in contingencies on the investment plans and the cost of the
expansion plans are usually disregarded. Some studies partially con-
sider the probabilistic realization of outages by considering loss of load
probability (LOLP) and/or expected energy not served (EENS) in the
system [17-22] or risk-based decision-making process [23,24]. Al-
though these studies consider the effect of randomness in contingencies
on the investment costs, they still overlook the effect of probabilistic
nature of contingencies on the operational costs. Reliability of power
system has been also discussed considering different sources of un-
certainties such as uncertainty in generation or consumer behavior of
electricity price [25-27]. However, these studies also do not explicitly
include the operational costs during the contingency states.

The role of randomness in outages in the power system expansion
planning can be more prominent especially when transmission switching
(TS) is considered. TS identifies the branches that should be taken out of
service to change the topology of the system in order to increase the
utilization of the network, decrease the total cost in the system and pre-
vent the overloads on the transmission lines [28]. Beneficial impact of TS
on the reliability and market efficiency of power system has been
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Nomenclature

* Indices

i j nodes (buses)

a transmission lines (including types)

g generators

k operating states: k = 0 no-contingency state, k = k, con-
tingency state with outage of line a

* Sets

B set of all nodes (buses)

EG set of existing generation units

CG set of candidate generation units

G set of all generation units, G = EG U CG
NG set of all non-flexible generators, NG C G
EA set of existing lines

CA set of candidate lines

A set of all lines, A = EA U CA

ASj; set of lines between nodes i and j

Yt(a) sending-end node of line a

¥(a) receiving-end node of line a

K set of contingencies/scenarios

¢ Parameters

I; demand of node i (MW)

E capacity of line a (MW)

Gg maximum generation from unit g in node i (MW)
Gig minimum generation from unit g in node i (MW)
gi"V annualized inv. cost of unit g ($)

[ operation cost of unit g ($/MW h)

oy capacity factor of unit g

cf,"”e annualized inv. cost of line a ($)

@, susceptance of line a (p.u.)

Oa forced outage rate of line a

r’; 1, if line a is on under contingency k, 0, if it is off
probability of contingency k
duration of the planning horizon

* Decision variables

X; 1 if unit g is built at node i, 0 o.w.

Pi’g generation of unit g in node i under contingency k.

L, 1 if line a is built, 0 o.w.

sk 1 if line a is closed under contingency k and 0, if it is open
f (f power flow on line a under contingency k

of voltage angle of node i under contingency k

demonstrated in academic studies as well as industrial applications. In
[29,30], the authors discuss the congestions and cost savings of TS for the
PJM system for different voltage levels changing from 115kV to 765kV.
Furthermore, in [31], examples from California ISO, Independent System
Operator of New England and PJM demonstrate that some protocols for
switching transmission lines are applied for decreasing congestion,
maintenance scheduling or seasonal switching.

The value of TS is also discussed for theoretical examples as in
[32-35]. In [32], the authors use switching operations in expansion
planning problem and discuss the effect of TS on expansion planning
decisions. In [33], the value of a seasonal transmission switching on the
total cost and reliability level of the power system is discussed and in
[34], short-circuit current limitations for a power system considering
TS and N-1 reliability criterion is analyzed. In [35], the authors analyze
the effect of TS on the power system and they calculate the monetary
value of EENS for the solutions and discuss the effect of TS on EENS.
However, most of the studies determine the status of transmission lines
before observing the contingencies and network topology is designed to
satisfy the whole system load after any contingency without requiring
operator control on generators. This approach is referred to as preventive
security constrained transmission switching [35], and ignores the prob-
abilistic nature of outages and the expected operational costs during the
contingencies. Therefore, the overall costs of the investment planning
projects are underestimated. Although having a single network to-
pology for all time periods is extremely unlikely due to uncertainties
[31], system operators have flexibility to monitor and change the status
of the transmission lines after a contingency.

Considering the operational costs during the contingency states and
changing the network topology for each contingency can affect the
reliability of the power system and the investment plans significantly.
Especially for power systems that have flexible generators, after a line
or generator outage, corrective actions such as changing the outputs of
the flexible generators and network topology by switching transmission
lines can be taken to address the contingency [36]. Thus, over invest-
ments (i.e. building new generation units to supply only peak loads) can
be prevented and utilization of the system can be increased. For this
purpose, we introduce a new transmission switching concept, con-
tingency-dependent TS, which entails the definition of transmission
switching decisions based on each contingency. This concept is made

possible by means of our two-stage stochastic programming model
where the power flows, status of transmission lines and the generation
amounts are defined as recourse actions. As generation amounts for
each contingency state can be different from each other, the expected
value of the operational costs of during the contingency states are taken
into account in a more accurate manner.

Literature utilizes different approaches to overcome computational
burden of the R-GTEP problem such as determining a short list of the
candidate lines [12,13], line outage distribution factors (LODFs)
method [14,15], worst case analysis [16] and umbrella constraint dis-
covery (UCD) technique [37,38]. This paper presents a computationally
tractable solution approach that includes a filtering to find the con-
tingencies that do not affect the power system’s reliability. This solution
approach decreases the number of contingencies considerably and
temporarily eliminates the constraints related with that contingencies.
A similar notion is also used in UCD technique discussed in [37,38] to
identify redundant constraints in security-constrained optimal power
flow (SCOPF) and security-constrained unit commitment (SCUC) pro-
blems, respectively. Although the benefits of UCD technique is verified
on both problems, it is discussed that the proportion of non-umbrella
constraints in SCUC is lower compared to the proportion of non-um-
brella constraints in SCOPF. Since our problem is structurally closer to
the SCUC problem, and includes more binary variables in nature (i.e.
decisions for the investment planning and switching transmission lines
for each contingency) than the binary variables in SCUC problem, in
this study, we utilize a filtering approach to find the critical con-
tingencies. Thus, by using the filtering approach, we reduce the com-
putational challenge of the two-stage stochastic programming model
and find the optimal or near-optimal solutions for the original problem
that satisfies the N-1 reliability criterion.

This paper proposes a two-stage stochastic programming model for
the R-GTEP problem that minimize investment and expected opera-
tional costs. Our two-stage stochastic model represent each contingency
state by a single scenario with a probability of happening and includes
operational costs during the scenarios in the expected form. The main
contributions of this paper are listed below:

e We propose a two-stage stochastic programming model for the R-
GTEP problem that includes expected operational cost during the
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contingencies, an aspect that has been overlooked in the literature
which can affect the investment plans.

e We calculate expected operational costs in a more accurate manner
by utilizing the proposed contingency-dependent TS concept.

® We present a computationally tractable solution approach that in-
cludes a filtering technique.

e We discuss the possible extensions of the problem and modifications
of the solution approach to handle these extensions.

In this study, the proposed model is applied to the IEEE 24-bus
power system and the value of incorporating randomness of con-
tingencies is discussed. We outline the effect of considering expected
operational cost and the value of contingency-dependent TS by showing
that the network topologies for each contingency are different from
each other. We also discuss the computational performance of the
proposed solution approach on a larger dataset by comparing the re-
sults of the model and the solution approach for the IEEE 118-bus
power system. We then introduce a real-world data set to the literature
for the 380-kV Turkish transmission network and present our results for
this data set.

In the next section, we present the mathematical model and explain
the solution methodology for the problem. We then discuss the results
on the IEEE 24-bus and IEEE 118-bus power systems for different in-
stances in Section 3. We also present the dataset of the current Turkish
transmission network and the solutions for this dataset in the same
section. In Section 4, we discuss possible extensions of the problem and
modifications to the proposed model and the solution approach to
handle these extensions. This paper concludes with final remarks in
Section 5.

2. CD-R-GTEP problem

Contingency-dependent R-GTEP (CD-R-GTEP) problem determines
the optimal expansion plan and optimal network configuration for each
contingency that satisfies the required reliability level. We represent
outage of each line as a single scenario with a certain probability of
happening. As the operational cost in each scenario can be different due
to unavailability of the line in that scenario, we propose a two-stage
stochastic model to handle the probabilistic realization of outages. The
first stage decisions of the proposed model include the investments of
generation units and transmission lines. Power flows, generation
amounts and status of transmission lines are recourse actions of the
second-stage. For calculating the probability of scenarios, we utilize
forced outage rate (FOR) of transmission lines and operational costs of
scenarios are included in the objective function in the expected form. A
set of generation technologies and a set of transmission lines with dif-
ferent properties are considered. As the problem in this study is com-
plex and nonlinear, we use a DC network representation as customarily
done in majority of the studies in this field i.e. [11-22,28,32].

2.1. Mathematical model of CD-R-GTEP

This section first presents the standard form of a two-stage sto-
chastic programming model and then provides the extensive form of the
model. In the standard form of a two-stage stochastic model, the first
stage decisions are generally represented by x, and the second stage
decision variables are represented by y(w) for a realization of w in the
probability space (Q, P). The standard form of a two-stage stochastic
programming model is represented as:

minc™ + E,[Q(x, w)]
s.tAx=b
x>0

where Qx, w) = I(n%no{q (w)y(w): T(w)x + Wy(w) = h(w)} and
y(@)>

E,[Q(x, w)] is the expected value of the second stage. With a finite
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number of second stage realizations, S, we obtain the extensive form of
the two-stage model:

s
mincx + ) pqy
s=1
S.tAx=b
Tx + Wy, = hg
x20,%20

Vs=1.5

where p, is the probability of the scenario s and Ef=1 D.q,); is the ex-
pectation of the second stage.

The following model (CD-TS) is the extensive form of the two-stage
stochastic programming model for the problem where the first stage
decisions include investment of assets and the second stage decisions
are scenario-based operational decisions such as power flows, genera-
tion amounts and status of transmission lines (open/close). Each deci-
sion variable except X;, and L,, given in the nomenclature, has a di-
mension k to represent scenario-based operational decisions. Scenario
k = 0 represents the no-contingency state and scenarios k > 0 represent
a scenario associated with a contingency state with outage of a single
line. The objective function of CD-TS is presented as follows:

: k
MIN Zgen + Zline + z pkzom

kek
Zen =2, 2, "X
ieB geCG
— line
Zline = z Cq La
aeCA
k _ om .t Pk
Zom = Cg cfg urPg
ieB geG 1)

The objective function (1) minimizes the annual total cost. The first
two terms are the annualized investment costs of the new generation
units and new transmission lines, respectively. z[, is the operational
cost of scenario k and by multiplying the operational cost of scenario k
with its probability of happening, p¥, the expected operational cost of
all scenarios is included in the objective function. The objective func-
tion is subject to following constraints:

* Power balance constraint:

DI ED VR 1

gei a€AS;;: Y (e)=i aEASij:\Y*(e):i

=1l VieB, kek

(2)

Eq. (2) enforces power balance at node i, under contingency state k
which includes generation from the existing and new sources, in-
coming/outgoing flows and demand. By satisfying the demand at each
bus, for all scenarios, the required N-1 reliability level is satisfied.

* Generation dispatch constraints:

Gy <Py<Gy VieB, ge€kG, kek 3)
GigXiy <Pt < GygXy Vi€EB, geCG, keK (3"
kg _ .

Pe=Py VieB, geNG, k,eK 4)

The power generation under contingency k for existing and new
plants are limited by (3) and (3’), respectively; and they (i.e. flexible
generators) can adjust their outputs based on their capacity limits under
each contingency. Eq. (4) guarantees that the output of power gener-
ated at the non-flexible generators does not change with any line con-
tingency thus, for these types of generators, the generation under any
contingency is equivalent to the generation under no-contingency sce-
nario.

* Network constraints:
~EIeS: <fy <RIeSy

VaeA, kek (5)

fE=qTkskef-6f) VaeAs;, kek 6)

ij>
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Sy < Ly

VaeA, kekK 7

We introduce a binary parameter I'¥ which takes value 1 if line a is on
(in operation), under contingency k and takes O if it is off. We also
introduce a binary decision variable to handle the switching of trans-
mission lines and S¥ is equal to O if the line a is opened under con-
tingency k, and 1 if the line is closed under this contingency. Eq. (5)
enforces the power flow limitations on each line that depends on the
scenarios and statuses of lines (on/off). If the line a is off in scenario
k, TX = 0, or it is opened, S¥=0, then (5) reduces to f[f = 0 which is
consistent as there cannot be flow on that line. In the other case, i.e. line
a is on and closed in scenario k, then constraint (5) sets the lower and
upper bounds for the flow on line a. Eq. (6) defines the power flow on
line a for scenario k as a function of voltage angles differences of buses.
Similar discussions for the constraint (5) can also be deducted for the
constraint (6): if the line a is off or opened, then f;‘ =0, otherwise it is
equal to DC representation of Kirchoff’s law. We note here that, con-
straint (6) is nonlinear and we linearize this constraint below using a
Big-M type linearization technique. Eq. (7) satisfies that a line can be on
if the line already exists or is built.
* Domain constraints:

—r<6f<m VieB, kek (€))
Grlzf:O Vkek 9
L,=1 Va€EA (10$)
X €1{0, 1}, P{;;o, Qikurs VieB, geiG, kek an
L, € {0, 1}, Sé‘ e {0, 1}, fakurs VaeA, kekK 12

Eq. (8) limits the voltage angles at every bus under each scenario
and Eq. (9) is the reference point for voltage angle profile of buses. Eq.
(10) represents the existing transmission lines. Egs. (11) and (12) are
the domains of the decision variables.

We remark that, Eq. (6) is nonlinear due to multiplication of deci-
sion variables S¥ and 8¥. We linearize the equation by using a similar
technique used in [5,39]. Two nonnegative flow variables, f;” and f‘f‘,
each one representing one direction for the same line a for scenario k,
express the unrestricted variable f‘f as the difference between two
nonnegative decision variables as follows:

I

Similarly, two nonnegative variables, A9t and A8~ express the
difference of voltage angles of buses i and j for scenario k as follows:

VaeA, kekK (13)

6f—6F = AGFT—AQY~ VaeASy kekK (14)
By using Eqgs. (13) and (14), Eq. (6) is linearized and replaced with

the following Egs. (15)—(18):

[ < qTiAefT VaeAS;, kek (15)
=< qrlingf~ VaeAas; kek 16)
> @ringf*-M,(1-S5) VaeAS;, kek o))
5 > @ringf—M,(1-S5) VaeAS;, kek (18)

Egs. (15)—(18) correctly linearize Eq. (6) for a sufficiently large
positive number M, in the Egs. (17) and (18) so that the new constraints
does not cut any feasible solution if the line a is open, and M, = 27,
can be used for the proposed model. When line a is open in scenario k
(i.e. S;‘ = 0), Egs. (17) and (18) become redundant as fé‘* and fak‘ are
already greater than or equal to 0. For this case, Egs. (15) and (16) are
also redundant and do no cut any feasible solution since f;‘ is already
equal to zero from Eq. (5). When S[i‘ =1, Egs. (15) and (17) reduce to
¥+ = @, TkA6f* and Eqgs. (16) and (18) reduce to f*~ = ¢, I'kA6f~. By
using the equalities in Egs. (13) and (14), we obtain f¥ = ¢ ['kA6}

Electrical Power and Energy Systems 103 (2018) 458-469

which is the same equation obtained from the Eq. (6) when S = 1.
Thus, adding Egs. (15)-(18) and removing Eq. (6) linearize the pro-
posed model CD-TS.

In this study, we consider the scenarios only for no-contingency and
single-line contingency. To include the expected operational cost of
scenarios to the objective function, we first define the probabilities of
no-contingency and single-line contingency scenarios, which are shown
in Egs. (19) and (20), respectively. To define the probabilities, we use
the binomial distribution and FOR of transmission lines, g,, to describe
the unavailability of transmission lines [24]. Note that, we assume in-
dependent outage of lines (and ruling out the possibilities of events
where one line outage leads to the outage of other lines) and consider
only no-contingency and single-line contingency scenarios as in [20]
due to high probabilities of these cases. However, one can easily con-
sider N-m (loss of m lines simultaneously, m > 1) and include the cor-
responding scenarios to the model.

pO = H (1-0,La)

a€A

Pk = oLy H

acA:a#k

19

(1_UaLa)
(20)

We note that the objective function is still nonlinear and can be
linearized by applying a similar technique used in [20]. However, the
proposed solution methodology in this study does not require a linear
objective function. Here, we update the number of contingency states
(scenarios) and recalculate their probabilities if a new line is built to
calculate a more accurate operational costs of contingencies. Next
section describes an efficient solution methodology to solve the com-
putationally complex CD-R-GTEP problem.

2.2. A scenario reduction based solution methodology

The number of lines and contingencies has a significant impact on
the solution time of the model especially for a large-size network.
Considering all the contingencies simultaneously may increase the size
of the problem dramatically and may also lead to memory problems.
However, most of the contingencies do not affect power systems’ re-
liability in real world examples [14]. These observations motivate us
using a filtering technique as in [14] to find the redundant con-
tingencies where the reliability of the power system is still maintained
after removing these contingencies from the consideration. A similar
filtering technique has been also utilized in [15] to reduce the number
of scenarios related to the uncertainties of renewable generation units.
Unlike our study, [14,15] do not consider operational costs during the
contingency states. They only consider the lines such that their outage
will cause overloads on the other lines (important lines). However, in
our solution approach, addition to the important lines discussed in
[14,15], we should consider the remaining lines for analyzing the effect
of randomness in outages on the power system expansion plans. Our
proposed scenario reduction based solution methodology (SRB) is ex-
plained via the following steps:

Step 1: Check whether the existing network topology (i.e. without
allowing new investments) is feasible or not for the no-contingency
state, which is equivalent to checking feasibility of the model CD-TS for
only scenario k = 0. For the feasibility check, add the following con-
straints to CD-TS and set contingency list K = {0}.

X; 0 VieB, geCG

(21)

L,=0 VYa€eCA (22)

If it is not feasible, solve the original model CD-TS (after removing
Egs. (21) and (22)) for only scenario k = 0. Get the optimal solution of
the model and update the sets based on the new investments obtained
from the optimal solution: add new transmission lines and generation
units to the sets of existing transmission lines, EA, and existing gen-
eration units, EG, respectively, and remove these new lines and new
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generation units from the sets of candidate transmission lines, CA, and
candidate generation units, CG, respectively.

Step 2: Calculate the probabilities of contingency states for all lines
using the following equations. Here, we only consider the scenarios
associated with the existing lines in EA. Thus, we set probabilities of the
scenarios for the candidate lines to 0. We remind that in order to define
the probabilities, we use the binomial distribution and FOR of trans-
mission lines, which is denoted by d,.

pO = H (1_O'a)
a€EA (23)
pP=qg [[] (-a) VseEA
a€EA:a#s (24)
pPP=0 VseCA (25)

Step 3: Decompose the problem into number of scenarios whose
probability calculated in Egs. (23)—(25)) is larger than 0 and create
|IEAl + 1 subproblems, P, Pi,..., Py,..., Ppa where P, corresponds to the
updated network topology for scenario k = 0 (i.e. no contingency state)
and Py is the topology when the kth line in the set EA, is out of service.
In this step, all candidate lines are also considered as out of service. Let
FR(Py) be the feasible region of the kth subproblem. Check the feasi-
bility of each subproblem for the network obtained at the end of Step 1.
If the kth subproblem is infeasible, (i.e. there does not exist any power
dispatch that satisfies the load without requiring any new investments),
define the kth line as critical line and the corresponding contingency as
critical contingency. If the kth subproblem is feasible (i.e. there exists at
least one solution that satisfies the load without requiring any new
investments), then define the kth line as non-critical line and the cor-
responding contingency as non-critical contingency. Let CC be the set for
the critical contingencies (or critical lines) and NCC be the set for the non-
critical contingencies (or non-critical lines). CC and NCC are defined as
follows:

CC = {k: FR(P) = @} (26)

NCC = {k: FR(P,) # @} 27)

Step 4: Generate a new scenario, referred to as super scenario (ss) and
the corresponding subproblem for this scenario. The feasible region of
the new subproblem is the same with the feasible region of P, and the
probability of this scenario is equal to the sum of the probabilities of all
the scenarios in the set NCC: p* = ence pk. We note here that, the
new generation plants and/or new transmission lines that are built can
also be used for the scenarios in the set NCC. Thus, for the correct ca-
pacity planning of the new plants and/or lines, we incorporate all the
scenarios in the set NCC and hence the non-critical lines are considered
in the planning process. Define contingency set, K, as the union of the
scenarios in CC and super scenario, i.e. K = {k: k € CC and ss}. Solve
the model CD-TS optimally with only the scenarios in the updated set K,
get the optimal solution and find the required new investments. Report
the expansion plan (new generation units and transmission lines), and
investment costs (Zgen, Ziine)-

Step 5: The super scenario may underestimate or overestimate the
true operational costs for the scenarios in the set NCC due to having
different feasible region than By. Thus, in this step, the expected op-
erational cost for all the scenarios is recalculated. Using the solution
obtained at the end of Step 4, update the sets of the existing and new
transmission lines, EA, CA, and sets of existing and new generation
units EG, CG using the same arguments as in Step 1. Update also the
probabilities of the scenarios, p’ and p® Vs &€ EA using the Egs.
(23)-(25) as probabilities may change with the new set of the existing
lines, EA. Define contingency set, K as the union of all scenarios in CC
and NCC such that K = {k: k € CC and k € NCC}. Solve the proposed
model without allowing new expansions and add Egs. (21) and (22) to
the CD-TS. Solve the proposed model CD-TS with the new contingency
set.
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Input parameters (load,
generation, network, etc.)

Is no-contingency state
feasible with existing
network?

Yes

v

No

v

Calculate (23)-(25) @— Solve CD-TS with K={0}
Create [EA| + 1
subproblems and determine ————»  Generate super scenario
CC,NCC

v

Solve CD-TS with
K= {k: k € CC, ss}

v

..
Return zgey, Zjine, X, L

Update sets and solve CD-
TS with K={k € CC, k €
NCC} and
21),(22)

v

Return expected
operational cost

| |
v

Report final solution

Fig. 1. Flow chart of the proposed scenario reduction based solution metho-
dology (SRB).

Return the expected operational cost and report the final solution by
combining with the output obtained at the end of Step 4. The flow chart
of the solution methodology is presented in Fig. 1.

3. Computational study

In this section, we discuss the value of considering expected op-
erational cost and effect of contingency-dependent TS. The model (CD-
TS) and the scenario reduction based solution methodology (SRB) is
applied to the IEEE 24-bus and IEEE 118-bus power systems. The results
of SRB are also presented for the Turkish power system. Experiments
are performed on a Linux environment with a 4xAMD Opteron
Interlagos 16C 6282SE 2.6G 16M 6400MT server with 96 GB RAM.
Solution approach is implemented in Java Platform and results are
obtained in Cplex 12.6.0 in parallel mode using up to 32 threads.

3.1. IEEE 24-Bus power system

IEEE 24-bus power system includes 24 nodes, 32 generation plants
and 35 corridors for building transmission lines. The parameters of the
existing generation units and transmission lines are given in [40]. We
use the same configuration of the network and expansion alternatives
for the generation units and lines presented in [39].

In this section, we analyze six cases with different levels of
switching: no-switch case and the cases with the number of lines that can
be switched is restricted from 1 to 5. We add the following constraints
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to CD-TS for this restriction:

Lo < Sf+2a

ZaeA

Z4 is a binary variable which takes the value 1 if line a is switched in
any scenario k and 0 o.w. 7 is the number of transmission lines that can
be switched. For the following analyses, we use Egs. (23)—(25) to cal-
culate the probability of scenarios.

We first emphasize the benefits of two-stage stochastic program-
ming approach. Table 1 presents the results of the proposed CD-TS
model and expected value of perfect information (EVPI) for the six cases
defined above. The difference between the optimal values of CD-TS and
EVPI is referred to as the maximum value that the system operator
would pay for acquiring additional information for the uncertainty. In
our problem setting, since the outage of the lines are considered as the
source of uncertainty, the system operator is considered to be willing to
pay almost $10 M to handle this uncertainty.

We then discuss the benefits of the proposed transmission switching
concept by comparing the solutions of CD-TS with the solutions when
preventive security constrained TS is applied. For preventive security
constrained TS concept, we guarantee that the network topology re-
mains the same for all contingencies with the following equation and
CD-TS with Eq. (30) is referred as PSC-TS.

VaeA, kek (28)

ST (29)

Li=S¥+z, Va€A, kek (30)

Fig. 2 compares the optimal solution values of CD-TS and PSC-TS for
the six switching possibilities. By allowing different network topologies
for each contingency, the optimal solution values are reduced up to
1.92% and the highest improvement is obtained when at most 5 lines
are allowed to be switched (7 = 5). We note that, the optimal solution
values of CD-TS always decreases as 7 increases. However, the optimum
solution values of PSC-TS are the same for the cases where the number
of switchable lines, 7, are larger than or equal to 2. Hence, we conclude
that, the number of switchable lines for PSC-TS can be insignificant
after some point, although it is valuable for CD-TS.

Fig. 2 also shows the optimal solution values of the model for the
same instances when reliability is not considered to evaluate the effect
of reliability in the problem. For this analysis, we eliminate all the
scenarios associated with the contingency states and the constraints
related to these scenarios, in other words, the contingency set K in-
cludes only the scenario for the no-contingency state, i.e. K = {0}. In
order to be consistent with the reliability considered solutions (CD-TS
and PSC-TS), we update the probability of no-contingency scenario for
the case when reliability is not considered. For this case, the probability
of the scenario k=0 is equal to the sum of all scenarios,
(p° = Yyex PO)- As can be observed in Fig. 2, for all switching cases the
optimal solutions without having any reliability consideration are sig-
nificantly less than the optimal solutions of the reliability considered
solutions. The difference between the solutions of the case without re-
liability and CD-TS can be interpreted as the cost of incorporating re-
liability into the power system, which costs about $15M. Note that,
when the preventive security constrained TS approach is applied, the
required investments will be more costly than the required investment
cost with contingency-dependent TS approach. We also note that, EVPI
and without reliability solutions are presented to evaluate different
concepts. While the first one discusses the value of perfect information,
the latter one analyses the effect of considering reliability in an optimal
decision.

Table 2 details the solutions of CD-TS and PSC-TS and reports the
installed and switched lines for the six cases. As expected, when 7 = 0,
the installed lines are the same for both CD-TS and PSC-TS as they re-
duce to the same problem without switching option. For the cases with
7= 1and 7 = 2, although the number of installed lines are the same, the
switched lines are different. Hence, the key difference between the
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optimal solution values is due to their expected operational costs. Thus,
by only using different network topologies for each scenario, the ex-
pected operational cost and therefore, the total system cost can be de-
creased. When contingency-dependent TS concept is used in the power
system, not only switched lines but also expansion plans are affected. In
all cases except for 7 = 0 and 7 = 1, at least one of the new transmission
lines is different for the two switching approaches. Moreover, as in
cases with 7 =4 and 7 = 5, one less transmission line is built when
contingency-dependent TS concept is applied. We again emphasize
that, the solutions with preventive security constrained TS concept are
the same when 7 > 2. Thus, the number of switched lines happens to be
2 in the optimal solution of PSC-TS even though switching more than 2
lines is allowed.

Table 2 also presents the value of transmission switching. For the
IEEE 24-bus power system, we compare the solutions for the six cases
(0 £ 7 < 5) as the solutions with 7 > 5 remain almost the same for the
CD-TS. Therefore, to discuss the value of TS, we compare the solutions
obtained with 7=0 and t =5, where they correspond to without
switching and with switching cases, respectively. Even for this small
dataset, the value of switching is valuable and a 3.87% decrease in the
total system cost is achieved by only allowing switching in the network
for CD-TS. Moreover, when switching is not used, 2 more lines (i.e.
(9,12) and (16,17) should be built to maintain the required reliability
level. Thus, by allowing TS in the system, expansion plans can be af-
fected beside decreasing the total system cost.

Fig. 3(a) and (b) present the optimal solutions of the transmission
switching concepts compared to the case where only operation cost for
no-contingency scenario, k = 0, is included to the objective function of
CD-TS and PSC-TS, respectively. We observe that the solutions that only
consider the operational cost of no-contingency scenario underestimate
the total expected cost and especially for small T values, the difference
between the solutions are significant and up to $2.74 M cost is under-
estimated for this example if the outcomes during the contingency
states are ignored. We also note the underestimated monetary value
might be higher than this one for the power systems with more flexible
generators or renewable generator with highly variable outputs.

Table 3 details the solutions of Fig. 3(a) and presents the installed
and switched lines for the proposed switching concept. In the case with
T =2, as all the installed and switched lines are the same, the cost
difference is due to not considering operation costs during the con-
tingency states. However, as in other cases, including expected opera-
tional cost to the problem not only affect the optimal solution values,
but also change the expansion plans. For the cases with 7 = 1and 7 = 3,
one more transmission line is installed when the expected operational
cost term is included to the objective function and the key difference
between the solutions of these instances is due to the change in zj,.. In
other cases with 7 > 4, although the number of installed lines are the
same, at least one of the switched lines are different from each other,
which is also one of the reasons for the difference between the optimal
solution values as the generation outputs are different from each other.
Therefore, considering probabilistic realization of outages and defining
transmission switching as recourse actions affect the planning deci-
sions, network topologies and cost of the expansion plans.

Table 4 compares solution times of the proposed method (SRB) with
the solution times of proposed CD-TS model. In all the cases considered

Table 1
Value of two-stage stochastic programming on IEEE 24-bus power system.

T CD-TS (M$) EVPI (M$) Difference (%)
0 153.74 141.18 8.90
1 151.63 139.08 9.02
2 149.61 138.95 7.67
3 148.93 138.67 7.39
4 147.92 138.63 6.70
5 147.79 138.53 6.68
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Fig. 2. Optimal solutions of CD-TS, PSC-TS and without reliability.

Table 2
Installed and switched lines in the solutions of CD-TS and PSC-TS on IEEE 24-
bus power system.

T ‘ Installed Lines ‘ Switched Lines
0 CD-TS (3,24) (7,8) (9,12)(15,21)
(15,24) (16,17) (20,23)
PSC-TS | (3,24) (7,8) (9,12) (15,21)
(15,24) (16,17) (20,23)
1] CD-TS | (3.24) (7,8) (14.16) (15,21) (6,10)
(15,24) (16,17) (20,23)
| PSC-TS | (3,24) (7.8) (14,16) (15,21) | 12
(15,24) (16,17) (20,23)
2 | CD-TS (3,24) (7.8) (15,21) (6,10) (9,11)
(15,24) (16,17) (20,23)
| PSC-TS | (3,24) (7.8) (14,16) | (15,16) (17,18)
(15,21) (15,24) (20,23)
3 | CD-TS (3,24) (7,8) (15,21) (2,4) (6,10) (9,11)
(15,24) (16,17) (20,23)
| PSC-TS | (3,24) (7,8) (14,16) | (15,16) (17,18)
(15,21) (15,24) (20,23)
4 | CD-TS (3,24) (7,8) (15,21) (6,10) (10,11)
(15,24) (20,23) (15,16) (17,18)
| PSC-TS | (3,24) (7.8) (14,16) | (15,16) (17,18)
(15,21) (15,24) (20,23)
5] CD-TS (3,24) (7,8) (15,21) (6,10) (10,11) (15,16)
(15,24) (20,23) (17,18) (18,21)
| PSC-TS | (3,24) (7.8) (14,16) | (15,16) (17,18)
(15,21) (15,24) (20,23)

in this study, SRB finds the optimal solutions in significantly less so-
lution time and up to 94.07% improvement is achieved for the case
with 7 = 5, when the SRB is applied and on the average the improve-
ment in the solution times is 78.27%. Thus, it is a prominent solution
methodology to overcome the computational complexity of reliability
constrained problems that can lead to memory problems. In the fol-
lowing sections, we test the performance of proposed methodology on
larger datasets.

3.2. IEEE 118-bus power system

IEEE 118-bus power system includes 118 buses, 19 generation
plants and 186 transmission lines [28,41]. In the original network, the
total installed capacity and total demand are 5859 MW and 4519 MW,
respectively. As the operation costs of generation units are relatively

464

Electrical Power and Energy Systems 103 (2018) 458-469

low compared to today’s values provided in the next section for a real-
life case, we multiply the operation costs of generation units by 2.5. We
also reduce the capacities of the transmission lines by 20% in order to
increase the congestion and observe the effect of TS on the grid. Forced
outage rates (FOR) of transmission lines, g,, are set to 0.005 for all the
lines.

Table 5 presents the results of our proposed CD-TS model and SRB
methodology on this power system for two cases: (A) switching is al-
lowed only on the new lines and (B) switching is allowed on all the
lines. For the CD-TS model, we provide a warm-start solution using our
SRB methodology with a starting value of $47.23 M. But, the solution is
not improved for the next 12h and the reported gaps by the solver at
the end of 12 h time limit, are 16.79% and 23.92% for the cases A and
B, respectively.

For this example, Step 2 of SRB finds 16 and 9 critical contingencies
(or scenarios) for the cases A and B, respectively. Thus, we also verify
our motivation for the SRB methodology as most of the contingencies
do not affect power system reliability. As we reduce the number of
scenarios in the system, we find the solutions for these instances using
SRB in significantly shorter solution times. We obtain solutions in less
than 1 h for case A, and less than 6 h for case B. We also emphasize that
in both cases, the solutions obtained from SRB methodology is less than
the best integer solution obtained with CD-TS model within 12h.
Hence, efficiency of the SRB methodology is more obvious for this large
data set. We also emphasize the benefits of two-stage stochastic pro-
gramming approach that includes the expected value of operational
costs in the objective function. By solving several single-scenario pro-
blems on the IEEE 118-bus power system and taking the expected value
of the solutions of the single scenario problems, we calculate the ex-
pected value of perfect information (EVPI) for both cases. The differ-
ences between the solutions of SRB and EVPI are 15.92% and 15.78%
for cases A and B, respectively, which is the maximum value that system
operator is considered to be willing to pay to acquire additional in-
formation for the outage of transmission lines.

Table 6 details the solutions of SRB methodology for the two cases
to analyze the value of transmission switching. As switching is allowed
on all the lines, a 10.13% improvement is obtained and not only in-
vestment cost, but also expected operational cost decreases with in-
corporating switching option for all lines. Moreover, switching lines can
affect the investment plans as one less transmission line is built in case
B, which costs approximately $2 M.

3.3. Turkish power system

Turkish transmission network is comprised of 380-kV, 220-kV, 154-
kV and 66-kV voltage levels. 380-kV transmission network is con-
sidered as the Turkish main transmission system [42] and this paper
analyzes this backbone network in terms of N-1 reliability criterion.

Fig. 4 presents the 380-kV transmission network and the substa-
tions. Table 7 summarizes the transmission network, demand and
generation data for 2016 [43]. As demands of the buses are not avail-
able, for this analysis, we calculate the demand of each node based on
the profiles provided in [44]. The characteristics of the overhead
transmission lines and generation technologies are presented in Table 8.
Underground cables are also built in residential areas.

We apply a similar methodology referred to as power island model
[45] to reduce the size of the data that we used in our analysis. We
assume a generation unit dispatches power to its closest substation and
demand nodes are fed from their closest substations. In this power is-
land model, we assign all the demand nodes and generation units to
their closest substations. We aggregate demand values and generation
capacities to 118 substations and these substations are considered as
nodes (buses) in the model. Thus, at the end of this procedure, we
obtain a simplified Turkish power system with 118 buses and 245 existing
transmission lines. The schematic representation of the power island
model is shown in Fig. 5.
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Candidate transmission lines and locations of generation units are in
accordance with future expansion plans [46]. The number of candidate
generation units is 696 that can be built at 103 buses. The parameters of
candidate generation units for each technology is presented in Table 9
and we estimate capital and operational costs of them by utilizing the
data in [47]. The parameters are also the same for the existing plants.
The life time of new power plants is taken as 30 years and the discount
rate that includes inflation is 5%. 3xCardinal, 3xPheasant and under-
ground cables are considered for the new lines. All corridors are con-
sidered for expansion and at most two lines can be built from each type
on the same corridor. The investment costs of these transmission lines

Fig. 3. Value of adding expected operational cost to (a) CD-TS (b) PSC-TS.

Table 4

Solution times of the model and the solution methodology.

T CD-TS (h) SRB (h) Improvement (%)
0 0.13 0.02 87.45
1 1.23 0.24 80.49
2 4.89 2.67 45.40
3 18.97 2.53 86.66
4 7.04 1.72 75.57
5 11.30 0.67 94.07
Average 7.26 1.31 78.27

are estimated as $1.7 M/km for 3xCardinal type and $1.9 M/km for

Table 3
Installed and switched lines in the solutions of CD-TS and PSC-TS on IEEE 24-bus power system.
T | Installed Lines | Switched Lines
0 CD-TS (3,24) (7,8) (9,12) (15,21)
(15,24) (16,17) (20,23)
CD-TS w.o. exp cost | (3,24) (7,8) (9,12) (15,21)
(15,24) (16,17) (20,23)
1 CD-TS (3,24) (7,8) (14,16) (15,21) (6,10)
(15,24) (16,17) (20,23)
| CD-TS w.o. exp cost | | (3,9) (7.8) (14,16) | (6,100
(15,21) (16,17) (20,23)
2 CD-TS (3,24) (7,8) (15,21) (6,10) (9,11)
(15,24) (16,17) (20,23)
| CD-TS w.o. exp cost | (3,24) (7,.8)(15,21) | | (6,10) (9,11)
(15,24) (16,17) (20,23)
3 CD-TS (3,24) (7,8) (15,21) (2,4) (6,10) (9,11)
(15,24) (16,17) (20,23)
| CD-TS w.o. exp cost | (3,24) (7,8) (15,21) | (6,10) (9,11) (15,16)
(15,24) (20,23)
4 CD-TS (3,24) (7,8) (15,21) (6,10) (10,11)
(15,24) (20,23) (15,16) (17,18)
| CD-TS w.o. exp cost | (3,24) (7,8) (15,21) | (6,10) (10,11)
(15,24) (20,23) (15,16) (18,20)
5 CD-TS (3,24) (7.8) (15,21) (6,10) (10,11) (15,16)

CD-TS w.o. exp cost

(15,24) (20,23)
(3,24) (7.8) (15,21)
(15,24) (20,23)

- (718) (18,21)

(1,2) (6,10) (10,11)
(15,16) (18,21)
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Table 5
Results for CD-TS and SRB on IEEE 118-bus power system.

Case A (New lines Case B (All lines

switchable) switchable)
CD-TS Best solution (M$) 47.23 47.23
Solution time (h) >12 >12
Gap (%) 16.79 23.92
SRB Best solution (M$) 41.65 37.43
Solution time (h) 0.78 5.51
Table 6

Results for the IEEE-118 bus power system.

Case A (New lines Case B (All lines

switchable) switchable)
Ziine (M$) 11.40 9.45
# of new lines 12 11
Expected op. cost (M$) 30.25 27.98

3xPheasant type [48]. Life time of transmission lines is taken as
50 years with the same interest rate. We calculate the probability of
each contingency based on the system fault index of transmission
system [49]. The details of the data and related analyses can be shared
upon contacting with authors.

The proposed SRB solution methodology is applied to 380-kV sim-
plified Turkish power system for the same two cases used in the pre-
vious section and in case A, we only allow switching on the new lines
and in case B, we allow switching on all the lines. Step 2 of SRB
identifies the redundant contingencies and at this step after temporarily
removing the redundant ones, 29 and 12 of them are considered as
critical contingencies and added to the set CC for cases A and B, re-
spectively. Thus, in any cases, the current system does not satisfy N-1
reliability criterion. As seen in Fig. 4, there are radial 380-kV trans-
mission elements which are also counted in this analysis. However,
these radial lines can be removed from the contingency set as in [28].
Table 10 summarizes the results of the solution method for the two
cases. When switching is allowed on the new lines (case A), 14 trans-
mission lines are installed with a total investment cost of $82.38 M and
when switching is allowed on all the lines (case B), 11 transmission
lines are installed to satisfy the N-1 reliability criterion and the total
investment cost is $79.85 M. Hence, we observe that using contingency-
dependent TS for all the lines decreases the number of lines that should
be installed by 3 and cost by $14.78 M.

The difference in the solutions are also shown in Fig. 6 for the Ko-
caeli-Istanbul region. Fig. 6 presents the substations, existing lines be-
tween these substations (thin lines) and installed lines (bold lines) for
the cases A and B. Fig. 6(b) shows four of the 11 installed lines for case
B. When the switchable lines are restricted with the new lines, two
more lines are installed in the same region which is presented in
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Table 7
Summary of the Turkish power system data.
# of nodes (buses) 970
# of transmission lines 245
# of substations 118
# of generation units 1244
Total peak demand 44,734 MW
Total generation capacity 77,737 MW

Table 8
Characteristics of Turkish power system data.

Transmission Lines Generation Units

Type Cap. Reactance Technology # Distribution of
(MW) (ohm/km) capacity (%)
2xRail 500 0.3190 Thermal 452  56.59
2xCard. 500 0.3168 Hydro 605 34.32
3xCard. 750 0.2621 Wind 153 7.39
3xPhea. 1000 0.2559 Geoth. 32 1.06
Solar 2 0.02

B Substations * Power Plants « Demand Nodes

Fig. 5. Power island model.

Fig. 6(a). Although in the current power system, switching transmission
lines can raise different problems, transmission switching in expansion
planning is worth to discuss [32] as the investment plans and estimated
operational costs of generation can be significantly affected.

4. Extensions and discussions

In this section, we discuss the extensions of the focused problem
explained in Section 1. The problem setting can be easily modified for
the possible extensions that could be multi-stage expansion planning,
demand uncertainty or renewable generation uncertainty and in the
following sections, we will analyze the multi-stage expansion planning
and demand uncertainty cases among the possible ones. We first explain
the modifications to the proposed CD-TS model and proposed SRB so-
lution approach. We then discuss the results obtained with the modified
versions of the CD-TS and SRB for the IEEE 24-bus power system and

Substations
—— Transmission lines

Fig. 4. Substations and lines on 380-kV transmission network in Turkey.
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Table 9
Characteristics of the generation technologies.

Type Capacity Capital cost (M O&M cost Capacity factor
(MW) $/MW-year.) ($/MWh) (%)
Thermal 500 0.08 4.28 80.00
Hydro 350 0.15 6.85 29.00
Wind 150 0.10 4.57 28.00
Geo. 100 0.16 5.71 78.00
Solar 100 0.11 1.90 17.00
Nuclear 2000 0.29 17.88 85.00
Table 10

Results for the 380-kV Turkish transmission network.

Case A (New lines Case B (All lines

switchable) switchable)
# new lines 14 11
Zine (M$) 82.38 79.85
Expected op. cost (M$) 933.47 918.69

Turkish transmission network for the extensions.
4.1. Multi-stage expansion planning

The proposed CD-TS model is easily extendable for multi-stage ex-
pansion planning problem with an additional dimension t to represent
the decisions in year t. As the demand is exogenously given to the
model, we also add the time dimension ¢ to [;, such that [/ is the demand
of node i in year t. Each constraint set of the model CD-TS is reproduced
for each year t € T where T is the planning horizon. We also need to
add the following constraints to the model:

LKL VaeA, teT 31

Xg'<X, VieB, geG, teT (32)

Egs. (31) and (32) are the time coupling equations. Eq. (31) guar-
antees that a new line built in year t—1 can be used in year t. Similarly,
Eq. (32) guarantees that a new generation unit built in year t—1 can also
be used in year t. We also note that the existing lines are added to the
new version of the model by replacing Eq. (10) with the following one:

LP=1 VaeEA (33)

The proposed solution methodology can be extended for the multi-
stage expansion planning by generating critical contingency (CC) and
non-critical contingency (NCC) lists for each time period. First, we
decompose the multi-period problem into a set of single period pro-
blems as many as the number of expansion periods, ITl, and apply the
steps of the SRB for the first subproblem (for ¢t = 1) and get the new
investments. Then we fix these new investments and apply the steps of
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Table 11
Results of CD-TS and SRB on IEEE 24-bus power system for multi stage ex-
pansion.

Case A (New lines Case B (All lines

switchable) switchable)
CD-TS Best solution (M$) 718.68 926.98
Solution time (h) 0.39 > 12
Gap (%) - 23.73
SRB Best solution (M$) 751.04 730.18
Solution time (h) 0.01 0.01

the solution methodology for the second subproblem (for t = 2) and get
the optimal solution. After solving all single-period problems iteratively
by the proposed SRB method in Section 2.2, we combine all the solu-
tions for each subproblem and get the solution for the original multi-
stage expansion planning problem.

Table 11 presents the solutions of the modified versions of the CD-
TS model and SRB method for the IEEE 24-bus power system for the
same cases discussed in Sections 3.2 and 3.3. Annual demand growth
rate is assumed to be 3% for the next 4 years and capacities of trans-
mission lines are reduced by 40%. The modified version of CD-TS model
finds the optimal solution of case A (i.e. only new lines are switchable)
within 24 min. However, when all lines are switchable, the optimality
of the problem is not verified within 12h time limit and the solver
reports 23.72% gap at the end of the time limit. For the same cases,
although the modified version of SRB cannot find the optimal solution
of case A, the solution obtained with the SRB for case B is significantly
lower than the solution obtained with the CD-TS at the end of time
limit. As the solution times of the SRB method is significantly less than
the solution times of the CD-TS, we conclude that the proposed solution
approach is still a promising method to decrease computational com-
plexity of the problem.

We also apply the modified version SRB solution method to the 380-
kV Turkish transmission network. Estimated annual growth rate is
given as 4.87% (average) for the next 4 years [50]. Table 12 presents
the results of the SRB method for the same cases for the Turkish
transmission network. At the end of planning horizon, as 21% demand
increase is estimated, a new generator is built at the same place in both
cases. However, similar to previous discussions in Section 3.3, trans-
mission switching decreases the expected operational cost in the
system. Moreover, as switching lines affect the expansion plans, the
number of lines in case B is also less than the number of lines in Case A.
We note that, we use the estimated annual growth rate to increase the
demand. However, more detailed analyses can be conducted by con-
sidering load blocks within each year. Demand in each load block can
be estimated using a similar technique described in [51] to consider the
correlations between the load blocks.

(b)

Fig. 6. (a) Installed lines (bold lines) (a) when switching is allowed only on the new lines (b) when switching is allowed on all the lines.
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Table 12
Results for the 380-kV Turkish transmission network for multi stage expansion.

Case A (New lines Case B (All lines

switchable) switchable)
# new generator 1 1
# new lines 25 19
Zline (M$) 120.86 98.41
Expected op. cost (M$) 5255.61 5220.01

4.2. Demand uncertainty

In Section 2, the proposed two-stage stochastic model includes the
probabilistic realization of outages in transmission lines. Our model can
easily be extended and other uncertainties can be incorporated into the
model at an expense of increased computation time and memory. In this
subsection, we discuss the effect of including demand uncertainty to the
problem and the modifications required to handle these uncertainties in
the proposed model and solution methodology. Different demand levels
are considered to take into account demand uncertainty.

For this extension, we keep first stage decision variables, X;, and L,
as in CD-TS. Each decision variables in the second stage such as power
flow and generation amount have a new dimension w to represent the
demand levels. We also change the parameter [; with [;* to represent
load in bus i in demand level w. Each set of Egs. (2)-(9) and Egs. (11)
and (12) should be satisfied for each demand level w € W where W is
the set of demand levels. We then modify the objective function to
incorporate demand uncertainty as we assume independent and iden-
tically distributed outages of transmission lines and demand levels. In
Eq. (33), p" represents the probability of demand level w.

. ki
min  Zgen + Zline + Z IOw Z Zortlv
wew kek

(34

In the SRB approach, for handling different demand levels, we
modify Step 3 and Step 4 of the methodology explained in Section 2. We
now define CC" and NCC" for the critical and non-critical con-
tingencies in demand level w and generate a super scenario for each
w € W, (ss¥). We then define K" for the contingency set of demand
level w, i.e. K% = {k: k € CC" and ss”}. We then solve the CD-TS for
each demand level w and for each scenario in the contingency set of the
w, Vwand V k € K").

Table 13 compares the results of the modified versions of CD-TS,
PSC-TS and SRB methodology for the IEEE 24-bus power system for the
two cases given above. In this analysis we consider three demand levels
(! =1, I7 = 1.05]; and I = 1.1])) as in [52] with equal probabilities.
Similar to the results in Table 11, the modified version of CD-TS finds
the optimal solution for case A within 25 min, whereas it concludes
with 8.37% gap at the end of 12h time limit. In these instances, the
modified version of SRB method finds the optimal solution of case A
within 19 min. Moreover, the solution obtained with the proposed
method for case B is lower than the solution obtained with the CD-TS at
the end of time limit.

Table 13 also discuss the benefits of the proposed switching concept.
When switching is allowed on only new lines, the value of the switching
is not remarkable. However, when switching is allowed on all the lines,
despite the fact that the optimality of case B is not verified by the CD-
TS, we obtained a solution with $150.18 M with the SRB method. Thus,
the proposed switching concept leads to a 5.34% decrease in the total
cost. We also note that, as the solution obtained from the SRB may not
be optimal, the value of contingency-dependent switching may be
higher than 5.34%.

We then apply the SRB for the Turkish power system and Table 14
depicts the results. In the previous section, we provide the annual
growth rate for the next 4 years. In this section, the demand in the year
2020 is considered as the medium demand level and a 10% lower and
higher than this average value is considered for the other demand
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Table 13
Results of CD-TS, PSC-TS and SRB on IEEE 24-bus power system with demand
uncertainty.

Case A (New lines Case B (All lines

switchable) switchable)
CD-TS  Best solution (M$) 159.71 162.09
Solution time (h) 0.41 > 12
Gap (%) - 8.37
PSC-TS Best solution (M$) 159.78 158.65
Solution time (h) 0.08 8.26
SRB Best solution (M$)  159.71 150.18
Solution time (h) 0.31 2.01
Table 14

Results for the 380-kV Turkish transmission network with demand uncertainty.

Case A (New lines Case B (All lines

switchable) switchable)
# new generator 1 -
# new lines 31 29
Zline (M$) 174.07 131.54
Expected op. cost (M$) 3505.92 3555.89

levels. When switching existing transmission lines are not allowed, a
new generator and 31 new transmission lines are built in the optimal
solution. However, when switching operations are allowed to all lines,
the generator and two transmission lines are not required any more. On
the other hand, expected operational cost is higher in case B than the
expected operation cost in case A. Hence, in case B, the expensive
generators are utilized instead of building new generator and new
transmission lines. We note here that, the modified SRB approach dis-
cussed above can be easily extended to the problems with different
uncertainties such as solar, wind generators or market prices.

5. Conclusion

This paper presents a two-stage stochastic programming model for a
N-1 reliability constrained generation and transmission expansion
planning problem. Operational decisions such as status of transmission
lines, generation amounts and power flow decisions are defined as re-
course actions of the two-stage stochastic programming model for each
contingency state and the model makes it possible to calculate the ex-
pected value of operational costs during the contingencies in a more
accurate manner. A scenario reduction based solution methodology
with a filtering technique is also proposed to overcome the computa-
tional complexity of the problem.

The model and the proposed solution approach are tested on the
IEEE 24-bus and 118-bus power systems. We first show that considering
the operational costs during the contingency states and changing the
network topology for each contingency affect the expansion plans and
overall costs of the expansion plans significantly. Our results demon-
strate that the proposed contingency-dependent transmission switching
concept can decrease the total system up to 10.13% and/or number of
transmission lines. We also compare the solutions obtained with the
model and proposed solution approach to discuss the computational
efficiency of the solution method. For the IEEE 24-bus power system,
the solution method finds the optimal solutions with significantly
shorter solution times (78.27% on the average). For the IEEE 118-bus
power system, while the model cannot verify the optimality within the
time limit, the solution method results with lower total system cost than
the cost obtained with the model.

This paper also introduces a real-world data set for the 380-kV
Turkish transmission network. Using the proposed solution approach,
we find expansion plans that satisfies the N-1 reliability criterion and
show that allowing contingency-depending TS can reduce the total cost
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of the system. We also note that, the value of TS are expected to be
more important for power systems that have flexible generator or re-
newable generator with highly variable outputs.

In this study, as customarily done in the literature, we plan for a

target year, and all the discussions are demonstrated for a single year.
We remark here that, our model and scenario reduction based metho-
dology is applicable to handle possible extensions such as multi-stage
expansion planning and demand uncertainty, and we also discuss the
modifications required to handle these extensions. We first show the
efficiency of the proposed solution method on the IEEE 24-bus power
system and discuss the results of the 380-kV Turkish transmission net-
work for two cases. Different uncertainties for the generation units and
AC modelling approach can also be added to the model in expense of
increased number of scenarios and computational complexity in the
model.
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