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Abstract—The current renewable-driven generation expansion
wave, pushed by high renewable targets, is not accompanied by
the same movement in the transmission expansion planning (TEP)
side. In this context, new techniques are needed to balance the cost
of relying in expensive reserve resources and the cost of building
new lines to ensure least-cost reserve deliverability and foster new
renewable projects. The situation is worsened in the presence of
contingencies, where the interaction between the optimal reserve
siting and deployment, the amount of renewable curtailment, the
construction of new lines, and the selection of candidate renew-
able sites to be developed became even more complex. This paper
presents a two-stage min-max-min model for co-optimizing the
expansion of the transmission system and renewable generation
capacity to meet renewable targets under high security standards
and renewable uncertainty. In order to account for realistic reserve
needs and its interaction with the expansion plan, correlations be-
tween renewables injection as well as generation and transmission
(GT) outages are accounted for in a robust fashion. In order to en-
sure security within a flexible framework, the concept of compound
GT n − K security criteria is presented. Three case studies are
proposed to illustrate the applicability of the proposed model. A
case study with realistic data from the Chilean system is presented
and solutions obtained with different levels of security are tested
against a set of 10 000 simulated scenarios of renewable injections
and system component outages.

Index Terms—Generation and transmission security
criterion, renewable generation and transmission expansion
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planning, renewable targets, reserve deliverability and siting,
wind curtailment.

NOMENCLATURE

The mathematical symbols used throughout this paper are
classified below as follows.
Sets

I Set of generator indexes.
Ib Set of indexes of generators connected to bus b.
LC Set of indexes of candidate transmission lines.
LE Set of indexes of existing transmission lines.
L Set of indexes of all transmission lines, equal to(LE ∪ LC )

.
NE Set of indexes of existing buses.
NRE Set of indexes of candidate buses with potential

renewable energy.
N Set of indexes of buses, equal to

(
NE ∪NRE

)
.

Parameters

ΓD Conservativeness parameter.
ΓW Conservativeness parameter.
ΣD Estimated nodal demand covariance matrix.
ΣW Estimated nodal renewable generation covariance

matrix.
ΔDK,Σ Maximum level of system power imbalance for an

n−K security criterion.
CCap
l Cost per MW of candidate lines.

CRE Construction cost of new node with potential
renewable energy.

CI
K Cost of imbalance under the worst-case contingency

having K contingencies.
Cl Construction cost of candidate line l.
Cp
i Production cost of generator i.

Cd
i Reserve-down cost of generator i.

Cu
i Reserve-up cost of generator i.

D̂b Nominal demand at bus b.
F
M in
l Minimum power flow capacity of candidate line l.

F
M ax
l Maximum power flow capacity of candidate line l.

F l Power flow capacity of existing line l.
fr(l) Sending or origin bus of line l.
K Number of unavailable system components.
LD Lower triangular matrix that satisfies the equality

ΣD = LDLDT .

0885-8950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Skolkovo Institute of Science & Technology. Downloaded on January 06,2021 at 15:17:15 UTC from IEEE Xplore.  Restrictions apply. 



MOREIRA et al.: RELIABLE RENEWABLE GT EXPANSION PLANNING 3247

LW Lower triangular matrix that satisfies the equality
ΣW = LW LW T .

n Number of system components.
P i Capacity of generator i.
RD
i Reserve-down limit of generator i.

RU
i Reserve-up limit of generator i.

to(l) Receiving or destination bus of line l.
Target Target of renewable generation as percentage of the

total demand.
Ŵb Expected renewable generation at bus b.
xl Reactance of line l.
Decision Variables

ΔD+wc
b Power surplus equivalent to the energy spillage at bus

b under the worst-case contingency.
ΔD−wc

b Power deficit equivalent to the energy insufficiency
at bus b under the worst-case contingency.

ΔDK,Σ Worst-case system power imbalance, given K and
first-level decisions.

θb Phase angle at bus b in the pre-contingency state.
θwc
b Phase angle at bus b under the worst-case

contingency.
aGi Binary variable that is equal to 0 if generator i is

unavailable under the worst-case contingency, being
1 otherwise.

aLl Binary variable that is equal to 0 if line l is unavailable
under the worst-case contingency, being 1 otherwise.

Db Demand at bus b.
ed Error on the demand.
ew Error on the renewable generation.

F
C
l Power flow capacity of line l.

fl Power flow of line l in the pre-contingency state.
fwc
l Power flow of line l under the worst-case

contingency.
pi Power output of generator i in the pre-contingency

state.
pwc
i Power output of generator i under the worst-case con-

tingency.
vl Binary variable that is equal to 1 if candidate line l is

built, being 0 otherwise.
Wb Renewable generation at bus b.
yb Binary variable that is equal to 1 if candidate bus b is

built, being 0 otherwise.

I. INTRODUCTION

A IMING to reduce greenhouse gases emissions, power
systems worldwide are utilizing more energy from renew-

able sources. To this end, setting renewable targets is one of the
mechanisms largely adopted to guide this process with tight lev-
els of renewable penetration. Many countries have established
policy targets related to renewable energy. The European Union
(EU), for example, established a target to meet 20% of its energy
consumption by means of renewable sources by 2020 [1]. Some
EU member countries have more strict targets, e.g., Germany
with 30% by 2020 and 60% by 2050. To address the variability
of such resources under tight security criteria, the system
might require additional levels of quick-response reserves to

circumvent contingencies under the uncertainty of intermittent
injections of the renewable sources. Within this framework, the
transmission system plays a key role, allowing the system op-
erator to use the cheapest resources to ensure system reliability.
However, transmission systems were not designed to cope with
such levels of renewable penetration. Therefore, a renewable-
driven expansion of the generation demands a reorientation of
current electricity networks. Several technical reports and sci-
entific articles have highlighted the importance of transmission
investments to achieve renewable energy targets [2]–[4].

Transmission expansion planning (TEP) has typically been
addressed by a reactive approach, where the transmission plan-
ner reacts by building transmission lines to interconnect com-
mitted generation expansion projects. However, a proactive
approach for TEP has recently captured the attention of re-
searchers and Regulatory Authorities as an alternative to the
reactive approach. In the proactive approach, the transmission
planner anticipates the best generation investment decisions. In
this manner, the transmission planner is able to induce genera-
tion expansions with higher social welfare. Several works have
shown the benefits of using a proactive TEP instead of a reactive
TEP (see [5]–[7]). Proactive transmission planning is a type of
co-optimization that is particularly relevant for large transmis-
sion investments to connect remote areas with high renewable
generation potential with load demands. The recognition of co-
optimization for transmission and generation capacity expan-
sion has been reported in several works and technical reports
[2]–[5], [8]. In the specific case of renewables, where candi-
date areas are, in general, known in advance and aggressive
incentive (subsides) policies are largely used to drive new in-
vestments, the co-optimization of the transmission system and
the new capacity of renewable generation is a powerful tool for
planners, police makers, and regulators. Within this framework,
it is possible to efficiently achieve high renewable penetration
targets [3] while accounting for the complex interaction between
the selection of new renewable sites and candidate transmission
lines.

In addition to that, the proper determination of reserve lev-
els and siting for a reliable operation of power systems un-
der the presence of large amounts of renewable energy sources
is a timely topic. Several works [9]–[12] have suggested that
reserve needs and costs increase when renewable penetration
rises. Clearly, the expansion of renewable projects changes the
manner of operating power systems, and therefore, significantly
impacts the optimal transmission plan and the optimal reserve
sitting. Furthermore, renewable energy resources are usually lo-
cated in remote areas, distant from load-demand centers and
conventional generation (reserves). Such characteristics of re-
newable sources generally impact the capability of the system
to guarantee reserve deliverability, whose importance has been
highlighted in [13] and [14]. On the other side, investments
in intermittent renewable projects, such as wind farms, can be
financially jeopardized by renewable curtailment. In order to ad-
dress wind curtailment in the operational side, system operators
make use of system’s resources [15]. Hence, the side effect of
curtailing renewable resources could be mitigated by means of
the joint optimization of system’s resources in the planning level.
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The situation of curtailing renewable resources and/or shedding
load is worsened in the presence of contingencies. In nowa-
days, worldwide Regulatory Authorities are including (n− 1)
security criterion as common standard of reliability. However,
some of them are moving for higher reliability standards. This
is the case of North American Electric Reliability Corporation
(NERC) [16] that requires a contingency analysis to consider
the loss of two elements simultaneously or consecutively.

Two-stage robust optimization [17], also known as adjustable
robust optimization (ARO), has been extensively utilized for
operation problems with large renewable penetration [18]–[20].
This approach is also emerging in transmission planning appli-
cations with renewable energy generation [21]. A large number
of robust models have been proposed in the literature consid-
ering reserve deliverability in the operation framework. For in-
stance, [20] explicitly considers the cost of reserve scheduling
and deliverability by means of joint energy and reserve schedul-
ing. In the planning literature however, recent publications in
two-stage robust optimization models (see [22], [23]) aiming to
address renewable variability and security criteria in TEP prob-
lems are proposed based on single-period static models. While
in [22] renewable variability and generation contingencies are
considered by means of demand and generation capacity uncer-
tainty, disregarding transmission line failures, in [23] generation
and line outages are accounted for, disregarding the effect of re-
newable variability.

Therefore, the objective of this work is to propose a two-
stage renewable generation and transmission expansion plan-
ning (RG-TEP) model that jointly finds the best subset of new
transmission assets and renewable sites to be developed. The
main goal of this co-optimization planning model is to address
renewable targets while accounting for the least-cost reserve
scheduling to ensure reserve deliverability under generation and
transmission outages and renewable variability.

To meet the objective and goal of the proposed model, the cost
of optimal reserve levels allocated throughout the expanded net-
work is also considered. This allows for balancing the cost of
relying in expensive reserve resources, possibly incurring in sig-
nificant amounts of penalties for curtailing renewable resources,
and the cost of building new lines to ensure least-cost reserve
deliverability and minimal renewable curtailment. In order to
account for realistic reserve needs and its interaction with the
expansion plan, correlations between renewables injection as
well as generation and transmission outages are accounted for
in a worst-case fashion. In order to ensure security within a flex-
ible framework, the concept of compound GT n−K security
criteria is presented. Within the proposed security criteria, the
uncertain renewable generation and demand must be addressed
with different user-defined thresholds for the maximum allowed
system power imbalance. Thus, it is possible to plan the expan-
sion of the system in order to simultaneously guarantee 0% of
system power imbalance for security criteria, n− 0 and n− 1,
while permitting, e.g., a maximum of 1% and 2.5% of system
power imbalance for, respectively, n− 2 and n− 3 security
criteria. Such modeling feature extends previous works ([12],
[22]–[24]) while providing more flexibility and constitutes a
highly practical feature for system planners.

In summary, the main contributions of this paper are the
following:

1) Formulating a novel two-stage min-max-min static RG-
TEP model for co-optimizing transmission and renewable
generation capacity expansion to meet renewable targets
under correlated uncertainty for renewable injections and
equipment failures.

2) Accounting for reserve deliverability through the ex-
panded network by explicitly modeling the cost of the op-
timal siting and deployment under the presence of differ-
ent security criteria and correlated renewable generation.
It is worth emphasizing that under such new features, the
trade-off between building more lines to ensure cheaper
reserve deliverability and reduce renewable curtailment
or relying in existing reserve resources is implicitly em-
bedded in the optimal plan.

3) Expanding the notion of uncertainty sets in the frame-
work of robust optimization for power systems planning
by considering two sets of uncertainties, not simultane-
ously covered in the state of the art literature: (a) lines and
generating units outages and (b) correlated renewable gen-
eration (and loads) through the Cholesky decomposition
of the covariance matrix. It is worth mentioning that the
solutions obtained are tested against out-of-sample sim-
ulated scenarios to corroborate the effectiveness of the
worst-case modeling choice.

4) Introducing the concept of compound (combined) GT
n−K security criteria in transmission expansion plan-
ning in which the level of imbalance under line and gen-
eration contingency events (independent or not) can be
controlled in the planning stage for different user-defined
levels of severity.

As a consequence of the aforementioned contributions, the
proposed model provides planners with an effective computa-
tional planning methodology capable of assessing the trade-off
between additional security criteria in a very flexible fashion
based on industry standards (n−K criteria) and the cost of
operating and expanding the system under different levels of
renewable penetration and correlation patterns.

The remainder of the paper is organized as follows. Section II
describes the mathematical model formulation for the TEP prob-
lem and Section III presents the solution methodology used to
solve the problem. In Section IV, the new modeling features and
the proposed solution approach are illustrated with case studies.
Finally, the study’s conclusions are presented in Section V.

II. MATHEMATICAL FORMULATION

The proposed RG-TEP model aims at determining the optimal
renewable generation and transmission expansion plan consid-
ering correlated nodal injection uncertainty as well as multiple
security criteria while ensuring reserve deliverability. A con-
ventional method to address this problem would be a single-
level formulation that exhaustively and explicitly enumerates
all possible cases of contingencies for all the comprised mul-
tiple security criteria combined with several possible scenarios
of renewable generation realization. This, in fact, is a highly
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Fig. 1. Three-level robust TEP framework.

combinatorial problem that can easily become intractable,1 e.g.
see [23].

In this paper, we not only consider individual security crite-
ria, but also multiple security criteria simultaneously along with
nodal injection uncertainty. In this case, it is necessary to decom-
pose the problem in different levels. In this context, we present
an adaptive robust optimization model to address the aforemen-
tioned objectives that leads to a trilevel problem. Then, the two
lowermost optimization problems represent an oracle that finds
the worst-case scenario, i.e., a single scenario that causes the
most severe imbalance in the system. This oracle replaces the
very large bunch of constraints added to the RG-TEP problem
mimicking all future operations for each scenario.

Each level, as illustrated in Fig. 1, has its role described
below.

1) First Level: This problem determines the investment plan,
i.e., it decides which candidate buses with potential re-
newable generation, y, should be built and which candi-
date lines should be installed and how much should be
their capacities, x. In addition, pre-contingency energy
and reserve system dispatch, q, is also determined by the
first level while meeting constraints associated with power
balance, power flow, and generation limits.

2) Second Level: Given the first-level decisions on invest-
ments and operation, the second level seeks to identify

1In [23] for comparison purposes, a conventional single-level formulation
to address a TEP problem considering individual security criteria was imple-
mented. Due to computational limitations, when the imposed security criterion
was tighter than n − 1, such model could not be solved to optimality for the
118-bus system with 311 elements (number of generators plus the number of
existing and candidate transmission lines). For n − 3, it was not even possible
to load the matrix of the problem into the computer memory.

the contingency as well as the renewable nodal injection
and load demand realization that would together lead to
the worst-case system power imbalance. If the imposed
security criterion is n− 1, the contingency state identified
in the second level will comprise the worst-case failure of
one of the system elements. If it is n− 2 instead, the
contingency identified will comprise the worst case com-
bination of failures of two system elements. The same
rationale applies for any n−K security criterion. Hence,
the second level finds simultaneously the values for the
uncertainty parameters of renewable generation w, load
demand d, and element failures a, that generate the worst
imbalance in the system.

3) Third Level: Once first and second level decisions are
taken, the third level determines the post-contingency cor-
rective actions, z, to circumvent the worst-case realization
of renewable generation and outages of system elements
imposed in the second level. These corrective actions are
performed by making use of the resources provided by the
first level decision, e.g., newly built lines and scheduled
reserves.

Note that, as we comprise multiple security criteria simultane-
ously in our formulation, second and third levels are replicated
for each considered security criterion (see Fig. 1). For exam-
ple, for the compound security criterion K(0→ 1), we have
replicated second and third level problems for each individual
security level, namely n− 0 (where only renewable uncertainty
is considered) and n− 1 (where both renewable and n− 1 se-
curity criterion are considered).

Before describing the full formulation of the problem, we
introduce some detailed definition for uncertain parameters of
renewable generation, load demand and elements outages. The
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mathematical symbols used throughout this paper are summa-
rized in the nomenclature section.

A. Renewable Generation, Demand and Elements Availability
Uncertainties

Each contingency state is represented by a binary-decision
vector, a = [aG |aL ], whose components indicate the availabil-
ity of each element, e.g., aGi represents the availability of the
generating unit i, i.e., it has the value of 1 if generator i is avail-
able and 0 otherwise. Similarly, aLl is related to the availability of
transmission line l. Similarly to [20], spatial correlation between
nodal demands and between nodal renewable injections can be
accounted for in the two-stage robust modeling framework by
their nodal covariance matrices (Σd ,Σw ), which are factorized
via Cholesky decomposition [25], i.e, Σd = Ld(Ld)� for de-
mand and Σw = Lw (Lw )� for RES generation. In this work,
we propose the consideration of both types of uncertainty fac-
tors through the following contingency-dependent renewable
generation and demand polyhedral uncertainty set:

Ua,d,w
Σ ,K =

{

(a,d,w) ∈ {0, 1}n ×Rnd×nw
∣
∣
∣
∣

∑

i

aGi +
∑

l

aLl ≥ n−K

d = d̂ + sdLded , || ed ||1≤ Γd , ed ∈ [−1, 1]n
d

w = ŵ + swLwew , || ew ||1≤ Γw , ew ∈ [−1, 1]n
w

}

. (1)

In (1), ed and ew define normalized error vectors whose com-
ponents assume values between −1 and 1 for all nd -demand-
variable nodes and nw -RES nodes, d̂ and ŵ are the vectors of
nominal values of demand and RES generation, respectively,
and (d,w) is the scenario realization of the nodal-demand and
RES generation for a given pair of error vectors. The uncertainty
budget, represented by Γd and Γw for demand and RES genera-
tion, respectively, controls the number of uncertain parameters
that can deviate from their nominal value by means of norm-1
constraints imposed to the error vectors. Additionally, the am-
plitudes of such deviations are controlled by sd and sw , respec-
tively. Therefore, in the proposed uncertainty set, the level of
conservativeness or stress associated with the renewable injec-
tion and demand is controlled by those four parameters, whereas
the conservativeness associated with contingencies is controlled
by the parameter K. It is relevant to say that, although possible
cross-correlation between loads and renewable injections could
be easily accounted for in the proposed framework, for the sake
of simplicity, we do not consider it in this work. Furthermore, it
is important to emphasize the modeling flexibility in this frame-
work. For instance, two or more different uncertainty sets with
the same security level can be used to model regional-security
criteria or to skip some of the contingencies chosen by the user
while still keeping the system reliable under variable demand
and renewable generation injection. In the next section, we take
advantage of this modeling flexibility to introduce the concept

of a compound GT n−K security criterion under the presence
of correlated demand and renewable injections.

B. The Reliable RG-TEP Model

Following the modeling framework of previous reported work
on static planning [21]–[23], the complete three-level problem
is formulated accordingly:

min
ΔDK ,Σ ,θb ,F

C

l ,

fl ,pi ,r
d
i ,r

u
i ,vl ,yl

{
∑

i∈I
CP
i pi +

∑

i∈I
Cd
i r

d
i +

∑

i∈I
Cu
i r

u
i

+
∑

l∈LC

(
Clvl + CCap

l F
C
l

)
+

∑

b∈N R E

CRE
b yb

+
∑

K∈K
CI
KΔDK,Σ

}

(2)

subject to:
∑

i∈Ib
pi +

∑

l∈L|to(l)=b
fl −

∑

l∈L|f r(l)=b
fl = D̂b − Ŵb ;

∀b ∈ NE (3)
∑

i∈Ib
pi +

∑

l∈L|to(l)=b
fl −

∑

l∈L|f r(l)=b
fl = −ybŴb ;

∀b ∈ NRE (4)
∑

b∈N R E

ybŴb +
∑

b∈N E

Ŵb ≥ Target
∑

b∈N E

D̂b (5)

fl =
1
xl

(
θf r(l) − θto(l)

)
;∀l ∈ LE (6)

−Ml

(
1− vl

) ≤ fl − 1
xl

(
θf r(l) − θto(l)

)

≤Ml

(
1− vl

)
;∀l ∈ LC (7)

− F l ≤ fl ≤ F l ;∀l ∈ LE (8)

− FC
l ≤ fl ≤ FC

l ;∀l ∈ LC (9)

vlF
M in
l ≤ FC

l ≤ vlFM ax
l ;∀l ∈ LC (10)

∑

l∈LC |to(l)=b
vl +

∑

l∈LC |f r(l)=b
vl ≤ ybMo

b ;∀b ∈ NRE (11)

0 ≤ pi ≤ P i ;∀i ∈ I (12)

pi + rui ≤ P i ;∀i ∈ I (13)

pi − rdi ≥ 0;∀i ∈ I (14)

0 ≤ rui ≤ RU
i ;∀i ∈ I (15)

0 ≤ rdi ≤ RD
i ;∀i ∈ I (16)

vl ∈ {0, 1};∀l ∈ LC (17)

yb ∈ {0, 1};∀b ∈ NRE (18)

ΔDK,Σ ≤ ΔDK,Σ ,∀K ∈ K (19)
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ΔDK,Σ = max
(a,d,w )∈Ua ,d ,w

Σ , K

min
ΔD+ w c

b ,ΔD−w c
b ,

θw c
b ,f w c

l ,pw c
i

{
∑

b∈N
ΔD−wc

b

+
∑

b∈N/NW

ΔD+wc
b + γSpil

∑

b∈NW

ΔD+wc
b

}

(20)

subject to:
∑

i∈Ib
pwc
i +

∑

l∈L|to(l)=b
fwc
l −

∑

l∈L|f r(l)=b
fwc
l −ΔD+wc

b

+ ΔD−wc
b = Db −Wb :

(
βb

)
;∀b ∈ NE (21)

∑

i∈Ib
pwc
i +

∑

l∈L|to(l)=b
fwc
l −

∑

l∈L|f r(l)=b
fwc
l −ΔD+wc

b

+ ΔD−wc
b = −ybWb :

(
βb

)
;∀b ∈ NRE (22)

−Ml

(
1− aLl

) ≤ fwc
l −

1
xl

(
θwc
f r(l) − θwc

to(l)

)

≤Ml

(
1− aLl

)
:
(
ωl, ψl

)
;∀l ∈ LE (23)

−Ml

(
1− vlaLl

) ≤ fwc
l −

1
xl

(
θwc
f r(l) − θwc

to(l)

)

≤Ml

(
1− vlaLl

)
:
(
πl, σl

)
;∀l ∈ LC (24)

− aLl F l ≤ fwc
l ≤ aLl F l :

(
ξl , φl

)
;∀l ∈ LE (25)

− aLl FC
l ≤ fwc

l ≤ aLl FC
l :

(
γl , χl

)
;∀l ∈ LC (26)

aGi
(
pi − rdi

) ≤ pwc
i ≤ aGi

(
pi + rui

)
:
(
ζi, λi

)
;∀i ∈ I (27)

0 ≤ pwc
i ≤ P i :

(
μi

)
;∀i ∈ I (28)

ΔD+wc
b ,ΔD−wc

b ≥ 0;∀b ∈ N. (29)

The objective function, (2), minimizes the following cost-
related terms: (i) generation in the pre-contingency, nominal,
scenario (where pi is the generation of each unit i in the set
of units I); (ii) up and down reserves (given by the rui and rdi
decision variables); (iii) line investment (which is given by vl ,
a binary variable that defines whether there is investment in a

given candidate line l or not, and by F
C
l which is a continuous

variable that defines the installed capacity of line l); (iv) RES
expansion (where yb is a binary variable that indicates whether
a new bus, with a new renewable source, is connected to the sys-
tem or not); and (v) the system power imbalance for all security
criteria comprised in the analysis (where ΔDK,Σ expresses the
power imbalance under the worst-case scenario of renewable
injection, load, and loss of up to K elements).

Generation costs are calculated via linear cost functions. Up
and down reserves costs are associated with reserves scheduled
to ensure that the system will be able to meet the demand un-
der the outage of any combination of up to K elements, any
demand scenario, and any RES generation realization within a
pre-defined uncertainty set. Investment in transmission lines has
two terms. The first one is related to the fixed cost of building
the line (Cl), and the second one refers to the cost proportional
to the line capacity (CCap ). RES-related cost accounts for the

incentives that are diminished from society as subsides for driv-
ing RES investments and siting. The last term is the worst-case
system power imbalance (RES spillage, power surplus, and loss
of load) cost associated with the security criterion adopted by
the transmission planner.

Constraints (3) and (4) represent the nodal power balance.
Constraint (4) refers to the new candidate RES nodes. Note
that demand and RES generation are fixed to their nominal val-
ues for this pre-contingency problem. Constraint (5) imposes
a minimum amount of RES sharing in the demand supply de-
fined by the parameter Target, which can be set to a value
between 0 and 1. Constraints (6) and (7) model the DC power
flow approach to describe the line flows in terms of nodal volt-
age angles for existing and candidates lines, respectively. Bi-
nary variable vl takes a value of 1 if the line is built and is 0
otherwise. The parameter Ml is a large-enough constant. Con-
straints (8) and (9) establish power flow capacity limits for
existing and candidate lines, respectively. Constraint (10) en-
forces the line capacity of a candidate line to be 0 if the line
is not constructed or to be between some minimum and maxi-
mum line capacity bounds, otherwise. To avoid network loops
where new RES nodes are built without RES investment, we
have included the logic constraint (11). Thus, it is not possible
to invest in lines that connect a new RES node if there is no RES
investment.

Regarding variable constraints for the first-level problem, the
power generation is limited in (12). Up-spinning reserve must
be less than the power capacity left in each generating unit
in (13). Down-spinning reserve cannot exceed the scheduled
power generation in (14). Additionally, maximum up and down
spinning reserves are limited for each generating unit based
on their technological constraints in (15) and (16). The binary
nature of the line and RES investment variables is ensured in
(17) and (18). Finally, in (19), the system power imbalance for
the worst-case scenario is limited to be less then or equal to a
certain user-defined threshold. The worst-case imbalance is an
outcome, a value of the objective function, of the two lowermost
optimization levels (20)–(29).

In (20), while the outer maximization, the second-level prob-
lem, seeks the worst-case scenario of contingency, renewable in-
jection, and load within the uncertainty set (given by expression
(1)), the inner objective function, the third-level problem, repro-
duces the operative reaction for a scenario of load and renewable
injection in a given post-contingency state. Therefore, the third
level minimizes the total system power imbalance, which is de-
fined here as the weighted sum of load shedding, power surplus,
and wind spillage. This problem can be observed as a phase-one
problem that aims to ensure second-stage feasibility by mini-
mizing artificial variables that account for constraint violations.
In this model, artificial variables related to RES spillage are
weighted by a factor γSpil that relates RES spillage costs with
load shedding to make them comparable. Note that NW is the
set of buses containing wind generation, which is composed by
both existing and candidate buses.

In (21)–(29), the system operator reaction, redispatch
for the worst-case (wc) renewable injection, load scenario,
and post-contingency state is accounted for. To differentiate
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post-contingency variables from the nominal one set in the
first-level problem, variables receive the wc superscript in the
third-level. Constraints (21) and (22) relate with the power bal-
ance, considering the positive and negative imbalance for exist-
ing nodes and new RES candidate nodes, respectively. Power
flow definition constraints are given in (23) for the existing
lines and (24) for candidate lines. Power flow limits are de-
scribed in (25) and (26) for existing and candidates lines, re-
spectively. Constraint (27) sets power generation considering
the pre-contingency scheduled energy and reserve. Generation
limits are set in (28). Non-negative nodal power imbalance vari-
ables are depicted in (29). Finally, dual variables associated with
each constraint are presented within parenthesis.

III. SOLUTION APPROACH

The proposed reliable RG-TEP problem formulation,
(2)–(29), belongs to the class of trilevel optimization models
with multiple recourse functions, [24], which can be solved
by a column-and-constraint generation algorithm. To make use
of such method, one needs an oracle that identifies the worst-
case scenario of load, renewable injection, and contingency for
each K and first-level decision. By means of such an oracle,
also known as a slave problem or simply a subproblem, the
method relies on a master problem, a relaxed version of the
extensive form of the trilevel problem where all scenarios and
post-contingency states are explicitly considered and is itera-
tively enhanced with redispatch constraints for the identified
worst-case scenarios and post-contingency state.

Although the two lowermost levels, (20)–(29), are conceived
to provide precisely the oracle information, such formulation
belongs to the class of mixed integer bilevel programming
problems. Nevertheless, the bilevel problem (20)–(29) can be
conveniently recast as an equivalent single-level program, as
performed in [20], [23]. To carry out this transformation, the
following steps are needed: 1) the original second-level maxi-
mization problem, given by the outer max operator in (20), is
rewritten to maximize the third-level dual-objective function;
2) dual feasibility constraints associated with the third-level
problem are imposed in the new equivalent model to ensure a
lower bound for the optimal value of the third-level problem
by means of its dual objective function; 3) bilinear terms as-
sociated with products between binary variables of the second-
level problem (line and generation contingency variables, aGi
and aLl ) and dual variables of the third-level problem are lin-
earized by means of disjunctive constraints, as performed in
[23]; and 4) bilinear terms associated with products between
third-level dual variables and second-level continuous variables
(related to renewable injection and load scenarios) are linearized
by means of the binary expansion approach, as performed
in [20].2 Consequently, a mixed integer linear programming
(MILP) formulation for the two lowermost levels, hereafter

2It is relevant to say that the uncorrelated case, extensively explored in the
recent literature ([19], [21], [26], just to mention a few), fits in the proposed
model by considering Σd and Σw as identity matrices. In this case, the worst-
case scenario is always composed by Γd and Γw components of the nodal
demand and nodal-renewable injection vectors, respectively, on the boundaries
of the box constraints. Hence, the error variables can be expressed by binary

referred to as the oracle, is available and suitable for commercial
MILP solvers [27]. For the sake of brevity, we omit the oracle
formulation.

Since the master problem relies on a subset of the scenarios
in Ua,d,w

Σ ,K , its objective function provides a lower bound for the
optimal value of the trilevel problem [23]. Such lower bound
can be found by means of the following model in each iteration
j of the algorithm:

LB(j ) = min
ΔDK ,Σ ,θb ,F
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s.t.

Constraint (3)–(19) (31)

αK ≤ ΔDK,Σ ,∀K ∈ K (32)

αK ≥
∑

b∈N
ΔD−wc(K,m )

b +
∑

b∈N/NW

ΔD+wc(K,m )
b

+ γSpil
∑

b∈NW

ΔD+wc(K,m )
b ,∀K ∈ K,m = 1, ..., j (33)

Constraint (21)–(29)(K,m ) ,∀K ∈ K,m = 1, ..., j. (34)

In (30)–(34), additional operative variables with the super-
script (K,m), namely fwc(K,m )

l , p
wc(K,m )
i ,ΔD+wc(K,m )

b and

ΔD−wc(K,m )
b , are associated with each scenario of the un-

certain parameters identified by the oracle for each K at it-
eration m, namely d(K,m ) ,w(K,m ) and a(K,m ) . In (30) and
(32), the worst-case imbalance function of each criterion is re-
placed by an auxiliary variable αK . In (33), such variable is
limited from below by the imbalance of each scenario identi-
fied in previous iterations. Finally, in (34), (21)–(29) accom-
panied by the superscript (K,m) indicates that the redispatch
constraints (21)–(29) are repeated for each K and iteration m
considering different sets of variables identified by the same
superscript (K,m).

The upper bound, UB(j ) , can be found at any iteration j by
means of the evaluation of the true objective function, (2), on a
trial solution, x∗(j ) , whose components are all the first-level de-
cision variables (fl , pi , rui , r

d
i , vl , yb) found by the master prob-

lem at iteration j. To do that, the oracle is used to assess the
imbalance for each criterion K. In this framework, according
to (34), new redispatch variables (columns) and constraints are
iteratively included in the master problem until convergence of
the algorithm is achieved. Next, we present the column-and-
constraint generation algorithm to solve the reliable RG-TEP
for large renewable penetration.

variables and the subsequent bilinear terms associated with those variables
linearized according to step 3.
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Algorithm 1: Column-and-constraint generation algorithm.

1: Initialize: j ← 0, UB(j ) ← +∞, LB(j ) ← 0
2: if

(
UB(j ) − LB(j )

)
/UB(j ) ≤ ε then STOP

3: end if
4: Update the iterations counter: j ← j + 1.
5: Solve the master problem (30)–(34) and store the lower

bound, LB(j ) , and its optimal solution, x∗(j )

6: Solve the oracle for each K ∈ K, fixing the first-level
variables to the optimal solution found by the master
problem, x∗(j ) , and store the imbalance ΔDK,Σ .

7: Compute UB(j ) and go to step 2.

Fig. 2. 3(existing)+2(candidate)-nodes power system.

IV. CASE STUDIES

The performance of the proposed model and solution method-
ology is illustrated in this section. Three cases are used: the
first comprises a small 3(existing)+2(candidate)-bus test sys-
tem that illustrates the impact of considering multiple security
criteria under the presence of correlated-renewable injection un-
certainty, the second, based on the main Chilean power system,
demonstrates the effectiveness of the proposed methodology in
a realistic case study, and the third, based on the standard IEEE
118-bus system, analyses the performance of the solution algo-
rithm for a meshed topology with more than hundred buses. The
presented methodology was implemented on a computer with
two Intel Xeon E5–2697 v2 processors at 2.7 GHz and 512 GB
of RAM, using Xpress-MP 7.8 under MOSEL [27].

A. (3e+2c)-Bus System Case Study

As depicted in Fig. 2, this system has three existing buses with
eight conventional generation units and two candidate buses
with potential wind generation. The system comprises two ex-
isting transmission assets and twenty-one candidates, which are
represented by the dashed lines. Each dashed line corresponds
to several candidate circuits. In this case study, we set the stan-
dard deviation of the renewable generation of buses 4 and 5 to
23.11% of their maximum output and we consider sw equal to 1.
Then, we perform a sensitivity analysis on the correlation factor
ρ. The dashed line between buses 1 and 2 comprises 9 candidate
circuits, whereas each dashed line between buses 2 and 3, 4 and

TABLE I
TOTAL RESERVE COST ($/HOUR)

Security Criteria

Correlation K (0) K (0 → 1) K (0 → 2) K (0 → 3)

−100% 0.00 162.00 349.00 1069.22
−50% 95.99 282.19 492.79 6992.92

0% 111.38 300.88 515.38 7945.11
50% 177.50 384.60 654.30 11336.40

100% 248.50 480.50 3693.50 14845.60

TABLE II
TOTAL INVESTMENT IN LINES ($/HOUR)

Security Criteria

Correlation K (0) K (0 → 1) K (0 → 2) K (0 → 3)

−100% 6704.62 13760.30 21477.00 29307.80
−50% 7916.44 15064.90 22652.90 28361.10

0% 7954.40 15122.20 22791.30 28043.30
50% 7990.86 15159.90 22859.90 29151.10

100% 9319.00 16374.50 22947.00 29330.40

2, and 5 and 2 refers to 4 candidate circuits. Detailed data for
this case study can be found in the data document [28].

To depict the impact of considering multiple security cri-
teria under the presence of correlated-renewable injection un-
certainty, four different combined security criteria are consid-
ered in each study: 1) pure (n− 0), where only renewable
variability is addressed, 2) combined (n− 0) and (n− 1),
3) combined (n− 0), (n− 1), and (n− 2), and 4) combined
(n− 0), (n− 1), (n− 2) and (n− 3). Hereinafter, we use the
the acronym K(0) to represent a single (n− 0) security crite-
rion, whereasK(0→ 3) refers to a compound security criterion
ranging from (n− 0) to (n− 3). For all of the composed cri-
teria, renewable variability is considered as described in the
previous section. For simplicity purposes, demand variability is
neglected.

In this case study, a sensitivity analysis is performed to in-
vestigate the impact of correlation between renewable sources
under combined security criteria on spinning reserve costs and
transmission expansion investments. For the individual secu-
rity criteria (n− 0), (n− 1), and (n− 2) comprised in the
aforementioned combined criteria, we consider the penalization
cost CI

K=0,1,2 equal to 4× 103$/MWh, and for the individ-
ual (n− 3), the penalization CI

K=3 is set to 600$/MWh. The
tolerance for convergence is 5× 10−3 . In addition, the renew-
able nominal generation available in the two candidate buses
corresponds to 63.1% of the total energy demand. Finally, the
spillage factor γSpil is set to 10−2 .

In Table I, the costs associated with reserve levels for each
considered correlation and combined security criteria are shown.
There is a clear pattern of increase in reserve needs when the
security criterion becomes tighter. In addition, as correlation in-
creases, the required levels of spinning reserves become higher.

Authorized licensed use limited to: Skolkovo Institute of Science & Technology. Downloaded on January 06,2021 at 15:17:15 UTC from IEEE Xplore.  Restrictions apply. 



3254 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 4, JULY 2017

Table II displays the investments on transmission lines un-
dertaken for each correlation and combined security criteria.
As we can see, a correlation increase leads to higher invest-
ments in transmission lines for combined security criteria up
to K(0→ 2). Two reasons are behind this effect. The first is
because additional line capacity is needed for the positively
correlated peaks of renewable injection. The second relates to
reserve deliverability: the higher the correlation between RES
buses, the higher the required reserve level to ensure system
reliability. Because the cheapest conventional generators are lo-
cated at bus 1, as long as the correlation grows, more investment
is needed to bring cheap reserves from bus 1, i.e., an extra in-
vestment is needed to ensure reserve deliverability. However,
for the K(0→ 3) criterion, the pattern for investments in lines
is broken because the candidate lines available are not sufficient
to bring cheap reserves from bus 1. This is reflected in the faster
rate of growth of reserve costs for K(0→ 3) from correlation
equal to –100% up to correlation equal to 100%, as reported in
Table I.

B. Main Chilean Power System Case Study

We illustrate the proposed model using a stylized represen-
tation of the main Chilean power system (Sistema Interconec-
tado Central, or its acronym SIC). The stylized SIC comprises
27 nodes, 52 existing lines, and 282 generating units. The data
(transmission lines, generating units, locations, demands, etc.)
is obtained from the Chilean Regulatory Authority [29] and SIC
System Operator [30]. We have chosen 66 candidates lines for
expansion. Full generation, lines and demand data are available
in [28]. Our study focuses on the year 2025, for which Chilean
Law has set a 20% renewable energy generation target. Nodal
demand is projected according to the CNE’s technical report
[29]. We have considered here that renewable generation targets
are reached with wind and solar energy resources only. Potential
future RES generation data are obtained from the MAPS-Chile
initiative project [31].

We have imposed simultaneous security criteria with different
thresholds. System power imbalance is limited in terms of the
total demand, to 0% for the individual security criteria (n− 0),
(n− 1), and (n− 2) and to 2.5% for the individual (n− 3).
In addition, load shedding is penalized with a cost of 4× 104

$/MWh, and the convergence gap is set to 5× 10−3 for imbal-
ances from security criteria up to two outages, while imbalances
associated with three outages are penalized by 40 $/MWh, with
a convergence gap of 3× 10−2 . Finally, the penalty factor for
renewable curtailment is set to 10−3 in this case study.

The model outcomes are summarized in Table III. In columns
2 to 5, results for different security criteria are provided. In
rows 1 to 4, we present the costs related to operation of and
investment in new transmission lines and renewable energy ca-
pacity expansion in thousands of dollars.3 As it is expected,

3These results are associated with a single time interval, i.e., a representative
worst-case hour obtained by the two lowermost optimization problem. This is
consistent with previous reported work on the subject of static planning, [21]–
[23], and sufficient to capture the effect of the new features proposed in this
study.

TABLE III
RESULTS FOR THE CHILEAN POWER SYSTEM

Security Criteria K (0) K (0 → 1) K (0 → 2) K (0 → 3)

Total Sys. Cost(103 $) 236.89 250.70 261.96 268.79
Total Ope. Cost(103 $) 201.41 215.12 222.72 228.98
Inv. in Trans. Lines(103 $) 6.69 6.77 10.43 11.00
Inv. in New Buses(103 $) 28.80 28.80 28.80 28.80

Down Spinning Reserve(MW) 0 1511.88 2932.13 3035.17
Up Spinning Reserve(MW) 114.00 1161.91 1526.06 2287.67

No. of Lines Built 14 14 25 27
RES Penetration (%) 20.25 20.25 20.25 20.25
Aver. Inv.&Ope. Cost($/MWh) 20.94 22.16 23.16 23.76

WC LOL for K = 0 (%) – – – –
WC LOL for K = 1 (%) 12.16 – – –
WC LOL for K = 2 (%) 20.48 5.56 – –
WC LOL for K = 3 (%) 23.76 13.29 7.82 1.82

Time of resolution (s) 88.01 1408.28 47226.90 78358.40

operation costs increase while the imposed security criteria be-
comes tighter. However, investment costs in new RES nodes as
well as RES penetration remain equal for all security criteria,
as shown in rows 4 and 8. In order to accomplish identical RES
penetration with different and more stringent security criteria,
it is necessary to undertake higher investments in transmission
lines. Thus, for the case of planning without security criteria,
the number of constructed lines is 14, with a cost of 6.69 thou-
sand of dollars, while for the case of planning the network with
K(0→ 3) security criteria, the number of built lines increases
to 27, resulting in a cost of more than 11 thousand of dollars.
It is worth remarking that costs presented in Table III refer to
one hour of operation. Thus, the value of 6.69 thousand dollars
per hour associated with line investments for K(0) is actually
equivalent to approximately 58.60 million dollars per year. As-
suming a 30 years life time, this is equivalent to 1.80 billion
dollars. Similar results have been reported previously in [32]
for the Chilean system. Up- and down-spinning reserves are
shown in rows 5 and 6. The levels of up and down reserves rise
from light to rigorous security criteria.

The optimal number of lines to build, the percentage of renew-
able penetration, and the total average cost per MWh of demand
for each security criterion are respectively shown in rows 7,
8, and 9 of Table III. Note that the average cost of the energy
supply is calculated by taking into account operational, RES
capacity, and transmission expansion costs. In this study, for a
renewable penetration equal to 20.25% of the demand share,
for all cases, the average cost slightly increases as the imposed
security criteria become tighter. It should be noted that increas-
ing the security level from pure K(0) to K(0→ 1) slightly
increases investment costs in new lines. In this case, most of the
increase in reliability is addressed by significantly higher levels
of allocated reserves. However, by moving towards aK(0→ 2)
criterion to accommodate a RES generation integration in 2025,
both the investment plan and reserve levels notably differ from
the K(0→ 1) case due to the quasi-radial characteristics of the
Chilean power system. Nevertheless, since more lines are built
for K(0→ 3) than for K(0) and these lines are strategically
chosen to guarantee security at minimum cost, the delivery of
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TABLE IV
OUT-OF-SAMPLE MONTE CARLO SIMULATION TEST FOR THE

CHILEAN POWER SYSTEM

Security Criteria K (0) K (0 → 1) K (0 → 2) K (0 → 3)

LOL Interval LOL Probability

=0% 11.77% 85.72% 93.72% 96.88%
(0–1]% 7.65% 2.94% 2.22% 0.87%
(1–2]% 15.99% 4.35% 1.92% 1.10%
(2–3]% 15.44% 2.94% 1.10% 0.60%
(3–4]% 13.84% 1.86% 0.56% 0.24%
(4–5]% 10.25% 1.12% 0.23% 0.19%
(5–10]% 21.81% 1.04% 0.25% 0.12%
>10% 3.25% 0.03% 0.00% 0.00%

Expected LOL 3.49% 0.34% 0.12% 0.06%
CVaR of the LOL 11.13% 4.20% 2.16% 1.23%

Expected Total Costs [103$] 410.01 268.82 269.19 272.46
CVaR of the Total Costs [103$] 746.52 442.48 361.11 330.38

cheaper reserves is facilitated. As a consequence, the operational
cost only increases less than 14% from K(0) to K(0→ 3), al-
though the up-spinning reserve requirements rise from 114 MW
for K(0) to 2287.67 MW for K(0→ 3). This reinforces the
importance of considering reserve deliverability while planning
system expansion as it is proposed in the methodology presented
in this paper. The worst-case load shedding for contingencies
with up to 3 outages is shown in rows 10 to 13. We observe that
planning new RES generation capacity and network expansion
without considering any security criteria could lead to cases of
severe load shedding costs, 12.16% of the load demand may
be caused by a single outage, while up to 23.76% of the load
demand can be curtailed by a combination of 3 simultaneous
outages. However, by increasing security, the worst-case load
shedding drops under the given threshold at the expense of hav-
ing higher system operational and investment costs, as expected.
Finally, CPU times of resolution are shown in row 14.

In order to assess the robustness of the solutions provided
by the proposed methodology, we performed an out-of-sample
Monte Carlo simulation test aiming to analyze the reliability and
cost for the solutions obtained using different compound secu-
rity criteria. To do that, after running the model, we generated
10000 scenarios assuming independently generated Bernoulli
trials for each line and generator state (1 for on-service and 0
for out-of-service state), with 0.1% and 1% probability for the
out-of-service states, respectively, according to [33]. Renewable
generation output scenarios are obtained by means of multivari-
ate Gaussian random samples with mean equal to the estimated
values for the nominal outputs and covariance matrix used in
the uncertainty set definition. Table IV shows the load shedding
level, or loss of load (LOL), for different solutions, each of them
obtained for different security criteria. The expected value (av-
erage among all the 10000 scenarios) and the conditional value
at risk (CVaR) with 95% confidence (average among the high-
est 500 scenarios) for the LOL are shown in rows 9 and 10 of
Table IV.

In the K(0) case, where no security criterion is enforced
and only renewable variability is accounted for through (1)
(column 2 of Table IV), there is a high chance of observing

Fig. 3. Empirical CDF of renewable curtailment from Monte Carlo simulation.

a deep LOL. As we can see in this column, the chance of an
event in which a LOL of 5 to 10% of the overall system de-
mand takes place exceeds 20%. The 95%-CVaR reaches the
amount of 11.13% of the demand although the expected LOL
is 3.49% for this case. Thus, by adding up one level of security,
K(0→ 1) security criterion, the reliability of the system signif-
icantly increases. The probability of having zero LOL increases
from 11.77% to 85.72% (row 1 of Table IV). However, the total
probability of the scenarios with LOL higher than 2% of the
demand still surpasses 6%. Therefore, by analyzing the relia-
bility measures for the next two security criteria, the compound
K(0→ 2) and K(0→ 3), it is possible to see satisfactory lev-
els of expected value and 95%-CVaR for the LOL, below 2.16%
and 1.23% of the system demand. Also, according to the fourth
and fifth columns of Table IV, the probability of experiencing
scenarios in which the loss of load is higher than 2% of the
system demand falls to 2.2% and 1.1%, respectively.

The last two rows of Table IV show the expected and 95%-
CVaR total (first and second stage) costs for the four planning
solutions associated with the security levels. Observe that, as a
result of the protection provided by the consideration of more
stringent security criteria, the CVaR of the total costs (trans-
mission investments plus operation costs plus system power
imbalance costs) decreases with the level of security criterion.
Observe that non-considering any security criteria for the trans-
mission planning would result into a more expensive solution
due to the high load shedding and renewable curtailment. Fig. 3
shows the cumulative distribution function for the renewable
curtailment in terms of percentage of the total demand. Al-
though all optimal expansion plans reach 20.25% of renewable
penetration (see Table III), the renewable curtailment signif-
icantly decreases with tight security criteria requirement. As
consequence, better signals and environment for renewable in-
vestors is created. This should be relevant for regulators who aim
at targets of renewable penetrations with private investors. The
proposed co-optimization of system’s resources, which jointly
defines new renewable generation, transmission capacity, and
new reserve levels and sitting proposed in here allows to tune
system reliability by imposing tight security criteria without in-
creasing significantly total costs (see last two rows of Table IV).

C. (118e+4c)-Bus System Case Study

In this case study, we apply the proposed methodology for
a modified version of the standard IEEE 118-bus test system.
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TABLE V
RESULTS FOR THE (118E + 4C)-BUS SYSTEM

Security Criteria K (0) K (0 → 1) K (0 → 2) K (0 → 3)

Total System Cost(103 $) 18.93 21.72 36.86 37.50
Down Spinning Reserve (MW) 12.00 28.00 28.00 29.00
Up Spinning Reserve (MW) 28.00 301.02 245.28 275.29
Number of Lines Built 6 8 21 21
Time of resolution (s) 14.09 898.76 18,934.50 20,393.70

Here, we consider this system with 118 existing buses, 4 can-
didates buses with potential renewable generation sources, and
53 candidate transmission lines. Such candidate sources, if con-
nected to the system, can contribute together to meet up to
24.81% of the system demand with their nominal output. Each
of these potential renewable sites is considered to have a stan-
dard deviation equivalent to 17% of its maximum generation
production output. In addition, the correlation factor between the
outputs of candidate buses 119 and 120 and between the outputs
of candidate buses 121 and 122 are set to 0.75. For the (n− 0),
(n− 1), and the (n− 2) security criteria, null load shedding
is imposed, whereas, 3.5% of load shedding is allowed in the
worst case of triple contingencies. In this case study, the target
to meet at least 20% of demand by renewable generation is also
imposed. Full data for this case study can be accessed in [28].

Table V summarizes the attained results for this system. Total
(operation and investments) system cost increases with the strin-
gency of the security criterion. The renewable generation expan-
sion solution reaches the maximum level (24.81%) available for
all criteria. The level of down-spinning reserves grows with the
safety of the system. However, the required level of up-spinning
reserves decreases from the K(0→ 1) to the K(0→ 2) secu-
rity criteria since there is a major investment on the transmission
network. This enables the procurement of cheaper reserves to
meet the security requirement. This optimal balance between
reserves and transmission expansion is only possible due to the
explicit consideration of reserves into the RG-TEP problem.
Time of resolution is shown in the last row for all criteria. It is
lower than the Chilean case study despite that we are considering
a larger system in terms of number of buses.

V. CONCLUSION

In this paper, we proposed a RG-TEP model to support the
efficient achievement of RES share targets while considering
the reliability of the system by accounting for the interaction
between reserve deliverability and the network plan. Backed
up by our studies, we claim that the growth of the renewable
penetration in a power system should be coordinated with the
transmission expansion planning to properly accommodate re-
newable generators and possibly reduce operational costs with-
out compromising the security of the system. A two-stage min-
max-min optimization model has been formulated to take into
account contingencies as well as uncertainty in demand and
renewable generation. The resulting model has been solved us-
ing a column-and-constraint generation algorithm. Simulation
results presented for the Chilean case study corroborates the

effectiveness of the proposed methodology to find robust solu-
tions and its capability to provide system planners with a flexible
tool to measure the trade-off between reliability and cost under
reasonable computational effort. The methodology is also tested
with the standard IEEE 118-bus system in order to demonstrate
its scalability.

Finally, further extensions with more focus on multiperiod
modeling, flexibilities as corrective transmission switching ac-
tions and use of phase shifters or incorporating a dynamic in-
vestment framework should be relevant for future research.
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