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a  b  s  t  r  a  c  t

The  transmission  network  switching  is proposed  in  the  literature  as  a  way  to  improve  social  welfare  in
liberalized  power  markets.  〈7〉  Moreover,  exercise  of  market  power  by  strategic  generating  companies
(Gencos)  causes  some  extra  cost  in  electricity  market  which  can be alleviated  by implementing  appro-
priate  switching  policies.  This  paper  contributes  to  the  existing  literature  by developing  a  mathematical
model  that  explores,  from  an  economic  perspective,  the  transmission  network  switching  in the  context
of  market  power.  The  strategic  Gecnos  are  modelled  based  on the Cournot  game.  The Nash  equilibrium  of
the game  between  Gencos  is formulated  as an equilibrium  problem  with  equilibrium  constraint  (EPEC).
The  EPEC  problem  is transformed  to a mixed-integer  linear  feasibility  problem.  To  handle  the  multiple-
Nash-equilibria  situations,  the  solution  concept  of the  extremal-Nash  equilibrium  (ENE)  is  introduced.
A mixed-integer  linear  program  (MILP)  is derived  for finding  ENE.  The  transmission  switching  decisions
are  modelled  as binary  variables  controlled  by  the  system  operator  (TSO).  The  TSO  minimizes  the  system
dispatch cost  calculated  at ENE  and  network  reconfiguration  cost.  The  TSO  minimizes  the cost  using  its
transmission  switching  decisions.  The  problem  faced  by  the TSO  is  a  mixed-integer  bilevel linear  pro-
gram  (MIBLP)  with binary  variables  in  both  upper  and  lower  levels.  The  upper  level  models  the  TSO’s
action  and  the  lower  level  the  oligopolistic  Gencos  (competing  in  Cournot  game).  A (parallel)  branch-
and-bound  technique  is used  to  solve  the  developed  MIBLP  model.  An illustrative  3-bus  example  system
and  the  IEEE-RTS96  are  modelled  and  carefully  studied.  〈8〉The  numerical  results  demonstrate  that:  1
– the  (parallel)  branch-and-bound  technique  can  effectively  solve  the  developed  MIBLP,  2 – using the
developed  model,  the  system  operator  can change  topology  of  the  network  by  switching  the  lines  in  order
to  reduce  the  adverse  effect  of  the  strategic  behaviour  of  Gecnos.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction and background

In economics, market power is defined as the ability of a firm to
alter profitably the market price away from the competitive levels
[1]. Liberalized electricity markets tend to be prone to the exercise
of market power. In fact, they are more susceptible to the exercise
of market power than any other industry [2]. The exercise of market
power in generation sector causes market power cost in electricity
markets [3].

The market power cost can be limited using several policies.
These include: (1) policies to reduce market concentration [4], (2)
policies to increase demand response to wholesale price [1], (3)

∗ Corresponding author.
E-mail addresses: yaser.tohidi@ee.kth.se (Y. Tohidi), mrhesamzadeh@ee.kth.se

(M.R. Hesamzadeh), baldick@ece.utexas.edu (R. Baldick).

policies to decrease congestion on the network [5], (4) policies to
facilitate hedging [6], (5) Policies to impose behavioral rules on
generators [7] and (6) price caps [8].

Importantly, network congestion has a strong impact on market
power. Generators can use transmission related strategies to exer-
cise market power. They can deliberately congest or de-congest
network elements to manipulate market prices. Accordingly, the
efficient operation of and investment in transmission network can
improve competition in generation sector. Refs. [9–11] show that
efficient investment in additional transmission capacity can reduce
the market power cost in generation sector. The efficient operation
of the transmission network include the efficient operation of DC
interconnectors1 and transmission network switching.

1 Direct current interconnectors.
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The network operator can switch certain network elements in
and out of service to change the power flows in the network. This
way the network operator can reduce the network congestion.
There are several examples of network switching from engineer-
ing literature. PJM and Exelon change the topology of the system
for having a better voltage profile and higher transmission flow
[12]. Ref. [13] studies the impact of transmission network switch-
ing on over- and under-voltage situations and line overloads.
Transmission loss reduction using transmission network switch-
ing is proposed in [14]. Ref. [15] proposes optimal switching of
the transmission network for improving system security. Authors
in [16] models transmission network switching in generation-
transmission expansion planning problem. They have shown that
transmission network switching could reduce the total expansion
planning cost. Ref. [17] introduces transmission network switch-
ing in the security-constrained unit commitment for alleviating
transmission violations and reducing operation costs. Refs. [18–20]
study transmission network switching in similar engineering appli-
cations. Authors in [21] continue the work in [22] by providing the
mathematical model for transmission network switching to reduce
the system dispatch cost. The proposed mathematical model is
applied to the IEEE 118-bus system and practical implications of
transmission network switching are discussed. 〈4〉 Ruiz in [23] uses
line outage distribution factor (LODF) to find the candidate lines to
be switched in order to reduce the congestion cost. An iterative
algorithm is proposed to update the power transfer distribution
factor matrix (PTDF) after each switching decision. This approach
is not able to model the N-1 reliability criterion. Note that consid-
ering the economic aspects of transmission switching should not
hamper the reliability and stability of the system. Ref. [24] co-
optimizes transmission switching with unit commitment decisions
considering N-1 reliability constraint.

In all previous works, the transmission network switching is
studied under assumption that the generation sector is perfectly
competitive. This assumption is not always justified. 〈9〉 Game the-
ory can address the imperfect competition situations. In power
markets, on-off decisions for power plants selling power to the
market, investment decisions of strategic Gencos, and transmis-
sion expansion decisions of interacting transmission planners are
examples of these situations [25–29]. Ref. [30] is a comprehen-
sive study on application of game theory in smart grid systems.
The Nash equilibrium as the resulting equilibrium point in simul-
taneous games is used in [31] to find the bidding strategy of
utility companies and demand response of customers. The effect of
the network structure on non-cooperative behaviour of producers
assuming a supply function competition is studied in [32]. In the
current paper, we relax the perfect-competition assumption and
investigate the impact of transmission switching on market power
cost. 〈2〉 This is the main contribution of this paper, i.e., develop-
ing a mathematical model for analyzing the switching of the lines
and changing the configuration of the network as a mechanism
to reduce the adverse effect of the strategic bidding of generation
companies (Gencos) in power market. We  propose a bilevel opti-
mization problem (based on Nash equilibrium concept) to study
the impact of transmission network switching on market power
in generation sector. The lower level models the strategic Gencos
which compete in a Cournot game (game on quantity). The upper
level models the transmission system operator (TSO) which decides
on transmission network switching. This is illustrated in Fig. 1. The
proposed mathematical formulation is a mixed-integer bilevel lin-
ear program (MIBLP). The branch-and-bound algorithm in [33] is
implemented to solve the derived MIBLP formulation.

This paper is organized in seven sections. The transmission
network switching in competitive power markets is formulated
as a mixed-integer linear program (MILP) problem and explained
in Section 2. Section 3 details the proposed formulation for the

Fig. 1. The bilevel problem of transmission switching with strategic Gencos.

optimal reconfiguration of the transmission network with Nash-
Cournot game in generation sector. The solution algorithm of the
derived MIBLP model is explained in Section 4. Section 5 develops
an approach for quantifying the competition benefit of trans-
mission network switching. The 3-bus example system and the
IEEE-RTS96 are studied in detail in Section 6. Section 7 concludes
the paper. Appendix A is the nomenclature.

2. Transmission network switching in competitive setting
(MILP model)

We  assume a TSO minimizing the system social cost by switch-
ing the transmission lines in and out of service. The TSO performs
the reconfiguration task with N-1 reliability constraints. The opti-
mal  reconfiguration of the transmission network can be found by
optimization problem (1) [21,34]. 〈14〉This model finds the switch-
ing policy for one snapshot of the system, i.e., with no uncertainty.
However, if the switching policy is decided for a period of time,
e.g., the next day, different operating scenarios considering uncer-
tainties and their potential costs needs to be considered. Note that
n ← u represents unit u which is connected to bus n.
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