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Abstract 
Financial Transmission Rights (FTRs) are used to 

hedge congestion risk and they are financed by 
congestion rents. The ISO may not collect enough 
congestion rents to cover its obligation to the FTR 
holders; this is known as revenue inadequacy. Revenue 
inadequacy may occur even though ISOs run a 
Simultaneous Feasibility Test (SFT), which ensures 
revenue adequacy. However, the SFT relies on the 
assumption that the grid topology is not modified. 
Recent research suggests that we should co-optimize 
generation with the network topology. There is the 
concern that optimizing the topology will cause 
revenue inadequacy. In this paper, we examine how 
transmission switching affects revenue adequacy of 
FTRs. We discuss how the optimal transmission 
switching problem can be modified in order to 
maximize the market surplus subject to maintaining 
revenue adequacy, if that is the desired motivation of 
the ISO. We also discuss the policy implications of 
adopting such a method.  
 
 

Nomenclature 
Indices and Sets 

g: Generator. 
g(n): Set of generators at bus n. 
k: Transmission element (line or transformer). 
k(n,.), k(.,n): Set of transmission elements with bus n as the 

to bus and the set with bus n as the from bus. 
K0 i: Set of opened lines for network topology 

solution i that has an optimal solution in the 
Benders’ sub-problem but yet is revenue 
inadequate. 

K1 i: Set of closed lines for network topology 
solution i that has an optimal solution in the 
Benders’ sub-problem but yet is revenue 
inadequate. 

m, n: Nodes. 
Parameters 

Bk: Susceptance of transmission element k. 
cg:  Production cost for generator g. 
dn: Real power load at node n. 
FTR nm

f : Financial transmission right contract f  
between sink bus n and source bus m. 

Mk: Big M value for transmission element k. 

Pmax
g: Max capacity of generator g. 

Pmax
k, Pmin

k: Max and min rating of transmission element k; 
note that, generally, Pmax

k = - Pmin
k. 

Variables 
F +

k, F -
k: Dual variables on line k’s capacity constraints, 

upper bound and lower bound respectively 
(flowgate marginal prices).  

LMPn: Dual variable on bus n’s power balance 
constraint (Locational marginal price). 

Pg: Real power supply from generator g at node n. 
Pk: Real power flow from node m to n for 

transmission element k. 
zk: Binary switching variable for transmission 

element k (0 open/not in service, 1 closed/in 
service) 

αg: Dual variable on  generator g’s upper bound. 
θn: Bus voltage angle at node n 
μ +

k, μ -
k: Dual variables on the relationship between φk, 

θn, and θm. 
φk: Bus voltage angle difference across 

transmission element k. 
ω: Master problem objective in the Benders’ 

decomposition technique. 
 
1. Introduction 
 

Point-to-point Financial Transmission Rights 
(FTRs) are common in many restructured electric 
energy markets and they allow market participants to 
hedge forward contracts or speculate on price 
differences. FTRs are instrumental in the electric 
energy markets since they enable allocation of property 
rights to the electric power grid and management of 
congestion risk by energy market participants without 
inhibiting efficient operation of the grid by the system 
operator. An FTR entitles the owner to the difference 
in the Locational Marginal Prices (LMPs) between the 
defined source and sink locations, i.e., the sink price 
minus the source price, times the quantity of the FTR. 
In electric energy markets that use a nodal pricing 
system, congestion charges are equal to the LMP 
difference between the withdrawal (sink) point and the 
injection (source) point times the flow. An FTR, 
therefore, allows a market participant to create a 
perfect hedge against the congestion charges for 
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sending one MW of power between these two assigned 
nodes. Such a financial instrument can be contracted to 
be a two sided obligation, meaning that the holder of 
the FTR is obligated to cover the financial position no 
matter if it is positive (FTR holder is paid) or negative 
(FTR holder must pay), or the contract can be 
structured as an option based financial instrument. 
FTRs are typically obligatory contracts and, thus, FTRs 
will be assumed to be obligations throughout this 
paper.  

In most electric energy markets that operate an 
FTR market, the Independent System Operator (ISO) 
auctions off the FTRs to market participants with the 
objective to maximize the auction revenues. However, 
the allocation of all FTRs for the network must pass 
what is called a Simultaneous Feasibility Test (SFT). 
The SFT guarantees that if all FTR positions are 
physically exercised simultaneously that the electrical 
network can handle all physical flows throughout the 
network, i.e., no network constraint violations, based 
on the FTRs’ defined injection point, withdrawal point, 
and the defined transfer quantity.  

The FTRs holders are compensated by the ISO, 
which covers this financial obligation with the 
congestion rent that is collected from the market. 
Revenue adequacy occurs when the ISO has enough 
congestion rent to fully cover its obligation to FTR 
holders. Revenue inadequacy occurs when the ISO 
does not have adequate congestion rents to fully 
compensate the FTR holders. It was shown in [19] that 
under certain theoretical conditions, the congestion rent 
collected by the ISO will be adequate to cover all 
obligations for any FTR allocation that satisfies the 
SFT. The proof that there will be revenue adequacy 
relies on the “separating hyperplane principle” of 
convex optimization and the assumption that the SFT 
feasible set (nomogram) is convex.  

The feasible set of solutions for the DC load flow 
model, which is an approximation of the AC load flow 
model, is represented by a convex polyhedron. Thus, 
the DC load flow model can satisfy this assumption 
and revenue adequacy can be guaranteed for the DC 
load flow model. Conversely, the feasible set of 
solutions for the actual flows in the electric grid, which 
are based on the AC load flow model, is not convex; 
thus, the SFT cannot guarantee revenue adequacy with 
an AC load flow model.  

Revenue inadequacy can also occur when lines’ 
thermal capacities are de-rated for various operational 
reasons. Furthermore, revenue adequacy is maintained 
for the static DC network [27] but it is not guaranteed 
if the network topology changes [1]. Revenue 
inadequacy can, therefore, occur when there is a 
transmission outage within the system that was not 
modeled in the SFT.  

As a result, the FTR markets are often revenue 
inadequate. However, there can also be situations 
where there is a revenue surplus, meaning that there is 
more congestion rent than the total of all FTR 
settlements. Since the ISOs settle the FTR positions 
over a longer time horizon, e.g., one month, this helps 
reduce the severity of revenue inadequacy.  Even still, 
FTR markets are commonly revenue inadequate and 
the various ad hoc protocols used today to deal with 
revenue inadequacy all create at least one, if not more, 
loser. One common approach used by many ISOs is to 
uniformly de-rate the payments to the FTR holders 
when there is revenue inadequacy. Such a protocol 
obviously decreases the FTRs’ value; it also 
undermines the purpose of such a financial instrument, 
which is used to hedge price risk. 

There is currently a national push to create a 
smarter, more flexible grid. In particular, research has 
demonstrated the potential benefit of creating a more 
flexible transmission grid through the use of Flexible 
AC Transmission System (FACTS) devices, 
developing dynamic thermal line ratings, incorporation 
of transmission switching into economic dispatch 
problems, etc. As new technologies and operating 
procedures are incorporated into grid operations, 
current market mechanisms and protocols may be 
undermined by such advances. This paper focuses on 
the smart grid concept of co-optimizing the network 
topology with the generation, how this concept may 
affect revenue adequacy within the FTR market, and, 
finally, this paper presents the concept of revenue 
adequacy constrained network topology optimization, a 
method that co-optimizes the network topology with 
generation like past research but modifies the 
optimization problem to ensure that there is revenue 
adequacy within the FTR markets. This research is 
based on the Direct Current Optimal Power Flow 
(DCOPF) model and our discussion on revenue 
adequacy refers only to changing the network topology 
and does not include other possible causes of revenue 
inadequacy mentioned above. 

First, Section 2 presents an overview of the 
optimal transmission switching concept and how it 
affects the feasible set of dispatch solutions as 
compared to when the topology is treated as a fixed, 
static asset. Section 2 also presents theoretical 
examples on how optimal transmission switching 
affects the feasible region of the SFT test. Section 3 
then presents the optimal transmission switching 
DCOPF formulation. Section 4 provides a discussion 
on how this mixed integer program can be modified to 
ensure that there is revenue adequacy in this side 
financial market, the FTR market. This section also 
presents the revenue adequacy constrained optimal 
transmission switching formulation. Section 5 presents 
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a test case and the corresponding results. The following 
section, Section 6, discusses the policy implication of 
the general problem of dealing with revenue 
inadequacy as well as a discussion on the presented 
technique as a mechanism to deal with revenue 
inadequacy caused by network topology optimization. 
Finally, we discuss future research in Section 7 and 
Section 8 concludes this paper.  
 
2. Transmission switching, feasible 
regions, and revenue adequacy 
 
2.1 Overview of transmission switching 
 

Traditionally, transmission networks for bulk 
power flow have been modeled as static, except during 
times of forced outages or maintenance. This 
traditional view does not describe them as assets that 
operators have the ability to control. However, system 
operators can and do change the network topology to 
improve system performance. The flow of electric 
energy across the grid is governed by unique physical 
laws and by taking a line temporarily out of service this 
can change flows throughout the network. As a result, 
by harnessing the control over a transmission line’s 
status, one can gain additional operational flexibility in 
the short run, which can be used to improve a variety 
of different grid operations.  

The concept of transmission switching as a 
corrective mechanism has existed for many years. 
Transmission switching has been proposed as a 
corrective mechanism for problems such as over or 
under voltage violations, line overloading, and system 
security, see [2], [4], [11], [12], [21], [31]-[34]. 
Transmission switching can also be used to help reduce 
system losses, see [3] and [10], and it can be used as a 
congestion management tool as well, [13]. One 
potential setback of transmission switching is its 
impact on transient stability; however, [5] has shown 
that switching actions can actually help improve the 
transient stability of the network. Furthermore, 
transmission switching can be conducted in 
conjunction with transient stability constraints in order 
to ensure that the switching actions do not cause a 
transient stability problem, [6].   

Moreover, various ad-hoc transmission switching 
procedures exist today, thereby confirming that it is 
indeed possible to harness the flexibility of the 
transmission grid while maintaining reliability and not 
causing stability concerns. During certain operational 
situations, it is possible to temporarily take a 
transmission element out of service to increase transfer 
capacity or improve voltage profiles [28]. For example, 
it is an accepted practice to improve voltage profiles by 

opening light-loaded transmission lines at night [22]. 
The Northeast Power Coordinating Council includes 
“switch out internal transmission lines” in the list of 
possible actions to avoid abnormal voltage conditions, 
see [20] and [24]. 

Numerous Special Protection Schemes (SPSs) 
address specific instances of switching during steady-
state conditions as well as during emergency 
conditions. PJM has implemented SPSs that involve 
both pre-contingency and post-contingency switching 
actions, [29]. Certain SPSs allow the operator to 
disconnect a line during normal operations but return it 
to service if a contingency occurs. Similarly, there are 
SPSs that involve the opening of a line after a 
contingency occurs in order to avoid specific network 
constraint violations. 

Even though past research has identified the 
benefits from harnessing the flexibility of transmission 
assets, traditional security constrained economic 
dispatch of electricity resources still treats the 
transmission network as a fixed and static topology 
while optimizing deployment of generation assets. 
However, it is well known that the redundancy built 
into the grid in order to handle the multitude of 
contingencies over a long planning horizon can, in the 
short run, create congestion and necessitate costly out 
of merit dispatch. While it is quite common for 
operators to occasionally open lines, such practices are 
employed on an ad hoc basis and are not driven by cost 
considerations. Furthermore, such options are not 
included, formally, in the classical formulation of 
dispatch optimization problems common in system and 
market operation procedures employed by vertically 
integrated utilities and Independent System Operators 
(ISOs). 

Accordingly, recent research has proposed that 
day-ahead economic dispatch models should account 
for the flexibility of transmission assets. The concept of 
a dispatchable transmission network was investigated 
by [25]. Optimal transmission switching has been 
shown to produce substantial savings for various test 
cases, [8], [14]-[18], [26]. Even though this concept 
takes transmission lines temporarily out of service for 
economic gains, optimal transmission switching is not 
incompatible with reliable network operations. Indeed, 
[14] and [16] demonstrated that transmission switching 
can be beneficial even while ensuring an N-1 reliable 
network. 

While optimal transmission switching has the 
objective to maximize the market surplus, it creates 
winners and losers among market participants and it 
can cause revenue inadequacy in the FTR markets. The 
following two subsections discuss how optimal 
transmission switching affects the feasibility set of 
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dispatch solutions and how it affects the set of feasible 
FTR allocations, which is determined by the SFT.  

 
2.2 Transmission switching and the feasible 

set 
 

The feasible set of dispatch solutions depends on 
the topology, the impedances of the lines, as well as 
other network flow constraints. By opening a 
transmission line, this changes the feasible set and, 
thus, optimal transmission switching provides a 
feasible set that is a superset of the feasible region 
when transmission lines are treated as static assets. 
Below is a simple 3-bus example shown by Figure 1. 
The feasible sets in Figure 2 are defined by 
transmission constraints. For the original topology, 
there are three equations that represent the network 
constraints, (1)-(3); only the constraints that define the 
feasible sets are shown in Figure 2. With all lines 
closed, the feasible set is defined by the set of vertices 
{0, 1, 2, 3} in Figure 2. If line A-B is opened, the 
feasible set is {0, 4, 5, 6}.  
 

180180 ≤−≤− BA GG  (1) 

3002300 ≤+≤− BA GG  (2) 

2402240 ≤+≤− BA GG  (3) 

 
Figure 1. 3-Bus Example 

 

 
Figure 2. Gen A and Gen B Feasible Sets for 3-

Bus Example 
The feasible set for generators A and B with 

optimal transmission switching is {0, 1, 2, 7, 5, 8, 3}, 

which is not convex. Since the original topology can 
always be chosen, there is the guarantee that the 
objective will never be worse than before. The optimal 
solution for generators A and B with the original 
topology is at the black dot, vertex two; the dispatch 
levels are: 60, 120, and 20 for generators A, B, and C 
respectively with a cost of $19,000. With optimal 
transmission switching, the optimal solution is at the 
grey dot, vertex five; the dispatch levels are: 80, 100, 
and 20 for generators A, B, and C respectively and the 
optimal cost is $18,000. 
 
2.3 Optimal transmission switching and the 

simultaneous feasibility test 
 

Continuing with this 3-bus example, if we define 
two FTR positions, from source A to sink C (FTRAC) 
and from source B to sink C (FTRBC), then (1a)-(3a) 
define the feasible set for FTR positions that would 
pass the SFT with all lines in service. If line A to B is 
open, then the feasible set is defined by (4) and (5). 
Note that these are the exact same equations as the 
ones represented in Figure 2, except that GA is replaced 
with FTRAC and GB is replaced with FTRBC. Thus, by 
examining Figure 2, it is clear that if the set of FTRs 
for the system is in the sets defined by {4, 1, 2, 7} or 
{6, 8, 3}, then revenue adequacy would not be 
guaranteed when line A-B is open as those FTR 
allocations would not pass the SFT for the reconfigured 
topology. Furthermore, if line A-C is opened, (6) and 
(7) define the feasible set and if line B-C is opened, (8) 
and (9) define the feasible set.  

 
180180 ≤−≤− BCAC FTRFTR  (1a) 

3002300 ≤+≤− BCAC FTRFTR  (2a) 

2402240 ≤+≤− BCAC FTRFTR  (3a) 

8080 ≤≤− ACFTR  (4) 

100100 ≤≤− BCFTR  (5) 

6060 ≤≤− ACFTR  (6) 

100100 ≤+≤− BCAC FTRFTR  (7) 

6060 ≤≤− BCFTR  (8) 

8080 ≤+≤− BCAC FTRFTR  (9) 

 
3. Optimal transmission switching 
DCOPF problem 
 

Equations (10)-(14) define the Direct Current 
Optimal Power Flow (DCOPF) problem. This DCOPF 
formulation is slightly different than other DCOPF 
formulations due to the way that we modify the 
DCOPF to incorporate transmission switching. We 

GA GB 

GC 

100 $/MWh 50 $/MWh 

200 $/MWh 
200MW 

 C 

 B  A 60MW 

100MW 80MW 

Z 

Z Z 
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have also introduced a new variable, φk. For the 
purpose of this paper, we assume that generators’ cost 
functions are linear, i.e. constant marginal cost1, and, 
hence, the DCOPF problem is a linear program. 
 

Minimize: ∑g gg Pc  (10) 

s.t.:
 

kPBP kkkk ∀≤≤ ,maxmin φ  (11) 

( ) kmnk ∀=−+− ,0θθφ  (12) 

ndPBB n
ng

g
nk

kk
nk

kk ∀=+− ∑∑∑
∀∀∀

,
)()(.,,.)(

φφ  (13) 

gPP gg ∀≤≤ ,0 max  (14) 

 
We first introduce a new binary variable, zk, which 

equals one if the line is in service (breakers are closed) 
and zero if it is out of service (breakers are open). The 
first modification that is made to the traditional 
DCOPF is that the line’s upper and lower bounds are 
multiplied by this binary variable to force the line’s 
flow to equal zero if it is not in service; this is 
represented by (11’). We also modify (12) to create 
(12a) and (12b). With this modification, when zk equals 
one, (12a) and (12b) will enforce (12). When zk equals 
zero, the use of the large multiplier Mk makes it such 
that θn-θm can be different from φk. The only restriction 
on θn-θm when the line is open comes from the value of 
Mk. These lines will only be taken out of service 
temporarily and, thus, they will be placed back into 
service. Larger angle separations can cause additional 
stress on the breaker equipment during the reclosing 
procedure and, thus, the value of Mk is determined 
based on this operational restriction. Finally, (15) 
reflects the fact that zk is a binary variable.  

 

kzPBzP kkkkkk ∀≤≤ ,maxmin φ  (11’)
 
 

( ) kMz kkmnk ∀≥−+−+− ,0)1(θθφ  (12a) 

( ) kMz kkmnk ∀≤−−−+− ,0)1(θθφ  (12b) 

kzk ∀∈ },1,0{  (15) 

 
4. Revenue adequacy constrained optimal 
transmission switching 
 
4.1 Revenue adequacy test 
 

                                                        
1 In reality, generator cost functions are generally modeled as 

quadratic in output (aside from startup and no load costs); however, 
in practice, such cost functions are approximated by piecewise linear 
functions represented as block offers at different marginal prices. The 
DCOPF formulation with piecewise linear cost functions is also a 
linear programming problem. 

In Section 2.3 it was shown how optimal 

transmission switching affects the SFT and, thus, may 
cause revenue inadequacy. One potential solution is to 
alter the optimal transmission switching problem to 
choose only a topology that both increases the market 
surplus, as compared to the case when transmission 
assets are treated as fixed assets, and ensures that the 
FTR market is revenue adequate. This option, however, 
is a controversial option as the market participants 
would be “leaving money on the table” in the sense 
that the grid operator could then be passing up a 
solution that provides more market surplus in order to 
ensure revenue adequacy in this side financial market, 
the FTR market. Nevertheless, this section presents this 
altered formulation, the revenue adequacy constrained 
optimal transmission switching problem. The following 
section discusses the policy implications related to 
dealing with revenue inadequacy and this concept.   

A solution is revenue adequate if the congestion 
rent is at least as large as the total FTR settlements. 
Equation (16) can be used to test if a network is 
revenue adequate; the left hand side of (16) represents 
the load payment minus the generation revenue, which 
is equal to the congestion rent (note that this is a 
lossless model). The right hand side of (16) represents 
the FTR payment where FTRnm

f reflects FTR contract f 
between the source bus m and the sink bus n.    
 

( ) ∑∑ ∑ −≥−
f

nm
fmnn ng gnn FTRLMPLMPPdLMP )(

)(
 (16) 

 
The congestion rent is also defined as the line’s 

flow times the dual variable on its capacity constraint, 
which is also known as the flowgate marginal price. 
With this definition and by using complementary 
slackness, (16) can be rewritten as (16a) below. The 
left hand side can also be identified as the congestion 
rent as it appears in the dual’s objective. The dual’s 
objective has the identity: load payment minus 
generation rent minus congestion rent. Each of these 
terms are easy to identify in the dual’s objective with 
the congestion rent defined as the left hand side of 
(16a). We also introduce δ, which is a parameter and 
can be used to specify that the solution must be 
revenue adequate, i.e., δ = 1.0, or δ can be set to be less 
than one thereby allowing for the possibility of revenue 
inadequacy but limiting the severity of revenue 
inadequacy. From now on, we will assume that δ = 1.0. 

 
( ) ∑∑ −≥+ −+

f
nm
fmnk kkk FTRLMPLMPFFP )(max δ  (16a) 

The optimal transmission switching problem is a 
Mixed Integer Programming (MIP) problem; the dual 
of a MIP is not well defined. In order to know if a 
solution is revenue adequate, it is necessary to know 
the dual variables, i.e., the LMPs, that come from the 

Proceedings of the 44th Hawaii International Conference on System Sciences - 2011

5



 

OPF problem. As a result, it is not possible to simply 
add constraints to the original optimal transmission 
switching problem to ensure that revenue adequacy is 
maintained. Thus, to implement this check for revenue 
inadequacy, we instead examine solution techniques 
for MIP problems and determine how to modify these 
solution techniques to incorporate the requirement that 
the chosen topology is revenue adequate. 

MIPs are commonly solved by branch and bound. 
Such an algorithm could be modified to implement a 
test to check for revenue adequacy. Instead of 
modifying branch and bound, we use a decomposition 
technique where it is possible to test whether topology 
solutions are revenue adequate. Benders’ 
decomposition is a well known decomposition 
technique for MIPs; a description of Benders’ 
decomposition can be found in [23]. One particular 
reason why it may be a good choice to use Benders’ 
decomposition is because it is a row generation 
technique and, thus, it can be used to exploit the special 
structure that exists in economic dispatch problems that 
include contingency modeling in order to ensure that 
the system is N-1 reliable. Furthermore, additional 
techniques can be used to speed up the solution time, 
[7], [9], and [30]. 

Benders’ decomposition separates the MIP into a 
master problem, an integer program, and a sub-
problem, a linear program. The master program will 
generate a solution for the binary variables and then 
pass that solution on to the sub-problem. With all 
integer variables fixed based on the previous master 
problem iteration, the MIP is then an LP and the dual 
of this LP is then represented by the sub-problem.  

Figure 3 provides the outline of the Benders’ 
decomposition technique along with how it is modified 
to ensure that the topology solution is revenue 
adequate. If the dual sub-problem is unbounded, the 
typical Benders’ ray cut is applied and there is no need 
to check for revenue adequacy. If the dual sub-problem 
has an optimal solution, then instead of applying the 
typical Benders’ optimality cut, we first check to see if 
there is revenue inadequacy by checking if (16a) holds. 
If (16a) holds, this particular network topology solution 
is revenue adequate and the Benders’ decomposition 
technique will continue as planned by applying the 
traditional Benders’ optimality cut. If the solution is 
not revenue adequate, a cut is generated that will be 
applied to the master problem that makes that specific 
integer solution, i.e., that specific network topology, 
infeasible. The cut, (17), is based on the sets listed by 
(18) that are determined from the current master 
problem iteration.  

This process is repeated until the upper and lower 
bounds converge, thereby proving optimality of the 
original MIP problem. Modifying the Benders’ 

decomposition technique in this way does not break the 
guarantee of optimality because whenever (17) is 
applied, that topology solution can never be chosen 
again by the master problem. In addition, (17) is a cut 
that does not affect any other, feasible or infeasible, 
network topology solution. In situations where the 
topology with all lines closed cannot be chosen, it is 
possible that no solution exists; only then is it possible 
for the algorithm to specify that the original MIP 
program is infeasible. 
 

1)1(
10

≥−+ ∑∑
∈∀∈∀ Kk

k
Kk

k zz  (17) 

}1|{1};0|{0 ==== kk zkKzkK  (18) 

 
Figure 3. Benders’ decomposition technique 

to ensure revenue adequacy with optimal 
transmission switching 

 
4.2 Benders’ decomposition 
 

The optimal transmission switching DCOPF 
formulation is rewritten below with the integer 
variables fixed to their optimal values and its 
corresponding dual is presented as well, which is 
represented by the sub-problem in the Benders’ 
decomposition technique outlined below, see (26)-(30). 
The master problem for the Benders’ decomposition 
technique is presented by (20)-(25). In the master 
problem, (21) is repeated for all i ∈  I, which 
references the combinatorial cut that is applied to the 
master problem each time there is a feasible topology 
solution that is revenue inadequate; this cut that is 
applied to the master problem depends on the sets 
defined in (25). For each iteration where the network 
topology produces an optimal solution in the sub-
problem and this particular network topology is 
revenue inadequate, sets K0i and K1i are generated and 
they represent the transmission elements that are 
opened and closed respectively. Each time the sub-
problem has an optimal solution and the network 
topology is revenue adequate, or for each p ∈  P (p 
represents extreme point solutions from the sub-

Master Problem 
Solve, determine zk topology solution 

Sub-Problem 
Dual of Transmission Switching 

DCOPF with fixed zk (LP) 

UB-LB<ε? NO YES-STOP 

Sub-Problem 
Unbounded 

Sub-Problem 
Optimal 

Apply  
Benders’ Cut 

Revenue Adequate? 
Does (16) Hold? 
YES NO 

Apply  
Cut (17) 
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problem), then the traditional Benders’ optimality cut 
is applied as shown by (22). Likewise, whenever the 
sub-problem is unbounded, or for each r ∈  R (r 
represents unbounded rays from the sub-problem), the 
traditional Benders’ unbounded ray cut is applied to the 
master problem, as noted by (23). Note that there 
always exists a feasible solution to the sub-problem, as 
there is always a solution corresponding to allowing all 
dual variables to take on a value of zero since cg is non-
negative. A description of each step in the Benders’ 
decomposition technique is listed after the sub-
problem. 
 
Minimize: ∑ g gg Pc   (10) 

s.t.:  kzPB kkkk ∀−≥− ,maxφ
 

(F +
k) (11a) 

kzPB kkkk ∀−≥ ,maxφ  (F -
k) (11b) 

( ) kMz kkmnk ∀−−≥−+− ,)1(θθφ  (μ +
k) (12a) 

( ) kMz kkmnk ∀−−≥−− ,)1(θθφ
 

(μ -
k)  (12b) 

ndPBB n
ng

g
nk

kk
nk

kk ∀=+− ∑∑∑
∀∀∀

,
)()(.,,.)(

φφ  (LMPn) (13) 

gPP gg ∀−≥− ,max  (αg) (14a) 

free ,;0 nkgP θφ≥  (19) 

 
Master: Minimize: ω (20) 
s.t.: Iizz

ii Kk
k

Kk
k ∈∀≥−+ ∑∑

∈∀∈∀

,1)1(
10

 (21) 

∑∑ −+ +−≥
k

p
k

p
kkk

n

p
nn FFzPLMPd )(maxω   
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k

p
k

p
kkk Mz )()1( μμ PpP

g

p
gg ∈∀−∑ ,maxα   (22) 

∑∑ −+ +−
k

r
k

r
kkk

n

r
nn FFzPLMPd )(max   

∑ −+ +−−
k

r
k

r
kkk Mz )()1( μμ RrP

g

r
gg ∈∀≤−∑ ,0maxα   (23) 

free };1,0{ ω∈kz  (24) 

where  

IizkKzkK
i

k
ii

k
i ∈∀==== },1|{1};0|{0  (25) 

 
Sub-problem: Maximize: ∑∑ −+ +−

k
kkkk

n
nn FFzPLMPd )(max  

 ∑∑ −+−− −+

g
gg

k
kkkk PMz αμμ max)()1(   (26) 

s.t.: n
nk

kk
nk

kk ∀=−−− ∑∑ −+−+ ,0)()(
)(.,,.)(

μμμμ  (θn) (27) 

( )−+ +−− kkmnk FFLMPLMPB  

 kkk ∀=+− −+ ,0μμ  (φk) (28) 

gcLMP ggn ∀≤− ,α  (Pg) (29) 

F +
k, F -

k, μ +
k, μ -

k, αg ≥ 0; LMPn free  (30) 

 
Step 1: Initialize 

• Set zk to current topology configuration (must 
be feasible) or zk = 1 ∀k 

• Upper Bound (UB) = infinity 
• Lower Bound (LB) = -infinity 

Step 2: Solve sub-problem for current fixed zk 
solution 

• Unbounded sub-problem: add unbounded ray 
Benders’ cut (23) to master problem and go to 
step 4 

• Bounded sub-problem: obtain optimal 
solution and go to step 3 

Step 3: Revenue adequacy check 
• If revenue adequate, i.e., if (16a) holds, apply 

extreme point Benders’ cut (22), update UB: 
UB = min(current UB, sub-problem optimal 
solution), and go to step 4 

• If revenue inadequate, define sets in (25) 
based on current fixed zk, apply cut (21) to the 
master problem, and go to step 4 

Step 4: Solve master problem 
• LB = new master problem optimal solution 
• If UB-LB > epsilon, get new zk solution and 

go to step 2 
• If UB-LB < epsilon, stop 

 
5. Test case and results 
 

Information on the test case used for this study can 
be found in [15]. We first assume that line 119 is out of 
service, which is explain at the end of this section. 
With line 119 out of service, the optimal cost is 
$2,114/h as compared to the optimal DCOPF solution 
with all lines in service, which has a cost of $2,054/h. 
An FTR allocation is chosen that is revenue adequate 
for the static topology, i.e. all lines closed, and revenue 
inadequate by 12% with line 119 out of service.  

For these studies, we restrict the number of lines 
that can be open to three. The optimal transmission 
switching problem takes roughly 7.5 minutes. The 
optimal solution is now $1817/h. The revenue adequate 
optimal transmission switching problem finds the 
optimal revenue adequate solution in 9 minutes and 
after 176 iterations. The solution happens to be the 
same as the one found when revenue adequacy is not 
enforced; however, there is no guarantee that this 
generally will be true. The revenue adequate optimal 
transmission switching problem did not solve as fast as 
the original optimal transmission switching problem; 
however, a feasible revenue adequate solution with an 
objective at $1893/h was found in only 12 seconds. 
Testing would be needed on large-scale systems to 
further confirm this concept.   
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We assumed line 119 to be out of service in order 
to explain a secondary point: just as altering the 
topology can cause revenue inadequacy, additional 
reconfigurations may regain revenue adequacy. In this 
case, the outage of line 119 can be thought of as a line 
failure that caused revenue inadequacy and then this 
concept is implemented to regain revenue adequacy.  
 
6. Policy implications 
 

Optimal transmission switching is a new concept 
that can be implemented by the central grid operator to 
achieve efficiency gains for the common good while 
maintaining reliability requirements. Unfortunately, 
implementation of such a concept can create winners 
and losers among market participants and it 
undermines a prevailing market assumption, that the 
grid is a static asset, required for the FTR market to 
operate as designed and desired. Thus, optimal 
transmission switching may cause a revenue shortfall 
in the FTR market but it can also create a revenue 
surplus. Since FTR settlements are cleared over 
multiple periods, there is the potential that the revenue 
shortfall over such a longer horizon is minimal. 
Nevertheless, examples have shown that revenue 
inadequacy can still be severe over long horizons, see 
[18], and, thus, we are still presented with the 
challenge of dealing with revenue inadequacy resulting 
from optimal transmission switching. 

If optimal transmission switching causes revenue 
inadequacy in the FTR markets, ISOs may uniformly 
de-rate the FTR settlements. Such an approach to 
handle a revenue shortfall will obviously raise 
objections as it is not easy to convince FTR holders 
that their income should be decreased for the purpose 
of achieving efficiency gains for the common good. 
Another approach would be to implement side 
payments. With optimal transmission switching, the 
market surplus is guaranteed not to decrease so there is 
always the opportunity to implement side payments to 
make everyone at least as well off as they would be 
otherwise. However, there is then the following 
controversial question as to who should cover such a 
revenue shortfall. Uplift payments are often covered by 
consumers; however, past research on optimal 
transmission switching has demonstrated that, with a 
nodal pricing system, there is no guarantee that the 
consumers benefit, i.e., the total load payment reduces, 
as a result of optimal transmission switching, [15] and 
[16].  

The ISO could instead require the beneficiaries to 
cover the revenue shortfall. However, identifying 
beneficiaries has been one of the major obstacles 
holding back transmission investments and, thus, such 

an obstacle is unlikely to be any easier to resolve in 
regards to the optimal transmission switching arena. 
Furthermore, there is yet another question as to what 
should be defined as the fair benchmark used to 
determine such side payments. Advances in technology 
will continue to change the market results and create 
winners and losers. Does it make sense to move 
forward with technology but yet require settlements 
based on a benchmark defined by an obsolete market 
design or to hold back an advance in technology since 
it may undermine an obsolete market design? As 
technology advances, so should the market design and 
market mechanisms, if necessary, but this does not 
prevent objections from market participants. The ISO 
itself may be conflicted against optimal transmission 
switching. Revenue inadequacy and the need to make 
uplift payments are often misjudged as a market 
failure. This situation is a manifestation of the 
complexity associated with the electric energy market 
structure and the difficulties in creating market 
mechanisms that can deal with such complexities. 

These are all challenging policy issues. The 
revenue adequacy constrained optimal transmission 
switching concept provides an intermediate solution to 
such challenging problems. This concept adds to the 
optimal transmission switching problem the 
requirement to maintain revenue adequacy. Adding 
such a restriction may exclude, however, the true 
optimal network topology that maximizes the market 
surplus from being feasible, which amounts to “leaving 
money on the table” since, as stated earlier, the ISO 
could instead take the approach to maximize the 
market surplus but implement side payments if there is 
revenue inadequacy. However, it is easy to describe 
what should happen; it may not be as easy to actually 
formulate and implement such an agreement. As a 
result, this concept allows the operator to ensure 
revenue adequacy or, at least, limit the severity of 
revenue inadequacy, as shown by the use of δ in (16a). 
Furthermore, it is possible that the optimal network 
topology is revenue inadequate while there can be 
other topology solutions that are trivially more 
expensive but these topology solutions can have 
substantially different results regarding revenue 
adequacy, [18].  

The ideal solution to this issue would be to 
redesign the FTR markets in order to resolve this issue. 
At the very least, this concept could be implemented by 
the ISO until the ISO auctions off the FTR positions at 
the next auction cycle, which can be once every six 
months. Once those participating in the FTR auctions 
understand the ability for optimal transmission 
switching to affect the value and the hedging ability of 
the FTRs, they will be able to take this into 
consideration when bidding on FTR positions. 
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7. Future research 
 

Future research should first examine a practical 
network with the assigned FTR positions and analyze 
whether revenue inadequacy would occur with optimal 
transmission switching. If revenue inadequacy is a 
potential problem, future research should examine 
whether the flexibility of the network can be accounted 
for in the FTR auction. Other future research topics 
include an investigation of a possible side payment 
mechanism and, ideally, a new financial derivative that 
would not be affected by optimal transmission 
switching but would still allow hedging of congestion 
risk.  

Since the DCOPF is only a crude approximation of 
the ACOPF, future research is needed to examine 
optimal transmission switching with the ACOPF, its 
affect on reactive power, voltage stability, losses, etc. 
Optimal transmission switching provides another layer 
of control; thus, it provides a superset of feasible 
dispatch solutions. This is true no matter the structure 
of the OPF. With these facts along with previous 
research demonstrating the value of transmission 
control for AC systems as well as the existence of SPSs 
that implement pre-contingency and post-contingency 
switching actions, we are optimistic that the general 
conclusions will not change: that this added flexibility 
will benefit system operations.  

There is, however, a practical challenge regarding 
the implementation of this concept. The ACOPF is a 
difficult, non-convex optimization problem. 
Combining a difficult integer program with the ACOPF 
is not practical today for large-scale problems. This is 
confirmed by the fact that unit commitment as well as 
transmission expansion planning problems are not 
combined with an ACOPF but with a DCOPF. A 
similar approach should be explored for the 
implementation of optimal transmission switching. 
Additional future research topics include: the need for 
circuit breaker control, monitoring, and maintenance, 
cost of switching, and whether frequent changing of 
relay settings will be necessary. 
 
8. Conclusion  
 

Recent research has demonstrated that we have yet 
to fully harness the flexibility that exists in the 
transmission network. Short term network topology 
reconfiguration can be beneficial for a variety of 
reasons, including voltage stability, loss reduction, 
reliability improvements, etc. One new concept in 
particular, optimal transmission switching, is capable 
of providing substantial economic savings by co-

optimizing the network topology with generation while 
maintaining reliability requirements.  

FTRs are important in electricity markets since 
they allow for hedging of congestion risk. Revenue 
inadequacy occurs when the ISO has a revenue 
shortfall and cannot cover its true obligation to the FTR 
holders. As a result, ISOs typically uniformly de-rate 
the FTR settlements, thereby decreasing the value of 
the FTR positions and breaking hedges that market 
participants hold in order to mitigate risk. One setback 
of the optimal transmission switching concept is that it 
may cause revenue inadequacy in the FTR market. 

The implementation of new technologies under the 
umbrella of the smart grid may make current market 
mechanisms and protocols obsolete. Optimal 
transmission switching undermines a key assumption, 
that the transmission grid is a static asset, which is 
necessary for the FTR market to operate. The ideal 
solution to this issue would be to redesign the FTR 
market in some way to reflect the fact that the topology 
is, indeed, flexible and controllable by the grid operator 
while still being able to guarantee revenue adequacy. 
Another solution would be to implement a side 
payment scheme, when necessary, that would be 
agreed upon by market participants. At this time, 
however, such a redesign of the FTR market does not 
exist and the possibility to get market participants to 
approve a side-payment mechanism that covers such a 
revenue shortfall is unlikely.  

Optimal transmission switching may or may not 
cause a revenue inadequacy problem. If it causes 
revenue inadequacy, then market participants may 
object to its implementation. Furthermore, since 
revenue inadequacy is often misjudged as a market 
failure, the ISOs themselves may be hesitant to 
implement it. This paper presents the concept of 
revenue adequacy constrained optimal transmission 
switching. While this concept should not be seen as a 
permanent solution to this issue, it is an affective 
intermediate solution that can be implemented, if 
desired by the ISO, until a more permanent remedy to 
this potential problem is created. 
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