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Abstract—We propose an ISO model for coordinating trans-
mission expansion planning with competitive generation capacity
planning in electricity markets. The purpose of the model is
a holistic simulation of generation and transmission capacity
expansion in the market environment. The solution represents an
iterative process for simulating the interactions among GENCOs,
TRANSCOs, and the ISO, which might be terminated by the ISO
based on a pre-specified stopping criterion. The proposed model
adopts a joint energy and transmission auction market and a
capacity mechanism. The joint auction market enables competi-
tion to occur among generation and transmission resources. The
capacity mechanism offers incentives for market participant in-
vestments that reflect the locational values of additional capacity.
Transmission capacity expansion decisions are made by merchant
transmission lines that recover their capacity investments through
transmission marginal pricing and capacity payments. Trans-
mission network security is reflected in the proposed competitive
resource planning model. The examples illustrate a coordinated
planning of generation and transmission in restructured power
systems.

Index Terms—Benders decomposition, competitive electricity
markets, generation capacity planning, Lagrangian relaxation,
merchant transmission, mixed integer programming, transmission
network security, transmission planning.

NOMENCLATURE

Indices:

Index for subperiod.

Superscript index for candidate unit or line.

Superscript index for existing unit or line.

Index for GENCO.

Index for generating unit.

Index for transmission line.

Index for flowgate.

Starting node of transmission line .

Ending node of transmission line .

Index for TRANSCO.

Superscript index of Benders iteration.

Index for year.

Index for given variables.
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Parameters:

Number of candidate units of GENCO .

Number of candidate lines of TRANSCO .

Number of candidate flowgates of
TRANSCO (two times the number of
candidate transmission lines).
Duration of subperiod in year .

Discount rate.

Number of existing generating units of
GENCO .
Bid price of flowgate of TRANSCO at
subperiod in year .
Capacity of candidate flowgate of
TRANSCO .
Investment cost of transmission line of
TRANSCO in year .
Operating cost of flowgate of TRANSCO
at subperiod in year .
Number of Benders iterations.

Number of buses.

Number of GENCOs.

Number of TRANSCOs.

Number of subperiods.

Number of planning years.

Bid price of unit of GENCO at subperiod
in year .

Investment cost of unit of GENCO in year
.

Load at bus at subperiod in year .

Operating cost of generating unit of GENCO
at subperiod in year .

Capacity of generating unit of GENCO .

Capacity of transmission line of TRANSCO
.

, Step size for Lagrangian multiplier update.

Reactance of transmission line of
TRANSCO .
Reference bus angle.

Decision Variables:

Dispatched capacity of flowgate of
TRANSCO at subperiod in year .
Flowgate Marginal Price for flowgate of
TRANSCO at subperiod in year .
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Dispatched capacity of generating unit of
GENCO at subperiod in year .
Flow on line of TRANSCO at subperiod
in year .

Locational Marginal Price for unit of
GENCO at subperiod in year .

Installation status of candidate unit of
GENCO in year , 1 if installed, otherwise
0.

Installation status of transmission line
of TRANSCO in year , 1 if installed,
otherwise 0.

Bus angle.

, , , ,
,

Lagrangian multipliers.

Capacity signal for unit of GENCO at
subperiod in year .

Capacity signal for line of TRANSCO at
subperiod in year .

Matrices and Vectors:

Bus-unit incidence matrix.

Bus-load incidence matrix.

Bus-branch incidence matrix.

Real power output vector.

Power distribution factor matrix.

Load vector.

, Slack variable vectors.

Real power flow vector.

Installation status vector consists of .

Installation status vector consists of .

Dispatched flowgate vector consist of
.

Existing flowgate capacity vector.

Vector of ones.

I. INTRODUCTION

RECENT events in the United States and Europe proved
that the net social costs of under-investment in transmis-

sion could exceed the cost of overinvestment due to substantial
increases in consumer costs incurred from even minute trans-
mission capacity shortages [1], [2]. There are various obstacles
to transmission planning in a competitive market. It is appealing
to build enough transmission so that it would never constrain
generation markets. However, the reality is that the construction
of new transmission lines is often opposed by local residents and
landowners and is therefore politically difficult to achieve. In ad-
dition, regulatory rules may not permit utilities to recover fully
the cost of such overbuilt systems. Furthermore, transmission
plans based on market forces could neglect the public value of
providing adequate reliability. In principle, agreement among
planners is growing that some form of market-based planning

coupled with physical constraints, regulatory perspectives, and
public interests is essential in the long term. Such market-based
approaches will provide signals to investors on where to locate
new generation and will help system planners, regulators, and
local authorities decide and agree on transmission planning and
siting [1].

In electricity market designs, transmission asset owners have
been represented as passive market participants. Recent market
design proposals and policies suggest that transmission owners
ought to be active participants and incentives should be provided
for transmission capacity investments [3]. This paper presents a
market-based model for the coordination of long-term resource
(i.e., generation and transmission) planning process. The pro-
posed model is characterized by a joint energy and transmission
auction market and a capacity mechanism. The market-based
resource planning provides locational signals to market partici-
pants for coordinating investments on transmission and genera-
tion resources. We demonstrate that merchant transmission and
its profit maximization as dispatchable flowgates could play a
major role in transmission capacity expansion.

A dispatchable flowgate is a transmission capacity for which
bids are submitted to the market [4] and [5]. The merchant trans-
mission is assumed to recover its investments through flowgate
marginal prices determined by the joint energy and transmission
auction market and capacity payments provided by a capacity
mechanism defined in Section II. In contrast, under the FERC’s
proposed SMD, a transmission investor is granted fixed trans-
mission rights (FTRs) as the financial value of the difference
(spread) between day-ahead market prices at the two ends of a
new transmission line [6].

There is a general consensus that generation capacity expan-
sion can be driven by prices and that the same principle may not
apply to transmission capacity expansion. Nevertheless, with
the introduction of merchant transmission to electricity markets,
it is possible to have a competitive process for maximizing trans-
mission revenues. The merchant transmission could stimulate
a competitive market for transmission capacity expansion be-
cause if an incumbent transmission company does not plan to
expand its capacity in the market, another market participating
company would [7].

The generation capacity market and the institution of capacity
signals have been a controversial issue in electricity industry
restructuring. Many experts argue that the capacity mechanism
is essential for encouraging investments in new capacity [8]. In
theory, energy and ancillary services markets should provide
incentives for additional investments in electricity supply.
However, most peaking units may not recover their fixed costs
of investment without market price spikes. Thus, significant
price volatility may be necessary to make such investments
feasible in the absence of capacity payments [9]. Given the
political realities of electricity markets, prices may fluctuate
insufficiently to induce investment when available capacity
is tightened; then an explicit capacity mechanism would be
needed to signal capacity shortages and induce investments on
electricity supply. Our proposed model is based on such an
argument for capacity mechanisms that will supplement market
participant revenues in competitive electricity markets. The
capacity revenue allows regulators to set prices at politically
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acceptable levels and yet motivate market participants to make
individual investment decisions.

In electricity markets, the regulatory body, or ISO, is respon-
sible for the security of system operations. The responsibility
would include the coordination between capacity expansion and
transmission network security. The ISO’s role in resource plan-
ning is assumed to be limited to ensuring that capacity expan-
sion plans do not cause excessive transmission congestion or en-
danger the system reliability. In this paper, the ISO is assumed
to provide capacity signals as well as energy and flowgate price
signals.

Previous technical publications addressed a number of ap-
proaches for solving the generation planning problem in a com-
petitive market environment. Reference [10] presented a gener-
ation planning process involving decisions on new plant con-
struction by applying the Cournot model at a single point in
time. It assumed that the information on other generator ex-
pansion plans was available for each player. Reference [11]
proposed a detailed two-stage model of investment in genera-
tion capacity in restructured power systems. In the two-stage
game, generation investment decisions were made at the first
stage while spot market operations were managed at the second
stage. Reference [12] used stochastic dynamic programming to
identify an optimal investment strategy for one investor when
the objective was to maximize the investor’s expected profit. It
assumed that the average electricity price over the year was a
function of the ratio of average load to average available ca-
pacity and there was a functional relationship between the av-
erage price and the spot price volatility. Reference [13] applied
an agent-based model for generation expansion. The generation
planning model in our paper differs from previous models as
our model is embedded in an interactive framework in which
the transmission investor is also included in decision making.
The locational capacity payment is also defined in our paper and
used as an incentive for generator investment.

There have been other proposed approaches based on the
Benders decomposition method for solving the generation or
transmission planning problem in a competitive market envi-
ronment. Reference [14] applied Benders decomposition for
distributed utility planning. It modeled distributed resources
and local distribution reinforcement as integer variables while
representing transmission and central generation options as
continuous variables. Reference [15] applied a Benders decom-
position approach to solve transmission expansion planning
problems without considering generation expansions. How-
ever, the feasibility cannot be imposed by adding coupling
constraints (Benders cuts) to the investment problem of each
player in a market environment because there are, in a sense,
multiple master problems. In our model, financial incentives
are provided by the ISO to generators by applying the La-
grangian relaxation to the cuts.

Recently, [16] made a study on the interaction between
transmission and generation in transmission planning. It char-
acterized a transmission planning process whose objective was
to maximize social welfare based on a valuation methodology
outlined as proactive network planning. The approach in [16]
did not attempt to solve the transmission planning problem;
rather it used the formulation as a framework for evaluating

alternative predetermined transmission expansion proposals.
In [16], a network planner was assumed to be the Stackel-
berg leader that anticipated the way generation investment
and operations would react. In contrast, our model assumes
that the transmission and generator investors do not anticipate
each other’s reactions.

In this paper, we do not propose a typical optimization or
market equilibrium model. Our heuristic market-based simula-
tion model incorporates the desirable features of locational sig-
nals for investment, individual decisions by autonomous market
players, and holistic simulations of transmission and generation
in long term resource planning. In addition, our model reflects
the limited information shared among market players, which is
an important feature in the modeling of a market environment.
The proposed simulations present and coordinate the decision-
making behavior of individual market players. However, the
applicability of our model to current electricity markets could
be complicated as our model adopts the concept of merchant
TRANSCOs reimbursed by flowgate payments and a capacity
payment mechanism, which is a departure from prevailing US
electricity markets. Another potential difficulty is that our it-
erative scheme may not converge every time. Accordingly, the
ISO may stop the coordination process and make a final deci-
sion based on pre-specified market rules.

The rest of the paper is organized as follows. Section II de-
scribes the proposed model. Section III provides formulation
of problems and solution methodology in detail. Section IV
presents and discusses the case studies of a two-bus system and
a 30-bus system over 10 year planning period. The conclusion
drawn from the study is provided in Section V.

II. MODEL DESCRIPTION

Fig. 1 sketches the proposed market-based model. At first,
GENCOs and TRANSCOs provide capacity investment deci-
sions to the ISO for approval. GENCOs’ and TRANSCOs’ in-
vestment decisions would be based on individual profit maxi-
mization while considering their respective constraints. The ISO
aggregates resource planning proposals and checks the security
of transmission network. The network security is interpreted as
a system wide constraint. If the transmission network security
is not met, the ISO provides GENCOs and TRANSCOs with
capacity signals that represent the added value of generating
units or transmission capacity for security. If the transmission
network security is met, the ISO calculates locational marginal
prices (LMPs) and flowgate marginal prices (FMPs) based on
the proposed investment plan. Accordingly, the projected price
signals are provided by the ISO to GENCOs and TRANSCOs
for capacity investment planning. The revised optimal transmis-
sion and generation capacity planning decisions are submitted
iteratively by GENCOs and TRANSCOs to the ISO and the it-
erative process will continue until a solution is reached for satis-
fying the stopping criterion. If a cycling pattern emerges during
the solution process, the ISO may stop the coordination process
and make a final decision based on pre-specified market rules.
In our model, the ISO is assumed not to determine the required
capacity as in the current US capacity market. Instead, the ISO
provides market players with a certain capacity signal based on
security criteria (rather than a reserve margin requirement) and
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Fig. 1. Resource planning framework.

receives their market responses. Through this iterative process,
the ISO will determine capacity payments. Although it is not a
feature of current US markets, the algorithm proposes a general
planning model that can incorporate generation and transmis-
sion planning in the market environment by using market-based
signals such as LMPs, FMPs, and locational capacity payments.
It is assumed that the capacity payment would be contractually
binding between the ISO and market players, i.e., GENCOs and
TRANSCOs, while the projected energy prices are not binding.

To reflect the ISO’s transmission network security assess-
ment in a multi-GENCO and merchant TRANSCO investment
decisions, capacity signals are introduced as incentives for
adding generating units and transmission capacities. The
algorithm for calculating such signals utilizes Benders de-
composition [17]–[19] and Lagrangian relaxation. Unlike the
general Benders decomposition approach [20], [21], a single
master problem is not defined in our model because the indi-
vidual’s profit maximization is considered separately for each
market player in the Benders master problem. The proposed
decomposition will then determine security cuts which guar-
antee the feasibility of the master problem. The MIP method is
not suitable for solving the master problem because the cuts are
coupling constraints among all market players. Accordingly, the
relaxation technique is used for dealing with the optimization
problem for individual players at the Benders master problem
level. The Lagrangian multipliers act as market incentives to
provide sufficient capacity so that security constraints are met.

At the Benders master problem level, profit maximization
problems are solved for GENCOs and TRANSCOs. The ISO’s
security check problem is regarded as Benders subproblem. The
Benders cuts, created when the security constraints are not met
with the proposed investment plans, represent coupling con-
straints which are system-wide constraints for security. The La-
grangian relaxation algorithm is applied to relax complicated
and linking constraints into the objective function of planning
problems and obtain locational capacity signals [22]. The de-
tailed formulation will be discussed in Section III.

The ISO would compensate GENCOs and TRANSCOs
based on capacity signals for maintaining the system security.
Accordingly, GENCOs obtain their revenues from capacity
and energy payments and TRANSCOs obtain their revenues
from capacity and flowgate payments. The energy payments
for GENCOs are simulated by LMPs, which are calculated by
the ISO and introduced into GENCOs’ capacity investment
decisions. The FMP is also calculated and provided by the
ISO to facilitate TRANSCOs’ capacity investment decisions.
The LMP is the marginal cost of supplying the next increment

Fig. 2. Decomposition and coordination for capacity planning.

of electric energy at a specific bus considering the generation
marginal cost and the physical aspects of the transmission
system. Similarly, the FMP is the shadow price associated
with a flowgate. The FMP is equivalent to a change in social
benefit of transaction settled through the spot market when
transmission constraint is relaxed by an increment [4]. LMPs
and FMPs are calculated in this paper by a joint auction of
energy and transmission capacity.

III. PROBLEM FORMULATION AND SOLUTION METHODOLOGY

The proposed capacity planning model simulates the deci-
sion-making behavior of individual market players while sat-
isfying planning and operation constraints. The constraints are
summarized as follows.

• Planning Constraints: Proposed sites and capacity for gen-
erating units and transmission lines.

• Operation Constraints: Power balance, generation and
transmission capacity limits, etc.

The security-constrained planning problem consists of three
problems shown in Fig. 2. Those problems include GENCO’s
and TRANSCO’s capacity planning problem, the ISO’s trans-
mission network security check problem, and the ISO’s optimal
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operation problem. The solution steps for the proposed capacity
planning process given in Fig. 2 are as follows.
Step 1) Individual GENCOs’ generation capacity planning

problem and TRANSCOs’ merchant transmission
capacity planning problem are solved based on ini-
tially forecasted LMPs and FMPs. Each GENCO
and TRANSCO maximizes its profit according to
locational price signals by calculating capacity plan-
ning decision variables and .

Step 2) Benders Loop—According to the submitted and
values, the ISO checks the transmission network

security by minimizing nodal power balance viola-
tions. The transmission network security check is a
continuous optimization problem when variables
and are fixed. Once a nodal power balance viola-
tion is detected, corresponding Benders cuts are gen-
erated and returned to the capacity planning problem
of GENCOs and TRANSCOs via Lagrange multi-
pliers in Step 3. If there is no violation, we proceed
to Step 4.

Step 3) LR Loop—Lagrangian relaxation is applied to solve
the capacity planning problem with Benders cuts
as coupling constraints. Depending on the capacity
planning solution for satisfying Benders cuts, La-
grangian multiplier is updated and capacity sig-
nals are formed by the ISO and fed back to indi-
vidual GENCOs and TRANSCOs for recalculating

and . In each iteration, corresponding capacity
signals are provided to GENCOs and TRANSCOs
which make their own investment decisions based
on capacity signals. We may identify several alter-
native feasible investment solutions that satisfy the
Benders cuts after a given number of Lagrangian
relaxation iterations. For each feasible solution, we
calculate the capacity payment that the ISO would
pay to GENCOs and TRANSCOs over the planning
period. Among these feasible solutions, the one with
the minimum capacity payment will be selected by
the ISO as the best solution. One of the ISO’s func-
tions is to maintain security at minimum cost. An ex-
cessive capacity payment (i.e., capacity signal multi-
plied by the installed capacity) may result in a higher
social cost (i.e., sum of investment cost and produc-
tion costs based on accepted bids). Thus, the strategy
for selecting the minimum capacity payment is con-
sidered at the ISO’s security assessment stage. The
capacity planning problem will be declared infea-
sible if no feasible solution is found.

Step 4) Price Loop—The ISO solves the optimal operation
problem and calculates LMPs and FMPs for the
given and in Step 3. The optimal operation
is a continuous problem with the objective of maxi-
mizing the social surplus. The LMPs and FMPs are
fed back to GENCOs and TRANSCOs iteratively
until the convergence criterion is met.

We consider a capacity planning period which could be as
long as two decades. Within this period, some of the new facil-
ities may come onboard quicker while the others would require
a longer lead time for construction. Typically, building a new
transmission facility, including licensing, may take an extended

period of 5–10 years [23]. The construction of a large thermal
unit may also take 3–9 years. However, the installation of small
distributed generation could take less than 2 years [24]. The
algorithm will select the year of construction for the proposed
facilities in order to simulate the operation of the market. A
planning year is divided into multiple subperiods with fixed
loads. The number of subperiods could vary depending on
planning requirements and load patterns. For example, we
could use 4 subperiods to represent seasonal loads or 12 sub-
periods for monthly loads. Mixed integer programming is used
for GENCOs’ and TRANSCOs’ capacity planning problem.
Linear programming is applied to the ISO’s security check
problem and operation problem [25]. The problem formulations
are discussed as follows.

A. Gencos’ Generation Capacity Planning

Generation capacity planning has historically addressed the
problem of identifying generating unit type, size, siting, and
timing for adding new generating capacity economically and
in a manner that ensures that the installed capacity would ade-
quately meet the projected demand growth. In competitive mar-
kets, the main objective of a GENCO’s investment planning is to
maximize profit. Accordingly, the objective function of genera-
tion capacity planning problem is to maximize GENCOs’ profit
over the planning horizon. The GENCO ’s capacity investment
planning problem is formulated as follows:

(1)

(2)

(3)

(4)

The first two terms in the objective function (1) are the differ-
ence between revenue and operating costs of existing and new
generating units, respectively. The third term represents the ca-
pacity investment cost for new generating units. The fourth term
represents the capacity payment that a generation unit could re-
ceive from the ISO for its contribution to security. The deriva-
tion of capacity payment is presented in Sections III-C–D. A
GENCO can earn revenue from energy and capacity payments.
The sum of the revenues minus operating costs and investment
costs (only for new generating units) forms a GENCO’s profit
over the planning horizon. The decision variables are ,

and . However, only is submitted to the ISO.
The types and capacity of generation alternatives are limited
by location, technology, national policies, etc. In this paper, the
generation capacity planning is assumed to be limited by the
following constraints:

• unit technical characteristics such as capacity (2) and (3);
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• availability of sites for adding generating units; and
• types of generating units added at each candidate site.
Constraint (4) maintains the installation status of a gener-

ating unit. Every GENCO is operated independently for max-
imizing profit. As such, there is no coupling constraint among
GENCOs and the investment problem is decomposed into sev-
eral mixed-integer programs. A GENCO evaluates the value of
its investment and profit based on its net present value. The
higher the discount rate, the less profitable capital-intensive gen-
erating units will be. For simulation purposes, we assume a
single discount rate for all GENCOs.

B. Transcos’ Transmission Capacity Planning

We consider a candidate transmission line as a dispatchable
capacity when TRANSCOs submit utilization bids for such
transmission lines to the market. In other words, a merchant
TRANSCO would bid flowgate capacities at positive prices
[26]. Existing regulated transmission lines are assumed to be
compensated based on the rate-base system and not considered
in the investment objective function. A merchant TRANSCO’s
objective is to maximize profit, which is similar to that of
GENCOs. The profit of a TRANSCO is determined by the
market price of new transmission capacity, the MW dispatched
capacity, operating costs, and investment costs. Transmission
line capacity expansion is categorized into standard capacity
blocks. Similar to generation planning, the transmission line
capacity planning is assumed to be limited by available op-
tions. The TRANSCO ’s investment problem is formulated as
follows:

(5)

(6)

(7)

where the objective is to maximize TRANSCO’s profit. The first
term in the objective function (5) is the difference between rev-
enue and operating costs. A TRANSCO’s revenue is calculated
based on FMPs and MW dispatched capacity of flowgates. The
decision variables in this problem are and . The
second term of the objective function (5) represents the invest-
ment costs for new lines. The third term is the additional ca-
pacity payment revenue. Following the ISO’s security check,
TRANSCOs may earn additional revenues through transmission
capacity payments, which will be addressed in Section III-D.
The TRANSCO’s profit is calculated by subtracting operation
and investment costs from its revenue. The set of planning con-
straints includes

• candidate flowgate capacity (6);

• availability of sites for adding transmission lines.
As each transmission line has flowgates in both directions,

the installation status of a candidate transmission line defines
the corresponding flowgates capacity limit as in (6). Constraint
(7) maintains the installation status of a transmission line.

C. ISO’s Security Assessment

The objective in the security check subproblem is to mini-
mize real power mismatch at each bus. The purpose is to calcu-
late capacity signals for constructing new generating units and
transmission lines when existing generation and transmission
capacity cannot satisfy the bus load balance. Once the candi-
date generating unit installation status and the candidate
transmission line installation status are calculated by par-
ticipants and fixed by the ISO, nonnegative slack variables
and are added to the bus power balance constraint. The se-
curity check subproblem at subperiod , year , and Benders it-
eration is formulated as follows:

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Here, the decision variables are , , , and . The con-
straints are the first Kirchhoff’s law for nodal power balance
(9), the second Kirchhoff’s law for transmission lines (10) and
(11), transmission flow limits (12) and (13), generation capacity
limits (14) and (15), and the angle of reference bus (16). in
(11) is a large value to relax the equality constraint of candi-
date transmission line when is 0. As suggested in [15], nu-
merical tests should be performed for determining the empirical
value of which could improve the approach.

The objective function (8) is to minimize real power mis-
match. The ISO checks the transmission network security by
adding slack variables and to the bus power balance
constraint.

The proposed model considers normal state of operation in
the feasibility check problem. However, contingency analyses
could also be considered for enhancing the transmission and
generation planning. In this subproblem, the adjustment of con-
trol variables including generation dispatch could minimize vi-
olations. A Benders cut at iteration (17) is generated and added
to the GENCOs and TRANSCOs capacity planning problem
when the objective function (8) is larger than zero. The Benders
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cut indicates that GENCOs and TRANSCOs could mitigate vi-
olations by readjusting the capacity investment plan in year t. If

is larger than 0, the Benders cut will be generated [22] as

(17)

After combining corresponding coefficients for each variable
and transferring the constant term to the right-hand side of (17),
the Benders cut is given as

(18)

where

(19)

(20)

(21)

Here, the multiplier is interpreted as the decrement of vi-
olations with respect to . Similarly, is interpreted as
the decrement of violation with respect to .

D. Relaxation of Benders Cuts

Using Benders decomposition, the coupling of GENCOs and
TRANSCOs is represented by cuts (18). Then, Lagrangian re-
laxation is applied to relax the coupling constraints into the in-
dividual objective function of GENCOs and TRANSCOs. The
subgradient method is applied to update Lagrangian multipliers
[27]. Based on given decision variables and , the ISO
checks Benders cuts and updates the corresponding non-posi-
tive multiplier as follows:

If

(22)

otherwise

(23)

where and are step sizes for updating multipliers .
The subgradient method provides a simple iterative solution
with a small computation cost for the Lagrangian dual problem.
The prefixed step size is used to modify the corresponding La-
grangian multipliers. Initially, the convergence speed is high,
which will slow down as the number of iterations increases
with a near-optimal solution. Although the subgradient method
may oscillate at final iterations, it is still an efficient method for
solving the Lagrangian dual problem [29]. We could improve
the convergence of subgradient method by introducing adaptive
steps at final iterations or adaptive methods for adjusting La-
grangian multipliers. Accordingly, Lagrangian multipliers have
to be adjusted skillfully. Once Benders cuts are relaxed and
introduced into the capacity planning problem via Lagrangian
multiplier , the capacity signals and that are intro-
duced to the objective functions of profit maximization prob-
lems for GENCOs and TRANSCOs are calculated as follows:

(24)

(25)

Note that for a new generating unit and for a new
transmission line at subperiod in year are interpreted as
capacity signal for adding the corresponding component.
and are incentives paid to GENCOs and TRANSCOs by
the ISO for system security. The ISO could recover funds for
capacity signals from consumers through various methods such
as in proportion to consumption. However, this issue will be
discussed in subsequent papers as this paper concentrates on
calculating economic signals for security in capacity planning.
If load shedding is considerably diminished after a generating
unit or a transmission line is added, then and should
be high.

E. ISO’s Optimal Operation Subproblem

In this subproblem, we calculate bus LMPs, FMPs, and ac-
cepted generation and transmission bid quantities. The objective
of auction in the optimal operation subproblem is to maximize
the revealed surplus based on submitted bids for generation, de-
mand, and incremental transmission. The revealed surplus is de-
fined as the difference between consumption payments based
on accepted bids and production costs. When the demand is as-
sumed to be inelastic and always satisfied, the objective function
will be to minimize the system as-bid cost for the given and
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. The optimal operation subproblem in year and subperiod
is formulated as follows:

(26)

(27)

(28)

(29)

(30)

(31)

(32)

In this subproblem, we use a dc load flow model for energy
and transmission auction. The first two terms in the objective
function (26) represent offers by existing and candidate gen-
erating units. The third term represents offers by TRANSCOs
for providing the incremental flowgate capacity at bid
price ($/MWh). It is assumed that GENCOs and
TRANSCOs provide the ISO with investment schedules and
technical information on capacity planning. Therefore, bidding
prices in the operation problem are those projected by the ISO,
which are based on technological and historical data. The bid-
ding behavior might change depending on system configuration.
A discussion of bidding price prediction is beyond the scope of
this paper. Instead, in the case studies, we simply assume that
bidding prices generation units and transmission lines are equal
to operating costs and levelized investment costs, respectively.
The decision variables in this problem are , and

. The first constraint (27) is the system energy balance.
Constraints (28) and (29) are for the existing transmission line
flows and the candidate flowgates capacity, respectively. We
let the flow in each direction on a transmission line be a con-
straint. Transmission flow constraints are linearized using power
transfer distribution factors (PTDFs) [30]. is for ex-
isting flowgates and is for candidate flowgates which
depend on candidate transmission line installation status .

Lagrangian multipliers for auction constraints are , and
. The dual variable is the shadow price for energy. That

is contains marginal energy component of LMP [31], [32].
The dual variable is the shadow price of existing transmis-
sion network constraints. Similarly, the dual variable is the
shadow price for flowgate capacity. That is, contains the
flowgate marginal prices, i.e., FMP for candidate flowgates.

Two possibilities may occur for (29). One is that the power
flow on a candidate flowgate is equal to the dispatched capacity

Fig. 3. Market price of candidate flowgate capacity.

of candidate flowgate, when the power flow direction is the same
as that of the candidate flowgate capacity. Thus, the power flow
due to net injections and can be
interpreted as the demand on flowgate capacity while the dis-
patched flowgate capacity can be interpreted as the supply
of flowgate capacity. Accordingly, the market clearing price
of a candidate flowgate capacity is at the point where supply
and demand curves cross in Fig. 3. The other is that no dis-
patched capacity of candidate flowgate is required for a negative
power flow when the power flow direction is opposite to that of
the candidate flowgate capacity. Because there is no physical
meaning for the negative demand on flowgate capacity, no cor-
responding curve is shown in Fig. 3. Then, LMPs are defined as

[31], [32]. A payment for dispatchable flow-
gate is based on FMPs and that for generation is based on LMPs.

F. Stopping Criteria

Since it is assumed that the ISO has no information on oper-
ation costs and investment costs of facilities in the market envi-
ronment, the social cost is not used as stopping criteria. The ISO
may stop the coordinated planning process based on some given
information. Here, once the new capacity is determined and op-
timal operation is calculated, the sum of capacity payments de-
termined at the security assessment stage and the system as-bid
costs at the optimal operation stage can be calculated as

(33)

If the change in the value of is less than a small value, the
iteration will stop. The convergence criterion (34) is represented
as follows:

(34)
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Fig. 4. Two-bus system.

TABLE I
GENERATOR DATA OF TWO-BUS SYSTEM

TABLE II
LOAD FORECASTS OF THE TWO-BUS SYSTEM (MW)

IV. CASE STUDIES

Case studies for analyzing the effectiveness of the proposed
model include a two-bus system and the modified IEEE 30-bus
system. The software code is written in C++ and solved on a
3.2 GHz Pentium 4 PC.

A. Two-Bus System

The two-bus case study is applied in a 5-year planning
horizon to show the effectiveness of the proposed model by a
simple system that can also be solved intuitively. The existing
and candidate generating units of GENCOs A and B, located
at buses 1 and 2, respectively, are represented by equivalent
generating units in Fig. 4. The generator data and load forecasts
over the planning horizon are shown in Tables I and II.

The capacity of existing and candidate transmission lines is
100 MW each with a reactance of 0.15 pu. Each year is repre-
sented by peak and off-peak subperiods. The only load is at bus
2. The cost of transmission investment is 10 000 $/MW/Year
and the operating cost is assumed negligible. Generating units
are assumed to bid their operating cost and flowgate bid is as-
sumed to be a levelized investment cost [28]. For simplicity, the
discount rate is assumed to be 0. The stopping criterion is 1%.

Two cases of generation planning (Case G) and coordinated
transmission and generation planning (Case T&G) are consid-
ered. The GENCO A’s operation and investment costs of can-
didate generating unit are cheaper than those of GENCO B.
GENCO A’s candidate generating unit A2 at bus 1 is located
remotely from the load at bus 2. Table III shows social costs
and market participant profits. Table IV shows the capacity in-
stallation status for generating units and transmission lines in
each case and incentives for capacity addition ( and ).
Incentives are capacity signals that represent funds received by

TABLE III
SOCIAL COSTS AND PARTICIPANT’S PROFIT

TABLE IV
CANDIDATE UNIT AND LINE INSTALLATION STATUS AND CAPACITY SIGNAL

TABLE V
LMP AT LOAD BUS AND FMP FOR CANDIDATE LINE DURING PEAK ($/MWH)

installed generating units and transmission lines. In Case T&G,
capacity signal for B1 in year 2 and beyond represents funds that
B1 would have received if installed in year 2. Table V shows
the LMP at bus load and FMP for candidate transmission line
during the peak season. Table VI shows the dispatched capacity
of generating units and transmission power flows during the
peak season.

Case G: Tables IV and VI show that generating unit B1 lo-
cated at bus 2 is installed in year 2 to meet the load at bus 2 while
the transmission line capacity is limited to 100 MW. This means
the ISO provides generating unit B1 with a high capacity pay-
ment to make it profitable even though the high operating cost
prevents GENCO B from making any profit from energy sales.
The incentive for adding generating unit A2 to bus 1 is zero be-
cause the new generating unit at bus 1 will not contribute to the
reduction of load curtailment at bus 2 when the transmission line
capacity is limited. Table V shows that, beyond year 2, the peak
season LMP at bus 2 is determined by the high operating cost
of generating unit B1.

Case T&G: Table IV shows that generating unit A2 at bus 1
and transmission line T2 are installed as transmission and gen-
eration planning are coordinated. Although, the revenue from
the auction is short of investment cost recovery, the capacity
payment enables the installation of transmission line T2. Once
the transmission line capacity is added, generating unit A2 lo-
cated remotely from the load becomes profitable and installed
accordingly. Even though the value of generation capacity ad-
dition at bus 2 is still higher than that at bus 1, generating unit
B1 cannot be profitable due to high operation and investment
costs. TRANSCO would make a profit through market revenues
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TABLE VI
DISPATCHED UNIT CAPACITY AND LINE POWER FLOWS DURING PEAK

and capacity payment as reflected in Table III. The two-bus
case shows that the proposed model would incorporate merchant
transmission line into capacity planning.

The settlement is configured based on LMP and FMP values
in Table V and dispatched generation capacity and power flows
in Table VI. FMP is nonzero because a positive FBID price has
been submitted for that flowgate based upon the long term lev-
elized cost, as assumed earlier in the paper. The power flow of
candidate transmission line T2 is interpreted as the dispatched
capacity of transmission line T2. For example, during the peak
load season in year 3, the load at bus 2 pays (LMP load at
bus ) while GENCO A at bus 1 receives (LMP

dispatched generation capacity at bus ) and
TRANSCO receives (FMP of $0.28/MWh power flow at T2
of 60 MW ).

In Table III, the social costs, defined as the sum of opera-
tion costs and investment costs, are calculated from the simula-
tion results. A considerable saving is achieved by coordinated
planning as the social cost of generation planning is higher than
that of coordinated capacity planning by $28.3 million. This
simple and intuitively solvable example shows the effectiveness
of the proposed model for holistic simulation of transmission
and generation capacity expansion in electricity markets while
exploring the value of candidate generating units and transmis-
sion lines to the system security.

Note that when the capacity payments for candidate units A2
and B1 are instead levelized over four operating years (rather
than varying from year to year), it is found that this capacity
payment set also results in the same installation schedule. Thus,
it is possible to get more than one set of capacity payments that
support a given solution during the LR loop shown in Fig. 2.
When multiple sets of capacity payments are calculated with the
same present values and installation schedules for each player,
the ISO might need a pre-defined rule for determining which set
of capacity payments will be applied to market players. For ex-
ample, the one with the least variation over the planning period
could be selected by the ISO.

In addition, it is assumed in our model that the ISO has
no indication of the true investment costs of GENCOs or
TRANSCOs. Therefore, the ISO may not be able to supply
the optimal capacity payment. For example, in this case, the
capacity payment to unit A2 over the four operating years is

TABLE VII
CANDIDATE GENERATORS DATA OF THE 30-BUS SYSTEM

TABLE VIII
CANDIDATE TRANSMISSION LINE DATA OF 30-BUS SYSTEM

400.3 thousand $/MW, which is larger than its investment cost
of 400 thousand $/MW in these years. Our algorithm for deter-
mining the capacity payment is an iterative process in which
the capacity payment is increased if the installation schedule is
feasible and decreased otherwise. If step size for altering the
capacity payment is small and the number of iterations is large,
our model could result in a smaller capacity payment.

B. Modified IEEE 30-Bus System

The modified IEEE 30-bus system has 41 existing transmis-
sion lines, 20 demand sides and seven existing generating units.
The modified IEEE 30-bus system data and forecasted load for
ten year planning horizon are given in the Appendix. Certain
candidate generator and transmission line data are shown in
Tables VII and VIII. Candidate generating units A1, A2, A3, A4
belong to GENCO A and B1, B2, B3, B4, B5, B6, B7 belong
to GENCO B. Generating units A4 and B6 (which have lower
operating costs) and B1 are located remotely from the load and
remaining generating units are located at load buses. Candidate
generating units have the same capacity and operating costs ex-
cept for their locations. Hence, the cost of a candidate gener-
ating unit investment is assumed to be a function of its location.
This assumption is intended to analyze the impact of generation
unit location on generation capacity planning. A discount rate of
5% is used in the calculation of net present value and capacity
payment for new generating units and transmission lines. The
stopping criterion is 1%.

A planning year is divided into 4 subperiods for representing
seasonal load patterns. Similar to the first case study, we con-
sider two test cases of generation capacity planning, and coor-
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TABLE IX
GENERATING UNITS INSTALLATION YEAR: CASE G

TABLE X
GENERATING UNIT REVENUE FROM CAPACITY PAYMENT

(THOUSANDS OF $/MW)

TABLE XI
GENERATING UNIT REVENUE FROM AUCTION (THOUSANDS OF $/MW)

dinated transmission and generation capacity planning. For the
30-bus coordinated transmission and generation planning case
(Case T&G), the value of is equal to 100 and the maximum
number of Lagrangian relaxation iterations is set at 200. The so-
lution requires 15 price iterations and takes 656 s.

Case G: Table IX shows the generating unit installation in
planning years. Tables X and XI show capacity payments and
auction market revenues, respectively, for generating units. As
expected, generating units located at load bus with a relatively
lower operation or investment cost are installed in earlier years.
For example, generating unit B3 is installed in year 1 according
to its favorable location with $32.5 1000/MW of capacity pay-
ment and $352.6 1000/MW from the auction market in year
1. Generating units A1 and B1 are installed in year 2 and A3 in
year 3 because the unit A1 is located at the load bus 4 and units
A3 and B1 have relatively lower operation and investment costs,
which generate enough market revenues without receiving ca-
pacity payments in early years. Generating unit B7 is installed
in year 5 to supply the load growth at bus 4. Table X shows that
generating units A4 with high investment cost, and B4 and B5
with high operating costs are installed when the capacity pay-
ment is sufficiently large following the load growth. Generating
units A2 and B6 are not installed due to high operating cost of
generating unit A2 and unfavorable location of generating unit

TABLE XII
TRANSMISSION REVENUE FROM THE AUCTION MARKET

(THOUSANDS OF $/MW)

TABLE XIII
TRANSMISSION LINE REVENUE FROM CAPACITY PAYMENT

(THOUSANDS OF $/MW)

B6. Note that the same capacity payments are offered to all par-
ticipants located at the same bus. For example, in the 30-bus
case, units A1 and B7 which are located at the same bus receive
the same payment as listed in the Table X, while the capacity
payment to B7 in year 4 is zero because it is not installed in
year 4.

Case T&G: Table XII shows that candidate transmission
lines except T1 cannot earn sufficient revenues from the auction
market participation to recover their investment costs. Hence,
for most candidate transmission lines, additional payment is
required in order to entice any market-based transmission
investments. Table XIII shows that the capacity payment pro-
vides merchant transmission lines with additional revenues
effectively. Thus, the capacity payment plays a significant role
in transmission investment when the market revenue is short of
the investment cost recovery.

Within year 9, either dual variables ( and ) of (11) and
(13) or multiplier , which determine the capacity signal, are
zero. This means that the transmission capacity proposed by the
TRANSCO is large enough to satisfy the security constraint in
year 9. Table XIV shows that candidate transmission lines T1
and T3 are installed in year 3 when revenues from capacity pay-
ment and auction market are sufficient to recover investment
costs. Similarly, transmission lines T2 and T4 are installed in
year 5 and transmission lines T5 and T8 are installed in year 7.
Transmission lines T6 and T7 are not installed because of their
minor impact on system security; in other words, capacity pay-
ment does not provide sufficient revenues to recover investment
costs.
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TABLE XIV
TRANSMISSION LINE INSTALLATION YEAR: CASE T&G

Fig. 5. Convergence performance in Case T&G.

TABLE XV
GENERATING UNIT INSTALLATION YEAR: CASE T&G

TABLE XVI
FINANCIAL RESULTS (MILLIONS OF $)

Table XV shows that the installation pattern of generating
units in the Case T&G is quite different from that of Case G
because the new transmission network configuration affects the
additional value of candidate generating units. Compared with
Case G, generating units A4 and B2 with high investment costs
are not installed. The installation of A3 and B4 are shifted to
earlier years and that of B1, B5, and B7 are delayed in order
to avoid the year when transmission line is installed. The social
cost iteration is shown in Fig. 5 in which the solution reaches
equilibrium in 15 price iterations. The social cost oscillations in
this figure are due to changes in GENCOs’ and TRANSCOs’
capacity investment decisions which are based on prospective
prices.

Table XVI compares market participants’ profit in Cases G
and T&G. The profit of GENCO A in the coordinated planning
model is increased as compared with that in generation-only
planning because existing generating units take advantage of
transmission capacity expansion. On the contrary, the profit of
GENCO B is decreased because GENCO B has fewer invest-
ment opportunities in its competition with TRANSCO. As in the
two-bus case study, the TRANSCO’s profit is due to revenues
from auction market and capacity payments. Table XVI shows
that the social cost is reduced by $45.5 million (i.e., considerable
saving) when transmission and generation capacity are planned
simultaneously. This more realistic case study shows the effec-
tiveness of proposed model for the market-based coordination
of generation and transmission capacity planning.

TABLE XVII
LOAD DISTRIBUTION BY BUS

V. CONCLUSIONS

The proposed market-based model simulated the interactions
among market participants (GENCOs and TRANSCO), and the
interaction between the ISO and market participants. This model
could provide signals to investors on the location of new gener-
ation and transmission facilities and help system planners, regu-
lators, and local authorities concur on the amounts and the loca-
tions of transmission capacity planning. The tests on a two-bus
system and a 30-bus system showed the effectiveness of the pro-
posed model which can successfully coordinate the process of
merchant transmission and generation capacity planning in re-
structured power markets.

Ancillary service markets are important revenue sources
for GENCOs in restructured electricity markets. However, our
model does not consider such services in order to simplify the
discussion on the long term planning model. Nevertheless, the
simultaneous clearing of energy and ancillary services markets
can be applied by the ISO at the optimal operation stage. The
market prices of ancillary services can be determined based on
ancillary services constraints such as spinning and nonspinning
reserves that are common in market designs and models [32]. In
addition, uncertainties in load growth and contingencies are not
considered in the current paper. The limit on load shedding with
consideration of uncertainties would be a reliability criterion.
These topics should be addressed in future research.

APPENDIX

Table XVII shows the load distribution by bus; Table XVIII
shows the yearly peak load and energy demand; Table XIX
shows the existing generating units characteristics; Table XX
shows the load by subperiod in base year; and Table XXI shows
the transmission lines characteristics.

The subperiod load calculation via the linear transformation
of base year’s corresponding subperiod load is as follows:

.

.
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TABLE XVIII
YEARLY PEAK LOAD AND ENERGY DEMAND

TABLE XIX
EXISTING GENERATING UNITS CHARACTERISTICS

TABLE XX
LOAD BY SUBPERIOD IN BASE YEAR

TABLE XXI
TRANSMISSION LINES CHARACTERISTICS

Load at subperiod in year .

Load at subperiod in base year.

Energy demand in year .

Peak load in year .

Peak load in base year.

Energy demand in base year.

Hours of a year.

A load distribution factor multiplied by a subperiod load pro-
vides bus loads at the subperiod.
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