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In this paper we describe a fundamental structure for the
transmission provider (TP) composed of the independent
transmission company (ITC) and the system operator (SO).
Under the proposed structure, the ITC and the SO are two
entities working cooperatively to carry out the functions of
the TP. The entities are differentiated through the ownership
and the operational authority. Roughly speaking, the ITC
owns the regional network, provides various services con-
nected with the longer term (physical and financial) energy
trade, and carries out the related functions including making
investment decisions. The SO, on the other hand, has the op-
erational authority over the entire network, provides many
services linked to the shorter term (physical) energy trade,
and carries out the associated functions including managing
transmission congestion.

At the minimum, there are three groups of entities and
three infrastructures important for a proficient management
of the electric power network. The three groups refer to the
regulator, the TP composed of the ITC and the SO, and
the market participants consisting of generators, loads and
marketers. The three infrastructures are spot market for
energy balancing, forward markets for transmission and the
open access same-time information system (OASIS). This
paper describes the role of TP with an emphasis on the ITC
and the forward markets for transmission.

It is shown that the new structure is essential for fostering
the operation and planning of the electric power network by
the TP with a desirable level of efficiency and reliability
while supporting the regional energy markets.

I. INTRODUCTION

At the initial stage of electricity restructuring in early
90’s there were various reports estimating the expected im-
provements in efficiency with the introduction of competi-
tion. They range from the short-term effects; savings of
$24 billion to $80 billion per year, or 10 percent of 40 per-
cent off the average electric bill, to the long-term conse-
quences; technological innovations and increase in reliabil-
ity. Indeed the experience from the deregulation of telecom-
munication industry gave every indication that the similar
benefits would be capitalized by simply dividing vertically
integrated utilities into generation, transmission and dis-
tribution sectors and allowing competition to take place in
generation sectors through divesture.

However, the reality of it is that the electricity restructur-
ing process has been met with only few successes, far below
the expectations, as well as with a couple of orders of magni-
tude more number of difficulties than that of telecommuni-
cation industry. Did people just expect too much? In order
to answer this question, we must look into the assumptions
that often follow with the introduction of competition.

The competition forces market participants to be more
aware of their own profits. In simple economics terms, the
profit consists of two parts: revenue and cost. From the
supplier point of view, an increase in profit can be achieved
either by decreasing costs or by increasing revenues. A
decrease in costs is possible when the supplier can achieve
higher efficiency from her existing plants, thus reducing the
associated O&M costs. An increase in revenues is possible
when the supplier can expand her customer basis.1 From
the consumer point of view, an increase in profit is directly
related to finding a supplier who can offer the same quality
goods at lower prices.

In many parts of U.S. the energy market is structured
in a way that there is no direct access between suppliers
and consumers. Unfortunately in this market setup, the
competition is always in a confined scope. In the short-run
without the direct access which allows an active interac-
tion between suppliers and consumers, there is a limit to
how much suppliers are willing to lower the prices in order
to expand their customer basis. More importantly, how-
ever, in the long-run no direct access means no customer
choices, which is often the key to technological innovations.
To make the matters worse, the market is structured so
that in connecting suppliers and consumers, the TP does
not assume any financial involvements due to her monopo-
listic stance. In order to overcome this dire situation, the
current electricity market must undergo a little evolution-
ary steps so that there is a proliferation of direct access in
the form of bilateral contracts.

With the presence of bilateral contracts (and various
other financial deals on transfer of electricity), the TP faces
not only increase in operational difficulties with added com-
plexity, but also a conundrum in planning as the market
need changes far more rapidly than the transmission sys-
tem can evolve. This has serious consequences in reliability
as evidenced by recent system-wide blackouts. In the sub-
sequent sections, we present a particular market structure
that equips the TP with market-based solutions to conduct-
ing energy market with large quantity of bilateral transac-
tions. This market structure also permits TP to become
actively involved in market process despite the monopolis-
tic stance. By allowing TP to pursue profit, it is shown that
the transmission expansion problem can also be solved in
an efficient way as intended with the introduction of com-

1Throughout the paper we assume no supplier has the market power
so that raising her price to increase the revenue is not an alternative.
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~petition.

II. IFUNCTIONS AND SERVICES

Figure 1 shows the overall market composition under
the newly proposed structure for the transmission provider
(TP) composed of the independent transmission company
(ITC) and the system operator (SO). Roughly speaking, the

functions of the generators are revealed in the form of de-
mand functions and supply functions respectively through
their overall market activities. We denote the demand and
the supply functions as Ddj (Qdj [k], k) and S~,(Q9, [k],k).

Then, from the perspective of the consumer, each load
dj chooses the optimal level of its consumption, Qdj [k] at
each hour k in the spot market based on the maximization
function, often referred to as competitive consumer surplus
function, given as the following:
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Fig. 1, Overall market composition under the newly proposed struc-
ture

ITC owns the regional network, provides various services
connected with the longer term (physical and financial) en-
ergy trade, and ca,rriesout the related functions including
making investment decisions. The SC}, on the other hand,
has the operational authority over the entire network, pro-
vides many services linked to the shorter term (physical)
energy trade, and carries out the associated functions in-
cluding managing transmission congestion.

The principal functions of the TP include making in-
vestment decisions into transmission, making expenditure
decisions into the control effort and the maintenance ef-
fort and choosing pricing decisions for congestion manage-
ment. These functions are subject to a strict regulation by
the regulator because the TP typically exists as a natural
monopoly due to a high degree of economies of scale and of
economies of scope related to the electric power network.
Here we consider a particular form of regulation called, the
price-cap regulaticm (PCR). Compared to other regulation
schemes the PCR is believed to be best suited for inducing
high level of economic efficiency and lhasbeen successfully
tested in the telecommunication industry [4]. We begin by
examining the necessary modifications to the PCR scheme,
employed in the telecommunication industry, for the appli-
cation to the TP.

A. Possible price-cap regulation (P CR) to be imposed on
the proposed ,wtructurc for the tranwnission provider
(TP)

Through the restructuring process the electricity is pro-
vided to the load by the generators through the market
mechanisms. The utility functions of the loads and the cost

{J
Q., [~1

Qjj [k]= w ~~~kl& Ddj(Qjj [k], k)dQ;J [k] (1)
J Q;; [k]=o

‘Pe,dj (QD [~], QG[~l, ~) Q~j[~1- bt,~j(QD [~1,QG[~l, ~) Q~j [~]}

where p.,dj (QD[k], QG[k], k) and ~t,di(QD[k], QG[k], k)
are the prices for the energy and transmission portions of
electric services at load dj, respectively.

Spot market refers to the short-term market for a physi-
cal commodity, in this case electricity. In the spot market
for electricity, the prices reflect the value of power that is
available to meet the near real-time demand, within a time
scale of a day or just a few hours. For simplicity without
the loss of generality we consider that the spot market is
conducted on an hourly basis in order to match the demand
and supply for electricity.

Mirroring the formulation of the competitive consumer
surplus function in Eq. (1), from the perspective of the
supplier, each generator gi chooses the optimal level of its
production, Q~i[k]at each hour k in the spot market based
on the maximization function, often referred to as compet-
itive supplier surplus function, given as the following2:

[

Q,, [k]

–hi (QD [~1,QG[~l, ~) Qa [~1– Sw (Q;, [~1>~)~Q;, [~1
Q;i [k]=O 1

where Pc,g, (QD [k], QG[~], ~) and Pm (QD[~l) QG[~l)~)
are the prices for the energy and transmission portions of
electric services at generator gz, respectively.

The quantity dependent pricing for transmission capac-
ity is of particular importance [3]. On one hand, when the
price for transmission capacity is set too low some parts of

fthe network may experience what is often re erred to as the
transmission congestion at the peak demand hours. The
electric power flow on the transmission lines are limited by
the transfer capacity through the dispatch in generation
and load due to the inability to direct transfer of electric-
ity through a particular path in the electric power network.
Tie transmission congestion refers to the inability to dis-
patch additional generation from certain generators within
the system due to transmission line limits. Mathematically,
the transmission congestion on line 1is expressed as the fol-
lowing:

F1(QG[k]) QD[k]) > F~ax(F[k], Kt[k], et,ch[k])em [k]) (3)

‘The actual competitive supplier surplus function is the decentral-
ized unit commitment problem formulated in [1]. However, we make
the assumption that the only available information regarding the sup-
plier is his supply function at the spot market, and when the cost
function of supplier is revealed in the spot market, the unit commit-
ment decision is already internalized in its supply function.
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where

F1(QG[kl, QD[kl) : electric power flOWthrough line J as a function
of the dispatch in generation, QG [k], and load, QD [k]

QD,ij[~l = [0, ., Q~j[k], O, ,0]’ (lo)

at hour k
~pqp[kl, K[[kj, tech [k], =m[k]) : operational limit on power trans-

fer through line t as a function of operating condition, F[k],
the thermal :rating on the line, Ki[k], the control effort,
et..h[kl, and the maintmme’effmt, %[k]

Thus, the prices for transmission capaci-
ties, ~t,~j(QD[~l,QG[~l,~) andA,gi (QD [~1, QG[~l, ~) need

to be chosen at an adequate level in order to Rive incen-
tives for avoiding transmission congestion. On the other
hand, when the p:rice for transmission capacity is set too
high, the network is under-utilized. Thus, the pricing of
transmission, the congestion pricing, becomes significant in
achieving economic efficiency while conforming to opera-
tional limit on power transfer through each transmission
line.

Since the energy portion of the electricity is provided
through market mechanisms, under the perfect competi-
tion with free entry assumption, the corresponding price at
each bus is identical throughout the network, i.e., p. [k] =
Pe,~i[k] = P,,g, [k]. Then, the decentralized optimization by
all loads and generators in Eqs. (1) and (2) yield the same
solution to following optimization pro”blem:

(4)

‘Pi,dj (QD[~l, QG[~l, ~) Qci, [~1

Q,z [~1

> (J7. Sg, (Q;, [k], k)dQ;, [k]
J

9i Q;; [k]=O )

+ot,gi(QD [k], QG[k], k) Qgi [k])}

subject to

~ I~g,[~]= ~ Qd3[k]: A[k] (5)

9% d]

Ft(QG [k], QD[k]) < Fimax[k] : P1[~1 (7)

where (k,dj and Ptlgi replace bt,dj ancl pt,gi respectively so
that the penalty associated with the transmission conges-
tion is expressed separately through the constraint defined
in Ineq. (7) under the centralized optimization.

Let fl,djdenote the flow on line 1related to load dj de-
rived by decomposing the apparent flctwFl [k] into the flow
corresponding to supplying the demand at the same load,
Qdj [k]. Then, f~,djcan be computed. using the following
expression:

fl,d, [k]= ~/(QcLfj[~],QDd, [k]) (8)

where QGd, [k] and QD d, [k] are given by:

QG., [~]=()Qdj[k]

~djQ., [k] ‘G[k] (9)

Typically, for notational convenience, given a transmission
line 1 connectin buses i and j, an arbitrary direction ij is

fdefined. Accor mg to this direction the computed flow is
either positive if the flow is from bus i to bus j, or negative
otherwise, Let q~d, [k] and ql;dj [k] denote the positive and
the negative directional flow of f~,d, [k], i.e.,

{
q;dj [k] = ~f~,dj[k]if .f~,dj[k] <0

otherwise

(11)

(12)

Suppose the transmission charge on market participants
are given by

Pt,dj “Qdj [k] = ~ [(m[k] + m) q:.j [k] + (m[kl – W) ~t;d,[k]] (13)
1

Then, the price-cap regulation (PCR) scheme can be
created by imposing the maximum allowed transmission
charges on flow, i.e.,

h [k]< A [~] (14)

(15)

where ~t[n] and pl [n] are the ceiling prices defined under
the PCR [5]. Sometimes ~t[k] and p[ [k] are referred to as
ez ante flow tax and congestion cost, respectively.

Once the demand and the supply functions are known for
each hour, then the actual amount of the capacity to be dis-
tributed to individual participants can be readily computed
by solving the optimization problems in Eq. (4). If all
energy trades among market participants were conducted
through the spot market for energy, then the TP could dis-
cover the demand and the supply functions of the market
participants by offering transmission capacity through the
hourly congestion pricing. That is to say, the spot mar-
ket mechanisms alone would be adequate in dealing with
the loads and the generators in the market under the PCR
scheme defined here. However, the market participants are
engaged in various market activities to offer and to acquire
electricity according to their evolving needs. Most of these
market activities are initiated as purely financial and thus
actually have no immediate impact on the network opera-
tion. As some of these activities become physical exchanges
requiring the actual transport of electricity from a genera-
tion source to a load sink, the accompanying transmission
capacity needs to be available for purchase so that the par-
ticipants can carry out these physical exchanges. This is
where a TP may gain considerable understanding of the de-
mand and the supply function of the market participants by
offering the trantimimion capacity matching the materializ-
ing physical exchanges. It should be recognized that most
financial contracts turn into physical exchanges at the time
scales much longer than hourly. This is due to, for instance,
the unit commitment of generators being typically done on
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, a weekly basis rather than hourly basis [I]. Plus, not every
financial contract requires the same type of transmission
capacity services. Consequently the TP needs to offer more
network services than just the hourly congestion pricing to
participate in every phase of energy market activities.

In the following sections we describe the minimum net-
work services to be provided by a TP at three different time
scales of the long term (longer than one year), the intermed-
iate term (a year to a season), and the short term.

III. LONG TERM NETWORK SERVICES

The long term network services refer to any point-to-point

network capacity offered through the long term transmis-
sion contracts by the ITC in increments of a year starting
from the year following the current one. These services are
provided without any direct regulation imposed on the ITC
by the regulator.

The market participants enter into various forward con-
tracts ranging from 1 year to 5 years future in time for
hedging purposes. Since the exact contents of these con-
tracts are not of particular interest here, we make a sim-
plifying assumption that there are two types of long term
contracts, namely long term hub-based contracts and the
long term point-to-point contracts. The hub-based con-
tracts are traded through an organized (power) exchange
while the point-to-point contracts are entered into by two
private parties. Here the hub refers to a financial institution
responsible for conducting the exchanges, rather than a spe-
cific physical location within the network, where the energy
contracts can be offered by specifying either the location of
the source bus or the location of the sink bus without spec-
ifying the location of the counterpart buses. This is one
of the unique features proposed in this paper that differ-
entiates the electric power network economics from that, of
other commodities. For example, the hub in trading crude
oil may refer to the warehouse location to which the physi-
cal commodity is delivered and received during the duration
of the actual exchange [2]. The difference chiefly arises from
the lack of practical means of storing eh~ctricity.3

The long term hub-based contracts specify at least the
following four elements: the location of the source bus, gi
(or the sink bus, dj), the amount of the energy to be de-
livered, Qg, (or Qdj ), the price for the energy, P9,(Qgi)(or
Pdj (Qdj )), and h duration of the contract, [T’,,T’,]. The
variables, T. and T., denote the beginning and the end
point in time for the exchange, respectively. This infor-
mation is usually publicly posted. Similarly, the long term
point-to-point contracts include at least the following five
specifications: the location of the source bus, gi, the loca-
tion of the sink bus, dj, the amount of the energy to be
delivered, Qdj_gt ,., the price for the energy, pdj–9,,. and
the duration of the contract. This infc,rmation is usually
proprietary to the two parties entering into the contract.

Suppose there are NB buses in the network.4 Then, the

31t becomes clear later in the paper that not designating a physical
location for the hub is important because the transmission charges are
not additive under the PCR scheme described here.

4The number of buses in a network, NB is always leSS than or equal

ITC may offer up to 2NB (NB – 1) long term transmis-
sion contracts5 for any given time. The coefficient of 2 ac-
counts for the dual directionality of flow in point-to-point
exchanges. The price at which each of these 2NB (NB – 1)
contracts is offered mainly depends on ITC’s expectation
of the transmission price to be charged for accommodating
transport of electricity according to the amount of electric-
ity, the location of generation source, the location of load
sink and the duration of the exchange. The price of trans-
mission contract for the same two locations in a point-to-
point exchange may significantly differ depending on the
direction of the exchange.

Then, the organized power exchange clears the hub-based
contracts by matching the generation source with the load
sink based on the bid price of each contract as well as the
lon term transmission contract offered by the ITC but

Ewlt out putting the obligation of purchasing the transmis-
sion contracts to the participants. It is up to the partici-
pants to purchase the transmission contracts to hed e their

“$ “network related risks. In any case, the cleared bl pan-s,
gi and dl, are such that the bid price at generation source,
p~,, and ‘the bid price at load sink, pd,, satisfy the following
relationship:

Pdl = Pg{ + Pdj–gzlt (16)

where pdj–~i,k denotes the price for the transmission con-
tract offered for the proposed exchange between buses,
gz and dj. Similarly, two private parties can enter into
the point-to-point contract and may hedge their network
related risks by purchasing the corresponding long term
transmission contracts if available. Figure 2 shows the in-
formation exchange between the market participants and
the ITC for the long term transmission contracts.

G: generatcm

L 10WI,

M marketem-..-.—
MarketParticfit;

Fig. 2. The information exchange between the market participants
and the ITC for the long term transmission contracts.

IV. INTERMEDIATE TERM NETWORK SERVICES

The intermediate term transmission services refer to /ink-

based network capacity designed and offered by the ITC
and the SO, respectively, through the intermediate term
contracts up to the end of the year (or the season) at any
time within the current year (or season).

to the sum of the number of generator buses, NG and the number of
load buses, ND since some buses may connect both a generator and
a load to the network.

5The number of possible contracts available is much lower depending
on the demand for the contracts and on the level of data aggregation.

0-7803-7173-9/01/$10.00 © 2001 IEEE 232



A TP carries out most of its principal functions at the
‘ beginning of each year. That is to say, at the beginning of

each year, the ITC makes the investment decisions for the
network enhancement and the expenditure decisions for the
maintenance procedures, and the SO determines the level
of expenditure for the control effort, software in particu-
lar. These decisions are based on the knowledge gained
by the ITC in offering the intermediate term transmission
contracts and rest on the expertise obtained by the SO in
operating the network in near real time. As two entities
working cooperatively to carry out the functions of the TP,
the ITC and the SO share their knowledge and the exper-
tise so that they can maximize their overall profit under
the PCR scheme considered in this paper. Once the deci-
sions are made, the SO determines the anticipated available
transmission capacity and the prices to be charged for the
capacity with a reasonable accuracy for the entire year (or
season) [6]. The ITC, then designs the intermediate term
contracts for each transmission line within the year (or the
season) to be auctioned off by the S0.6

Suppose there are NT transmission lines in the network.
Then, the ITC designs up to 2NT intermediate term con-
tracts for any given time7 and makes them available for
purchase through the SO by posting the respective (ex-
pected) prices, p~ and p=, for the contracts on each link
per day by directions. Along with the prices, the SO posts
the expected maximum flow limits, Flmax,and the so-called
power transfer distribution factors (PTDF’s) for the line 1
with respect to bus i, IIzi [7]. The PTDF of line 1 with
respect to bus i is the sensitivity vector of the line flow on
the injection into bus i within the network.g Under the
proposed ITC and the SO structure, it is required that the
maximum flow limits, Flmax,and the PTDF’s stay invariant
throughout the year (or the season).

Consider two prospective market participants with a pro-
posed exchange of Qdj–9,,, between the generation source
at bus gi and the load sink at bus dj over the period of
time between t.and te.Then, the participants may hedge
their delivery-related risks completely by purchasing the
intermediate term transmission contracts of the amount
Hqd,i-9,) ~Qdj-g<,, on each line 1 in the network at the
price of p~ or p: depending on the direction of the flow.
Figure 3 shows the information exchange among the mar-
ket participants, the ITC and the SO for the intermedi-
ate term transmission contracts. The participants with the
long term transmission contracts are required to convert
the current year portion of the point-to-point contracts into
the link based intermediate term transmission contracts at
the beginning of the same year. The actual amount of the
intermediate term transmission contract to be issued for

6Thi~ is a mere convenience arrangement since the SO is tyPicaW
responsible for updating the OASIS. There is no particular reason why
the lTC, for instance, can conduct the auction.

7Again the actual number of contracts available may be much
smaller depending on the demand for the contracts and on the level
of data aggregation.

8With the introduction of the PTDF, the operation of the electric
power network is performed in the linearized regime as viewed by the
market participants. This point becomes clear later in the paper.
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Fig. 3. The information exchange among between the market partici-
pants, the ITC and the SO for the intermediate term transmission
contracts.

converting the long term transmission contracts is based
on the PTDF published by the SO at the beginning of the
year.

V. SHORT TERM NETWORK SERVICES

The short term network services refer to the allocation
of resiclual transmission capacity in the spot market for en-
ergy. The related function of a TP is the near real time
congestion management as represented through the opti-
mization problem-defined in Eq. (4) associated with the TP
under the PCR scheme described here. The actual alloca-
tion of residual transmission capacity in the spot market is
based on this optimization problem modified to account for
the portion of transmission capacity allocated previously
to the participants with physical transmission ri~hts. We
assume that the SO conducts the spot market for ener

Suppose the SO receives the bids from the loads, Fd.
and the generators, Sgi, for trading energy in the spot mar:
ket. In addition some other bids are made as the pairwise
transactions, ~d, _,,, for implementing the bilateral trades
without the match~ng intermediate term transmission con-
tracts. Then, the SO solves the optimization problem given
as the following:

(17)

Q,, [k]
—

xl S9, (Q;,[~1>~)~Q& [~1

9“
Q;i [k]=O

(J
Qbij [k]

+x B*, j (Q;,j [k], k)dQ;,j [k]

bi, Q~ij [k]=O

-~iw?&j[! +’ij,j[w
1 )1

where ql,d, and ql,bij, are the electric power flow on line
1 caused by meeting the demand Qdj at bus dj from the
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. spot market and by accommodating the bilateral exchange
of Qbij [k] between buses i and j as requested by the users
not participating in the spot market, respectively. The op-
timization problem is subject to the constraints in Eq. (5)
and Ineq. (6) as well as modified transmission line flow
limit given by:

fl (QG [~1,QD [k], QB * [k], Finter [k]) < Flmax[k] : /-s~[~1 (18)

where Finter [i%] is the transmission capacity allocated to
the participants with intermediate term transmission con-
tracts with the matching energy contracts.

Figure 4 shows the information exchange among the mar-
ket participants, and the SO for the allocation of residual
transmission capacity in the spot market for energy. Unlike

m
Regulator
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0,/./, IIi.1,

/

d

rl PTDFl[n]

ITC r7~ So/spot$)/./>!JJ.)jd“%]Mkt

-....- ‘/ /

-/”

G supplier
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M markete!

Fig. 4. The information exchange between the market participants
and the SO for the allocation of residual transmission capacity in
the spot market for energy

the long term network services and the intermediate term
services, the short term network service is provided under
the strict regulation. In the case of the PCR scheme con-
sidered here, this regulation is in the form of the ceiling
prices represented as pt[n] and pl [n], as shown in Figure 4.

Once the ITC and the SO define the PTDF and the flow
limits, then the SCIallocates all of the :residualtransmission
capacity available after distributing initially to the holders
of the intermediate term transmission contracts with the
matching energy contracts.

VI. CONCLUSION

The development of new market tools for operating the
transmission system becomes essential as the ITC moves
into the active phase of management. In this phase the
ITC is required to make complex business decisions over
a wide range of time scales: long-term, intermediate-term
and short-term.

The long term decisions deal with the transmission sys-
tem expansion. A fundamental question is related to com-
puting the impact of the future demand on the system con-
straints and making system reinforcements in order to meet
this demand. It is shown in the proposed transmission rate

design that the long term transmission contract may func-
tion as the new market tools for projecting longer term
usage of the grid by the market participants. The inter-
mediate term decisions deal with pricing intermediate term
transmission contracts. This is perhaps the most difficult
task by the ITC since the success of the ITC as an inde-
pendent market entity depends on its ability to function as
a risk taker.

The short term decisions involve computing a combined
optimization problem for minimizing intermediate term
transmission contract defaults while maximizing the spot
market throughput. These two are conflicting objectives
and thus requires defining some offsetting weights when
solving the combined optimization problem. The ITC can
expand the conventional OPF tools as the new market tool
needed for approaching the problem.

As the industry moves into the more mature stage of
deregulation, the role of TP becomes more important. The
new market tools described above are only the minimal
changes required in the way the TP conducts its business
as an active market participant, the ITC. It is, therefore,
critical to build the tools that are consistent with the way
they function over different time scales as well as with the
other new business-oriented tools that are used by the par-
ticipants.
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