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Abstract 

This paper presents an application of a mechanism that provides incentives to promote transmission 

network expansion in the area of the US electric system known as PJM. The applied mechanism 

combines the merchant and regulatory approaches to attract investment into transmission grids. It is 

based on rebalancing a two-part tariff in the framework of a wholesale electricity market with 

locational pricing. The expansion of the network is carried out through the sale of financial 

transmission rights for the congested lines. The mechanism is tested for 14-node and 17-node 

geographical coverage areas of PJM. Under Laspeyres weights, it is shown that prices converge to 

the marginal cost of generation, the congestion rent decreases, and the total social welfare increases. 

The mechanism is shown to adjust prices effectively given either non-peak or peak demand. 
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I. Introduction 

Government led reforms of the electric industry have taken place in the United States of America 

(USA) since the 1990s. The restructuring of the industry was concerned with changing the system 

historically treated as a natural monopoly to a free market industry. The generation and the 

distribution segments of the system were opened to competition. Transmission services, because of 

its characteristics, stayed as a monopoly under regulation. While the generation and distribution 

sectors were thus flourishing under the reforms, the transmission sector experienced a shortfall in 

necessary investment because it lacked incentives for development. The system has become 

congested in various areas as growth in electricity demand and investment in new generation 

facilities have not been matched by investment in new transmission facilities.5  

The transmission network is a critical part of the system, and in the last decade transmission 

expansion became a crucial issue for the Federal Energy Regulatory Commission (FERC) and the 

US Department of Energy (US Department of Energy, 2002 and 2006). It was then understood that 

without efficient transmission expansion, the electric grid in the near future would be stretched far 

beyond its capacity increasing dramatically the final cost of electric energy, and negatively affecting 

the entire economy. Present-day reforms are searching for optimal mechanisms that would provide 

adequate transmission investment incentives to guarantee expanding the capacity of the network 

and relieve congestion problems. One area with congestion problems in its electricity networks is 

the US region known as PJM.6 Our paper proposes and applies a mechanism that provides adequate 

incentives to promote expansion of the network in this area. 

This paper is organized as follows. In Section II, we review the literature on incentive 

mechanisms for the expansion of electric transmission networks. Section III reviews the features of 

the PJM electricity transmission market, its current transmission pricing and investment policies. 

Section IV provides description of the mechanism used in this paper for transmission expansion in 

the PJM region. It is an application of a merchant-regulatory mechanism where the optimization 

problem is treated as a two-level (or bi-level) programming problem of a Transmission Company 

(Transco), and an Independent System Operator (ISO). The Transco maximizes its benefit subject 

to a regulatory constraint (upper level problem). The ISO solves an optimal dispatching problem 

maximizing the social welfare (lower level problem). The two levels are solved simultaneously. In 

                                                            
5 For a detailed analysis see the National Transmission Grid Study (NTGS) from US Department of Energy (2002) or 
Joskow (2005a).  
6 PJM is an abbreviation for the region operated by PJM Interconnection. The letters P-J-M represent names of its three 
original principal member states: Pennsylvania, New Jersey and Maryland. 
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Section V, the details of the simulation of the model are explained. The mechanism is tested for 17-

node geographical coverage area of PJM, divided into zones according to the historical utilities 

control areas. The analysis addresses market efficiency and changes in social welfare caused by 

changes in nodal prices (an extension of the analysis for a modified region is provided in the 

appendix). Section VI concludes. 

 

II. Review of Literature – Incentive Mechanisms in Electricity Transmission 

This section presents a survey of current research paths on transmission expansion mechanisms. We 

survey three approaches according to basic assumptions about whether the transmission sector can 

sustain competition, and according to the tools --regulatory, merchant and combined merchant-

regulatory tools-- employed by the mechanism. 7  

There are two basic regulatory approaches suggested in the literature. First, there is a 

regulatory mechanism based on price regulation (Vogelsang, 2001). This mechanism relies on the 

rebalancing of the two (fixed and variable) parts of a price-capped tariff. The fixed part of the tariff 

is an instrument through which long-term costs are recuperated (i.e., it is a complementary charge). 

The variable part can be understood as a nodal price difference in the sense of the financial 

transmission right (FTR) literature (Rosellón, 2003). The Transco rebalances over time the two 

parts of the tariff while meeting the price cap established by the regulator, and efficiently expands 

the network. The expansion process takes place so that incentives to keep the network congested are 

broken and, under certain conditions, there will be convergence to a steady-state Ramsey-type of 

equilibrium.8 However, a critical aspect of the regulatory mechanism is its definition of the 

transmission output as the capacity flow between two points, and also that its reliance on assumed 

smoothly behaved properties of production and cost functions of transmission services which –both 

in theory and practice-- are difficult to establish. Hogan (2002) argues that the properties of these 

functions are not well known (the functions are considered not linear), and are suspected to be 

generally non-differentiable and even discontinuous. Also, the definition of transmission output in 

                                                            
7 Apart from the three main approaches, usually one more is mentioned in the literature. This approach defines optimal 
expansion of the transmission network according to the strategic behavior of generators, and considers conjectures made 
by each generator on other generators’ marginal costs due to the expansion. It explicitly models the existing 
interdependence of generation investment and transmission investment. However, it also relies on a transportation model 
with no network loop flows. 
8 The model reconciles allocative, productive and even distributive efficiencies as well as promotes convergence to 
Ramsey prices. Likewise, the expansion process is incentivated since, with the use of the mechanism, the expected 
revenues from expanding the network become greater than or equal to the revenues from keeping the network congested. 
Convergence to a “congestion” equilibrium –where the marginal cost of expanding the network equals the congestion cost 
of not adding an additional unit of capacity—is also achieved (see Crew, Fernando, and Kleindorfer, 1995, Vogelsang, 
2001, and Hogan, Rosellón and Vogelsang, 2007). 
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meshed networks is a difficult issue. Under the definition of transmission output that he uses, the 

Vogelsang (2001) mechanism can typically be applied to radial lines only. 

The second regulatory approach is based on a measure of welfare loss with respect to the 

Transco’s performance. The basic approach used in Léautier (2000) and similarly in Joskow and 

Tirole (2002) is that the regulator rewards the Transco when the capacity of the network is 

increased so that congestion rents are decreased. On the other hand, the regulator can punish the 

Transco for taking advantage of a congested network by charging increasing fees, and accumulating 

higher congestion rents. Another variation is an “out-turn” based regulation. The out-turn is defined 

as the difference between the price for electricity actually paid to generators and the price that 

would have been paid absent congestion (Léautier, 2000). The Transco is made responsible for the 

full cost of out-turn, plus any transmission losses.  

The merchant approach to transmission expansion aims to bring competition into the 

transmission expansion process through the assignment of property rights specified as FTRs. An 

FTR is a financial instrument that allows the value of increased transmission capacity to be security 

and auction competitive, facilitating the entry of the private sector into transmission expansion 

investment (Hogan, 2002). FTRs are defined according to transmission capacity between nodes 

with different prices, and grant their owner the right to collect the difference between the nodal 

prices. This process motivates investment. The assignment of FTRs is managed by the ISO. Under 

loop flows within a meshed transmission network, negative externalities might arise on property-

right holders since the expansion of one link in the network might affect the capacities of other 

links. Kristiansen and Rosellón (2006) suggest a solution to this issue where the ISO retains some 

“unallocated FTRs” to use in case that negative externalities arise during the expansion process. 

They argue that using unallocated FTRs prevents a gaming- behavior of investors.  

The last approach to transmission expansion aims to bring together the main tools of both 

the merchant and regulatory mechanisms. Hogan, Rosellón and Vogelsang (2007) design a 

combined model where price-cap regulation is merged with a redefinition of transmission output in 

terms of FTRs. This allows that FTR auctions inherit the regulatory logic in Vogelsang (2001). 

Conversely, the combined approach upgrades the Vogelsang model into a bi-level programming 

model where an ISO maximizes dispatch through a power-flow model providing the optimal loads 

and nodal prices needed to achieve expansion in meshed networks according to the rebalancing of 

each part of the two-part tariff. Rosellón and Weigt (2008) further combine the merchant and 

regulatory price-cap mechanisms with an engineering approach to calculating locational marginal 

prices (LMPs). They prove that this approach is effective in incentivizing investment in a real 

transmission network in Northwestern Europe.  

3 



III.  The PJM Electricity Market 

The US transmission network is a part of the North American electricity transmission system which 

consists of three interconnected systems - the Western Interconnect, the Eastern Interconnect, and 

the Electric Reliability Council of Texas (ERCOT). Together they comprise the bulk power system 

in the USA, much of Canada and a small portion of Mexico. Each system is coordinated 

independently within its power grid and the three systems are not synchronized together (electricity 

cannot flow between them except through the use of asynchronous tie lines). The current day 

organization of the electric industry in the USA differs across the states. In general there is no 

agreement or policies (or mechanism employed) that would establish how appropriate transmission 

investments should be identified, who bears the responsibility for making the investments, and who 

pays for the associated costs (Joskow 2005b). While in some states (or regions)9 the operation via 

wholesale competitive market was accepted, other regions keep the industry under a completely 

regulated system without any marks of competitive market. No pure merchant system exists in any 

state. Even if FERC maintains the function of the regulator of “last instance” (exercising principal 

regulatory authority over interstate wholesale trade, and the associated transmission 

interconnection) the electric power industry in the USA has historically been regulated primarily by 

the states10. The legal responsibilities for important aspects of transmission policy are split between 

the federal government and the states. Each state or region has unique circumstances and 

organization of the transmission sector, and applied transmission investment policies.  

 Investor-owned utilities (IOUs) own 73 percent of the transmission lines, federally owned 

utilities own 13 percent, and public utilities and cooperative utilities own 14 percent11. On one 

hand, in regions with wholesale markets (such as PJM, New York and New England), LMPs are 

widely used and FTRs could be used as a risk hedging tool.12 Considering the investment to the 

transmission network, it is not always clear who should pay for it. When a new generator is 

included to the interconnection, reliability of the grid could be threatened, and new investment 

could be necessary to upgrade the grid. The new transmission investment costs could be projected 

into the basic charges for the transmission service reflected in their tariffs, or generators bear the 

costs. The exact policies differ from one market to another. On the other hand, in regions with pure 

regulation, transmission pricing and retail electricity power prices are usually calculated based on 

                                                            
9 For example in PJM area, New England, New York or California. 
10 Joskow (2005b) argues that states in the USA have a variety of different views on the desirability of transitioning to 
competitive wholesale and retail electricity markets, and that there are has no clear and coherent national laws that adopt a 
competitive wholesale and retail market model as national policy. 
11 The values correspond to the year 2000 (Department of Energy, Energy Information Administration 1).  
12 In the New York Independent System Operator (NYISO)’s region FTRs are also known as long-term transmission 
rights or firm transmission rights. 
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cost of service or a utility's embedded costs plus a negotiated rate of return on their investments, and 

the transmission network expansion policy is planned by state. From the point of view of expansion 

of interconnection capacity between control area operators, there is no process in place that would 

systematically evaluate opportunities to expand transmission capacity on both sides of the borders 

between them (Joskow 2005b).  

 PJM Interconnection is a part of the eastern-interconnect grid nowadays managing high-

voltage electric networks as well as the wholesale electricity market in which 13 states13 and the 

District of Columbia were included in 2008. It provides service to a population of approximately 51 

million14. PJM is a Regional Transmission Organization (RTO). It is federally regulated, with the 

service in the area provided by IOUs and Public Owned Utilities (POUs).  

As an RTO, PJM coordinates the movement of power within its region and is responsible 

for the operational and planning functions of the PJM bulk power system on behalf of participant 

members15. It also administers an open access transmission tariff that establishes prices for various 

categories of transmission services available to the third party transmission users, and defines how 

the associated revenues are distributed to the transmission owners (Joskow 2005b). It is not engaged 

in wholesale or retail marketing, and does not own generation, transmission or distribution assets. 

PJM actually operates four major product markets: energy16, capacity, FTRs, and the ancillary 

services markets. The price of transmission service offered by PJM is based on traditional 

regulatory cost-of-service (rate-of-return) formulas applied to one or more transmission owners.  

The main features characterizing PJM markets are the use of LMPs and the existence of 

FTRs as a tool for hedging against the congestion costs.17 LMPs in PJM are defined as “the cost to 

serve the next MW of load at a specific location, using the lowest production costs of all available 

generation while observing all transmission limits” (PJM Member Training Department, 2007). In 

this way, the LMP reflects an equilibrium price including not only the value of available generation 

but the marginal losses and marginal cost of transmission congestion at each location as well. The 

LMPs in PJM are collected from 10 main hubs.18 The FTRs market provides the market participants 

an opportunity to hedge themselves against congestion in the energy market. FTRs are obtained 

                                                            
13 All or parts of Delaware, Illinois, Indiana, Kentucky, Maryland, Michigan, New Jersey, North Carolina, Ohio, 
Pennsylvania, Tennessee, Virginia, West Virginia. 
14 After establishing competition in wholesale markets in the USA, PJM was the first largest wholesale competitive 
operating market in the world. Currently it is one of the biggest Operators in the USA together with NYISO, New 
England ISO, California ISO, and the Midwest ISO (MISO). 
15 It is also responsible for maintaining the integrity of the regional power grid and for managing a regional planning 
process for generation expansion needed to ensure the reliability of the electric system (PJM Interconnection). 
16 The administrated energy markets consist of real time and day-ahead markets. 
17 Also the financial trading hubs, bilateral markets, day-ahead markets, real-time markets, ancillary services and installed 
capacity. 
18 The ten hubs for which PJM posts prices are: AEP Gen (all generator buses in AEP), AEP-Dayton (all buses in AEP 
and Dayton), Chicago Gen, Chicago, Eastern, N Illinois, New Jersey, Ohio, West Int., and Western.  
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through annual and monthly auctions and bilateral trading.19 It has a form of a financial contract 

which enables the holder to receive revenues based on the day-ahead hourly energy price 

differences across a specified transmission path, and so give their holders the right to a 

proportionate share of annual congestion charges.  

The transmission expansion planning is prepared by the RTO. There are several categories 

of transmission investments in PJM. When a new generating unit seeks to connect to the PJM 

network, the reliability criteria could be violated and an investment to the new transmission 

capacity could be needed. Also “merchant investment projects” (motivated by appearance of FTRs 

when a project is implemented) or “economic transmission projects” (which are investments whose 

expected economic benefits are associated with reductions in congestion costs) exist (Joskow, 

2000). In general, PJM develops an annual regional transmission expansion plan that identifies 

transmission system enhancement requirements. The transmission companies propose their plans 

about the construction of new transmission lines or capacity increase to the RTO, FERC and the 

Department of Energy (DOE). When a transmission expansion plan is approved, FERC can offer 

incentive-rate treatment to reduce regulatory risk. The costs for investment made in order to 

reestablish reliability after connecting a new generation unit are generally paid by the generation 

unit.  

According to the US Department of Energy (2006), the congested zones were identified in 

both Eastern and Western interconnected systems. PJM is one of the regions where one of the two 

principal critical congestion areas within the Eastern Interconnect Grid has been identified20. The 

area includes the eastern coast of the PJM region – beginning at metropolitan New York continuing 

southwards through Washington D.C. to Northern Virginia. Historically, the concern has always 

been how to move the electric energy from the lower-cost western part of the market to the eastern 

part of the market where the major load far away from the low cost generation is situated. The 

congestion in the PJM region is caused mainly because of the growing load together with plant 

retirements. Limited new generation investment near loads is another cause of congestion there. 

                                                            
19 Parallel to FTRs, another tool exists on FTR markets – it is called an Auction Revenue Right (ARR). ARRs are 
allocated annually and provide their holders with revenue based on locational price difference between ARR sources and 
sink determined in the annual FTR auction (see Frayer, Ibrahim, Bahceci and Pecenkovic, 2007).  
20 The critical congestion area is defined as a place where it is critically important to remedy existing or growing 
congestion problems because the current and/or projected effects of the congestion are severe. In these locations of the 
network it has frequently been necessary to interrupt electric transactions or redirect electricity flows because the existing 
transmission capacity was insufficient to deliver the desired energy without compromising grid reliability (US Department 
of Energy, 2006, p. 21). 
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Even if there is a low-cost coal and nuclear power generation in Midwest, the east parts of PJM 

cannot use it because the capacity of the transmission network does not allow it21.  

The installed capacity of PJM at the end of 2006 was 162,143 MW. Table 1 provides an 

overview of the generation plants in PJM, installed capacities (in percentage terms), structure of 

average weighted LMP22 (how the fuel prices influence the final LMP, in percentage terms), and 

percentage of total real generation. The PJM region could also be a power source for the 

neighboring regions (especially the New York metropolitan area) as long as transmission cross-

border constraints are relieved.23  

 

Table 1 – Plant characteristics and price structure in PJM 

Plant Type 
% of Total Installed 

Capacity in PJM 

Part of Total Average 

Weighted LMP PJM price in 

the 2006 

% of Total 

Generation 

Coal 41% 38.7% 56.8% 

Nuclear 18.5% 0% 34.6% 

Natural Gas 29% 32.3% 5.5% 

Oil 6.6% 5% 0.3% 

Hydroelectric 4.4% 0% 2% 

Solid Waste 0.4% NA 0.7% 

Wind 0.19% 0% 0.1% 

Source: Own calculations with from the PJM Interconnection (2006). 

 

IV.  The Model 

The model of transmission expansion that we apply to the PJM transmission network integrates the 

key concepts of incentive mechanisms presented in Section II of this paper, and relies on the 

modeling logic in Vogelsang (2001), Hogan, Rosellón and Vogelsang (2007), and Rosellón and 

Weigt (2008). The approach is then a combination of the merchant and regulatory mechanisms with 

an engineering approach – it merges the tools of the two main models for the adequate transmission 

expansion problem: a welfare optimization dispatch power-flow problem (lower-level problem) 

with a two-part tariff cap regulatory model (upper level). The way it is constructed simulates the 

                                                            
21 The nodal prices reflect the described congestion problem for the west-east deliveries. For instance, at the western AEP-
Dayton hub the nodal price in given moment in 2005 was $46/MWh while at PJM Eastern Hub it was $66/MWh at the 
same time (PJM Interconnection, 2006, and PJM Summer, 2007, Reliability Assessment). 
22 The other components of the average weighted nodal price are the price corresponding to generating NOx, SO2, VOM 
and markup. 
23 Figure 3 in the Section V shows some of the transmission links within the PJM region subject to congestion. 
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real transmission operation and planning issues faced by an ISO, and a Transco. It has power to 

model many crucial aspects of practical cases where (1) a central authority applies certain kind of 

regulation, imposing a regulation constraint, (2) the Transco, subject to the regulation constraint, 

charges a fee for the transmission service and plans the transmission expansion, and (3) the ISO, 

operating the wholesale market, manages the electric dispatch, subject to the characteristics and 

capacity limitations of the transmission network. Its goal is to dispatch electric power in an efficient 

way.  

The combination of the last three concepts is modeled in the following way: 

1. The merchant mechanism is introduced via system of nodal pricing and FTRs. Transmission 

expansion is carried out through the sale of FTRs. FTRs are defined according to node pairs that 

suffer congestion, and are commercialized via auctions where the participants enter voluntarily.  

2. The regulatory part of the mechanism is based on Vogelsang (2001) regulatory mechanism –a 

cap constraint is intertemporally applied over a two-part tariff.  

3. Dispatching is modeled through a welfare optimization program, subject to the engineering 

restrictions reflecting the transmission network’s technical limitations. It defines the wholesale 

market prices in each short-run period.  

The crucial step which enables the combination of the merchant and the regulatory approach is the 

definition of the transmission output in terms of FTRs. It is an approach originally introduced by 

Hogan, Rosellón and Vogelsang (2007), and solves the shortcoming of Vogelsang (2001) with an 

exact and convenient measure of transmission output as point-to-point transactions or FTR 

obligations. Hogan, Rosellón and Vogelsang (2007) show that, under certain conditions, 

convergence to Ramsey prices might be reached. In the case of PJM, the transmission sector bears 

parts of regulation as well as merchant elements. The structure in PJM region is similar to a 

theoretic “centralized ISO” structure.24 The features of our model are in general compatible with the 

institutional setup in the PJM region. In particular, the existence of a competitive wholesale market 

with FTRs in PJM facilitates the application of our model. 

Mathematically, the model is divided into two levels of optimization. The upper level 

represents a dynamic profit maximization problem solved by a Transco when considering 

transmission expansion. It reflects the opposite incentives that the Transco faces – to expand the 

transmission network which releases congestion and produces long term benefits for the society 

(given the growing demand for electricity and need for higher capacity), or to keep congestion in 

                                                            
24 Wilson (2002) defines two possible structures for an ISO: a centralized structure and a decentralized structure. 
Generally speaking, in the former structure the ISO coordinates the equilibrium of the various electricity markets as a 
central planner, while the latter approach would reach such equilibrium in a sequential way through the free participation 
of economic agents. No electricity market has been proven to work in practice under a decentralized ISO. 
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the network and get high congestion rents. The lower level problem reflects the optimization 

problem faced by an ISO operating the wholesale market, and dispatching the generation and 

transmission optimally. The lower problem, hence, defines the wholesale market outcome. The two-

part tariff maximization forms a dynamic optimization problem running thru T periods, subject to 

complementarity constraints. The two levels of the optimization are solved simultaneously. 

 

A. Upper Level Problem  

The Transco maximizes its objective function (the intertemporal flow of profits) subject to a price 

cap constraint: 
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The profit function allows for two basic sources of revenue – the first term of the profit 

function represents the congestion rent.  In the FTR literature the congestion rent is generally 

defined as point-to-point FTRs,  qBijB, between two nodes i and j, multiplied by the FTR price, τij , 

which is set on the FTR auction. The congestion rent is only charged in the lines that generate 

“space” for new FTRs. If the limit of the overall capacity of a line is not reached during the 

transmission process in the period t, there are no FTRs generated on the line in t, and no congestion 

rent charged by the Transco.25 The second term is a fixed fee F charged to each of N users of the 

transmission grid. It represents a fixed payment for the access to the transmission network. The last 

                                                            
25 The idea that the throughput has to reach the capacity upper limit of the line to be congested is simplified. In reality, an 
important factor in congestion is also the susceptance of the transmission lines. Certain susceptance of a line can cause the 
line to be a source of congestion even though the throughput in the line has not reached the upper limit capacity of the 
line. This is considered in the constraints of the lower level problem. 
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term in the maximization problem is the cost function, c(k), which represents the costs of 

transmission-line capacity expansion between the nodes i and j incurred by Transco.  

The restriction on revenue is the regulatory constraint set by the regulatory authority. The 

constraint is built as a two part tariff cap. The opportunity to rebalance the parts of the tariff 

guarantees that the Transco will not lose income through the diminishing of the congestion rent 

when the transmission network is expanded. A lower congestion rent will in turn decrease profits. 

This is offset as the Transco counters the diminishing congestion rent by increasing the fixed fee.  

The weights w used in the price tariff are the Laspeyres weights. According to Rosellón 

(2007), the Laspeyres weights applied to the Vogelsang (2001) two–part tariff mechanism grant a 

solution that will converge to an optimum under stable cost and demand functions. The price cap 

also adjusts for an efficiency factor, X, and an inflation factor, RPI. The Transco maximizes its 

profit subject to the regulatory restriction, through T periods, considering the transmission lines 

between all the nodes i and j within the grid. Perfect information is assumed and there is no 

uncertainty about demand and generation capacity26.  

In order to find the first-order optimality conditions, ignoring inflation and the efficiency 

factors, the derivative of the objective function (1) subject to the constraint (2) is: 

                                                                        

*( ) ( ( ))t t t w t t t
ij ij ij ij ijq k c q q kτ∇ − ∇ = − τ∇          (3) 

 

 In order to simplify the application of this model to actual electricity networks Rosellón and 

Weigt (2008) avoid the FTR. They redefine the system of equations (1) and (2), so that the profit 

maximization problem can be rewritten as: 

   

( )
,

,

m ax ( ) ij

T
t t t t t t t
i i i i

k F
t i i j

p d p g F N c k i jπ
 

= − + − 
 

   ≠
(4)

 

s.t.  

1 1 1

( )
1

( )

t w t w t t
i i i i

i
t w t w t t
i i i i

i

p d p g F N
R P I X

p d p g F N− − −

− +
≤ + +

− +


     (5)

 

 

                                                            
26 The model relaxes from an auction FTR price setting and the distribution of FTRs to the specific market participants. 
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The first term of the equation (4) represents an alternative way to define the congestion rent. 

Instead of a congestion rent expressed in terms of FTRs multiplied by their price corresponding to 

each part of the grid, this is now defined in terms of the market clearing prices, demand and 

generation at every node. More exactly, it is defined as the difference between the payments from 

the loads, , and the payments to the generators,pigi. When the loads pay the generators 

precisely the price that energy costs at the place it was generated, no congestion and congestion rent 

exists. The relationship between the market clearing prices, pi, and the FTR prices used in the 

original maximization problem is  τBij B= pBjB - pBiB . The regulation constraint is written in the same 

manner. It substitutes the FTR revenue with congestion rents arising from the differences in nodal 

market clearing prices. 

 

B. Lower Level Problem 

This is a welfare maximization problem, and determines the wholesale market outcome. The 

optimization of electric dispatch undertaken by the ISO is subject to the technical restrictions of the 

network and power flows. There is a perfectly competitive environment assumed where the ISO 

maximizes social welfare W. Following Rosellón and Weigt (2008), the social welfare is defined as 

a difference between the gross consumer surplus and the total generation costs27:  

 

,
, 0

max ( )d

t
id

t t
i i i i i

d g
i t i t

W p d d m
 
 = −
 
 

 
,

tc g
       (6)

 

s.t.: 

i,tgg t,
i

t
i ∀≤ max

            (7) 

ijkpf t
ij

t
ij ≤ ∀

                                                           

                (8) 

tidqg t
i

t
i

t
i ,∀=+

          (9)  

 

The first restriction to the welfare optimization, equation (7), is a capacity constraint that 

does not let any generation in any node i exceed its generation capacity. Equation eight reflects the 

 
27 Rosellón and Weigt (2008) use this approach in order to obtain a more straightforward expression of the consumer rent 
and generators’ rent. 

11 



restriction that the power flow pfBijB  between the nodes i and j cannot exceed the transmission 

capacity   kBijB  of the line. The constraint described by equation (9) imposes that demand at each 

node is satisfied by local generation or by a net injection kBi. 

 Then, in the same manner as in Hogan, Rosellón and Vogelsang (2007) and Rosellón and 

Weigt (2008), a DC-Load-Flow approach is applied in order to get the power flow within the 

meshed network. Simulation of the optimization of both levels simultaneously leads to iteration of 

efficient solution values. From the lower level optimization process, the vectors of optimal values of 

d and g, as well as nodal prices p, are obtained and substituted into the upper level problem. Then 

the optimal values of capacity k and fixed fee F are in turn obtained. 

 

V.  Transmission-Expansion Simulation for the PJM Network  

The data used for the simulation are obtained from a “snap shot” of a power flow during a non-peak 

demand period in the USA in 2006. The database information is organized according to the 

transmission operators of six main regions within the Eastern Interconnection in the USA, and a 

part of Canada. A more detailed subdivision of the data is presented according to the historic 

control areas in each region. In the system modeling for PJM, each of the historic control areas is 

called a zone. Every zone is characterized by number of generators, total generation potential, 

transmission lines and instantaneous demand of load centers within the zone. The total area 

operated by PJM (and included in the database) is divided into 17 zones.28 For the purpose of 

modeling the PJM network topology, one node is assigned to each zone.29 

 Since the region that PJM operates has expanded significantly during various years, there 

are two data sets considered for the simulation. The first data set covers a region operated by PJM 

until 2006. The topology corresponding to this area is tested for original non-peak demand obtained 

from the database. The second data set is reduced to a region known as PJM-Classic which is an 

area operated by PJM until 2001. This data set is tested for peak demand. The basic difference in 

peak and non-peak demands will be reflected in the level of congestion within the network, and in 

the level of the nodal prices. When peak demand has to be satisfied, higher levels of energy are 

being transported among the nodes, and there is a higher load for some lines in the grid. Hence, the 

lines are more prone to congestion. Moreover, to satisfy higher demand it is more probable that 

higher cost generators would have to be turned on. Together with higher congestion levels in the 

                                                            
28 The analysis assumes a closed area with a closed system of transmission lines. While in reality PJM trades energy to 
NYISO to the north, MISO to the west, and also to states in the south, congestion linked to these exchanges is not 
considered in the topology.  
29 The decision to assign one node to each zone comes from the fact that each utility owner within the region of PJM is 
given monopoly over the zone where it operates. 
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network, this is a cause for higher peak-demand LMPs in comparison with the LMPs during the 

non-peak demand periods. Details of the PJM Classic topology --and the corresponding results for 

peak-demand data simulation-- are included in the first part of the appendix. 

 

V.1 Topology of the Network 

The first data set includes the area of PJM until 2006.30 Figure 1 represents the simplified topology 

of its Transmission Network. There are 17 nodes in total, where thirteen nodes are connected with 

more than two other nodes and the rest is connected to one or two other nodes. In two cases, where 

a single historic control area is divided in two parts without a common border, the topology follows 

this division and two sub-zones per one control zone are considered. Each sub-zone has its own 

node assigned in the model (nodes N11, N12 and N4, N5).  

Figure 1 – Topology of PJM31 

 
Source: Own elaboration with information from PJM Interconnection 

 

                                                            
30 The original PJM-West region was modified for the purpose of the simulation. First, it excludes the territory nowadays 
corresponding to Virginia Electric and Power Company which was added to PJM Interconnection in 2004 under the name 
of “Dominion Power”. This territory is considered neither in the topology (and consequently nor in the simulation) 
because the data base does not include it. Second, given that the analysis is for a closed area only (so as to preserve 
integrity of the topology and avoid bias of results), the zone corresponding to Commonwealth Edison Company --which is 
a part of PJM-West situated in the state Illinois-- is excluded from the data set. The exclusion was made because the zone 
has stronger transmission connections and commerce with zones which are parts of different ISOs’ regions, and does not 
have common frontiers with any part of the remainder area of PJM.  
31 An explication of the abbreviations and precise location corresponding to the nodes is shown in Figure 7 in 
the Appendix. 
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The transmission lines between the connected zones were aggregated in a way to obtain the 

total maximum capacity that can be transmitted between each two connected zones. These total 

connected capacities are represented in the model as single lines between the two zones. Because of 

the scale of aggregation, each aggregated area is considerably large, and consists both of load and 

generator centers. All nodes but node N14 (which has zero demand in the moment the snapshot was 

taken) are considered to be load nodes.  

A detail of the transmission network topology is shown in Figure 2. It is a scheme of 

variables, and their concrete values that are needed for the simulation. Each node in the topology 

has associated its maximum generation capacities, a reference (starting) demand, the cost of 

generation per MW, and the capacity of the transmission lines that connect it with other nodes.  

 

Figure 2 – Detailed scheme of Transmission Network 

 
Source: Own elaboration  

 

The distinction and the assignation of the fuel type used by the generation units were made 

according to the maximum generation limit of the plant. This way the distribution and classification 

of the generation units in PJM --the types of generating plants and marginal cost of generating 

MWh corresponding to each kind-- were obtained, and are shown in Table 2. An equal marginal 

cost level is assumed for each type of generation unit. 

Table 2 Generation Plant Characteristics32 (Source: Own elaboration) 

Assumed Technology 
MW Cap for the 

Generation Plant 
Fuel Price for MWh 

Internal Combustion 1-20 MW Diesel $137.5

                                                            
32 The fuel prices were obtained as an average cost reported in PJM Interconnection (2007) and Edison Electric Institute 
data reviews (www.eei.org). 
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Turbine Simple Cycle 21-199MW Natural Gas $72.5

Turbine Combined Cycle 200-499MW Natural Gas $45

Coal 500-800MW Coal $20

Nuclear 801-9999MW Uranium $12.5

Source: Own elaboration with information from PJM Interconnection 

V.2 Initial Conditions  

Our simulator works in such a way that, given the technical restrictions of the network, the demand 

is satisfied employing the low cost generators first. On the other hand, the total demand has to be 

satisfied completely (see equation (9) in Section IV) even if the last activated generator produces 

energy for double, triple or even higher costs compared to the first generator employed.33 The 

functional forms --and if necessary also starting values of the parameters used in the simulation-- 

are assumed according to the values in Table 3. 

 

Table 3 Simulation values  

Simulation 

values 

Number of periods 20 

Costs linear 

           Cost function 1
0 ( )t t

ij ij ijc c k k −= ⋅ − t  

 (line expansion cost) 130 $/MW 

Demand linear 

           Assumed elasticity 0.25 

Reactance in t=0 0 42.5ijx =  

Source: Own elaboration with information from PJM Interconnection 

 

 The demand function for each node is derived from the load level for each node, a reference 

price derived from the weighted average marginal cost34 corresponding to every zone, and an 

assumed price elasticity of 0.25 at the reference point. The demands are assumed to be linear. 

                                                            
33 We only consider in this paper the case where new capacity can only be added to already existing transmission lines.  
34 Weights for each level of marginal cost are settled according to the proportion of the maximum generating potential of 
each plant type within the node. 

15 



Uniform reactance values  for all the lines are assumed in t=0 and individually change 

according to the expansion of each line. A depreciation factor of 8% is assumed.

0 42.5ijx =
35 

 The tariff cap is formed using a Laspeyres index in the regulatory tariff where the weights 

are the (t-1) period amounts. In the simulation there are 20 periods of time considered. The derived 

market results for one time period represent one hour.36 Even if the analysis of the transmission-

network power flow is based on various simplifying assumptions, in a simulation with three-node 

network simplifying assumptions will not influence the general properties of the mechanism 

outcome. When relaxing simplifying constraints, the robustness of the mechanism is not affected – 

there is no effect on the desired properties of the mechanism. This result can be extended to a more 

complicated transmission network topology (see (Rosellón and Weigt, 2008). 

 As mentioned in Section III, there is an extended part of PJM that suffers high grade of 

congestion. 12 “zones” suffering from congestion were identified (US Department of Energy, 

2006). These congested paths within the PJM topology are shown in Figure 3 as the thicker lines 

connecting the nodes. Because of the scale of aggregation, some of the congested parts inside the 

zones do not appear separately but will be identified during the simulation in aggregation in a 

particular line.  

 

Figure 3 – Potentially congested lines  

 
Source: Own elaboration with information from PJM Interconnection 

                                                            
35 The value of the depreciation factor is taken form Rosellón and Weigt (2008). 20 years are supposed to represent the 
depreciation time of assets in electricity markets and 8% represent an investment with rather low risk. For simplification, 
we do not account for inflation or efficiency factors within the Transco’s price cap. 
36 As the values are obtained in hours, the Transco’s revenue is multiplied by 8760 for each period so as to represent 
yearly income. 
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The highest nodal prices correspond to the nodes on the eastern part of the topology. These nodes 

correspond to an area that historically has high demand given by high population density and --

compared to the generation situated in the west part of the region-- with high cost electricity 

generation. Due to transmission bottlenecks, it is not possible to transport cheap energy from the 

west to the eastern part. The simulation will show if an application of the incentive mechanism 

would lead to price arbitrage, and decrease of nodal prices. 

 

V.3 Results – Price Development and Welfare Properties  

The mechanism seeks to promote for capacity increase of the transmission lines, which should then 

permit transmission of lower cost energy from the western part of the region to the eastern-coast 

area. To test scope of the mechanism, the development of nodal prices and welfare properties are 

considered as well.  

Figure 4 shows price development in the PJM nodes over 20 periods. In the first period the 

nodal prices differ substantially as they are subject to a high level of congestion. Eastern node N2 

has the highest nodal price ($100). The average price of the nodal prices in the first period is 

$53.64. However, convergence towards a common price level occurs fast within the first nine 

periods. The average price after the first nine periods is 17 % lower compared to the average nodal 

price at the beginning of the simulation. If the average level of the five highest nodal prices at the 

beginning of the simulation is compared to the average price of the same nodes after the first six 

periods of simulation, a decrease of 32% can be observed. During the rest of the periods, most of 

the nodal nodal prices change only marginally. 

The extension of the grid follows similar dynamics – the grid is expanded extensively 

during the first nine periods, and after the ninth period the grid expansion is relatively small. The 

striking fall of the prices is visible mainly for the nodes N2, N4, and N8. All of them are situated in 

the eastern area of PJM. This reflects the current problem mentioned in the Section III. 

Transmission congestion separates the eastern part of the market from the remainder of the grid, and 

electricity prices on the east coast are higher compared to the rest of the region. Transmission 

congestion does not allow bringing cheaper energy produced in the western part of the region to the 

east. 
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Figure 4 – Price development for the PJM region (Source: Own elaboration) 

 

 If the grid is expanded, cheap nuclear and carbon energy that can be produced and 

transported mainly from nodes N10 and N12 is utilized to satisfy demand at other nodes, and nodal 

prices in nodes N10 and N12 increase. The average nodal price at the end of the simulation 

decreases to $43.11, which is 20% lower than at the beginning of the simulation. An arbitrage of 

nodal prices occurs and the former difference of $87.5 between the highest and the lowest price at 

the beginning of the simulation is reduced to $19.22 after the 20 periods. 

 

V. 4 Welfare Properties 

The nodal price development brings about welfare changes. The purpose of the mechanism is to 

permit arbitrage of prices, and an increase in social welfare, through transmission expansion. When 

comparing social welfare, only changes that are caused by nodal prices changes are considered. As 

argued in Vogelsang (2001), the fixed fee acts as a lump-sum tax. The major concern is centered on 

the development of the nodal prices which converge to marginal costs. Figure 8 in the appendix 

shows the general development of the fixed fee when nodal prices increase. 

 In order to asses the performance of the mechanism (“Regulatory Approach”), the results 

from the simulation are compared to the benchmark case without network extension, and to a 

benevolent ISO case37 (“Welfare Maximization”). Table 4 shows the welfare characteristics of the 

                                                            
37 The benevolent ISO case is obtained from the maximization problem: 
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mechanism. The basis for the estimation of the corresponding rents are the demand function of each 

node, the congestion rent (first part in equation (4)), and consumer and producer surpluses (equation 

(6)). 

Table 4 – Comparison of the Regulatory and Benevolent ISO approach for PJM region 

 No grid extension 
Regulatory 

Approach 

Welfare 

Maximization 

Consumer Rent (MioUSD/h) 6.53 6.63 6.67 

Producer Rent (MioUSD/h) 0.36 0.59 0.64 

Congestion Rent (MioUSD/h) 0.067 0.01 0.006 

Total Welfare (MioUSD/h) 6.95 7.23 7.32 

Total Grid Capacity (GW) 35.8 50.83 52.83 

Average Price (USD/MWh)  53.64 43.11 42.97 

Source: Own elaboration. 

 An increase in consumer rent is observed after the mechanism is applied. Consumers pay 

lower congestion costs. Even if the nodal prices increase in two cases, the consumer surplus 

reduction is offset by a price decrease in the other 15 nodes. Note that the sum of the demands in 

the two nodes that experienced price increase is not higher than the sum of the demands in the 

remainder part of the system. Since, after the adjustment, prices lie above its marginal cost the 

producer surplus increases as well as a significant part of total generation that corresponds to 

nuclear and carbon generation.  

The new installed capacity is 42% higher than the capacity at the beginning of the 

simulation. As expected, the congestion rent is not equal to zero but its level decreases substantially. 

The original level of the congestion rent is reduced to 15% within the 20 periods. The regulatory 

approach then produces results that are relatively close to a pure welfare-maximizing outcome, and 

suggest convergence to the welfare optimum levels. Comparing the results for the European model 

tested by Rosellón and Weigt (2008), the results for PJM show a similar tendency.   

As mentioned at the beginning of this section, even more pronounced fall of the nodal 

prices and bigger increase of the rents could be experienced if the demand tested in the simulation 

were a peak one. In Table 5, results from the non-peak demand and peak demand testing are 

compared. Details of peak-demand testing within the smaller region of PJM called PJM-Classic are 
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presented in the appendix. The first period nodal prices for the peak demand testing are in several 

nodes higher than in the case of non-peak demand. In general, this is given so as to satisfy the peak 

demand. Apart from the cheapest generators that provide energy when satisfying non-peak demand, 

more expensive generators have to be turned on. Another factor that increases the total cost of 

providing energy for peak demand is higher congestion. For the majority of the nodes, the final 

level of the nodal prices is higher when peak demand is satisfied. For example, in the case of 

nodesN13 and N14, even if the first period nodal prices were higher for the non-peak demand, at 

the end of the simulation their nodal prices are higher when the peak demand is satisfied. However, 

when comparing the nodal price levels for the peak and non-peak demand situations, it has to be 

taken into account that differences in topologies influence the differences in the nodal prices as 

well. 

Table 5 – Comparison of the non-peak and peak demand nodal prices for the 17-and 

14-node topology 

 

 

Number of the node 

Non-peak demand 

(17 node topology) 

Peak   demand 

                (14 node topology) 

 

 1. period nodal price Final nodal price 1. period nodal price Final nodal price 

1 $ 72.5 $ 47.23 $ 137 $ 49.70 

2 $ 100 $ 53.84 $ 137 $ 59.30 

3 $ 72.5 $ 47.23 $ 72.50 $ 46.20 

4 $ 88.53 $ 49.01 $ 137 $ 51.97 

5 $ 72.50 $ 47.23 $ 72.50 $ 46.76 

6 $ 45.00 $ 38.16 $ 45.00 $ 46.70 

7 $ 45.00 $ 43.04 $ 72.50 $ 46.15 

8 $ 72.50 $ 47.43 $ 137 $ 59.30 

9 $ 35.27 $ 35.33 $ 20.00 $ 39.60 

10 $ 20.00 $ 36.86 $ 20.00 $ 39.30 

11 $ 60.33 $ 47.36 $ 72.50 $ 46.80 

12 $ 12.50 $ 34.62 $ 45.00 $ 42.70 

13 $ 35.27 $ 38.12 $ 20.00 $ 39.40 

14 $ 45.00 $ 37.72 $ 20.00 $ 39.70 

15 $ 45.00 $ 43.21 - - 

16 $ 45.00 $ 43.21 - - 

17 $ 45.00 $ 43.21 - - 

Source: Own elaboration 
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VI. Conclusions 

This paper presents an application of a merchant-regulatory mechanism for transmission grid 

expansion to the transmission network in the PJM region. The theoretical model is based on a 

structure with regulated profit-maximizing Transco, and a competitive wholesale market with nodal 

price setting and FTRs. Regulation is applied through a price cap imposed on a two-part price tariff 

that the Transco can charge to users of the transmission network. The regulatory constraint allows 

for the rebalancing of the variable and fixed parts of the fee in order to let the Transco preserve its 

benefits when congestion rents decrease due to the increased transmission-grid capacity. The 

Laspeyres weights are used in the two-part tariff mechanism. The wholesale market is operated by 

an ISO that coordinates generation and transmission, maximizing the social welfare. FTRs signal 

the need for new transmission capacity. 

 The purpose of the mechanism used for the simulation is to arbitrage nodal prices and to 

foster their convergence to an steady-state equilibrium state with lower congestion rents and higher 

total welfare. The capacity increases of the transmission lines permit transmission of lower-cost 

energy to the zones with higher demand and more expensive energy generation. The mechanism is 

applied to the region that suffers critical levels of congestion combined with growing demand. To 

date, no coherent mechanism that promotes adequate expansion of the PJM transmission network 

exists. Moreover, the PJM network is a complicated system of loads and generators covering a 

considerably large part of the US area. Transmission services are getting unreliable in PJM, and the 

congestion costs are a significant part of the energy price charged in the region.  

A 17-node and 14-node network topology was designed for PJM, and the mechanism is 

tested for both non-peak and peak demands. Starting with a grid that suffers critical levels of 

congestion in various zones, the simulation of the mechanism proves that after first nine periods the 

congestion is relieved, nodal prices converge to a common lower average level resembling the 

marginal cost of energy generation, the consumers pay lower congestion costs and both consumer 

and producers surplus increase. In general, the nodal prices for peak-demand periods are higher than 

for the non-peak period, given that more of the high-cost generators are turned on and also because 

the higher demand could cause higher congestion in the transmission lines. The simulation proves 

that the mechanism works for a quite complicated meshed topology such as the PJM one. The 

installed capacity of the 17-node transmission network after the simulation is 42% higher than the 

capacity of the original grid, and the congestion rent decreases to 15% of its original level. Total 

welfare increases. Given that the various composing elements of our mechanism and its features are 

compatible with the FTR-based competitive wholesale market in PJM region, we believe that our 

mechanism holds promise for being applied in practice. 

21 



Next steps in modeling the PJM electric transmission system would implement some new 

elements to the model. The purpose of future research would improve on the engineering – lower 

level problem – part of the optimization, and focus in a more detailed geographical division of the 

PJM region. The intention would be to create different zonal divisions which could reflect the set of 

zonal areas that is actually used in the internal PJM modeling. Additionally, we would also like to 

improve on the data set on marginal costs. In the actual operation of markets, marginal costs can be 

much higher due to imperfect competition.  
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Appendix 

(1) PJM Classic: Peak Demand Testing 

The second data set includes the zones which comprised PJM prior to 2006, referred to by the term 

“PJM Classic”. It takes account of the PJM region after the establishment of a competitive 

wholesale power market and before it expanded, when its operating territory consisted of eastern 

Pennsylvania, New Jersey, and part of Maryland, Delaware and District of Columbia. Figure 5 

represents the simplified topology of the transmission network of PJM-Classic which has 14 nodes, 

and 26 transmission lines connecting the nodes.  

 

Figure 5 – Topology of PJM Classic region   

 
Source: Own elaboration with information from PJM Interconnection 

 

Compared to the 17-node PJM region, this data sample excludes the zones corresponding to 

nodes 15, 16 and 17. The PJM Classic topology is used in order to test the mechanism facing a peak 

demand conditions38. If not specified differently, the starting conditions and all the details of the 

simulation are the same as in the case of simulation of the mechanism for 17-node PJM topology.  

 The results of nodal price development are shown in Figure 6. In Table 6, the welfare 

properties results are specified. 

                                                            
38 The peak demand values were obtained adjusting the original demand data according to the February 2006 peak values 
reported in „PJM Summer 2007 Reliability Assessment (2007)” for the zones at PJM Classic. 
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Figure 6 – Price development for PJM Classic region 

 
Source: Own elaboration 

 

The general results are the same for both topologies – the nodal prices converge to an 

equilibrium level after the first six periods of the transmission network expansion. However, when 

comparing the welfare properties of the mechanism for the simulation of the peak demand, the 

results are more pronounced, highlighting the power of the mechanism. The average nodal price is 

almost 36% lower after the mechanism is applied, the transmission network capacity is doubled 

compared to the first period, and both consumer and producer surplus increase. The price fall is 

steeper and, given that the demand is higher, the consumers’ surplus increase is higher than in the 

case of 17-node PJM case39. The congestion rent after the twenty periods of simulation decreases to 

16% percent of its original level. 

 

 

                                                            
39 However, a comparison with the results for 17-node PJM topology should be made with precaution as there are some 
significant differences between the cases. The PJM Classic topology does not include three nodes with quite high 
demands and generation potential. Another important detail is that it is tested for demand in different periods of the year 
and day. 
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Table 6 – Comparison of the Regulatory and Benevolent ISO approach for PJM Classic    
     region  

 No grid extension 
Regulatory 

Approach 

Welfare 

Maximization 

Consumer Rent (MioUSD/h) 8.01 8.13 8.17 

Producer Rent (MioUSD/h) 0.44 0.68 0.73 

Congestion Rent (MioUSD/h) 0.076 0.012 0.0076 

Total Welfare (MioUSD/h) 8.53 8.82 8.91 

Total Grid Capacity (GW) 26.91 49.88 52.63 

Average Price (USD/MWh) 72.0 46.63 46.21 

Source: Own elaboration. 

 

 In general, the welfare properties in case of higher demand are expected to be more 

pronounced as the need for transmission network expansion in the network that suffers high levels 

of congestion could be higher. 

 

(2) PJM Zones 

Figure 7 – Map of PJM region and the utilities operating in each zone in the year 200840 

 
Source: PJM Interconnection 

                                                            
40 The map was obtained from PJM Interconnection (http://www.pjm.com). The correspondence with the abbreviations 
used in the topology are the following: AE Atlantic City Electric, BC Baltimore Gas and Electric Company, DELM 
Delmarva Light and Power Company, JC_N Jersey Central Power and Light Company (North), JC_S Jersey Central 
Power and Light Company (South), ME Metropolitan Edison Company, PE PECO Energy Company, PEP Potomac 
Electric Power Company, PL and PN Pennsylvania Electric Company, PS_N Pennsylvania Electric Company (North), 
PS_S  Pennsylvania Electric Company (South), UGI Public Service Electric and Gas Company. 
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