A MARKET POWER MODEL
WITH STRATEGIC INTERACTION
IN ELECTRICITY NETWORKS

William W. Hogan
Center for Business and Government
John F. Kennedy School of Government
Harvard University
Cambridge, Massachusetts 02138

International Program on Privatization and Regulatory Reform
Harvard Institute for International Development

July 15, 1997



MARKET POWER ANALYSIS Context

Electricity restructuring requires open access to the transmission essential facility. Open access
reduces or removes vertical market power. But open access does not eliminate horizontal market
power. Concentration of ownership of generation coupled with market pricing could lead to higher
prices and reduced welfare.

Horizontal Market Power is a Concern.  Regulators consistently express reservations
about competition and market pricing for generation due to the problems of
concentration of ownership.

"Market power on the part of sellers is the ability profitably to maintain prices
above competitive levels by restricting output below competitive levels."

Market Definition Depends on the Open Access Rules. Market power analysis
depends on a better understanding of the open access rules. Until the rules are set,
it may not be possible to identify the extent of market power.

Transmission Constraints Complicate the Analysis of Market Power. There is
general recognition that transmission constraints can segment markets and have a
significant impact on the ability to exercise market power.
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MARKET POWER ANALYSIS Mitigation Policy

Electric power generation is still not a fully competitive market. Some power plants are located
in strategic locations or needed to provide critical services such as reactive power support. Other
facilities may be owned by a single firm with market power. The challenge is to develop policies
to deal with these conditions while moving to a broader system of market-based pricing.

. Regulation. Power plants located in strategic positions may be subject to continued
regulation and cost-based pricing, even in a more competitive, "deregulated” market.

. Contracts. A contract to provide the services of a generating unit at a specified price
transfers the beneficial economic interest in the plant from the owner to the contract
holder. The operator then has incentives to pursue efficient operation.

. Divestment. Concentrated ownership gives horizontal market power that may be
beyond easy regulation or contracting. Here the call has been for separation of
ownership of generation and transmission, and divestment of generation to reduce or
the incentive for strategic operation of one plant for the benefit of others.

- UK regulator called for National Power and Powergen to divest of 6000 MWs.

- California regulators directed Pacific Gas & Electric and Southern California Edison to
divest of fifty percent of their fossil generation.



MARKET POWER ANALYSIS Efficient Divestment

The number of generating plants to divest is a policy matter complicated by the choice of the most
efficient plants to divest. Divesting higher cost plants rather than low cost plants produces lower

prices (Borenstein and Bushnell).

Monopolist Facing a Net Demand from a Competitive Fringe Efficient Divestiture to the Competitve Fringe
Reduces Production and Raises Price Selects the Ex Post Marginal Output
(C: Competitive Equilibrium; M: Monopoly Result) (C: Competitive Equilibrium; M: Monopoly Result; D: Divestment Result)
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For a single period, and a given level of divestment, the total welfare efficient choice would be to divest
the plants that would be marginal after divestment. Selecting more expensive plants would not affect
prices but would raise total generation costs. Selecting lower cost plants would shift the marginal cost
curve enough to raise prices and lower production. Even for a single period, therefore, selection of the
efficient divestment choice would depend on a forecast. With the real problem involving a single
divestment applied to multiple periods, market simulations may be needed for workable solutions.



MARKET POWER ANALYSIS Regional Markets

The regions in the United States enjoy a wide variety of ownership patterns and potential for
market power. The degree to which these large regions will define the "geographic” market for
market power analysis will depend on the scope and nature of transmission constraints. 2

North American Electric Reliability Council
e .. Regions and HerfindahI-Hirsch%anb Index

(affilicte)

2577 p

2 The Herfindahl-Hirschman Index is the sum of the squares of the market shares. If measured in percentages, the index for a monopoly would be
10¢ = 10,000. With an infinite number of firms of equal size, the limiting value is zero. In the case of the oil pipeline market, "The Department [of Justice]
and the Commission staff have previously advocated an HHI threshold of 2,500 and it would be reasonable for the Commission to consider condhatration i
relevant market below this level as sufficient to create a rebuttable presumption that a pipeline does not possess significant market power."
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MARKET POWER ANALYSIS Regional Markets

The scope of transmission constraints could substantially determine the degree of market power
and the necessity for further mitigation or regulation.

Herfindahl-Hirschman Index Herfindahl-Hirschman Index
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Source: NERC Data based on utility code for plants, winter capacity 1994. Source: NERC Data based on utility code for plants, winter capacity 1994.

Detailed analyses of transmission capacity may be necessary, and in many cases the results could be
surprising. For example, constraints on the transmission system may be greater during off-peak periods
when not all plants are running and there is an economic incentive to use transmission to reach distant,
cheaper plants. Furthermore, when the complex transmission interactions are considered, the topology
of the market will be driven by electrical distance not geographic distance. With the sometimes poor
correlation between electrical topology and geographic topology, we should be prepared for surprises in
the definition of the electrical market.



NETWORK INTERACTIONS

Loop Flow

Electric transmission network interactions can be large and important.

. Conventional definitions of network "Interface" transfer capacity depend on the

assumed load conditions.

. Transfer capacity cannot be defined or guaranteed over any reasonable horizon.

POWER TRANSFER CAPACITY VARIES WITH LOAD

(WITH IDENTICAL LINKS, TRUE CONSTRAINT ON LINE FROM OLDGEN TO BIGTOWN)
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MARKET POWER ANALYSIS

Transmission Constraints

Application of a market model in a transmission grid illustrates some of the special conditions that
may arise due to network interactions. Supply and demand equilibrium, with all participants acting

as price taking participants, provides a competitive benchmark.

The Competitive Solution Benchmark

(WITH IDENTICAL LINKS, CONSTRAINT ON LINE 2-3)
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MARKET POWER ANALYSIS

Under the Cournot model, the dominant firm (A) chooses output levels and the competitive fringe
Knowing this, the dominant firm sets output to maximize profits.
interaction through the network makes it profitable to operate some generation at a loss,
increasing production above the competitive benchmark, and benefitting from the effect of partially

sets the market price.

blocking a transmission constraint.

3.63

2
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MARKET POWER ANALYSIS

There may be a system of tradeable transmission rights or transmission congestion contracts.
Ownership of these rights would provide an additional source of profit from the exercise of market
power. In this case, the dominant firm further increases production above the competitive case,

but still profits more from the disproportionate impact on the transmission constraint.

Market with a Dominant Firm and a Competitive Fringe
Profit Maximizing Solution With Tradeable Rights
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MARKET POWER ANALYSIS

Duopoly of Cournot Firms

The extension to multiple firms does not change the conclusion. Here generators A and B act as
Cournot dominant firms. In both cases, with and without transmission rights, generator A enjoys
strategic locational advantages relative to the constraint and finds it profitable to increase

production relative to the competitive benchmark case.

Market with Multiple Strategic Firms and a Competitive Fringe
A Two Generator Cournot Solution Without Transmission Rights

(WITH IDENTICAL LINKS, CONSTRAINT ON LINE 2-3)
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Market with Multiple Strategic Firms and a Competitive Fringe
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MARKET POWER ANALYSIS Real Networks

The essential, unusual element of the electricity case is in the complicated joint constraints in the
network that create strong interactions between the participants who may have market power. Use

of 1 MW of incremental generation at one location can block production of more than 1 MW
elsewhere. Hence, an increase in the use of the network in one place can reduce the  capacity in
another. Are there places in the real electric network where this form of leverage could exist?.

Transmission Impacts Vary Across the Eastern System
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Source: VEM, Winter Operating Study, December 1993.
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NETWORK INTERACTIONS

Loop Flow

The strong network effects apply in most, or all interconnected grids. In southern California, for
example, there are important interfaces with maximum limits that cannot be achieved
simultaneously. Complex "nomograms"” summarize the simultaneous constraints. (see next page)
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NETWORK INTERACTIONS

Loop Flow

The SCIT "nomogram” for southern California illustrates the strong interdependencies of network
flows. The interaction dictates that each additional 1 MW on the "EOR" interface would require

a reduction of more than 2 MW on the remaining flows affecting the "SCIT" interface.
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MARKET POWER ANALYSIS Real Networks

The model of imperfect competition could be extended to a more realistic network. A test with a
model including 36 buses and 52 lines, with generating units at thirteen locations owned by two
large firms and a competitive fringe, and some arbitrary constraints on various transmission lines
yields prices and production profiles differing sharply from the competitive benchmark and varying
depending on the degree of imperfect competition and the interaction with the constraints.

Net Inputs and Market Prices for Three Scenarios
(36 Bus and 52 Line Model)
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MARKET POWER ANALYSIS Challenges

The illustrative calculations for the simple three bus model suggest a number of challenges for
market power analysis in the presence of transmission constraints. Issues to address include:

Ownership of geographically dispersed generation can create market power through
interactions in the network. Electric topology is not the same as geographic topology.

The examples illustrate conditions where the benefits of blocking bottlenecks outweigh
losses in local production. It may be profitable for the leader to produce below marginal
cost and block a more than proportional amount of competitive supply.

In the examples, tradeable rights or equivalent transmission congestion contracts appear
better for the monopolist and better for society, compared to no rights or the "use it or
lose it" transmission right. Is this true in general?

Will detailed analysis of complicated divestment choices in real networks be necessary?

"A far more refined analysis would combine existing transmission models with
information on loads, generating capabilities, and unit marginal cost schedules,
at all relevant points within the transmission network. All this information
should be readily available, and could be used within a computer program that
minimizes the cost of satisfying the specified loads, given generation capacity
and costs, as well as transmission costs and constraints."
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Appendix

A Model of Market Power
and Strategic Interaction in Electric Networks



MARKET POWER ANALYSIS Competitive Fringe

This market power analysis in the presence of transmission constraints includes "Cournot"
dominant firms and a competitive fringe of price taking consumers and producers. The
competitive (partial) equilibrium can characterized as the solution to a social welfare maximization
problem known as the "economic dispatch."”

Let: dg, d-  : the vectors of loads at each the n buses across all the elements of each set. Hence,
fori O S, d, is an n-vector of the loads at each bus for this large strategic firm in the set
S. Similarly for d; with j T F.

Os, O  : the vectors of generation at each bus, with the same index definitions of the n-vectors
as for the loads.

y : the n-vector of net inputs, i.e. generation minus load, (g-d).

B(), C() : the differentiable benefit and cost functions for load and generation,

K() . the differentiable functions defining Kirchoff's Laws on electricity and all the network

constraints on net inputs.

For the competitive fringe, the assumption is that the strategies of the Cournot participants (d,, dp)
are taken as given, and the fringe participants achieve a competitive partial equilibrium. Under reasonable
regularity conditions, this competitive equilibrium for the fringe participants can be characterized as the
solution of an optimization problem:

(1-1) Max BF(dF) - CF(gF)
de, Or Y

(1.2) 2(ds-9g9) +3(de-9s) ty=0,
(1.3) K(y) < 0.
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MARKET POWER ANALYSIS Equilibrium Conditions

Given the optimization formulation of the competitive fringe model, we can apply the usual theory
to derive the K-K-T equilibrium constraints.

(1-1) Max BF(dF) - CF(gF)
de, O Y

(1.2) 2(ds-9s) +3(de-g) +y=0,
(1.3) K(y) < 0.

Let the Lagrangian be:
gﬂ( ds’ Js» dF’ O Y, K, p) = BF(dF) - CF(gF) -IOt(Z(ds - gs) + Z(dF - gF) + y) 'UtK(y)-

Here the market prices arise as the dual variables for the locational balance equations (1.2). Viewed as
a function of the dominant firm strategies, the price functions derived from the competitive fringe model
are typically not everywhere differentiable.
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MARKET POWER ANALYSIS Imperfect Competition

A model of imperfect competition provides one framework for market power analysis. A dominant
firm confronts the market demand not met by the competitive fringe. Calculation of the profit-
maximizing solution for the dominant firm presents computational challenges even without
considering the special conditions of electric transmission grids.

Market Power Analysis Confronts Multiple Local Optima
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MARKET POWER ANALYSIS Cournot Model

For each Cournot firm, the strategies of the other firms and the equilibrium constraints for the
competitive fringe define a mathematical program with equilibrium constraints (MPEC). The
objective is to maximize the benefits of purchases and sales plus returns on transmission
congestion contracts.

(2.1) Max Bi(d) - ptdi + ptgi - Ci(g) + ptTCCi

d, g, dey O VS L P

S.t.

(2.2) Ogr<2( diy 95 dsyiy 9syr Ay G Y, W, P) =0,
(23) Dgpg( dia gil dS\il gS\il dF’ g|:, y; p'i p) - 0 '
(2.4) L, (d;, 9 dgys Osy Ay G Y, M, P) =0,
(2.5) d-9g+3(dgi-9g) *+2(de-9¢) +y=0,
(2.6) K(y) <0,
(2.7) WK(y) =0,
(2.8) H=0.

A mutually consistent solution for each Cournot firm defines the Nash-Cournot equilibrium.
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MARKET POWER ANALYSIS Cournot Computations

The complementarity condition is the source of substantial computational difficulty in solving
MPEC problems. One approach is to relax the complementarity conditions and apply a penalty
function, successively increasing the penalty, to converge to a solution to the first order
conditions.

(3.1) Max Bi(d) - ptdi + ptgi - Ci(g) + ptTCCi - te

dil gis dF! gFl y1 ul pr 8

S.t.

(3.2) Oees2(di, 95 dsys 9syv A G0 Y, W, P) =0,
(33) Dgpg( dia gil dS\il gS\il dF’ g|:, y; p'i p) - 0 '
(3.4) L, (d;, 9 dgys Osy Ay G Y, M, P) =0,
(3.5) d-9g+3(dgi-9g) *+2(de-9¢) +y=0,
(3.6) K(y) <0,
(3.7) WK(y) -€=0,

(3.8) H=0.
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