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The competitive effects of transmission
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In an unregulated electricity generation market, the capacity of transmission lines will
determine the degree to which generators in different locations compete with one an-
other. We show, however, that there may be no relationship between the effect of a
transmission line in spurring competition and the actual electricity that flows on the
line in equilibrium. We also demonstrate that limited transmission capacity can give a
firm the incentive to restrict its output in order to congest transmission into its area
of dominance. As a result, relatively small investments in transmission may yield sur-
prisingly large payoffs in terms of increased competition. We demonstrate these effects
in the context of the deregulated California electricity market.

1. Introduction

m  Electricity transmission facilities have long been recognized as central elementsin
the efficient planning and operation of electricity systems. Traditionally, the role of
large, interutility transmission paths has been to permit transactions between utilities
that exploit regional differences in consumption seasonality and generation costs. As
the electricity generation industry is deregulated in the United States and elsewhere,
however, transmission facilities will also provide important competitive links between
potentially isolated markets, thus mitigating the potential for exercise of market power.

The way that the generation firms themselves view transmission capacity is likely
to change as the industry becomes less regulated. A regulated firm would have little
or no interest in inducing congestion into its market, where the term ‘‘congestion” is
used throughout this article in the electrical engineering sense: aline is congested when
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the flow of power is equal to the line's capacity, as determined by various engineering
standards. A profit-maximizing firm, however, may find it quite profitable to induce
congestion into its area, thereby becoming a monopolist on any residual demand left
unserved by imports from other regions.

In this article we examine the incentives of unregulated generation firms and the
competition-enhancing role of transmission facilities.* The model we use, of two geo-
graphically distinct electricity markets, can be thought of as a first-level approximation
to the market distinctions between northern and southern California. In the situation
where each market is dominated by a single supplier, the benefits of increased trans-
mission capacity manifest as greater competition, in some cases with less actual power
flow. The mere threat of competitive entry that is provided by additional transmission
capacity acts as arestraining influence on the dominant supplier in each market, causing
each to produce nearer to competitive levels even though the threatened imports are
not in fact realized.

To achieve the full benefits of competition, the transmission capacity between these
two markets must be large enough so that each firm prefers to compete over the larger
market rather than to act as a residual monopolist in its own, local market. We find
that the amount of transmission capacity necessary to achieve this result can be sur-
prisingly small in some cases. Interestingly, in a deterministic world, additional trans-
mission capacity above that critical *‘threshold” level is of no value. We also find that
use of the transmission line may decline when it is expanded to sufficient capacity to
support competition.

The analysis of competition between two dominant supply firms separated by a
(potentially) constrained transmission link yields several important insights that have
immediate policy implications. First, in regions with afew dominant suppliers, it seems
likely that the incidence of congestion on transmission links will increase as the reg-
ulation of these firms is relaxed. This increased likelihood of congestion implies that
the relevant geographic markets considered for market power analysis may be smaller
than those indicated by historical congestion patterns or by simulation of perfectly
competitive markets. The Federal Energy Regulatory Commission (FERC) has relied
upon historical transmission flow and congestion data to determine the geographic
scope of markets in order to analyze proposed mergers and has recently proposed the
use of simulation models that assume output levels are set according to a principle of
“least-cost’”” production.? Our results indicate that such approaches may greatly under-
state the potential for market power in some markets.

Second, in a deregulated electricity market, the social benefits provided by trans-
mission facilities may no longer be closely linked to the usage level of those facilities.
Historically, before making an investment in transmission facilities, an investor-owned
utility would have to demonstrate the *‘ public convenience and necessity”’ of the new
line (see Baldick and Kahn, 1992). The most common measure of necessity was the
level of congestion along the path served by that line and the forecast utilization of
additional transmission capacity. Our results demonstrate that in some circumstances,
modest additions to a transmission network can yield extremely large social benefits,
even though there would be little actual power flowing over the network.

Currently, however, discussions of standards for the planning and construction of
new transmission facilities have focused almost exclusively on the reliability-enhancing

1 We do not study the incentives of transmission owners, who remain subject to some form of regulation
in nearly all markets. We take the capacity of transmission as determined exogenously.

2 See Joskow and Frame (1997) for an example of the former and Borenstein, Bushnell, and Knittel
(1999) for a discussion of the latter.
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aspects of transmission expansion (see Western Systems Coordinating Council, 1997).
Even when ““economic’”’ benefits are considered, they are usually limited to assessments
of the benefits of reduced curtailments in service, increased imports or exports over
the new facilities, or revenues derived from charging for the usage of the new capacity.?
This emphasis on the reliability and cost benefits of relieving transmission bottlenecks
could lead to poor policy decisions, since even unused capacity on a transmission path
may still be providing important benefits by discouraging the exercise of market power.

In Section 2 we describe the issues and choices faced by firms in separate markets
that have the potential to be geographically distinct. In Section 3 we introduce a model
of two identical, but geographically distinct, markets that are linked through a single
transmission path. We show that the capacity of this transmission path plays a crucial
role in determining the market outcomes and derive an expression for the threshold
transmission capacity that is sufficient for completely integrating these two markets.
We show that for transmission capacities less than this threshold capacity, no pure-
strategy Cournot equilibrium outcome can exist, and we discuss briefly the nature of
the mixed-strategy equilibria. Section 4 discusses several insights, extensions, and gen-
eralizations from these results, including the important extension to asymmetric mar-
kets. In Section 5 these results are applied to a model of California’s electricity market,
which is undergoing restructuring. We demonstrate the potentially very significant im-
pact on this market of the capacity of the major north-south transmission path. Our
conclusions are summarized in Section 6.

2. Geographic market distinctions

B At first glance, the electricity industry resembles any other in which there are
spatially separated markets between which trade is possible. Consider two markets that
are identical in every respect. Assume that each has a monopoly supplier with identical
costs. If these regions were completely separate, there would be identical monopolistic
solutions in the two regions. If, on the other hand, each producer were able costlessly
to ship very large quantities into the other’'s market, the markets could no longer be
considered geographically distinct. There would instead be a single market served by
a duopoly.

When one considers the unusual physical properties of ‘‘transporting’”’ electricity,
this standard trade problem exhibits some surprising characteristics. First, electricity
can be rerouted or reshipped almost costlessly. A marketer can buy electricity and, if
lines are not congested, have it delivered to (or consumed at) a different location at
virtually no cost. This means that price differences can be easily arbitraged. Second,
electricity is perfectly standardized, so the market deals in a completely homogeneous
good. As a result, if the producer in market 1 tries to ship 10 MW to market 2, and
the other producer decides to ship 9 MW to market 1, only 1 MW of power actually
flows over the line. In contrast, a Ford that is exported to Japan is actually shipped,
not netted out from the number of Toyotas exported to the United States. Last, most
studies of geographic trade barriers, which consider shipping, highway, or rail trans-
portation, do not assume constraints on shipping capacity. It is simply not a binding
constraint for most spatially distinct markets.*

3In a recent assessment of transmission capacity additions (California 1SO, 1998), the California In-
dependent System Operator identified six needs that such projects fulfill. The only need related to the com-
petitiveness of the generation market is the reduction of reliance upon ‘“must-run’” contracts. There is no
consideration of the benefits of enhanced competition among suppliers in the broader California market.

4 Natural gas markets in some areas may also fit our model. These results would also apply to natural
gas markets to the extent that there are firms with market power. Krishna (1989) discusses an example of
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Homogeneity of the product, costless shipping, and symmetric markets lead to a
somewhat surprising result: the transmission line causes prices to decline and outputs
to increase, but no power actually flows on the connecting line. This means that al-
though the line is not used, it is still very useful because it keeps prices low. Even if
the two markets were not perfectly symmetric, there may be very little flow on the
line relative to the additional output that would be sold in each market. The threat of
competition is al that is really needed, and the line (if it is big enough) provides that
threat. Thus, if a connecting line is of sufficient capacity to reduce market power as
much as possible, it may appear to be overbuilt and underused.®

If we assume these same two markets are connected by an extremely low-capacity
(i.e., thin) line, then each supplier would almost ignore the other, because each would
know that the other could affect it very little. Thus, the result would be something
close to the two-monopoly solution in spite of the connecting line. The actual outcome,
however, is more complicated than this, because it is not an equilibrium for both firms
to leave the line unused. This raises the question of how big a line is needed to induce
duopoalistic, instead of monopolistic, behavior. Clearly, the answer need not be related
to the actual power flow on the line. More generally, we would like to know the effect
of any given size line on the degree of competition between the firms at each end of
the line. We pursue these questions in the next section.

3. A symmetric two-firm model

m \We begin with a model of two identical markets, which we call North (N) and
South (S). Demand in each market is characterized by identical inverse-demand func-
tions, PS(QS) and PN(QN), where QN and QS are the quantity consumed in markets N
and S respectively, and PS(-) = PN(-) = P(:). Each market has a single supplier, firms
n and s, with output g™ and gs, respectively, and the two firms have identical production
costs, C(q). For either firm, i, let #(q, q) = P(q; + g)g — C(q) be the profit of a
firm selling in only one market when it sells g; in that market and the other firm sells
q; in that market. If the two markets were effectively merged, then the profit of firm i
could be expressed as I1(q,, g) = P[(g + q)/2]la, — C(q), which is the profit from
selling quantity g; at a price that obtains when the total quantity produced is split evenly
between the two (identical) markets.

To be concrete about the form of competition and assure existence of a unique
equilibrium in the absence of transmission congestion, we make the following as-
sumptions:

Assumption 1. The firms employ quantity strategies (Cournot).

Assumption 2. Firm marginal costs are nondecreasing in firm output, C” = 0.
Assumption 3. ,(q;, g) < 0, mu(q;, q;) < 0, Ilu(q;, q) < O, (g, q) < O.
Assumption 4. |[Tu(q;, op)| > [IIix(q;, )|, where the subscripts 1 and 2 on the profit

trade quotas that is related to our analysis, as we point out below. Our work contrasts with Brander and
Krugman (1983), in which firms inefficiently cross-haul goods between countries and increase competition
in both markets. In that model, each firm makes a separate output decision for each market, and there are
no capacity constraints on shipping.

5 Throughout our analysis, we ignore two further complexities of electricity transmission: loop flow
and reactive power. These are no doubt important factors, but including them in the analysis would greatly
complicate the model without changing our basic points. It is unlikely
that the strategic importance of transmission capacity would decrease if these other factors were explicitly
considered.
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functions refer to the derivatives with respect to their first and second arguments re-
spectively.

We assume quantity setting due to the severe constraints that the need to commit
generation capacity in advance puts on production. In Section 4 we discuss the Cournot
assumption at greater length and consider how the analysis changesiif firms are assumed
to compete in prices instead.® Assumptions 3 and 4 guarantee the existence and unique-
ness of a Cournot equilibrium and are utilized in later results (see Tirole, 1988).

To complete the characterization of the markets, we must also describe how trans-
mission is allocated and priced. We assume that the transmission grid is operated by
an entity that attempts to maximize social welfare by providing price signals to induce
efficient use of the grid, which isjust the line between N and Sin this case. The result,
known as ‘““nodal pricing,” has been adopted or proposed in several electricity markets
throughout the world. (See Schweppe et al. (1988) for a description and analysis of
nodal pricing.) Under this assumption, if there is no congestion, electricity prices are
the same in both markets. When there is congestion in the network, transmission ca-
pacity is rationed with price. The effective **cost” of transmission is simply the nodal
price difference between the node in which the power is injected into the network and
the node where it is consumed. Thus, the grid operator collects the congestion rents
associated with a transmission line, but never deters line use with a positive price when
the line is uncongested. Even if the producers wished to charge different prices in the
two markets, the grid operator, or some third party, would arbitrage the price differences
as long as it was feasible to ship power between the two markets.

Thus, under nodal pricing, power will flow to the market with the lowest price, subject
to flow limits” In the context of this two-market model, with a connecting transmission
line of capacity k, nodal pricing determines the functional mapping from the output of the
two firms to the quantities consumed in the two markets. Let N: h2 +— M2 denote this
function.

Ha" + k, gs— k) ifg"<qgs— 2k
1 1 .
Q% Q%) = N(@" @) = 45(@" + 9. 5@ + o) ifo—2k<ag <g+2k (1)
g — k g° + K) if g~ > g° + 2k
Under nodal pricing, each firm receives its local price for all its output, whether it is
consumed locally or not.® Figure 1 illustrates a demand function faced by a single firm,
firm n. For a transmission line of capacity k, if firm n produces a quantity less than

qgs — 2k, then equation (1) indicates that the quantity k of power is shipped from Sto
N and firm n faces the region N demand curve shifted left by k. As n increases its

6 Wolak and Patrick (1997) find that generators in the United Kingdom compete in quantities by ma-
nipulating plant availability. Wolfram (1999) indicates U.K. prices are below Cournot levels but suggests
that this might be due to the threat of regulation. We see no reason why the basic effects we identify here
wouldn’t also obtain using other analytical approaches, such as supply curve equilibria (Klemperer and Meyer,
1989, and Green and Newbery, 1992) or multiunit auctions (von der Fehr and Harbord, 1993).

7 For now, and throughout most of this analysis, we assume that there are no line losses—energy can
be transported costlessly. We discuss line losses in Section 4.

8 Qur results do not depend upon nodal pricing, only that transmission capacity be allocated efficiently,
which implies that the cost of transmission is equal to the locational difference in the price of power. In an
earlier draft (Borenstein, Bushnell, and Stoft, 1998), transmission capacity is a costless, congestible public
good. Chao and Peck’s (1996) transmission pricing approach also meets these conditions.
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FIGURE 1

DEMAND CURVE FACED BY FIRM n WHEN FIRM s PRODUCES g¢
$

Line is uncongested

q5-2k q° g% +2k q"

output, once it reaches g = g° — 2k, the line becomes decongested and the markets
are effectively merged, with equal prices and quantities sold in the two markets. The
demand curve seen by n for this range of output is the sum of the two market demand
curves minus the output of firm s. This will be true until n has increased its output to
q" = g% + 2k units and k units are being shipped to market S, just barely congesting
the line. When g" > qg° + 2k, increases in " have no effect on PS and will cause a
decline in PN, which is the price n will receive for all of its output. For output levels
in this range, firm n faces a demand curve equal to its loca demand curve shifted to
the right by k, the capacity of the line.

The objective of the firm is to maximize its profits by choosing output. For firm n,

O gP@@+k —C@) =7,k ifg"<g— 2k
1 .
Q@ ) = m”P(E(q” + qS)) —C@a) =@, o) ifer-2k<g'<g+2k (2
o g"P@@ -k —C@") = 7@, -k ifg">qgs+ 2k

and similarly for firm s.

With no connecting line, each firm will produce the single-market monopoly quan-
tity, g,,, and the price in each market will be P,,,, the monopoly price. With a sufficiently
large line, the prices in the two markets will be equal to one another and will equal
the unconstrained Cournot duopoly equilibrium price for the combined market with
two identical firms, which we will call P..° Each firm will then produce q_, its (unique)

9 **Uncongested”’ or ‘‘unconstrained” here and throughout means that the capacity of the transmission
line does not impose a binding constraint that affects either firm’s quantity choice.
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pure-strategy unconstrained Cournot quantity. Total production in both markets in the
duopoly case will therefore be 2q..

0O The competitive effect of a transmission line. We begin examining the compet-
itive effect of transmission lines by looking at the impact of building a line between
the two markets that were previously separate (identical) monopolies.

Lemma 1. Under Assumptions 1-4, when two symmetric monopoly markets are con-
nected by a transmission line, either firm would prefer to increase its output from its
monopoly level, q,, if the other continues to produce q,.

Proof. To see that it would always be profitable for one firm to expand its output in
the presence of even a very thin line (if the other firm did not), note that if neither
firm changed its output, the line would be uncongested. If the line is uncongested, then
each firm faces (locally) the same problem it would face if there were no transmission
congestion, the duopoly market conditions. In that case, either firm would want to
expand its output to its Cournot duopoly best response. In fact, this observation applies
to any pair of firm outputs that would leave the transmission line uncongested. Q.E.D.

Lemma 2. Under Assumptions 1-4, the only possible pure-strategy equilibrium in
which the line is uncongested is (d., o)-

Proof. When the transmission line is uncongested, each firm's relevant profit function
for marginal changes isII(-, -). Under Assumptions 2 and 3, the only equilibrium can
be (g, q.). Q.E.D.

Of course, with a very thin line, a firm would be able to increase its output only
dightly before it would congest the line. More generally, one can derive the best-
response (in quantity) functions of each firm in the presence of aline of size k. Figure
2 shows the best-response function of firm s when k is small. When n is producing
nothing, the best response of s is to produce its optimal quantity given that the line
will be congested from S to N.1° Under a nodal pricing regime, this quantity will be
the monopoly output for the firm when it is faced with its native demand in the south
shifted to the right by k for any price less than P(k). We now define that quantity.

Definition. Let the quantity q;(K) represent the profit-maximizing output for a firm
facing an inverse demand curve P(Q — Kk).** This is the ‘““optimal aggressive output”
for a firm when the other firm is producing less than g;(k) — 2k, causing the trans-
mission line to be congested into the market of that low-output firm:

gm(K) = arg mgx m(Q, —K).

When n is producing up to gi,(k) — 2k, the best response of s isto produce g;(K).
As n’s output rises above q;(K) — 2k, the best response of s, at least locally, will be
to produce 2k units more than n,*? firm s's optimal aggressive output response. As n's
output continues to rise, however, the profits to s from maintaining an aggressive re-
sponse decrease.

10 This assumes that s would want to produce gs > 2K if there were no capacity constraints on the line
and n produced nothing.

11 By Assumption 3, 7, < 0, which is sufficient to assure that q,, < g7(k) for any k > 0.

12 Note that if s does not raise its output to keep its output 2k above n's, the line will become decon-
gested. With a decongested line, s would want to increase its output to get to its Cournot best response. With
a sufficiently thin line, s's output increase will congest the line before it gets to its Cournot best response.
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FIGURE 2

BEST-RESPONSE FUNCTIONS FOR VERY SMALL LINE

- ‘\ Unconstrained Cournot
S~ best-response functions

As n’s output continues to rise, eventually it reaches the point—which we define
below as g,,—at which it becomes more profitable for s to ‘“switch’” to a much less
aggressive output response: s will then allow n to export k units to market S and will
maximize its own profit given the residual demand it faces, P(Q + K), which is s's
native demand shifted leftward by k. Firm s is then effectively a monopolist on this
residual demand curve. We call this the ** optimal passive output.’” 12 These observations
are formalized by the following definitions and results.

Definition. Let g,(k) represent the profit-maximizing output for a firm facing an
inverse-demand curve P(Q + k). Thisis the ““optimal passive output’ :14

gn(k) = arg mgx m(Q, K).

When it follows the optimal passive output response, the passive firm does not ““fully
accommodate’” imports.

13 Krishna (1989) identifies a similar form of *‘passive’” behavior in the context of international trade
quotas. In that case, one firm, recognizing the limited quantity that can be imported into its home market,
reduces its own output, thereby causing the trade quota to be binding and permitting the firm to maximize
profits on the residual demand function that it faces.

14 For gy(K) to be an optimal response, it must cause the line to be congested. We have shown (details
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Lemma 3. When the quantity k is shipped into the market of a monopolist, its optimal
passive output response results in total market output (including the quantity imported,
k) above the monopoly levdl, i.e, g, (K) + k > q..

Proof. Consider the incumbent’s position if it were to respond to imports of k by
reducing its own output by k from its previous (zero import) optimizing quantity. In
that case, the price in its market would be the same as before the imports and the effect
on price of selling one more unit would be the same as before, but the incumbent
would be selling fewer units. Thus, its marginal revenue would be greater than before.
So long as marginal cost is nondecreasing (Assumption 2), this implies that the incum-
bent would want to increase its output. Q.E.D.

Thus, each firm’s best-response function slopes upward over some range and then
discontinuously jumps to a smaller quantity if the other firm’'s output is sufficiently
great. At the smaller quantity, the line will be congested carrying power into its region.
With these best-response functions, we can show that the functions will not cross if k
is sufficiently small. In other words, for transmission lines that have sufficiently small
capacity, there is no pure-strategy equilibrium for the symmetric Cournot duopoly.

We prove this as a subcase of a later result, but the intuition is straightforward: If
firm s is sufficiently aggressive in expanding output in order to be a net exporter of k
to the other market, then firm n’s best response will be the optimal passive output,
agn(K). But s would respond to the optimal passive output by producing just 2k more
than the passive quantity. If k is sufficiently small, n’s best response to g,(k) + 2k is
to produce g;(k) + 4k and ship k back to s's market. As this escalates, eventually one
firm again finds that it would prefer following the optimal passive output response to
further escalation.

As k increases, the problem changes somewhat. While for some k a firm might
find it worthwhile to congest the line to the other market by producing 2k more than
the other firm, there will never be a best response that involves producing more than
the unconstrained Cournot duopoly best response, which is, by definition, the optimal
response when it is feasible. Figure 3 shows the situation that obtains if k is large
enough that the unconstrained Cournot duopoly best response is feasible for some
outputs of the other firm. Rather than sloping upward until the point at which the firm
switches to the optimal passive output and allows imports, the best-response function
slopes upward until it hits the unconstrained Cournot duopoly best-response function,
and then it coincides with the unconstrained Cournot duopoly best-response function
until the discontinuity point.

Definition. Let UBR[g] be a firm's unconstrained Cournot best response to an output
of g by the other firm:

UBR[q] = arg max I(Q, a).

There is a level of output from a rival in the range of [gi(k) — 2k, ] at which
the firm’s best response is to revert to the optimal passive output response, maximizing
profits on the residual demand curve while the other firm exports k into its market. We
can now formally define this discontinuity point of the reaction function.

available at http://www.ucei .berkeley.edu/ucei/PDF/footnotel4.pdf) that if afirm believesit is facing inverse
demand P(Q + k) and produces its optimal output response, q,(K), this would necessarily cause the line to
be congested.
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FIGURE 3

BEST-RESPONSE FUNCTIONS WITH UNCONSTRAINED COURNOT REGION

v
~. \ Unconstrained Cournot
e % best-response functions

Asw

A 2k

Definition. Let qq(K) L [gi(K) — 2k, «] be the rival’s quantity above which it is more
profitable for a firm to switch from either the unconstrained best response, if it does
not violate the transmission constraint, or the optimal aggressive output, to the optimal
passive output with its rival transmitting k into its market. Over the relevant range of
[a(K) — 2K, 0], gsu(K) is the implicit solution to

I(Min(UBR[ds], Gsw + 2K), o) = 7(qn(K), K). 3

Lemma 4. g4, exists, is unique, and is increasing in k, the line capacity.
Proof. See the Appendix.

Intuitively, the switch point occurs at a larger output of the opposing firm as k
increases, because an increase in k makes the optimal passive output less profitable, so
an increase in the opposing firm'’s output is necessary to make the alternative equally
less profitable. If k is large enough, the discontinuity point in each firm's best-response
function will occur at or beyond the unconstrained Cournot duopoly equilibrium. In
this symmetric model, the symmetric Cournot duopoly equilibrium will then result.
Thisis shown in Figure 4. The condition then for the unconstrained symmetric Cournot
duopoly equilibrium to obtain is that k is large enough so that each firm will make
greater profit in that equilibrium than it would producing the optimal passive output,
i.e., alowing the other firm to export the full capacity of the line into its own market
and producing its best response to the resulting residual demand. Any additions to the
line beyond this point will still change the best-response functions but will not change
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FIGURE 4

LINE CAPACITY ALLOWS FOR UNCONSTRAINED COURNOT EQUILIBRIUM
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the point at which they intersect, which determines the equilibrium. Thus, further in-
creases to the line capacity are of no social value. The k at which the unconstrained
Cournot duopoly equilibrium will result is the line capacity that equates the profit each
firm earns in the unconstrained Cournot duopoly equilibrium with the profit either
would earn producing its optimal passive output response when the other firm produces
its unconstrained Cournot duopoly quantity. Clearly, this threshold line capacity de-
pends on the nature of demand.

Definition. Let k* represent the smallest transmission line capacity that will result in
the symmetric unconstrained Cournot duopoly equilibrium.
The capacity k* is the implicit solution to

7(A(K), K) = 7(q., 0).

The expression 7(q,(K), K) is the profit to a single firm from producing its optimal
passive output and 7(q., 0) (= I1(q., q.) is the profit to a single firm from the uncon-
strained Cournot duopoly equilibrium. The expression 7(q., 0) is independent of k.
The expression 7(g4(K), K) is the profit earned from optimizing along a demand curve
that is a leftward shift of k units from the market demand curve, so the left-hand side
is monotonically decreasing in k. At kK = 0, 7(gn(k), K} > 7(q., 0), and a k = oo,
7(g(K), K) = 0. Both expressions are continuous in k, so there is some k that equates
the profit of these two strategies.

Theorem 1. Under Assumptions 1-4, the only possible pure-strategy equilibrium to
this game is the unconstrained Cournot duopoly equilibrium. If k < k*, no pure-strategy
equilibrium exists.
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Proof. If we assume Theorem 1 is not true, then one of three cases must hold. There
will either be an asymmetric equilibrium where the line is congested, an asymmetric
equilibrium where the line is not congested, or a symmetric equilibrium where both
players play some quantity less than the Cournot quantity (and the line is uncongested).
By Lemma 2, the only pure-strategy equilibrium with an uncongested line is the un-
constrained Cournot duopoly equilibrium. We therefore restrict our attention to asym-
metric equilibria where the line is congested.

First, we note that there cannot be an asymmetric, congested-line equilibrium un-
less at least one player is producing its optimal passive output, since the optimal passive
output is by definition the best response of the producer in the market into which the
congested line is flowing. We now show that there cannot exist an asymmetric pure-
strategy equilibrium in which one player produces the optimal passive output, g,

We know from the definitions above that if an equilibrium exists in which the
passive firm is producing g, and the line into its market is congested, then the ag-
gressive firm must be producing at least g, + 2k, the minimum quantity that would
congest the line. We now show that the aggressive firm would never want to produce
more than g, + 2K in response to q,, so it could only be producing exactly g, + 2k
in this potential equilibrium.

To see that this is the case, recall that by Lemma 3, g, > q,, — k, which implies
that g,, + k > q,. When the aggressive firm produces q,, + 2k and k is shipped to the
other market, this leaves the firm producing q,, + k for sale in its own market, which
we have just shown would be greater than the profit-maximizing quantity for its own
market in isolation, q,. Considering that under nodal pricing, additional output that is
consumed in its own market also drives down the price the aggressive firm receives
for power shipped to the other market, it is clear that it would not want to further
expand output beyond the quantity q,, + 2k, which just congests the line.

Thus, the only possible candidate for an asymmetric, pure-strategy equilibrium is
one firm producing gy, and the other producing g, + 2k. For this to be an equilibrium,
it must be the case that the optimal passive output, g, is the best response to the
aggressive firm's g, + 2k. But production of ¢, + 2k in response to gy, just barely
congests the line, i.e, if the passive firm increased its output infinitesimally, it would
decongest the line. This means that the profit the passive firm earns in this outcome
lies on its unconstrained profit function, the profit function it would face if each firm
produced these quantities but there were no line constraint. This firm’'s unconstrained
profit function is, by assumption, strictly concave, and its profit maximum isits Cournot
best response, which is greater than the optimal passive output. Thus, the optimal
passive output cannot be a best response to q,, + 2k. Therefore, there cannot be an
asymmetric pure-strategy equilibrium involving one firm producing its optimal passive
output. Q.E.D.

O Transmission lines and unconstrained Cournot equilibria. An interesting and
potentially very important area for study is the size of the line necessary to yield the
unconstrained Cournot duopoly equilibrium. We have investigated this question in a
simple model with constant marginal cost and linear or constant elasticity demand. The
results are fairly consistent between these two functional forms. We discuss first the
linear-demand case.

Consider a case in which the demand in each of two marketsisQ = 10 — P and
the marginal cost of production is constant at zero. With no line, each firm will produce
5 units of output and the price in each market will be 5. With a very high capacity
line between the markets, there will be no transmission constraint and the firms will
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compete to the Cournot duopoly equilibrium in the combined market, in which each
firm produces 6.667 units and a market price of 3.333 results. Each firm then earns
profit of 22.22.

Using these results and equation (4), we can calculate that the Cournot duopoly
outcome is achieved for any line with k = .57 (approximately). With k = .57, either
firm would be indifferent between producing 6.667 units and producing 4.715, the
optimal passive response, given that the other firm is producing 6.667 units. At any
larger k, each firm would strictly prefer the Cournot equilibrium to producing the
optimal passive response. The Cournot outcome therefore results when the line capacity
is about 17% of the total increase in output in the two markets that results from building
the line (k* = .17(29. — 2q,,). Since selection of quantity and price units is arbitrary,
it is easy to demonstrate that these ratios are the same for any linear demand with
constant marginal cost. As pointed out earlier, if such aline were built, no power would
flow on it, as the equilibrium would be symmetric.

We also have investigated the general constant elagticity demand function Q = AP«
with constant marginal cost, MC = m, for a range of values of A, m, and e. For each
case, we calculated the same ratio as above, in which the numerator is the size of the
line necessary to achieve the unconstrained Cournot duopoly outcome and the denom-
inator is the increase in output associated with a change from separate monopolies to
unconstrained Cournot equilibrium when the two markets are fully integrated. Theratio
is independent of A and m (>0). It ranges from about 8.5% when e = —1.1 to 14.4%
when € = —10, increasing monotonically as e increases in absolute value.

0O Thin lines and mixed-strategy equilibria. We have also examined what happens
to prices and output levels for line capacities that are below the threshold level that
induces the Cournot duopoly result, line capacities for which no pure-strategy equilibria
obtain.'s

Even without finding the actual mixed-strategy Cournot-Nash equilibria, it seems
likely that the expected price will decline as k increases from zero. With a very thin
line, for instance, the expected price must be very close to the monopoly level. If it
were not, then either firm could improve its expected profit by simply admitting imports
of k and producing the optimal passive output as a pure strategy. With k near k*, the
lower bound on price provided by the optimal passive output response is much weaker
and the mixed strategy is more likely to result in a lower expected price.

In numerical examples that we studied—constant marginal cost with either constant
elasticity or linear demand—we find that small increases in line capacities can yield
expected output increases much larger than the added line capacity. This is consistent
with the analytic conclusion that the line capacity necessary to completely merge the
two markets is relatively small compared to the added output that such a merging
produces. In both models, even small lines produced big benefits in expectation. In
fact, the marginal effect of increased line size appears generally to be greatest when
the line is very thin, though the slope does not always change monotonically.

4. Extensions and generalizations

B Dominant firmswith fringe suppliers. Pure monopolies are quite rare, of course,
even in the formerly regulated electricity generation business. It is worth noting, how-
ever, that the analysis we have presented applies equally well to two symmetric markets

15 A detailed description of a simulation exercise in which we solve for mixed-strategy equilibria for
various market types is available from the authors at http://www.ucei .berkel ey.edu/ucei/PDF/bbsmixed.pdf.
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in which each includes a dominant firm and a competitive, price-taking fringe. In that
situation, the demand functions analyzed above are the residual demand functions in
each market, i.e., market demand minus the quantity that the fringe will produce at
each price. We have assumed efficient arbitrage between markets throughout the anal-
ysis—market prices differ only if the line between the two markets is congested—so
the presence of the additional competition in each market has no further effect on the
relationship between the markets.

O One rival can be more competitive than many. An intriguing result emerges
when we compare the outcome from our two-monopoly model with the outcome when
one of the markets is already perfectly competitive before the line is built. For example,
if the demands in each market are still identical, P = 10 — Q, and marginal cost is
constant at zero, then the competitive market will have a price equal to zero both before
and after the line is built. If aline of k = .57 is built (the capacity that yields the
unconstrained Cournot duopoly equilibrium), then the previous monopolist will produce
its best response when an inflow of .57 congests the line, which is to produce q = 4.715,
the optimal passive output. The total quantity in the previously monopolized market
would then be 5.285, much less than the Cournot duopoly quantity that resulted in
each market when the same size line was used to connect two previously monopolized
markets. That is, the competitive effect of this line on a monopoly market is greater if
the market at the other end is also a monopoly than if it is competitive.

The reason for this surprising result is that a more aggressive output choice deters
imports when the potential importer is also a monopolist in its home market, while it
has no such effect when there is a competitive market at the other end of the line.
Thus, with a competitive market at the other end of the line, the Cournot duopoly
outcome is not a possibility, and the firm will always choose to produce its optimal
passive output, optimizing along the residual demand curve that results when the line
is congested with inflowing electricity.

Of course, the result does not hold for al line sizes. If the line is sufficiently large
(k = 10 in the linear-demand example), then both markets would be driven to the
competitive price. Still, if the line is smaller than is necessary to induce an output
increase in the monopolized market equal to the output increase when it expands to
the Cournot duopoly equilibrium, then a customer in a monopolized market will benefit
more from having a monopoly market at the other end of the line than from having a
competitive market at the other end. In the present example, if market N were monop-
olized, then any line smaller than k = 3.333 would yield greater benefits to the con-
sumers in market N if market S were also monopolized than if market S were
competitive. This doesn’'t even take into account the fact that it would also benefit the
customers in a monopolized S market, while it would have no effect on a competitive
S market.

O Bertrand competition. We have thus far considered only the case in which the
firms compete in quantities.’® This seems reasonable given the structure of most actual
deregulated electricity markets. In such markets, firms generally bid supply curvesinto
a forward or futures market. In real time, however, firms can (and, in California, reg-
ularly do) depart from their scheduled output to produce more or less than they have
been scheduled for. The system operator adjusts price to equate supply and demand,
and pays (or charges) this ““‘real-time’ price for deviations from scheduled quantities.

16 Oren (1997) and Cardell, Hitt, and Hogan (1997) also assume Cournot behavior to examine other
questions concerning market power in electricity networks.
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While this behavior doesn’t track Cournot competition precisely, quantity competition
does seem like the best simple representation of the process. Furthermore, Wolak and
Patrick (1997) provide evidence that exercise of market power in the United Kingdom
has taken place through capacity withholding: at high-demand times the two large firms
in the United Kingdom appear to have made some of their capacity unavailable in order
to raise the market-clearing price.

It is possible, however, that even after committing some portfolio of generating
units to produce on a given day, a dominant firm will still have significant output
flexibility in the short run. It is therefore worth considering the competitive effect of
transmission lines when there is an unconstrained dominant firm at each end of the
transmission line and these firms compete in prices. With both firms recognizing a
quantity constraint in transmission, however, their behavior in choosing prices will
necessarily differ somewhat from the standard Bertrand model.

Again, we will assume that the markets and the firms are identical. To ensure
existence of a pure-strategy Bertrand equilibrium, we now also assume constant mar-
ginal costs of production for each firm. If there is no transmission line between the
markets, then obviously the monopolists in each market will exercise their full market
power. If the line is sufficiently large, then the standard Bertrand equilibrium will
obtain: the markets will be fully integrated and price will be equal to marginal cost.

Theorem 2. If the two identical firms in identical markets N and S compete in prices
and if each firm has constant marginal costs, then

(i) the minimum capacity line that supports the unconstrained Bertrand duopoly
equilibrium is equal to the quantity demanded in either market when price is equal to
MC: ki = Q(MC), where Q() is the demand function in a single market;

(ii) the only possible pure-strategy equilibrium to this game is the unconstrained
Bertrand duopoly equilibrium.

Proof. (i) Since price is equal to marginal cost in the unconstrained Bertrand duopoly
equilibrium, firms earn zero operating profit. Thus, if a firm were to make a ** passive”
price choice—e.g., firm s charging a higher price than firm n and firm n exporting the
full capacity of the line into market S—and this left any residual demand for sto serve
at a price above MC, then s could make higher profit optimizing along a residual
demand curve after n congests the line than it could by playing the unconstrained
Bertrand strategy. Only if n can force the price in S down to MC (or s can force the
price in N down to MC) will the Bertrand outcome obtain. This requires a line equal
in capacity to the quantity demanded in either market when price is equal to MC,
ks = Q(MC).

(ii) If the line capacity is less than this kf , it is clear immediately that there will
not be a pure-strategy symmetric equilibrium with both firms charging the same price
above marginal cost; in that situation, either firm could increase profit by cutting price
infinitesimally and thereby selling all quantity in its own market and k, the capacity of
the ling, in the other market.

Nor could there be a pure-strategy equilibrium in which the two firms charge
different prices. If such an equilibrium did exist, it would have to involve the firm with
the lower price, call this firm n for clarity, congesting the line with exports to the other
market and the firm with the higher price, firm s, optimizing along the residual demand
that is left in its own market. But if firm s makes a passive price choice, allowing the
line into its market to be congested, and raises its price to profit maximize along the
residual demand it faces, then n will raise its own price to infinitesimally below Ps and
still congest the line into S If their prices are nearly equal, however, s is better off
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lowering its price infinitesimally to below Pn, alowing s to capture all sales in its
market and k in the other market. This will restart the price cutting until one firm again
prefers to make a passive price choice and alow the line into its market to be
congested. Q.E.D.

Thus, as with Cournot, there will be no pure-strategy equilibrium with k < k¥. It
is straightforward to show that k§ > k*, i.e., for symmetric markets the threshold line
capacity will be larger for Bertrand competition than for Cournot competition. The
resulting increase in production relative to the monopoly levels will also be greater
with Bertrand competition, however.'” There will still be at least one mixed-strategy
equilibrium with a line of k < k%, and for the reasons described in Section 3, it seems
likely that the expected price will decline as k increases from zero.

O Transmission capacity under regulation and deregulation. The transmission
capacity that now exists in most of the United States was built to provide the cost-
arbitrage and reliability functions described earlier. It was not built to augment com-
petition among power generators. Our analysis leads immediately to the question of
how the socially optimal transmission capacity under regulation compares to the social
optimum when power generating markets are deregulated. Clearly, it is difficult to make
such a theoretical comparison without characterizing the regulation in detail. We will
assume here that regulation is optimal, first-best regulation of price, location of gen-
eration, and transmission capacity.

The symmetric markets that we have studied thus far demonstrate that situations
can exist in which the optimal transmission capacity under regulation would be less
than for competition. With symmetric markets, transmission lines fulfill no cost-
arbitrage function. The value of transmission for reliability is likely to be just as great
under competition as under regulation. Furthermore, if each firm produces from a port-
folio of generators, as is generally the case, the value of transmission linesin providing
reliability diminishes rapidly and is unlikely to justify transmission lines that are of
significant capacity compared to market outputs.

Ignoring reliability considerations, there is no value to a transmission line in the
symmetric-market case under regulation; the optimal line capacity would be zero. In a
deregulated market, we have demonstrated that the marginal benefit to transmission
capacity could be quite large. Of course, the socially optimal transmission capacity
would still depend on the cost of constructing transmission, but in this case it clearly
will be (weakly) greater than under regulation.

Unfortunately, even ignoring reliability issues, one cannot make a general state-
ment that the marginal value of transmission is greater in a deregulated environment.
For an example of a situation in which the marginal value of transmission would be
greater under regulation, consider two markets with identical demand in which the
single producer in one market has slightly lower constant marginal costs than the single
producer in the other market. From the previous sections, it is clear that there is some
line size that will support a Cournot duopoly equilibrium and that any transmission
capacity beyond that k* has no social value. This will be less than the k that would be
necessary for the low-cost producer to serve all demand in both markets, which would
be the case under optimal regulation that sets price equal to the low-cost firm’s marginal
cost. For transmission capacity above k*, but below the quantity consumed in the
market of the high-cost producer, the marginal social value would be greater in a

171n the linear-demand case discussed in Section 3, the increase in output was eight times the line
capacity needed to induce that increase under Cournot competition. Under Bertrand competition this ratio is
one to one.

© RAND 2000.



310 / THE RAND JOURNAL OF ECONOMICS

regulated market. Thus, an optimally regulated market could yield greater transmission
capacity than would be optimal in a deregulated market.1®

O The effect of line losses. Thus far, we have assumed that the transmission line is
lossless. In reality, of course, some electricity will be dissipated as heat in the trans-
mission process. The proportion of power lost in this way increases with the load on
the line and can be as great as 5-10% of the flow on the line. In this section we show
that the presence of small losses will lower output quantities in the unconstrained
Cournot equilibrium and will lower the line capacity necessary to attain the equilibrium.
If losses are sufficiently large, however, they can eliminate the existence of a Cournot
equilibrium.

A standard approximation for losses on alineis L = rf2, where f is the flow on
the line and r is a constant based on the physical properties of the line (see Schweppe,
1988). This implies that marginal loss is ¢ = 2rf, which equals zero when there is no
flow on the line. When losses are added to our model, the prices in our two nodes
need not be the same, even when the flow on the line is less than capacity.

To assess the impact of losses, it is necessary to state explicitly who bears the cost
of the losses associated with increased flow on a line. The dominant paradigm for
pricing losses in a nodal electricity market is to set nodal prices to reflect the marginal
impact on losses in the transmission grid. In our two-node model, this implies that the
difference in prices between the two nodes must reflect the marginal cost of ** shipping”
the power from one node to another. In other words, when there is a nonzero flow
between the two nodes, the price in the importing node must exceed the price in the
exporting node by an amount equal to the marginal cost of losses on the line. Addi-
tionally, the power that arrives at the importing node is less than the power that leaves
the exporting node. If f MW is exported from node N to node S, then f — rf? arrives
in node S. When there are losses, but no congestion, there is an arbitrage condition
that determines the relationship between prices in the two nodes, N and S. Adopting
the convention that f > 0O for flow from Sto N and f < O for flow from N to S,

P — f — rf2)(1 + 2rf) = P(q" + f) ifg<q (59
P(s— f) = P(q" + f — rf3)(1 — 2rf) ifg=>q".  (Sh)

The right-hand side of (5a) is the profit of an arbitrager from selling a unit of
electricity in market N, and the left-hand side is the profit from shipping the power to
market S and then selling the quantity that remains after the marginal losses imposed
(2rf) are deducted from that shipment. For example, when g° < g", P(gs — f — rf?)
is the price in Sand (1 + 2rf) (which is less than one, since f < 0) is the claim to
power in Sthat the shipper has after covering the losses that the shipment imposes.

Line losses will change the Cournot equilibrium quantity relative to the case when
there were no losses. This is true even though, in the symmetric Cournot equilibrium,
there is no flow and therefore there are no losses.

Theorem 3. Assume that total line losses are L = rf2 for a flow of f between nodes,
that the price difference between nodes reflects the marginal losses, 2rf, as set forth in
(5), and that the line capacity is very large. For a sufficiently small r, a symmetric

18 Of course, this comparison is based on the assumption of Cournot behavior in a deregulated market.
The outcomes, and the value of transmission, would be the same under optimal regulation and perfect
competition.
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Cournot equilibrium will exist and the equilibrium quantity of each firm, g¢, will be
less than the Cournot equilibrium quantity when there are no losses, (..

Proof. See the Appendix.

Since the marginal pricing of losses has the effect of lowering Cournot equilibrium
output levels and raising Cournot equilibrium profit, the threshold transmission capac-
ity, k*, that supports this Cournot equilibrium aso changes.

Corollary 1. Under Assumptions 1—4, the threshold line capacity required for a sym-
metric Cournot equilibrium is lower when there are marginally priced |osses than when
there are no losses, k¥ < k*.

Proof. Since the profits from producing the optimal passive output are the same with
or without losses, and the profits of the symmetric Cournot equilibrium are greater with
losses, a line of capacity k* would produce strictly greater profits from the Cournot
equilibrium than from producing the optimal passive output. Reducing the line size
from k* has no effect on profits from the Cournot equilibrium, but it raises the profits
from producing the optimal passive output. Thus, a line of capacity less than k* is
necessary to equate the profits of the Cournot equilibrium with the profits from pro-
ducing the optimal passive output. Q.E.D.

Although it is““easier” (in terms of necessary line capacity) to achieve the Cournot
outcome when losses are introduced, consumer and total surplus are lower at the with-
losses Cournot equilibrium than at the no-losses Cournot equilibrium. Thus, line losses
have two offsetting effects: lower capacity investment necessary to reach a Cournot
equilibrium and lower total surplus gain from doing so. Which effect dominates will
depend on the marginal cost function for line capacity and the shapes of the market
demand functions.?®

If r islarge enough, it is clear that these results will not hold. For avery larger,
the effective capacity of the line approaches zero, though it never is zero because there
are no marginal losses when there is no flow on the line. We saw in Section 3 that no
pure-strategy equilibrium exists for lines of very low capacity.

O Asymmetric firms and markets. So far we have analyzed symmetric firms and
markets, which have the special property that identical pure strategies will produce no
flow on the connecting line. While the analysis of symmetric markets is useful as an
illustretion, interesting real-world applications, including the one in the following sec-
tion, will invariably be asymmetric to some extent. Fortunately, the intuition and an-
alytical approach developed thus far carries over to the analysis of asymmetric markets.

With a low-capacity transmission line and symmetric markets, we were able to
rule out any pure-strategy equilibrium; we showed that the unconstrained Cournot equi-
librium was not supportable and that no other pure-strategy equilibrium was feasible.
When markets are asymmetric, however, a pure-strategy equilibrium is likely to result
with a very thin line.

Theorem 4. Under Assumptions 1-4, a pure-strategy equilibrium exists as the trans-
mission line capacity approaches zero if and only if the monopoly equilibriain the two
markets (i.e., with no transmission line) produce different prices. In such an equilib-
rium, the transmission line is congested with flow from the lower-price (under monop-
oly) market to the higher-price (under monopoly) market.

19 We have not compared the values that a certain line would have with and without losses when it is
not sufficiently large to achieve Cournot equilibria and results in mixed-strategy outcomes.
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Proof. Consider two markets S and N in which the monopoly prices are P§, _ PN. If a
transmission line of very low capacity, k, is built between the two markets, then absent
a change in output by the firm N, k units of power will be shipped from Sto N and
firm s will reoptimize by increasing its output. For a sufficiently small k, this would
still result in PS < PN. The question then is whether firm n’s best response would be
to produce its optimal passive output or to increase its output enough to either decongest
the line or congest it with flow in the opposite direction, the aggressive response.

For firm n, the passive choice has a negative effect on its profit (compared to the
monopoly equilibrium) that goes to zero as k — 0. In contrast, for firm n to decongest
the line or congest it in the opposite direction, even for an arbitrarily small k, requires
that n increase output at least enough to lower the price in N to PS. This has a negative
effect on n’s profit (compared to the monopoly equilibrium) that does not go to zero
ask - 0. Thus, for a sufficiently small k, firm n would prefer to respond by producing
the optimal passive output, and a pure-strategy equilibrium exists in which the line is
congested with power flow from Sto N.

The component of the proof that shows PS = PN implies that no pure-strategy
equilibrium exists even for small k is the same as in the proof of Theorem 1. Q.E.D.

Virtually any real pair of markets will embody asymmetries that result in different
monopoly prices and thus will have such a pure-strategy ‘* passive/aggressive equilib-
rium” for sufficiently small lines.?®° This is illustrated in Figure 5 for two markets in
which N is larger than S the two firms, n and s, have equal and constant marginal
costs, and PN > P$.2t As the capacity of the line increases, exports from the low-price
market, S, increase. This shifts rightward the demand that s faces in market S and
drives up the price in S

As exports into N increase with the increase in k, firm n will cut back production,
but by less than the increase in imports to N, so the price in market N will fall (see
Lemma 3 in Section 3). The increase in k makes it less attractive for n to allow the
line to be congested into its market and just optimize along the residual demand. For
line capacity greater than some level, which we call Kk, firm n is better off acting more
aggressively, which eliminates the passive/aggressive equilibrium. Also as k increases,
eventually a point must be reached at which a pure-strategy unconstrained Cournot
duopoly equilibrium can be supported (under Assumptions 1-4). This occurs when
each firm weakly prefers the unconstrained Cournot equilibrium outcome to producing
its optimal passive output response when the other firm produces its Cournot equilib-
rium quantity. Once again, we use k* to represent the smallest k that can support the
unconstrained Cournot equilibrium. As the line capacity approaches k*, there are two
possible outcomes depending on whether the largest line capacity that supports a pas-
sive/aggressive equilibrium is greater or less than the smallest line capacity that sup-
ports the unconstrained Cournot equilibrium.

20 There are some asymmetric examples that exhibit equal monopoly prices and therefore produce only
nondegenerate mixed-strategy equilibria as k — 0. For instance, if one market is just a scaled-up version of
the other, the monopoly prices will be equal. Additionally, there are examples where the two markets have
different shaped cost and demand functions but still have the same monopoly price. These too produce mixed
strategies in the thin-line limit.

21 We continue here to assume no line losses. Line losses will change the unconstrained Cournot equi-
librium by lowering the output of the firm that would be a net exporter in a lossless framework and raising
the output of the firm in the importing market.

22 The markets illustrated in Figure 5 have different demands, while the firms illustrated have identical
costs, so the unconstrained Cournot equilibrium is still symmetric.
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Theorem 5. Consider asymmetric markets, N and S with monopoly producers n and s,
respectively. Assume that PS5 < PN. As the capacity of a transmission line between the
markets, k, increases from zero, one of two possible outcomes will obtain.

Casel O<k<k

k< k< Kk
k* < k
or
Case2. 0O<k<k*
k* <k<k
k <k

passive/aggressive equilibrium exists
no pure-strategy equilibrium exists

unconstrained Cournot equilibrium exists

passive/aggressive equilibrium exists

both passive/aggressive and unconstrained Cournot equilibria
exist

unconstrained Cournot equilibrium exists.

Proof. See the Appendix.

Case 1 isillustrated in Figure 6. After a certain line capacity is reached, there is
a region where only mixed-strategy equilibria exist up to the threshold line capacity
that induces the producer in N, the higher-price market, to switch from producing its

optimal passive output

to playing its unconstrained Cournot responses. In case 2, which

we call the ““overlap case’” and which seems to arise in more asymmetric markets than
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FIGURE 6
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does case 1, there is at least one pure-strategy equilibrium for all line capacities.
Unlike the symmetric case, n is content to produce its optimal passive output when s
is producing g3, S's profit-maximizing output when it is congesting the line to N. In
fact, even when the line capacity is large enough that firm n would play an uncon-
strained Cournot response to s's unconstrained Cournot equilibrium quantity, n would
still prefer to allow the line to be congested into its market if its opponent maintains
its output at g3'. Case 2 with a line size k* < k < k is illustrated in Figure 7.24 Of
course, we would like to know when each of these cases will arise. A relatively simple
rule can be a guide:

Theorem 6. Case 2 of Theorem 5 (the “‘overlap” case) will arise if and only if at
k = k*, the unconstrained Cournot equilibrium output of firm s is less than s's best
response when firm n produces its optimal passive output, i.e., g3 > Q3.

Proof. Consider the threshold line size k* that would support the unconstrained Cour-
not duopoly equilibrium. By definition, k* is the line size at which (at least) one firm,
cal it firm n, is indifferent between the Cournot equilibrium and playing its optimal
passive output. Assume that k = k*, firm n chooses to produce its optimal passive
output and firm s responds by increasing its output (from ¢g, firm s's unconstrained

23 By ‘“more asymmetric’ we mean that, starting from separate markets, a proportionally larger amount
of power would have to be shipped from one market to the other to equalize the prices across markets. This
is a function of both the cost functions of the firms and the demand functions in the markets.

24 |n this case where two pure-strategy equilibria exist, there will also be a mixed-strategy equilibrium
(Fudenberg and Tirole, 1991). We have not examined this equilibrium.
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FIGURE 7

CASE 2, “OVERLAPPING” EQUILIBRIA
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Cournot equilibrium quantity). An increase in firm s's output has no effect on firm n's
profit from choosing its optimal passive output, since the line was congested anyway.
But it lowers the profitability of firm n responding with an unconstrained Cournot best
response, because the profit of one firm in a Cournot duopoly game is decreasing in
the output of the other firm. Since firm n was previously just indifferent between
producing its optimal passive output and its unconstrained Cournot best response, it
would now strictly prefer to produce its optimal passive output. Thus, if firm s's re-
sponse to firm n producing its optimal passive output is to increase its own output, this
reinforces firm n's preference for the optimal passive output. Since both firms are then
playing their best responses to the other, this passive/aggressive outcome would be a
Nash equilibrium.

Next consider the case in which firm n chooses to produce its optimal passive
output when k = k* and firm s responds by decreasing its output. A large enough
decrease in firm s's output would decongest the line. This would yield a decongested
line with each firm producing less than its Cournot best response, which cannot be an
equilibrium, by the arguments in the text and the proof of Theorem 1. A small decrease
in firm s's output would not decongest the line. This would have no effect on firm n's
profit from producing its optimal passive output, since the line remains congested. But
it would increase firm n’'s profitability of responding to firm s with an unconstrained
Cournot best response. Since firm n was previously just indifferent between producing
its optimal passive output and its unconstrained Cournot best response, it would now
strictly prefer the Cournot best response. Thus, the passive/aggressive outcome would
not be an equilibrium. Q.E.D.
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Thus, although the assumption of asymmetry does lead to a qualitative change in
our analysis, it does not fundamentally change the picture. Increasing line capacity
gradually increases competition, and it can lead through a region of mixed strategies
to a standard Cournot duopoly equilibrium. With a sufficiently large line, the Cournot
duopoly equilibrium exists, and with that or, possibly, alarger line, the Cournot duopoly
equilibrium is the only pure-strategy equilibrium that exists.

5. The California electricity market

B We now demonstrate empirically the practical relevance of these results by apply-
ing the analysis of the previous sections to a model of California’s electricity market.
We demonstrate how the strategic use of transmission limits can increase congestion
and how a modest increase in that capacity can greatly affect firm behavior and the
resulting power flows. We examine the California market under the generation asset
ownership structure at the time of deregulation, early in 1998.25

Congestion on the north-south transmission lines often divides the state into at
least two distinct geographic markets. These two regions are connected through what
is known as the Path 15 transmission constraint. As of 1998, Pacific Gas & Electric
(PG&E) was the dominant supplier north of Path 15, with about 60% of generation
capacity in the region, and Southern California Edison (SCE) was the largest electricity
producer south of Path 15, with about 45% of that region’s capacity.? Peak demand
in the south is more than double the peak in the north, but there was also much more
generation capacity owned by smaller firms located south of this constraint.

In Section 4 we noted that the presence of price-taking fringe firms in either or
both markets would not alter the analysis. This is aso true if those fringe firms are in
fact in other regional markets that are connected to one of the dominant firm’'s markets
through a transmission path, as is the case in California. The state is connected with
Mexico, the desert southwest, and the northwest states, though there is very little of
the northwest’s hydroelectric power available during the peak demand months of Au-
gust through October. Essentially, the models of the previous sections are directly
applicable to markets where the dominant-firm regions are connected to competitive
regions, and to each other, via a radia or linear network.

Almost half of PG&E’s capacity was hydrogeneration, which is most abundant in
spring and early summer and offers very little power in the fall and early winter, the
same time that imports from the northwest (also mostly hydrogeneration) become much
less available. For this reason, Northern California imports substantial quantities of
power from the south during the fall and winter. As a result, Path 15 can become
congested with flows from Southern California into the north.

Most analysts agree that PG&E, in its 1998 form, had significant potential market
power when the Northern California region was isolated from its neighbors. The in-
teresting question, however, is how often this isolation would arise. It is in addressing
this question that the analysis of the previous sections comes into play. While it would
be tempting to simply calculate the flows that would occur in the absence of the Path
15 constraint and then see if the constraint is violated, the model we have presented

2 Since 1998, the incumbent utilities have been forced to divest most of their generation assets to
several firms of approximately equal size in the state, which has reduced the concentration of ownership.
Despite the divestitures, market power remains a concern in these markets (see Borenstein, Bushnell, and
Wolak, 2000).

26 PG& E owned approximately 2,700 MW of generation capacity located south of Path 15, most of it
from the Diablo Canyon nuclear plant, which is under a separate regulatory agreement. Borenstein and
Bushnell (1999) explains how the outputs from these plants are treated as fringe production in the south.
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indicates that this would fail to capture the potential for strategic congestion of the
line.?”

Borenstein and Bushnell (1999) develop a Cournot firms—fringe firms simulation
of the California and neighboring electricity markets using data on the production costs
and capacities of all generators in the region. Here we adapt that model to examine
the potential for congestion of Path 15. We consider only the two largest suppliers as
of 1998, PG&E and SCE, to be strategic players, and treat the other electricity pro-
ducers in California, as well as any out-of-state firms exporting power to California,
as price-taking fringe firms.

We use a constant elasticity demand curve of the form q(p) = xp < with an elas-
ticity of e = .1. The constant X is set such that the demand curve in the peak hour
intersects the relevant forecast price-quantity points.?® We focus on two months, Sep-
tember and December. For each of these months, we simulated six demand levels
starting with the peak hour, then the 150th-highest demand level, and so on by incre-
ments of 150 down to the minimum demand level of the month. Each simulation finds
a static Cournot equilibrium that is assumed to be independent of the outcomes of the
other hours simulated.?®

We first find the Cournot equilibrium production levels of the two large firms under
the assumption that Path 15 has unlimited transmission capacity. Transmission capacity
over this path isin fact about 3,000 MW in the south-to-north direction. An examination
of the net flows over this path (Table 1) reveals that flows exceed 3,000 MW in only
one hour of September and in three hours of December. These are shown in italicsin
Table 1. If one ignored strategic incentives to congest the line, one would assume that
the northern and southern markets are seldom isolated from each other in the month
of September. In December, one would find that the line is congested during the three
highest demand hours simulated.

As we have shown, however, analysis of the potential for congestion between these
two markets must account for the incentives of the suppliers when they incorporate the
transmission constraint into their profit calculations. We next calculated the profit made
by PG&E if it produced its optimal passive output (causing south-to-north congestion
along Path 15) and compared that profit to the profit that arises in the statewide un-
constrained Cournot equilibrium. This calculation reveals that in many of the hours
examined, starting from the uncongested-line Cournot equilibrium, it is profitable for
PG&E to reduce its output and induce congestion over Path 15. Of the eight hours in
Table 1 in which Path 15 would be uncongested without strategic behavior (those with
flows below 3,000 MW), five exhibit congestion (shown in bold) when PG& E accounts
for the possible strategic gains from congesting the line.

For this response by PG&E to lead to a pure-strategy passive/aggressive equilib-
rium, however, it is necessary that PG&E continue to want to produce its optimal
passive output even after SCE (and all fringe firms) optimally respond to PG&E'’s
passive output, and that the line remain congested. For this to be the case, (i) the

27 Some studies have relied upon historical information on the power flows over the various transmission
paths (see Pace, 1996). However, these data were generated by firms operating in a tightly regulated envi-
ronment. The incentives faced by these firms after the transition period to a deregulated industry are signif-
icantly different. It appears from the brief transition period that has occurred in California that transmission
patterns have indeed changed substantially with deregulation.

28 Borenstein and Bushnell (1999) includes a detailed description of the assumptions used in this
analysis.

2 Hydro releases were ‘‘scheduled” outside of the Cournot calculation according to a demand peak-
shaving heuristic as described in Borenstein and Bushnell (1999). Bushnell (1998) examines the strategic
use of hydro in this market.
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TABLE 1 Flows Over Path 15 Assuming Unlimited Capacity

Demand Level Peak 150th ~ 300th ~ 450th  600th  744th

September Path
15 flow (Sto N) 1,116 2,736 2,841 3,198 895 —1,167

December Path
15 flow (Sto N) 5,016 5263 4,697 2,705 2,264 2,310

Note: Italics indicate violation of transmission capacity when firms do not
consider these limits. Bold indicates violation of transmission capacity only
when firms incorporate these limits into their strategies.

resulting price in the north must be greater than the price in the south and (ii) PG&E,
when faced with SCE's optimal response to a passive, congestion-inducing output by
PG&E, must not find it more profitable to increase output and decongest the path.
Empirically, it is straightforward to test for these conditions. If they fail to hold, then
only mixed-strategy equilibria are possible for a path of the particular capacity assumed.
If they do hold, then a pure-strategy equilibrium in which the path is congested from
south to north does exist.

We found that only at the lowest demand level in December is it more profitable
for PG&E to increase output and decongest the line in response to the ‘‘ aggressive”
output level by SCE than to continue to produce its optimal passive output. This in-
dicates that for a line capacity of 3,000 MW, there is no pure-strategy equilibrium for
that hour.®° In the other four hours in which PG&E prefers the optimal passive output
to remaining in the unconstrained Cournot equilibrium, we found there to be a pure-
strategy passive/aggressive equilibrium.

We now focus on one specific demand level, the 600th-highest demand hour in
December, in order to examine the impact of increased transmission capacity on this
market. If there is unlimited transmission capacity along Path 15, south-to-north flows
are 2,264 MW. With the actual Path 15 capacity of 3,000 MW, PG& E can make higher
profit in this hour if it reduces its output below its unconstrained Cournot levels and
induces congestion.

For a range of transmission capacities of Path 15, we examined the conditions for
a pure-strategy passive/aggressive equilibrium. We found that not only does a pure-
strategy passive/aggressive equilibrium exist when the line capacity is 3,000 MW, this
result held for all capacities up to 3,835 MW, the threshold line size (k*) that yields
the unconstrained Cournot equilibrium during this hour. We can confirm that the overlap
case (case 2 in Theorem 5) exists for this demand level by comparing the unconstrained
Cournot output of SCE to the optimal aggressive output of SCE when the line has a
capacity of 3,835. In the uncongested case, SCE’s optimal output is 2,953 MW, while
its optimal aggressive output is 4,057 MW. Since g}, > g, for SCE in this case, by
Theorem 6, the asymmetric pure-strategy equilibrium must exist for k* = 3,835 and
for all smaller-capacity lines.

Table 2 contrasts the market outcomes for the unconstrained Cournot equilibrium
that can obtain when the line capacity is 3,835 MW with those for the actual path
capacity of 3,000 MW.3* Total output in the state (including imports) increases from

%0 This therefore must fall into the nonoverlap case, case 1, in Theorem 5. We did not attempt to find
the mixed-strategy equilibria in these cases.

31 To illustrate the possible welfare gains, this comparison focuses only on the unconstrained Cournot
equilibrium when k = 3,835. There is also still a passive/aggressive equilibrium at this line capacity and a
mixed-strategy equilibrium.
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TABLE 2 The Impact of Increased Transmission Capacity
(600th-Highest Demand Hour in December)

Path 15 Capacity 3,000 MW 3,835 MW
Flow on Path 15 3,000 MW 2,264 MW
PG&E output 683 MW 3,448 MW
N. California price ($/MWh) 169.3 27.8
S. Cdlifornia price ($/MWh) 27.8 27.8
N. California consumption (MWh) 8,443 9,450
S. California consumption (MWh) 18,671 18,671
PG&E profit $117,378 $36,713
Industry profit $1,138,776 $390,164
Change in consumer surplus — +$1,251,517
Transmission rents $424,380 $0
Change in total surplus — +$78,525

27,114 MW under the passive/aggressive equilibrium with k = 3,000 to 28,121 MW
under the unconstrained Cournot equilibrium with k = 3,835. Thus, the additional line
capacity is about 83% of the resulting increase in output. Market-clearing prices drop
by 80% in the north when transmission capacity is increased and the unconstrained
Cournot outcome obtains. The addition of 835 MW of capacity to Path 15 in this model
can result in an increase in consumer surplus of over $1 million, but most of thisis a
transfer from generation and transmission line owners. The change in total surplus is
much smaller.3?

It is also interesting to examine the market outcomes under the assumption that
the market in Southern California is perfectly competitive. If this were the case, even
if Path 15 had a capacity of 3,835 MW, PG&E would reduce output and congest the
path, since the unconstrained Cournot outcome is no longer an alternative. If Path 15
were congested, the Northern California market would have a price of $64.7/MWh as
opposed to a price of $25.9/MWh when al firms but PG& E act as a price-taking fringe
in a statewide market at this demand level. PG& E’s profits are higher when the lineis
congested, even at a capacity of 3,835 MW. Thus, for Path 15 capacities in this range,
consumers in Northern California may be better off if the Southern California market
is less competitive.

These results indicate that strategic congestion of transmission lines may play an
important role in the forthcoming deregulated electricity markets. These effects would
not be captured by the most widely used methods for estimating the scope of geographic
markets in this industry, which rely upon historical flow data or the simulation of a
perfectly competitive regional market. Such methods could fail to recognize some of
the most tangible benefits that might result from expansion of transmission capacity.

82 Consumer surplus and total surplus are unbounded due to the use of a constant elasticity demand
function, so the table shows only changes in these measures. PG& E’s operations include hydroelectric power,
which we treated as having zero margina cost. Transmission rents are the difference between the north price
and the south price multiplied by the flow on the line. We do not attribute the transmission rents to any of
the generating companies.

% For a Path 15 capacity of less than 3,835 MW, additional competition in the south would have no
effect on prices in the north, since PG&E prefers to congest Path 15 anyway.

3 The full welfare analysis of a transmission path upgrade would require carrying out this exercise for
every hour of the year, including calculating mixed-strategy equilibria for hours that still have congestion.
One would then compare benefits of each possible upgrade with its costs, which are idiosyncratic and often
controversia (see Baldick and Kahn (1992) to find the optimal upgrade).
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6. Conclusions

B Transmission constraints will be at the heart of market power issues in a restruc-
tured electricity market. In the absence of transmission constraintsin the western United
States, it is less likely that any firm would have sufficient market power to significantly
elevate prices. Transmission congestion, however, is likely to occur at some times. We
have made a preliminary exploration into the market power issues raised by the central
role of transmission and the resulting possible benefits to increasing transmission ca-
pacity. We have shown that the social value of transmission capacity may not be closely
related to the actual flow that occurs on the line. We also have demonstrated how to
analyze the impact of transmission capacity on competition. Our results indicate that
expanding transmission capacity between markets that suffer from market power prob-
lems may have very high payoffs in terms of reduced prices, increased consumption,
and lower deadweight loss.

Our analysis, however, has considered only one-shot Nash equilibria with a single
dominant firm in each regional market. In reality, the firms that compete in electricity
markets will do so repeatedly and, thus, may be able to reduce rivalry through the
threat of retaliation. To the extent that firms can reach more cooperative outcomes
through such supergame strategies, the competitive effects of transmission lines, as
well as most other remedies for the exercise of market power, are likely to be damp-
ened.

Entry of new producers could also mitigate the effects of transmission that we
identify here. If entry in the two markets is easy, then sufficient entry in each market
could produce as great or greater competitive effects as increasing transmission capac-
ity. It is important to note that entry would have to occur in both markets for it to
replicate the competitive effect of a transmission line that we have demonstrated here.
If, however, there are sunk costs of entry or fixed costs of operation, then the trans-
mission capacity could be a less expensive route to achieving the benefits of increased
competition.

Appendix
u Proofs of Lemma 4, Theorem 3, and Theorem 5 follow.

Proof of Lemma 4. First, note that for production by arival of g = g7 (k) — 2k, the best response must be
agi(K). The output of a rival for which the best response is the optimal passive output must therefore be
greater than g7 (k) — 2k.

To show that g, exists and is unique in the range [g(k) — 2K, %], we will show that

II(mMin(UBR[Q,], dsv + 2K), Ggy)

(the left-hand side of (3)) is a continuous decreasing function formed by the intersection of two functions
that are tangent at the point § where UBR[{] = § + 2k. This function is monotonically decreasing in q over
the relevant range, has a value greater than 7(q,(k), K) (the right-hand side of (3)) at q = g(k) — 2k, and
has a value less than 7(q,(k), k) for some q < .

By Assumption 3, II(UBR(q), q) is decreasing in g. Also note that II(q + 2k, g) = =(q + 2k, —K),
which is a concave function with a maximum at the optimal aggressive output, where q + 2k = g;(k). The
function [I(q + 2k, q) is therefore decreasing in q for g > g;(k) — 2k. Lastly, note that

IT(UBR(g), ) = II(g + 2k, q)

for all g and that these two values are equal at § where UBR(G) = § + 2k. These two functions are
therefore tangent at this point, with the left-hand side of (3) equa to I1(q + 2k, q) for g = § and equa
to [I(UBR(q), g) for g = §. Since this tangency point must occur where both functions are decreasing,
§ > gk — 2k
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Now note that I1(q + 2k, q) = 7(q;(k), —K) for g = g;(K) — 2k. Therefore
[(min(UBRId], g + 2K), @) > m(an(K), K} for g = gu(k) — 2k
because the optimal aggressive output, g;,(k), is always more profitable than the optimal passive output, gi(K).
By Assumption 3, [I(min(UBR[q], q + 2K), q) = 7(g;(k), —K) for a sufficiently large q. The left-hand side
of (3), which by the above arguments is continuous and decreasing in q, is therefore greater than the right-

hand side of (3) at g = g(k) — 2k and less than or equal to the right-hand side for some q < <.
To show that g,,(K) is increasing in k, note that if UBR(qs,) = qs, + 2K, qg, is defined by the equality

II(UBR[G.), Gs) — m(am(K), k) = 0.

Using the implicit function theorem, we can express the effect of line capacity on the switch point as

Jd

0 K T(UBRIa], G — 70500, K) — (e, K

K 5 TH(UBRIGu], o) — 7(0n(9, K TI(UBRIGL], Gy D
Qs

Note that both 7, and [l are zero at the best-response outputs given above and that m, and I, are
always negative.
If UBR(Qs,) > 0sv + 2K, then qg, is defined by the equality

II(gey + 2k 9a) — 7(am(k), K) = 0.
Again applying the implicit function theorem, we have

sy _ 21,0 + 2K, du) = m(Au(K), k) »2)
ak Hl(qsm + 2k! qSN) + Hz(qsm + 2k! qsw)

Note that the first term in the numerator represents the change in profit from producing the optimal
aggressive output when the line capacity is increased. This must be positive, since g5, + 2k < UBR(qs,). An
increase in k therefore allows this firm to increase output toward the optimal level of UBR(qs,). The second
term in the numerator, ,, is, as before, everywhere negative. The numerator is therefore positive. To evaluate
the sign of the denominator, first note that I1(g, q) = (g, 0), which is concave by assumption with a
maximum at g = g, Because of this concavity, (3/00s,)[11(0s, + 2K, 0s,) Must be negative for gy, > g, For
any nonzero k, g, must be greater than g,,, since by Lemma 1 each firm would prefer to increase its output
if the other firm produces g, Therefore the denominator is negative.

Jsy IS therefore always increasing in k, whether UBR(qs,) is greater or less than q,, + 2k. Q.E.D.

Proof of Theorem 3. In the presence of losses, the profit of firm s when the line is uncongested would be®

P(@ — f — rf)-q* ~ C(q?) for < (A3
P(@ — f)-a* ~ C(@) for g¢ > o, (A3b)

and its condition for profit maximization would be

1+@+ 2rf)§—;S Ps—f—-rf5)gs+Plge— f—rf2) —C(g9) =0 forgs<q" (Ada)

and

1- :—C:S P — f)ge+ P(q° — f) — C'(q®) =0 forg>q".  (A4b)

From equation (5) we can infer the derivative of the flow with respect to a change in gs by applying
the implicit function theorem:

35 \We assume throughout this discussion that the condition rf2 < |f| is not binding. Losses are always
less than the flow quantity.
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For gs < g,
of P'(gs — f —rf?)(1 + 2rf
ot _ (@ rf2)(1 + 2rf) , (A5a)
age P(gs— f —rf2)(1+ 2rf)2 — 2rP(qs — f —rf2) + P'(q" + f)
and for g > q",
of P'(gs — 1)
S . A
age —P(gs— f) — (1 —2rf)?2P'(q" + f — rf2) + 2rP(Q" + T — rf?) (ASD)

Note that both profit and marginal profit are continuous: when g* = ", (A3a) and (A3b) are equivalent.
Whenr = 0, i.e, there are no losses, at the point of a symmetric equilibrium (g = g3 af/og® = ¥, so

1
SP@)a + Pg) - C'(a) = 0. (A)

When r > 0, however, at the point of a symmetric equilibrium (q" = ),

o P@® 1

age 2P(q) — 2rP(g?) - 2

In this case, (A3b) and (A4b) become
1
P () + P@) - C(@) =0  S<é<l (A7)

The presence of losses lowers the marginal revenue of each firm and, thus, at the no-losses symmetric
Cournot equilibrium outputs, each firm would now, with losses, want to reduce its output. Thus, if a sym-
metric Cournot equilibrium exists, it would be at a lower quantity than in the absence of losses.

For sufficiently small r an equilibrium will, in fact, exist. To see this, note that by Assumption 3, each
firm’s profits are concave in its own output when r = 0. By differentiating (A5) with respect to g, it can
be verified that the second-order impact of output on profitsis continuousin r. Since this second-order impact
is negative when r = 0, for sufficiently small r, profits are concave for both g* < g" and g° > q". Since the
derivative of the profit function is continuous, even at g° = q", the profit function (A3) must be the inner
envelope of two concave functions that define the two segments of (A3) and will therefore be concave.
Q.E.D.

Proof of Theorem 5. Below we prove by example the existence of each of these two cases. To prove that
these two cases are exhaustive, we must show that (1) If no passive/aggressive equilibrium exists for aline
of capacity K, then no passive/aggressive equilibrium exists for any line of capacity greater than K, and (2)
if the unconstrained Cournot equilibrium exists for a line of capacity k, then the unconstrained Cournot
equilibrium exists for any line of capacity greater than k. To prove (1), note that the passive/aggressive
equilibrium ceases to exist when the passive firm (n in the discussion above) findsit less profitable to produce
its optimal passive output than to act more aggressively, decongesting the line or congesting it in the opposite
direction. Increases in k reduce the profit from producing the optimal passive quantity and weakly increase
the profit from acting more aggressively, since acting more aggressively does not require the firm to congest
the line in the opposite direction. Thus, if no passive/aggressive equilibrium exists for a line of capacity K,
then no passive/aggressive equilibrium exists for any line of capacity greater than k. To prove (2), simply
note that at k*, at least one firm is indifferent between the unconstrained Cournot equilibrium and producing
its optimal passive quantity in response to the other firm producing its Cournot equilibrium quantity. Increases
in k beyond k* have no effect on profit in the Cournot equilibrium and strictly decrease the profit of a firm
from producing its optimal passive quantity. Thus, if the unconstrained Cournot equilibrium exists for aline
of capacity k, then the unconstrained Cournot equilibrium exists for any line of capacity greater than k.

Examples of asymmetric market equilibria. For an example of the first case in Theorem 5, where there exists
a range of k for which no pure-strategy equilibrium exists, consider two markets, N and S, where demands
aeq®= 10 — pad ¥ = 12 — p, and each market has one producer with cost function CY{q) = C%(q) = O.
With no transmission line, the prices in Sand N are 5 and 6, respectively, and the outputs are 5 and 6,
respectively, for a total industry output of 11. The Cournot equilibrium quantities are 22/3 for each firm with
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atotal industry output of 44/3 and price of 11/3, and a net flow on the line of 1 from Sto N. The profit of
each firm in this equilibrium is 22/3-11/3 = 242/9, or about 26.89.
The northern firm’s profit if a line of size k is congested into its market is

m(q"(K) = PN(@" + Kg" = (12 — g — K)g",

and the first-order condition implies that 3 = 6 — k/2, where g3 is g, for firm n, giving profit from
producing the optimal passive output of

k 2
GO (6 2) :
The line capacity, k, that leaves the northern firm indifferent between the unconstrained Cournot and the
optimal passive output is therefore [6 — (k/2)]? = 26.89 O k = 1.6291.% For a line size dlightly less than
this, k = 1.6 for instance, the unconstrained Cournot equilibrium is not achievable; firm n would (just barely)
prefer to produce the optimal passive output than to play its Cournot best response to s producing its
unconstrained Cournot quantity. But if n produces its optimal passive output, s will revert to selling its profit-
maximizing quantity that congests the line, g3 = 5.8146. Thisis less than s's Cournot quantity, 7.3333. As
s reduces its output, producing its optimal passive output becomes less attractive to n. In this case, n will
jump to producing its Cournot best response to 5.8146, which is 8.0927. With the line uncongested, however,
s will then respond with its Cournot best response of 6.9536, and the process will once again iterate toward
the unconstrained Cournot equilibrium. Since the line is just slightly below the level that can support the
unconstrained Cournot, as S's output approaches its Cournot equilibrium quantity, and strictly before it equals
that quantity, n will once again revert to producing its optimal passive output. No pure-strategy equilibrium
exists.

For an example of the second case, consider markets with the following demands:
gV =15 — p, g5 = 15 — 4p, and again one producer is in each market with C"(q) = C%q) = O. If there is
no transmission line, the monopoly quantities in the two markets are each 7.5 and the monopoly prices are
PN = 7.5 and PS = 1.875. If there were a transmission line with no capacity constraint, then the Cournot
problems for the two firms would be identical. In the resulting Cournot duopoly equilibrium, q" = gs = 10,
P = 2, and each firm earns profit of = = 20.

We now examine the market outcomes when the transmission constraint is binding. If firm n produces
its optimal passive output, its profit as a function of the line capacity k is

7o (K) = [PM(a" + K)lg" = (15 — g" — K)a". (A8)

The first-order condition implies that g = 7.5 — k/2, giving profit for firm n when it produces its optimal
passive output of

k 2
=(dn (k) = (7-5 - 5) : (A9)

The line capacity, k, that leaves the northern firm indifferent between the unconstrained Cournot du-
opoly equilibrium and producing the optimal passive output is therefore [7.5 — k/2)]? = 20 O k = 6.057.%7
For a line size slightly less than this, k = 6 for instance, the unconstrained Cournot duopoly equilibrium is
not achievable; firm n would (just barely) prefer to produce its optimal passive output than to play its Cournot
best response in response to s producing its unconstrained Cournot quantity. At k = 6, however, there is a
passive/aggressive equilibrium in which s produces g¢ = 10.5, of which 6 is exported to N, and firm n
responds by producing q" = 4.5.

At k = 6.057, the unconstrained Cournot duopoly equilibrium is feasible. From that equilibrium,
if firm n were to reduce its output from its Cournot quantity of 10 to its optimal passive output of
7.5 — 6.057/2 = 4.472, the line would become congested with flow from Sto N. Given that the line is
congested, the optimum output for s would be g3 = (15 + k)/2 = 10.528.

% Note that the line of k = 1.6291 yields additional output of only 3.6666, so then line capacity is 44%
of the additional output, in contrast to about 17% with linear demand and constant marginal cost in the
symmetric case.

37 Note that the line of k = 6.057 yields additional output of only 5, so the line capacity is 121% of
the additional output it €elicits.
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Unlike in case 1, if firm n jumps from the unconstrained Cournot duopoly equilibrium to producing
its optimal passive output, firm s's best response in this case is to increase its output from the quantity it
produces in the unconstrained Cournot duopoly equilibrium. This reinforces n’'s incentive to produce its
optimal passive output. Thus, when k = 6.057, the critical line size to support the unconstrained Cournot
duopoly equilibrium, there is also a passive/aggressive equilibrium. In this equilibrium, firm n produces
q" = 4.472 and firm s produces g° = 10.528, and the line is congested with flows from Sto N of 6.057.
The result is a price in the north of PN = 4.471 and in the south of PS = 2.632.3 This sort of outcome with
two pure-strategy equilibriais illustrated in Figure 7.

As the line size increases beyond k = 6.057, both the uncongested and the passive/aggressive equilibria
are possible until the line expands to about k = 6.36, the line size at which the passive/aggressive equilibrium
disappears. At any line size abovek, firm n’s profit from producing its optimal passive output, which congests
the incoming line, is smaller than the profit of playing the unconstrained Cournot best response.®®

Two pure-strategy equilibria exist for some line sizes in case 2, but not in case 1, because in case 2,
when n switches from the unconstrained Cournot equilibrium to producing its optimal passive output, firm
s responds by increasing its own output. An increase in S's output decreases the profitability for n of playing
its unconstrained Cournot best response, reinforcing its decision to produce its optimal passive output. In
contrast, in case 1, s's output fell in response to n producing its optimal passive output, thereby inducing n
to deviate from producing its optimal passive output. This illustrates the necessary and sufficient condition
expressed in Theorem 5. Q.E.D.
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