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Abstract

We show that a common regulatory mandate in electricity markets that use location-
based pricing that requires all customers to purchase their wholesale electricity at the
same quantity-weighted average of the locational prices can increase the performance
of imperfectly competitive wholesale electricity markets. Linking locational markets
strengthens the incentive for vertically integrated firms to participate in the retail mar-
ket, which increases competition in the short-term wholesale market. In contrast, link-
ing locational markets through a long-term contract that clears against the quantity-
weighted average of short-term wholesale prices does not impact average wholesale
market performance. These results imply that a policy designed to address equity

considerations can also enhance efficiency in wholesale electricity markets.
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1 Introduction

Locational marginal pricing or nodal pricing is used to manage transmission congestion in all
formal wholesale electricity markets in the United States.! Locational prices and generation
unit-level energy sales are computed by minimizing the as-offered cost of serving demand
at all locations in the transmission network subject to all relevant operating constraints on
the network. This process can give rise to thousands of different locational prices within the
geographic footprint of the wholesale market each pricing period.

The locational marginal price (LMP) at location or node m in the transmission network is
equal to the increase in the minimized as-offered cost of withdrawing an additional megawatt-
hour (MWh) at node m. Therefore, if all suppliers submit a generation unit’s marginal cost
as its offer price to the Independent System Operator (ISO), the resulting LMPs are the
economically efficient price signal for each location in the transmission network.? Despite
these market efficiency properties of the nodal-pricing, it has been extremely difficult for
regulators in the United States to charge electricity consumers a retail price that reflects the
LMP at their location in the transmission network.

Moreover, the potential of the LMP market design to set different prices at different
locations in the transmission network has been a major barrier to the adoption of this market
design in many countries, despite demonstrated market efficiency benefits from doing so.?
The arguments against charging final consumers a retail price that reflects the LMP at their
location in the transmission network are typically based on the view that it is unfair to charge
customers in major load centers higher prices than customers withdrawing energy from other
nodes in the transmission network, even though LMPs in load centers are usually higher than
prices at other nodes.

In most all LMP markets, these equity concerns have been addressed by a regulatory
mandate that requires all loads to pay a wholesale price equal to the quantity-weighted
average of the locational prices at all nodes in a retailer’s service territory or the entire
geographic area of the wholesale market. For example, all retail customers in the service

territory of each of the three investor-owned utilities in California pay a wholesale price

IPJM Interconnection, California Independent System Operator (ISO), ISO-New England, New York ISO,
Midcontinent ISO, and Electricity Reliability Council of Texas (ERCOT) all use locational marginal pricing
for their day-ahead and real-time markets.

2Specifically, if these LMPs are set at each node in the transmission network, then all suppliers will find
it unilaterally profit-maximizing to produce at a level of output that minimizes the total variable cost of
serving demand at all locations in the transmission network.

3Wolak (2011) finds that the transition from a zonal to a nodal market design was associated with annual
savings in the variable cost of serving demand of over 100 million dollars annually.



equal to the quantity-weighted average of LMPs at all load withdrawal nodes in that utility’s
service territory. All customers of each utility purchase their wholesale electricity at the same
Load Aggregation Point (LAP) price regardless of where they are located in their utility’s
service territory. Singapore operates a nodal pricing market and all loads purchase their
wholesale electricity at the Uniform Singapore Electricity Price (USEP) which is equal to
the quantity-weighted average of the LMPs at all load withdrawal points in Singapore.

This paper demonstrates that a regulatory mandate that requires all loads to purchase
their wholesale electricity at a quantity-weighted average of nodal prices can improve market
performance in imperfectly competitive wholesale electricity markets. Hence, there is not
necessarily a trade-off between policies to address equity considerations and market efficiency
in electricity markets.

Our basic insight is that linking M local markets through a single retail contract in which
consumers pay the quantity-weighted average of the locational short-term prices over the M
markets for their wholesale energy and the L producers in each local market face the local
short-term price, increases the competitiveness of all short-term markets beyond the level
that would exist if there were M independent markets where retail customers in each local
market purchased their wholesale energy at the local short-term price.

The competitive benefits of linking retail markets across space can be substantial. In a
standard symmetric Cournot model, linking together three local duopoly markets (M = 3,
L = 2) through retail contracts causes the short-term price-cost margin to drop by 44% in
each local market. This competitive effect is purely the result of integrating the retail markets
in the M local markets. It does not rely on entry or on physical trade between locations. All
of our results are derived for a fixed number of producers each with the ability to exercise
unilateral market power in their local market and under the assumption that there is no
transmission capacity at all between the local markets.

The starting point of our analysis is the observation that virtually all large electricity re-
tailers in formal wholesale markets are vertically integrated between generation and retailing.
As is well-known, vertical integration can improve short-term wholesale market performance
because an output expansion has a smaller effect on the share of output that suffers from the
spot price decrease if the firm has committed a larger part of its output to the retail market.

The equilibrium degree of vertical integration that emerges from our model balances two
opposing forces. First, increased vertical integration commits the firm to more aggressive
behavior in the short-term market that triggers a strategic response which causes competitors
to reduce their output. The short-term market profit increases as a consequence of this output

contraction. Second, increased retail sales reduces the retail price and thereby retail profit.



Some of the retail price effect spills over to other local markets when retail markets
are linked. For historical reasons, vertically integrated firms typically have a significant
presence only in a few local markets, usually their historical service territory during the former
vertically integrated monopoly regime. If so, they will not fully internalize the negative retail
price effects of their retail sales across all local markets. Therefore, in equilibrium vertically
integrated firms sell a larger share of their output in the retail market when retail markets
are linked compared to the case when these markets are independent. This increased vertical
integration in turn improves short-term market performance.

We also explore the implications of linking markets over time using a fixed-price long-term
contract for electricity. For the case of a long-term contract, the M markets are different
versions of the same market over time, and the L suppliers are the generation unit owners in
those M markets. In this case, it is reasonable to assume that all suppliers participate in all
M markets. The weighted average of the short-term market price-cost margins is found to
be the same under long-term as short-term retail contracts. However, if firms do not produce
in all periods, because of scheduled maintenance, long-term contracts improve short-term
market performance compared to to short-term contracts.

Recent experience in Germany illustrates the policy relevance of our findings. Subsidies to
renewable electricity generation have created a large production surplus in northern Germany
(because this is where the conditions for solar and wind electricity production are the most
favorable) despite the fact that a large share of demand is located in the South. Germany
currently comprises a single price area with Austria and Luxembourg. Suggestions have been
made to break this price area into smaller ones to manage these local supply and demand
imbalances within Germany.* Our results imply that dividing Germany into several price
areas for producers while maintaining a uniform wholesale energy purchase price based on
the weighted average of those area prices, would improve congestion management, maintain
price equality for German consumers and improve short-term market efficiency.?

Vertical integration between generation and retailing in a single market is formally equiv-
alent to a producer selling in the forward market under the assumptions of our model. Allaz
and Vila (1993) are the first to demonstrate the pro-competitive effects of forward contract-

ing in a model with a single short-term market.® Our main contribution to this literature is

4See, for instance, Egerer et al. (2016) and references therein. The Agency for the Cooperation of Energy
Regulators recently proposed to break out Austria as a separate price area (ACER, 2015), but the involved
parties turned it down.

5As an example of the practical applicability of such an approach, Italy has precisely this type of market
design.

6A difference between vertical integration and forward contracting is that firms are likely to be better



to show how linking retail markets across geographical locations through a uniform whole-
sale purchase price for all consumers improves performance in all local wholesale markets.”
Mahenc and Salanié (2004) find forward contracting to reduce market performance if firms
compete in prices in the spot market instead of in quantities as assumed here. Holmberg
(2011) establishes conditions under which forward contracting improves market performance
when firms compete in supply functions. These results indicate that the competitive effects
of linking retail markets are sensitive to the mode of competition in the short-term market.
Cournot competition has been used by empirical researchers to model to strategic interaction
among suppliers in many wholesale markets for electricity, including California, New England
and PJM (Bushnell et al., 2008), the Midwest market (Mercadal, 2016), the German market
(Willems et al., 2009) and the Nordic market (Lundin and Tangeras, 2017).

The rest of the paper is organized as follows. Section 2 introduces the baseline model
and establishes the pro-competitive effects of vertical integration on short-term market per-
formance. Section 3 contains our main result showing that linking retail markets has an ad-
ditional positive effect on market performance unless all firms are active in all local markets.
Section 4 shows the fundamental difference between linking retail markets versus forward
contract markets on the performance of short-term markets. Section 5 considers the case
of both linked retail and forward markets. In Section 6, we investigate the implications of
long-term retail contracts. Section 7 concludes with a discussion of the implications of our

results for design of wholesale electricity markets.

2 The baseline model: Spatially independent markets

We consider a model of M > 1 local electricity markets. There are L,, > 1 firms that pos-
sess market power in market m € {1,..., M}. These firms are vertically integrated between
production and retail. We also assume that each local market has a number of independent
retailers and producers that behave competitively. All local markets are physically discon-
nected from one another in the sense that there is no flow of electricity between them. This
assumption hugely simplifies the analysis, but also reveals a key insight: There can be mar-

ket performance gains from linking markets even if there is no actual trade of goods between

informed about competitors’ retail sales than forward contracting positions.

"Green and Le Coq (2010) show that increasing the contract length (linking electricity markets across
time) has ambiguous effects on the ability to sustain collusion. We consider unilateral market power and
thus leave the question of how different market designs affect collusion for future research.



them.®

We analyze a two-stage game in which firms compete in the retail market in the first-stage
and in the short-term market in the second stage. This setup captures in a simple manner the
fact that consumers usually are on long-term retail contracts that span multiple production
periods, whereas production and consumption are short-term decisions. We expand the model
to consider long-term retail contracts in Section 6. In this section we show that our result
holds for even single-period retail contracts.

Electricity is a homogeneous good with highly price inelastic demand. Hence, we assume
total demand to be constant and equal to D,, in local market m. All electricity is sold at a
uniform price r,, in the retail market m and a uniform price p,, in short-term market m.

In the first stage, each vertically integrated firm [ € {1,..., L,,} inelastically supplies
ki > 0 megawatt hours (MWh) of electricity to retail market m, taking the retail supply
K pm =), » kim of the other L,, — 1 vertically integrated firms as given. Independent
retailers cover the residual demand D,, — K,,, where K,, = k;,,, + K_;,, is the total amount
of retail energy sold by vertically integrated suppliers in m. These firms have no production
of their own and purchase their electricity in the short-term market at price p,,. We assume
that this short-term price is the (constant) marginal cost of the independent retailers selling
electricity. We also assume the retail market is perfectly competitive, which implies that the
market-clearing price in the retail market is 7, = py,.

In the second stage, each vertically integrated firm [ in market m observes K_;, and
decides how much additional electricity, ., — ki, to inelastically supply to the short-term
market at constant marginal cost ¢, taking the production Q—lm = ” Gim of the other
firms with the ability to exercise unilateral market power as given. The demand facing inde-
pendent producers in the short-term market equals the demand D,,, — K,,, by the independent
retailers minus the short-term market supply Q,, — K, of the L,, vertically integrated firms,
where Qp = Gim + Q—im. The competitive fringe supplies electricity at a linear marginal
cost by, Q fringe, SO the market-clearing short-term price equals p,, = by, (D, — Qm) If we let
Gy = by D,,, then the inverse demand curve facing the L,, firms with the ability to exercise
unilateral market power in short-term market m becomes Pm(Qm) = Gy — b Qum as a function
of their total production Q,,. We later refer to the ratio K, / Qm as the degree of vertical
integration in local market m.

By construction, our baseline model represents a generalization of the two-stage game of
forward contracting in Allaz and Vila (1993) to the case of M > 1 markets with L,, > 1

8See Holmberg and Philpott (2012) and references therein for illustrations of the complications caused by
analyzing supplier behavior in imperfectly competitive electricity markets with network constraints.



producers in each market. Instead of forward contracting, we consider vertical integration
between production and retail markets. Assuming Cournot competition in the retail market
as well is consistent with the basic model by Allaz and Vila (1993) and greatly simplifies our
analysis.” We solve for the unique subgame-perfect equilibrium to this two-stage game by

backward induction.

Equilibrium in the short-term market The earnings of producer [ in market m consists

of its retail revenue plus the revenue from sales in the short-term wholesale market:

7hmk;lm + pm(cjlm - klm)

Because the vertically integrated firms have the ability to exercise unilateral market power,
they take into account the effect of their behavior on the short-term price when they decide
how much to produce in the second period. Hence, the profit in the second stage can be

written as

(rm = P @)Vt + (P Q) = €im )i (1)

as a function of producer [’s output, ¢,,. The first term is the retail profit because Pm(@m)
represents the opportunity cost of the electricity supplied in the retail market. Hence, the
retail position ky, is essentially a forward contract that clears against the short-term price.
The second term in the above equation is the profit from sales in the short-term market.
The first-order condition for profit maximization is (quantities without the tilde denote

equilibrium values throughout):

The first term is due to vertical integration and represents the reduction in the opportunity
cost of the electricity sold in the retail market. The remaining terms constitute the usual
trade-off in a Cournot oligopoly between the benefit of a higher output against the cost of
a lower price. Production is independent of the retail price r,, because the retail revenue
Tmkin 18 sunk at the second stage. Solving this linear equation system for the L,, firms in

market m yields:

Lemma 1 Assume that K,, is sufficiently small so that all L,, producers have positive pro-

duction in equilibrium. The markup of the short-term price over the average marginal pro-

9Appendix A.5 shows that the fundamental results of the paper continue to hold if retail competition is
in prices instead.



duction cost ¢, = Lim EIL:ml cm of the L, vertically integrated firms in short-term market m

s given by

A, — Cm mem

Pm(Km) — cm = Pr(Q(Ky)) — ¢ = L +1 - L +1 (3)

The corresponding equilibrium production of firm [ is

1 A — Cmy Cm — Cim Lmklm K—lm
+ + -
L,+1 b, b L,+1 L,+1

le(klma K—lm) =

and the sum of the production of all other firms in market m:

L,—1a,—¢n ¢Cn—Cm Lmn—1 2K _ i,

—lm kmnym = - - m .
@im(F im) Lm+1 b bon L+ 1m T

(5)

An increase in the volume of electricity sold in the retail market mitigates a firm’s incentive to

Odim — Ly,
7 Ok, Lym+1

a strategic response by which all other firms reduce their production,

> 0, but also triggers

0Q_im __ _ Lp—1
8klm o Lm+1 < 0

The direct effect is stronger than the strategic effect, so the total effect of an increase in ki,

exercise unilateral market power in the short-term market

on the short-term price is negative: p/ (K,,) = — Li”jrl < 0.

Equilibrium in the retail market The market-clearing price in retail market m equals

T (Km) = pm(Km) = Pr(Qm(Kn)), (6)

and the first-stage profit of firm [ is

(Tm(Km) - pm(Km))klm + (pm(Km) - Clm)QZm(klma K—lm)-

The marginal effect on profit of increasing k;,,, can be written as

8Q—lm(klma K—lm)
T ™)

~
Strategic effect in short-term market

T;n(Km)klm _(pm(Km) - Clm)
—_————

Marginal retail profit™

after invoking equilibrium condition (6) and the short-term market first-order condition (2).
The firm’s optimal amount of retail sales trades off the cost of a marginal reduction in retail
profit against the strategic benefit of the marginal reduction in competitors’ production. The
following result generalizes Proposition 2.3 in Allaz and Vila (1993) of symmetric duopoly to

asymmetric oligopoly:



Lemma 2 Assume that the M local electricity markets are spatially independent. The vol-

ume of retail contracts sold by the L, vertically integrated firms in local market m equals

L,—1a,—c
K[: - m m m
" L2 +1 b,

m an wnterior equilibrium. The average equilibrium markup in the short-term market m

equals
I e = Am — C;y
Pm = Cm =73
Proof. Set (7) equal to zero, substitute in the marginal effects rl (K,,) = —Li’ll and
% = —%, sum up over all L,, firms and use the definition of ¢, to get

bty L1

I
LS, e Y=o,
I 11 g i Pm o)

_ . . . - b K1
Add “=2m to both sides of this expression, and use pl — ¢, = m=tn _ ImBm ¢4 solye for
m

Lpm+1 Lm+1
pl — ¢, Plug this expression into the first-order condition to solve for K! . Hence, the only
possible interior equilibrium is the one specified in the lemma. The equilibrium exists because

the profit of each firm l is strictly concave in ky,,. m

Market performance under vertical integration A strategic incentive makes it indi-
vidually rational for producers to vertically integrate into the retail market with the purpose
of committing to aggressive behavior in the short-term market (marginal profit (7) is strictly
positive if K,,, = 0). A prisoners’ dilemma arises by which all firms with the ability to exercise
unilateral market power are vertically integrated in equilibrium.

Notwithstanding the pro-competitive effects of vertical integration, the equilibrium short-
term price still remains excessive from a welfare viewpoint because firms’ degree of vertical

integration is incomplete in equilibrium:

KL L,—1

ng{,%l)— . < 1.

Hence, it would be socially valuable to reinforce producers’ incentives to participate in the
retail market. The key insight of this paper is that linking retail markets creates such an

incentive.



3 Linking retail markets across space

Let the M local markets be partitioned into X regional markets, and denote by M, the set
of local markets in regional market x € {1, ..., X}. The local markets in region x are linked in
the sense that each retailer must sell all wholesale electricity at the same price to all its retail
customers regardless of where they are located in the region. Retailers then buy electricity

at the price
Dy,
p:(Kz) = ZmeMz D, P (FKom) (8)

in the short-term market independently of which of the local markets in x they serve, where

D, = Zme MmDm is total demand in region x, and K, = { K, }menr, is the quantity of retail
contracts sold by all vertically integrated firms in each of the local markets in region .

The price p, defines a quantity-weighted average of all | M, | short-term prices, where each
short-term price p,, is weighted by the size of local market m relative to the size of regional
market z, where size is measured in terms of MWh consumed.

Under this market design, independent retailers’ marginal cost of supplying electricity
to retail market m € M, equals p, instead of p,, as in the case of spatially independent
retail markets. Under the maintained assumption that these retailers offer retail contracts
at marginal cost, the market-clearing retail price r, equals p, at all locations in x. The total

revenue of firm [ in market m € M, then equals:

rxklm + pm(q~lm - klm)-

The retail revenue r,k;,, is sunk independently of how the retail price is determined when
the L, vertically integrated firms in market m decide how much electricity to bid into the
short-term market. Hence, the short-term equilibrium in market m is still characterized by

equations (3)-(5) as functions of the firms’ retail positions.

3.1 Producers active in one location

Assume that each vertically integrated firm is active in one location in the sense that it sells
retail contracts and has generation capacity in a single local market. As noted earlier, geo-
graphical concentration of production and retailing activity is realistic in electricity markets

where many companies are former monopolists with local production capacity and distribu-



tion networks connected to local consumers.’® We consider the effects of producers operating
in multiple locations below.

The first-stage profit of firm [ in market m is given by

(Toc(K:c) - pm(Km))klm + (pm(Km) - Clm)le(’ﬂmy K—lm) (9)

when retail markets are linked. The marginal effect on profit of increasing ky,,, is

arm(Km) aQ—lmU{:lma K—lm)
i 4 7a(K) = (o)~ () — ) =2 (10)
Marginal:gtail profit Strategic effect iI:ghort—term market

Solving the set of linear first-order equations yields (the proof is in Appendix A.1):

Lemma 3 Assume that a regional market x links a subset M, of local electricity markets
through a common retail price that is the quantity-weighted average of all short-term prices in

all markets m € M,. The average equilibrium markup in short-term market m € M, equals

1 Dmpam=cm 1 D; . 1 Dmam—cm _ 1 Djai—c¢
pE—¢, = Lm De Lmtl 1 Di <Li Dq 1 Lt )(Cm C)+ L Do Lmtl _ LiD, Litl 1
m. M 1 Dy Lin—1 1 D; _ L_ Lym—1
Ly Dy + Lm+1 \Ijm 1EM, Dx <]' L; Dy )(L Lm+1) \Ijm

i an interior equilibrium if each vertically integrated firm is active in one local market, where

D, ADig Lzl 1 Dy Lp-l
m L%_i_mel 1Dy  Li—1 °
i€My — * Ly De Lin+1 L; Dy Li+l1

The equilibrium exists in regional market x if and only if L, +1 > g; for all m € M,.

Because retail markets are linked, market performance in each local market m depends not
only on the demand and cost characteristics of that particular market, but also on the
conditions in the other local markets that form regional market x. For instance, short-term
market m tends to be less competitive if either marginal production costs are higher or the
residual demand facing the vertically integrated firms is less price elastic (b, is relatively
large) than in the other markets.

Contrary to the case with spatially independent markets, the model with linked retail

markets does not guarantee the existence of an equilibrium at the retail stage. But equilib-

°Owning generation units in the same local markets that the vertically integrated firm serves load provides
a physical hedge against locational price difference between where a retailer produces or purchases wholesale
energy and where it sells this energy to final consumers.

10



rium non-existence is a general problem that does not arise specifically as a result of linking

retail markets. To see this, rewrite the first-stage profit as

(pm(Km) - Clm)(le(klma Kflm) - klm) + (f.m(K) - Clm)klrm

where we allow firm [’s retail price in market m to depend on the vector of retail positions
more generally through an arbitrary price function 7,,(K). The first part of the profit function
is always strictly convex in k;,, independent of how the retail price is determined:
(o) = o)t Uis K ) — hi) = 22— ()
m m) — Clm m\Nm,y N —Im ) — Rim ) = .
okZ. p 1m )\ Qim (K I ! Lo+ 1)
Hence, the total first stage profit is well-behaved if and only if (7,,(K) — ¢, ) kim is concave
enough in k;,, to dominate the convexity of the first term. This condition is satisfied in Allaz
and Vila (1993) because of full pass-through of the short-term price to the retail price:

—@2 r / 2bm
Ok2 (TWL(K) - Clm)klm = 2pm(Km) = —
Im

It is never satisfied with zero pass-through, as would be the case under fixed-price regulation
of the retail price, because then (7,,(K) — ¢ )kp, would be linear in ky,. In general, pass-
through must be sufficiently high for the profit function to be well-behaved.

With linked retail markets, pass-through is high in local market m if there is a sufficient

amount of vertically integrated firms in that market:

Qbm 82<fm (K) — Clm)klm Qbm

Tt 12 Nz = I+l

D,, 1
D, L,+1

].
Hence, the existence condition stated at the end of Lemma 3.

The effects on market performance of linking retail markets across space By
comparing the first-stage marginal profit expressions (7) and (10), we first see that the retail
price is less sensitive to an increase in individual firms’ retail sales when local markets are
linked through a regional retail price relative to the case when local markets are spatially

independent,

or.(K,) B D,, , , oy
oK. ~ D. Do (Kn) > 1 (Kn) = 17, (Ko, (12)

11



because the short-term price in market m now constitutes only a fraction %—T; of the retail
price. Some of the retail price effect of a higher retail supply in market m spills over to
the other local markets in region x under linked retail contracts. This negative externality
on retail profit tends to push integrated firms in all local markets to increase sales in the
retail market beyond what they would do if local markets were independent, which improves
market performance in all local short-term markets.

The retail markup r, —p,, in (10) can either be positive or negative depending on whether
m is a low-price or high-price location, which either reinforces or mitigates firms’ incentives to
participate in the retail market. Thus, linking electricity markets across space unambiguously
improves short-term market competition in low price areas, but may have an ambiguous
effect on market performance in high price areas. The following key proposition establishes

the competitive effect of linking electricity markets across space:

Proposition 1 Linking a subset M, of local electricity markets through a regional market x
that establishes a common retail price equal to the quantity-weighted average of all short-term

prices in M, causes pZ | the short-term price in local market m € M,, to change by

_ Dn R R

T Lm—1(,_ )y TP
Dm pm_LD_m—{—Lm—lL +1pm Cm 1 Dy 4 Lm—L"
Ly Dy Lim+1 m Ly Dy Lm+1

compared to pl | the short-term price for the case of spatially independent markets, if all
vertically integrated firms are active in one local market. Short-term market performance
improves in all local markets in M, if these are oligopolistic and sufficiently similar in terms
of demand, cost characteristics and market structure (D, by, ¢m and Ly, > 2 are similar
for allm € M,,).

Proof. Set (10) equal to zero, substitute in the marginal effects

8Q—lm — mel
ki Lpym+17

87‘1 — _Dm bm
OKm Dy Lpym+1

sum up over all L,, firms and use the definition of c,, to get:

and

L, —1
(pﬁ_cm) =0.

1D, b
m_9m R R_ R
LD, L 41 mtle =Pty

Add ﬁ%—’:% to both sides of this condition and use (3) to solve for the equilibrium

markup:
1 Dmam—cm R _ R
Pm=6n =1 Dy \ Lu—1 ~ 1 Du | Lu—1

Ly Dy Lm+1 Ly Dy Lm+1

Subtract this expression from pl — c,, characterized Lemma 2 to obtain the expression in

12



Proposition 1. The equilibrium retail price

D,

R R

=2 D.P
ieM,

is close to p& for all m € M, if all local markets in x are sufficiently similar. In this case,
the second term on the right-hand side of the expression in Proposition 1 is dominated by the

first term, so that p!, > pf for allm € M,. m

Market integration can improve market performance in all product markets despite the fact
that it is impossible to trade in physical goods between them. All production and con-
sumption is cleared locally in this model. Integration of retail markets is enough to improve
incentives for competitive behavior by vertically integrated suppliers in all local product
markets.

In the special case of perfect symmetry across the local markets in z, so that a,, = «a,

b, = b, ¢, = c and L,, = L for all m, index

pt—ec  L(L—1)(M—1)

H(L,M)=1- = .
(L, M) pl—c¢ MLL-1)+L+1

(13)

measures relative market performance between linked and independent markets by the asso-
ciated percentage reduction in the short-term price-cost margin. This index depends only on
the number L of firms with market power in each market and the number M of local markets
that are linked. Conveniently, the demand and cost characteristics cancel out because of
symmetry and the linear structure of the model.

Market performance is relatively higher when retail markets are linked and improves
as the number of linked markets increases. The number L of vertically integrated firms
in each local market places an upper bound to the number M of local markets that can
be linked while preserving equilibrium existence. Linking retail markets can nevertheless
have substantial quantitative welfare effects because the incremental effects on wholesale
competition are the strongest for small M. Figure 1 plots H(L,L + 1), the competitive
effects of linking the maximum number of local markets consistent with equilibrium. The
incremental pro-competitive effect is the largest when local competition is weak, i.e. L is
small. Linking three duopoly markets causes the average markup to drop by nearly half (44
per cent) in each market. Linking four triopoly markets generates a 20 per cent additional

improvement in market performance.
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Figure 1: The competitive effects of linking retail markets across space

3.2 Producers active in multiple locations

Assume now that vertically integrated firms can have production facilities in more than one
of the local markets in region x. Firm [ chooses its retail portfolio k; = {kp, }men, across

the local markets it is active in to maximize profit

Z 5lm[(rx(Kx) - pm(Km))klm + (pm(Km) - Clm)le(klma K—lm)]a

meM,

where [, is an indicator function taking the value 1 if firm [ has a production facility in

local market m and 0 if not. The marginal effect on profit of increasing k;,,, is

Ors(Ka)

aC)—lm(klma K—lm)
0K, ‘

Biikii + 12 (Ke) = pin(Kom) = (P (Kim) — €im) ok,

(14)

1€EMy

Compared to the case in which producers are active in only one market, the firm now takes
into account the spill-over effects of the retail price reduction in the other markets in which
it is present.

By the linearity of the marginal profit functions, one could solve explicitly for the equilib-
rium level of retail sales in each local market for each firm. To obtain results that are easier

to interpret, we here impose perfect symmetry on the model, similar to the case considered
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in (13). Let there be S vertically integrated firms with the ability to exercise unilateral
market power, each of which has production facilities in N of the M local markets contained
in regional market x. Firm locations are symmetric, with the same number L = SN/M of

firms active in each local market. Then (the proof is in Appendix A.2):

Lemma 4 Assume that a regional market links M local and symmetric electricity markets
through a common retail price that is the quantity-weighted average of all M short-term

prices. The markup in each short-term market equals

—Cc =
b MANL(L-1)+L12+1

(15)

n a symmetric interior equilibrium if each vertically integrated firm is active in N > 1 local
markets. This equilibrium exists only if L +1 > % The condition is also sufficient if firms

are restricted to symmetric retail positions.

The convexity problem of the first-stage profit function established in (11) for the case when
firms have production in a single local market becomes more severe under multi-market
presence. We show in Appendix A.2 that it would always be a profitable deviation under
the conditions of Lemma 4 for a vertically integrated producer to concentrate its retail sales
in one of its local markets and reduce retail sales proportionally in the other local markets.
However, such an asymmetric deviation could be difficult to achieve under symmetric market
conditions. The retail price is the same across region z. Hence, the firm is equally likely to
attract retail customers from all local markets in . To build an asymmetric market share,
the firm would then have to accept customers from one location, but systematically refuse to
sell retail contracts to customers from all other locations. A regulatory rule prohibiting such
location-based discrimination in the retail market would serve to even out market shares in
a symmetric, linked competitive retail market. This rule would not bind and therefore entail

no welfare loss in symmetric equilibrium.

The effects on market performance of linking retail markets Multi-market presence
implies that vertically integrated firms account for a larger share of the spill-over effects of
the retail price into the other local markets. This increased internalization of retail price
effects softens the incentive to participate in the retail market. Subtracting p® defined in

Lemma 4 from p! yields
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Proposition 2 Linking M local and symmetric electricity markets through a regional market
that establishes a common wholesale purchase price for consumers equal to the quantity-
weighted average of all M short-term wholesale prices, causes short-term prices in each local

market to fall by
IR (M —N)L(L - 1)

PP = ML - 1)+ N(L+

1)(101 —c) > 0.

Linking electricity markets drives down short-term market prices in all symmetric equilibria

unless all firms have production in all local markets so that N = M.

4 Linking forward markets across space

In Section 3, we studied vertical integration and the effects of linking of local electricity
markets through a common retail contract. We consider now forward contracting and an-
alyze instead the consequences of linking local markets through a forward contract that
clears against the quantity-weighted average ) _ M, %—’;”me of the short-term wholesale mar-
ket prices. Such contracts are common for instance in the Nordic market, where the standard
forward contract clears against the market-wide system price. US LMP markets often create
trading hub prices, which are quantity-weighted averages of LMPs in a sub-region of the mar-
ket. Because these hub prices are typically less volatile than any individual component LMP,
market participants manage their short-term price risk by purchasing forward contracts that
clear against these trading hub prices.

Our main result in this section demonstrates that linking retail and forward markets have
fundamentally different effects on short-term market performance. We only detail the case of
linked forward markets here because the analysis of spatially independent forward contracts

is formally equivalent to analysis in Section 2.

Equilibrium in the short-term market Producers with the ability to exercise unilateral

market power take into account how their forward contract position affects their output choice

in the short-term market.!! The second-stage profit of producer [ in market m thus becomes
D; ~

€M, F

HWolak (2000) demonstrates the empirical relevance of this mechanism for a large supplier in an Australian
wholesale electricity market.
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where f, is the delivery price of the composite forward contract, k;,, here refers to the volume
of forward contracts sold by firm [ in market m, and we assume that firms with market power
are active in one local market only. The first-order condition for the firm’s quantity choice

reads:
D,,

Dy

which differs from the case of spatially independent forward markets, see equation (2), by

Prln(Qm)klm + Pm(Qm) — Cim + Pyln(Qm)QIm - 07

an increase in production now having a relatively smaller positive effect on forward profit

D
D, -

short-term market behavior by the vertically integrated firms is less competitive than under

because of the term Therefore, holding the forward contract quantity constant, the

spatially independent forward markets, which implies the following result:

Lemma 5 Assume that a set M, of local markets are linked through a forward contract that
clears against the quantity-weighted average of the short-term prices in those local markets.
Assume also that K, is sufficiently small that all producers have positive production in equi-
librium. The average equilibrium markup is given by

A — Cm by, Dy,

Km_m: - - f\m
)= =TT "I 1D,

in short-term market m. The corresponding equilibrium production of firm [ is

D D 1 am—Cn  Cm— Cm L, D, 1 D

m_mkm7_mK—m — km_ mK—m
@ (Dml D, im) I +1 b, . L +1D, ™ L +1D,

and of all other firms in local market m:

D,, D,, L,—1a,—¢, Cn—Cm Lmn—1D,, 2 D,
_km7_K7m = - - - Nm —_Kfm-
D, ™ p Tt ) L,+1 b, b, L.+1D, " +Lm+1Dx !

Q*lm(

Note that the strategic effect is weaker than in equations (4) and (5) because an increase in

ki, now has a smaller effect on output ¢;,,.

Equilibrium in the forward market Assuming perfect foresight makes the forward price

satisfy the equation:

D, D,
fo(Ke) = PRATIRY
€My *
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in a perfectly competitive forward market. Firm [ in market m chooses k;,, to maximize the

first stage profit

D; D D, D,, D,,
K. — § (XK. —K,,) — — — Kin). 1
(fx( z) P prz<Dx 2))klm + (pm( Dg; m) Clm)le( Dx klm; Dz lm) ( 6)
The marginal effect
o0f.(K,) D,, Qi (B2 ki, 22 Ky
k m m Km - Um < = 17
aKm : (p ( D:c ) “ ) 8klm ( )

on profit of increasing forward sales k;,, differs in two respects from the marginal profit
(7) when forward markets are spatially independent. On the one hand, an increase in the
volume of forward contracts sold by an individual firm has a relatively smaller effect on the
forward contract price when forward markets are linked. This effect tends to drive up forward
sales and reinforce short-term market competition. On the other hand, the strategic effect
is weaker under linked forward markets, which tends to soften competition for any given
volume of forward contracts. As it turns out, the two marginal effects exactly offset one

another compared to the case of spatially independent forward markets, which yields:

Proposition 3 Assume that a set M, of local markets are linked through a forward contract
that clears against the quantity-weighted average of the short-term prices in those local mar-
kets. The volume of retail contracts sold by the L,, firms with market power in local market

m € M, equals
KF:DHU Lm_lam_cm_D:p

™ Dy L2 41 b, Dy ™

i interior equilibrium if each firm is active in one local market. The average markup in

short-term market m € M, equals

F_ _ — ol _
Proof. Set (17) equal to zero, substitute in the marginal effects % = —(%—TZ)QLfnﬁl and
0Q—1m (B ki, B2 Kim) _ po L1

S = — 51", sum up over all L,, firms and divide through by Lm%—j to

get the first-order condition

L, —1
(pT}:L_Cm> = 0.

1 b D
o m mKF
L, L,+1D, m+Lm+1
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Add i% to both sides of the equation and solve for the equilibrium markup pt — c,,

above. Plug this expression into the first-order condition to solve for K. m

The effects on market performance of linking forward vs retail markets Link-
ing forward markets through a contract that clears against a quantity-weighted average of
wholesale prices has an effect on the firm’s short-term market behavior that does not arise
when retail markets are linked by requiring the firm to sell wholesale electricity to its retail
customers at the quantity-weighted average of locational prices. The fundamental difference
between the two market designs is illustrated by comparing the first-stage profit expressions
(16) and (9). For a firm located in market m, a linked forward contract clears against the
quantity-weighted average of short-term locational prices. A linked retail contract essentially
clears against the local short-term price at location m, p,,. This difference softens the strate-
gic benefit so much under forward contracting that the total competitive effect of linking

markets vanishes.

5 Combined retail and forward markets

In this Section, we extend our model of vertically integrated firms selling their output to
retail customers to allow them to sell forward financial contracts as way to commit to more
aggressive behavior in the short-term market. For simplicity, we assume that firms in local

market m sell forward contracts that clear against the local short-term price p,,.'?

Equilibrium when markets are spatially independent The total revenue of firm [ in

market m equals:

karlm + pm(qlm - krlm) + (fm - prn)kflm = ka'rlm + fmkflm + pm(glm - klm)7

where Ky, (Kfim) refers to the volume of retail (forward) contracts sold by [ in market m,
fm is the delivery price in forward market m, and ky,, = ki + kg1, is the total volume of
first-stage commitments.

The first stage revenues 7., kyi, and fr, kg1, are sunk at the second stage, so the production
decision of firm [ depends only on the total first-stage volume k;,,,. Hence, the equilibrium in

the short-term market can be characterized exactly as in Lemma 1. The profit of firm [ in

12 Assuming instead that forward contracts clear against the quantity-weighted average short-term price as
in Section 4 would not change the results.
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market m therefore equals

Tm<Km>krlm + fm(Km)kflm - pm(Km)klm + (pm(Km) - Clm)le(klma K—lm)u

where the retail price in market m and the forward price in market m are both equal to the

short-term price:

Tm(Kim) = fin(Km) = pm(Kim).

Because the second-stage profit only depends on the firm’s total first-stage commitment k;,,,
firm [ divides any given volume ki, across the retail and the forward market to maximize
the first-stage revenue. But the retail price and the forward price are identical, so the firm is
indifferent between participating in the two markets. Hence, it is optimal to set k.., = kim
and kg, = 0 and then maximize total profit over ki, which brings us back to the analysis
in Section 2. Hence, a forward market clearing against the local short-term price p,, adds

nothing to competition when markets are spatially independent.

Equilibrium when retail markets are linked This section considers the case of linked
retail markets with the option of vertically-firms to sell fixed-price forward contracts that

clear against their local short-term price. The total profit of firm [ can be written as

rw(Kx)krlm + fm(Km)kflm - pm(Km)klm + (pm(Km) - Clm)le(lem Kflm)

if retail markets are linked and the firm participates in one single local market. The firm is no
longer indifferent between participating in the two markets in the general case where the retail
price differs from the local spot price. A firm in a low-price location, f,, = p,, < r., would
participate entirely in the retail market, whereas a firm in a high price location, f,, = p, > s,

would sell forward contracts. The following characterization is straightforward.

Proposition 4 Assume that a regional market x links a subset M, of local electricity markets
through a common retail price that is the quantity-weighted average of all short-term prices

m M,. Assume also that firms can sell forward contracts that clear against the local spot

13The existence proof is complicated by kinks in the profit functions. We consider in Appendix A.3 the
case of two local markets and show that sufficient conditions for existence, in addition to local concavity, are
that the high-price area has a higher demand than the low-price area and that any cost advantage by firms
in the high price area is sufficiently small.
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price. The average equilibrium markups can then be the characterized by

RF Um — Cm T .+ RF RF
p —Cm = —5 5 =D —lefp > (18>
RF 1 - %_m Ly =1, 4 rit — pht RF RF
T m y
P —Cm =~ 4 p L, + 1)(pm —Cm) T T pa o Lamt U Pm <Te (19)
Lm Dy + Lntl ™M Ly Dy Ln+1

if all vertically integrated firms are active in one local market.

Linking retail markets has no effect on short-term competition in high price locations, but
has positive consequences for competition in low price locations. The markup in low-price
locations is a fraction (less than one) of the markup in that location under independent
retail markets less a factor that depends on the difference between the regional retail price
rIF and the local price pftf'. Therefore, even if suppliers have the option to sign fixed-price
forward contracts that clear against their local short-term price, market performance is non-

decreasing in all markets as a result of linking retail markets through the requirement that
RF

x .

all retail electricity sell at regional price, r

6 Linking retail markets across time

Consider now the case of linking retail markets over time through a long-term retail contract.
Assume that there is a single local market, M production periods and L vertically integrated
producers with market power. We allow demand D,,, to fluctuate across time, but assume it
to be deterministic. Total demand across the M periods is given by D = Zi\le D,,. Denote
by ki, the retail obligation of firm [ in period m and K, the total retail obligations of all L
firms in period m.

The output ¢, of producer [ that maximizes period m profit is independent of the re-
tail price r,, that period, so the short-term price, producer I’s equilibrium quantity and all
other producers’ output in period m are given by Lemma 1. A sequence of short-term re-
tail contracts is equivalent to a set of spatially independent retail contracts, so Lemma 2

characterizes the equilibrium also under short-term retail contracts.

6.1 Fixed-price retail contracts

Let firms supply long-term retail contracts in period 1 that are valid for M periods. In this

section we assume that customers pay the same price for every MWh of electricity consumed
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during the contract period, consistent with the fixed-price retail contracts customers sign in
many competitive retail markets. Under this contract, firm [ cannot tailor its retail volume
Ky, optimally period by period.!* Instead, we let each firm decide the average per-period
volume k; of electricity to supply to the retail market through this type of contract. Its retail
position in period m therefore equals k,, = DT"LM k.

The total retail profit of firm [ equals

M M
where r is the retail price, and the discount rate set is equal to one. Perfect competition in
the retail market and perfect foresight drive the retail profit down to zero, in which case the

equilibrium price of the long-term contract becomes:

SESED PETHIN

as a function of the retail profile K = (Kj, ..., K, ... K()s) of the vertically integrated firms.

In period 1, firm [ maximizes the total profit

D [(K) = p(Eon) ki + (0 (Km) = Cim )i (Kt K]

m=1

over k;. The marginal effect on profit of increasing k; equals

M3 DS G ) ) — () ) e B0

m=1

The expression inside the square brackets is similar to the one of vertically integrated firms
being active in multiple (all) local markets, see equation (14), where a local market here is
the same market repeated over time. The period-level marginal profit is then aggregated
across all M periods because firms are constrained to sell the same average volume k; of

retail electricity every period, instead of tailoring contracts individually for each period.

Proposition 5 Assume that firms sell fized-price retail contracts that cover M periods. The

average volume of electricity sold in the retail market each period by the L firms with market

4We consider the implications of flexible long-term retail contracts below.
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power equals

L1350 D(am — cm)

2 M m
L7 +1 S, amDD
i an interior equilibrium. The price-cost margins in the short-term market satisfy
M M M
Dm Dm Am — Cmy Dm I
E— —ng——:g— —Cm)- 22

Proof. By setting (20) equal to zero and repeating the same steps as in the previous proofs,

we obtain the aggregate first-order condition

lem b K -
—— D Dy (p,,, — cm) =0
L z_:l L+1 L +1 Z cn)
after simplification. Adding and subtracting “3=— under the first sum allows us to solve for
(22). Replacing p}, — ¢y in (22) with 2= — o B MKT yields K given by (21). This

solution represents an equz’libm’um because the second-derivative with respect to k; of s total

profit function is negative: L+1 Ay Z 10,n, <0.m

Note that the price-cost margin in any given period can be higher or lower under long-term
than short-term retail contracts depending on how the demand and cost characteristics vary
over time. Proposition 5 adapted to this context demonstrates that long-term contracts have
no effect on average market performance. The average markup in the spot market is the same

under both types of retail contracts if each period m is weighted by relative consumption

Dy, 15
D -

sell the same average volume of electricity in the retail market in all periods.!®

The reason is because firms in this case produce in all periods and are constrained to

5 However, contracting over time affects market efficiency. We show in Appendix A.4 that total produc-
tion costs can be smaller or higher under long-term than short-term retail contracts depending on market
heterogeneity. Specifically, long-term contracts yield comparatively small total costs if the main source of
heterogeneity relates to cost differences across firms with the ability to exercise unilateral market power.
Instead, short-term contracting is relatively more efficient if most of the heterogeneity stems from differences
in demand across markets.

16The analytical analogue to the fixed-price contract in a spatial setting is a situation where firms have
production capacity in all local markets. Furthermore, firms cannot individually target local retail markets.
Instead, they attract retail customers from each local market m in region x in proportion to the relative size

% of the local market.
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6.2 Planned Outages

Assume now that firms do not produce in all periods. Specifically, each firm must shut
down its production exactly one period for maintenance reasons. To minimize the number of
simultaneous outages, the system operator takes one firm off-line every period m. Scheduling
is done prior to market transactions, so it is common knowledge at stage 0 which generators
will be on-line in all periods. Let there be L + 1 vertically integrated firms, and assume
that there are M = L symmetric production periods. This means that there are L firms
producing in every period m.

Maintenance does not affect production by the remaining firms, so firm [ produces
q(kim, K 1) when active in period m, the other firms produce @Q_;(kim, K 1), and the
spot price is p(K,,). The equilibrium under short-term contracting remains unaffected, so
the total retail position of the vertically integrated firms equals K!, and the equilibrium
price-cost margin is p! — ¢ in every period.

When it comes to the long-term retail contracts, assume that these are fully flexible in the
sense that firm [ can set k;,, independently of k;; for the entire contracting period. Maintain
the assumption that there is no discounting of profit. Under these circumstances, long-term
retail contracts are formally equivalent to a spatial contract, with each firm being active in
all local markets but one. Hence, the equilibrium markup is characterized by Lemma 4 with

N = M — 1. In light of Proposition 2, the following result is straightforward:

Proposition 6 Assume that firms sell flexible long-term retail contracts that cover M periods
and that outages are planned so that each firm shuts down its production exactly one period.
Assume also that markets are symmetric. Then, the price-cost margins in the spot market

are smaller under long-term retail contracts compared to the case of short-term contracts.

Planned outages imply that some of the retail price effects of a larger retail position spill
over to periods during which the firm is not active. In this case, a long-term retail contract

is more competitive than a sequence of short-term retail contracts.

6.3 Random Outages

Assume that everything is as in Section 6.2, except now the system operator takes one unit

off-line every period m by randomizing among the generators. The probability that generator

[ is on-line in period m is equal to y = % This randomization is done prior to production

taking place, but in such a manner that producers do not know the exact period they will
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be off-line when they sell long-term retail contracts. However, it is common knowledge that
there are L units on-line in every period.

Let k; = (K1, ..., kim, -, kiar) be the retail profile of firm [. The equilibrium production
levels q(kim, f(,lm), Q,l(klm,f(,lm) and the short-term prices p(f(,lm + Bimkim) in period
m are qualitatively the same as in Lemma 1, except f(—zm = > » Bimkim are the retail
positions of those generators other than [ are active in period m, whereas K, = LH/{;lm is
the aggregate forward positions of all L + 1 producers that period.

We assume that all uncertainty about outages is resolved before firms choose their short-
term retail positions in each period. This means that the equilibrium is exactly the same as
in the case of independent markets characterized in Section 2: The price-cost margin in the
short-term market equals p’ — ¢ in every period.

The expected net present value of a long-term retail contract is

> (r = uEP(K i + kim)] = (1= )p(K_1m)) D,

where E is the period 1 expectations operator with respect to other firms than [ being
operative, conditional on firm [ being operative. Perfect competition in the retail market and

risk-neutrality drive the expected retail margin to zero, so

E[p(K i + k)] + (1 = 1)p(K 1)),

m=0

where k = (ky, ... k;, ... kp11).

Producer [ chooses k; to maximize the total expected profit

> El(r(k) = up(K i + ki) — (1 = )p(K i)kt + (K i + Kim) — €)q (ki K 1))

The marginal benefit of increasing k;,,, is

[ a ik m» }N(— m o
Z Vb 4 1 00) = B+ b)) — L8 Bom) )] - 0,
@klm @klm
where (22(11;3 = ¥ —+£_p (K _tm + kim). The ex ante probability of a spot price change in period

m is only p because of stochastic outages. However, each firm still internalizes all expected

marginal externalities because of the linearity of the marginal effects. Hence, the outcome is
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the same as under short-term contracts:

Proposition 7 Assume that firms sell flexible long-term retail contracts that cover M periods
and that outages are random. Assume also that markets are symmetric. Then, the price-cost
margins in the spot market are the same under long-term and short-term retail contracts in
stationary equilibrium.

Proof. If all firms sell the same amount of retail contracts and the equilibrium is stationary,
kL = kT for all | and m, it follows that E[p(KT, + kI )] =p(K7T, )= p(LkL) = p(LET).

Hence, rT = p(Lk™), which implies the first-order condition

b L—1
1" Y

ul (p(LE") — )] =0,
with solution LkT = K'. The equilibrium can be sustained under a restriction to symmetric

deviations. |

The result demonstrates that random outages alone are not a reason to link retail markets
across time because market performance is independent of the probability p of outages in a

symmetric equilibrium.

7 Concluding policy discussion

A key problem with market performance in restructured electricity markets is the high degree
of market concentration that sometimes arises when transmission constraints divide a region
into smaller local markets with only a few producers in each. Increased market concentra-
tion reinforces the incentive suppliers have to exercise unilateral market power. Improving
competition in each local market through entry or market integration is problematic in many
electricity markets because of economic and/or political barriers to large supplier entry and
network investment to expand the size of the geographic market.

We propose a solution to the problem of market power that neither involves supplier entry
nor network investment. A market design where generation units are paid the short-term
locational marginal price (LMP), but all consumers pay the same wholsale price for their
electricity equal to the quantity-weighted average of LMPs at all load withdrawal nodes,
can substantially increase short-term market performance compared to the case when local
markets are independent.

This market rule is also likely to facilitate retailer entry into more local markets by ver-

tically integrated retailers because it mitigates a major source of risk they face in entering a
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local market where they do not own generation units: spatial price risk between where they
own generation units and this local market. This spatial price risk has led many vertically
integrated firms to focus their retailing efforts on the local markets where they own genera-
tion units to avoid such risk. Moreover, an effective entry deterrence strategy by vertically
integrated retailers with generation units in the same local market as their retail customers, is
to use their ability to exercise unilateral market power to spike the local wholesale price and
effectively eliminate any retail profit margin a new entrant without local generation capacity
could earn from selling retail electricity.'” Requiring all retailers to purchase the wholesale
electricity sold to final consumers at a quantity-weighted average of all LMPs significantly
limits the spatial price risk any supplier faces from entering any local market, which should
increase the competitiveness of retail markets in particular.

Our findings are highly relevant to the debate about future designs for wholesale electricity
markets. Local imbalances in the supply and demand of electricity owing to increasing
shares of intermittent electricity production have increased concerns about the security of
electricity supply in situations with substantial shortfalls of renewable electricity production.
Such security of supply problems would be reduced if prices are set based to local supply
and demand conditions and all relevant constraints on operating generation units and the
transmission network were explicitly priced as in a system with locational marginal prices
(LMPs), as first discussed in Bohn et al. (1984).

As noted in the Introduction, charging consumers different local prices has so far been
politically difficult, particularly in Europe. Critics argue that it is unreasonable for some
consumers to pay more for electricity than others just because the former happen to live
at a location with an "under-supply” of electricity. Such unfairness arguments received a
lot of public attention following the division of the Swedish day-ahead market into four
price areas in 2011. Previously, Sweden had constituted a single price area. Consumers in
the southernmost price area were particularly upset because they would now have to pay a
systematically higher price than consumers in the other three price areas.

A superior solution from a political and market efficiency viewpoint based on our results,
would have been to introduce the four price areas for producers, but to maintain a single price
area across Sweden for consumers based on the quantity-weighted average of prices across

all locations. More generally, our results argue that introducing an LMP market where all

17Consistent with such entry deterrence incentives, Wolak (2009) presents empirical evidence demonstrating
that over the sample period he studies, the four large vertically integrated retailers in the New Zealand
wholesale electricity market concentrated their retailing activities in the regions where they owned generation
units.
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relevant operating constraints are explicitly priced and all generation units are paid their
locational marginal price, but all loads pay a quantity-weighted average of these LMPs need
not reduce market efficiency relative to an LMP market where all suppliers and loads face

their local price.

Appendices

A.1 Proof of Lemma 3

Characterization Substitute (12) into (10), use the marginal effects p, = —;2- and

mt1
0Q_ _ o . .
% = —ém Ji, sum up the first-order conditions over all L,, firms in market m and divide
m m

through by L,, to get the aggregate equilibrium condition im market m:

1 D,, b,KE L,—1
- Tm m-*m m -1 R R = 0.

Add and subtract 1 D mam—tm from the left-hand side above and use (3) to get

1 Dm Lm—l 1 Dmam_cm

— —1)(pf — R_ e . Zmm M _ . 2

Subtract the first-order condition for market m from the one for market i to get

1 Dm Lyp—1 _ . L_az Ci LD_mam_Cm
R_ . _ Lm +Lm+1 L G JrL o Lit] L Do Lt
pi —G=— L¢71_1(pm_cm)+ 1 Li-1 )
L; L;+1 L; Dy L;+1
Multiply through by % and sum up over all ¢ € M, firms:
x
1 m
R _ D; T Bt +1 -l R
Te = Cm = Dicwm, D 1£+ T (P = €m)
Dy
'L
D; 1 D; a;—c; 1 D —
+ > D, (Z; st 1t +1)(Cz Cm”fnﬁiﬁ Ly Dy Lmil
i€EMy Dy 1 ~1 '

; D1+L +1

Substitute for 72 — ¢, in eq. (23) and solve to get the expressions in Lemma 3.
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Existence Differentiate firm I’s marginal profit function (10) with respect to ki, using the

. 8Q_im
expressions for p/, and 8kal

to get the second-order condition:

2y, (Dm 1 )
Lp,+1"D, Lj,+1

<0.

This condition is satisfied for all firms if and only if the conditions of Lemma 3 are satisfied
for all markets m € M,. 1l

A.2 Proof of Lemma 4

Characterization Substitute (12) into (14) and use the marginal effects p/'(K,,) = — =

8Q—lm, _
8kzl'm -

and L =) L to get the first-order condition

L-1 , b D- KPR L Dot Bomkit ke
TriP 9 iD= KRZ Pombn = (14 =m0 =)

n

where k2 is the equilibrium retail position of vertically integrated producer s in local mar-
ket n, K is equilibrium retail supply in local market n aggregated across all S vertically
integrated producers, KT = Zi\le K is the supply of retail contracts aggregated across
all S vertically integrated firms and M local markets, and 7% is the equilibrium retail price.

_ a—c—bKE

Multiply both sides by f,, sum up over all S firms and use p? — o1~ to get the

aggregate first-order condition in market n

L-1 D-KEF Y5 SM B B.kE

L "=

( 1T DR KE ), —¢)
a—c D— KR Zs 1Zm 1ﬁsmﬁsn +( Zs 1Zm 165mﬁsn )(p —TR)
T L+1MD_—KE KR MD — KR " '

Assume that the equilibrium is symmetric across firms and markets, i.e. k% = k% = ﬁ—i for

all s and n. Then p2 = rf = pf so we get

L-1 1 & 1 EM
(LL——f—l + — Zl Zlﬁsmﬁsn ) = _L Zl Z_lﬁsmﬂsn.

Use 3™ Bon = N and Zilﬁsn = L to get (15) after simplification.
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Necessity Let all firms except possibly s be at their symmetric equilibrium retail positions
kf. Then, Lk® is the volume of retail contracts sold by vertically integrated producers in
all local markets where s has no production capacity, (L — 1)k® + k,, is the corresponding
volume of retail contracts in a local market n where s does have production capacity, and
(ML — N)kf 4+ Nk, is the total volume of retail contracts sold by all vertically integrated
producers in all local markets, where k, = % Y one ~, ksn 1s the average retail position of firm
s in the N markets in which it is present. Consider a unilateral deviation by s from k% to

ks, = 0 in all local markets where it has production capacity. This deviation profit equals

(0) = N(p((L = k") = )q(0, (L — 1)k")

N
= (L~ DR — o,
whereas the profit at the proposed equilibrium equals

= N(p" — o)(q(k", (L — ") — k%) + (p" — o) NE"
N
b

(p" —o)* + (p" — ) NK",

where we have used b(q(ksn, K_s) — ksn) = p(K,,) — ¢. The net profitability

M—N(L+1)( kR ¢
M L+1

7(0) — 7ft = bN (24)
of this deviation is strictly positive if L+1 < % Hence, k can be sustained as a symmetric

equilibrium only if L +1 > %

Sufficiency under symmetric deviations Consider a symmetric deviation by s to k£ in
all local markets in which it has production capacity. The deviation profit 7 (k) of firm s
equals

(k)

— = (k) = p((L = D"+ k)E + (p((L = DET + k) = e)g(k, (L = DEY),

in this case, with the retail price given by

F(k) = —p((L — Dk + k) + %;ﬁ
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The second-order condition

ONb N(L+1)-M _ 2Nb . L  M-N

TR =T M(L+1) L J=0

L+1 M '~

is satisfied if L +1 > %

Asymmetric deviations Assume that N > 2 and consider an asymmetric deviation by s

from k% in all markets to & 4 ¢ in one local market and &k — 5= in all other local markets.

This deviation profit equals

7(e) = #(e) Nk — p(K" +)(k" + ) — p(K" — 555) (N — k" —¢)
+(p(E" +e) = o)g(k" + ¢, (L — DE") + (N = 1)(p(K" — 555) = c)a(k" — 55, (L = DE"),

where 1 N-1 M—N
SN R — rR_ € — R _ R
7(e) = Mp(K +e)+ 7 p(K N—1)+ P =T

is the corresponding retail price. The marginal deviation profit becomes

o) — % N _
T T T IIN -

after simplification, which implies that 7(¢) is strictly convex in € and reaches its global
minimum at 7(0) = 2. Hence, there always exists a strictly profitable asymmetric deviation

from the symmetric equilibrium candidate £%.1

A.3 Sufficient existence conditions for Proposition 4

Consider a region consisting of 2 local markets. Assume that location 1 is the high price
market when these are spatially independent, p! > pl as well as linked, pff'" > plf". Let
all L,, firms in local market m have the same marginal production cost ¢,,, with ¢; > cs.
Assume also that demand is higher in region 1 than 2, D; > D,. Assume finally that the

number of firms in each market is large in the sense that:

Dy L3+1 Dy

Ly > — > —.
"D 2L, D,

(25)
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By the assumption that 1 is the high price market, Proposition 4 yields pf*f’ = p! and

RE Lo Lo+l D (pg — ) — %(pfw - PQRF)
Py —C =

26)
Lo—1 1D ) (
L§+1 + 7232

where D = Dy + D, is total demand in the region. By manipulating the two equilibrium
conditions for pff" and pf

we get:
Lz—lﬁ( I Lo—1 1 Doy I 1
Tot1l D \P2 C2)+(L 1T L D)(pl P3)
pit —pyt = =E T > 0. (27)
Lo+1 Lo D D

The numerator on the right-hand side of (27) is strictly positive by p} > ¢y and the assumption

that p! > pl. The denominator is strictly positive by (25). Hence, p

> pf" is consistent.
Turning to the existence of equilibrium, (25) implies that the local second-derivatives

—2b,0 L —2b,, (Dm 1 )
an —
(Ly + 1)2 L,+1" D L, +1

of the profit function with respect to the own retail position are negative independently of
whether location m is a high price or low price market

Consider first the incentive for firm [ in location 2 to deviate from k") assuming all other
firms play the proposed equilibrium strategies. Let ky solve po((Ly — 1)EF + k) = piiF:

~ Lo+1
k’zzkfF 2b2 (p _p2 )

By local strict concavity of the profit function, k%" is I’s best reply in the domain kj, > ko.
By the same token, marginal profit is positive in the entire domain [0, %) if and only if
marginal profit evaluated at ks is non-negative:

Ly—1

P~ cy) boky 1 L3+1
L2_|_1p1 C2

L, +1 L2L2+1(p2 - o)+

2L,
Ly+1

1 ay—c

RF RF 2 2
- >

(1 Py ) [y Ly+1 =

Substituting in the equilibrium expression (26), we get the condition

pRF pRF > éiﬁ Dl( — )
1 P2 = o 1)2 :
<L2§+1> Dy + t25(LaDy — Dy)
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By virtue of (27), we arrive at the condition:

_1\2
A VTD [ (Ly — 1) 20 4 (L2 + 1) 22)(p — )

I I Lo Lao+1
Py — Py 2> —
B (LyDy — DONEH + 4 %2)

(Lo — 12Dy + 2525

EEF is a global best-reply for a

which holds under the assumptions of this appendix. Hence,
firm with production in location 2.
Consider next the incentives of firm [ in location 1 to deviate from k. Let k; be the

solution to py((L — 1)kRF + ki) = piF:

Li+1
= (pfr

]N{l:k{%F b
1

p2 )

First, k¥ is [1’s best reply in the domain k;; < k1 by local strict concavity of the profit
function. Suppose now that k;; > 12:1, so that 1 becomes the low-price location. The profit of
firm [ equals

D
D2 (5" = pr((Ly = DA™ + kn))kn 4+ (01 (L — D)E + ki) — e1)qr (ki (L — 1)kT)

in this case, and the corresponding marginal profit is

Dy —bikn | D, Ly —1

DL+l D (3" = pr (L1 = DR + Kan)) + I (L = DR + k) — ).

Evaluated at k;; = ki, this marginal profit becomes

L1—1D2 Dl L1_1>( RF

- (=1 -1 - _ RF
i)~ (F i )

By local strict concavity, marginal profit is strictly negative for all k;; > k; if and only if

Li=1 Dy
RF Li+1 D I
Pt —ppt > —D1 1L 7 (p1— )
Li+1
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By substituting in (27), we can write this condition as

2Ly Di1—Ds
L2+]_ Li—1 ‘l—& pl 1 D 1 2
2 L+l " D 2
L1—1 D1Do 1 2 - Do \2
> _ il D? +L2(L1+1+L2 1)([))
- LL5+1(L1—1 + DD
Lo Lo+1\L1+1 D D

pi— s+ Lo

(P{ - 01)‘

The right-hand side of this expression is strictly negative. The expression on the left-hand
side is strictly positive by p! > pl, D; > Dy and ¢; > ¢, . In particular, the last two conditions
KRF

can be relaxed. Hence, represents a best-reply for producers active in location 1, which

establishes existence.

A.4 Effects of fixed-price retail contracts on production costs
The total production cost in period m equals

L

b,
TCm — chmqlm(klma K—lm) + T(Dm - Qm(Km))Q

=1

as a function of the retail positions in period m. By the definition of g, (kim, K_in) in eq.

(4) and because p,,(K,,) = ap — by Qum (K, we can write this cost as:

L
1 c c 1
_— K. ) — 24 — _m S § —
+ (Pm( m) Cm) + (am 2 b Clm — Cm,)

TCm == Z(Clm - Cm)klm 2bm bm -
=1

The difference in production cost under short-term contracting compared to the case when

firms sign fixed-price long-term retail contracts therefore equals
- 1
TC,, —TCy = ;(sz — ) (K, — Kipy) + E[(pﬁq — em)? = (D — em)?].

It is straightforward to verify that

Cm — Cim

KI
k{m:Tm+(Lm—1) and ki, =

m
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By substituting these two expressions into the cost difference above and aggregating over all

periods, we can write the total cost difference as
M
> (TC), - TCL) = AC + AP.
m=1

The term
L

Dz - Dm 2
22 S e~ )

m =1

NE

AC = (L-1)

m=1

is the part of the cost difference that can be traced down to within-market differences between
firms with market power. It is strictly positive unless ¢;,,, = ¢,,, for all L firms in every period

m. The term
M

AP =Y S l(th — cn)? = (0], — o))

m=1
is the part of the cost differential that can be attributed to between-market differences. As
the Lemma below shows, AP is strictly negative unless o= remains constant in all contract
periods m. The total cost difference can be positive or negative, depending on which of AC
and AP dominates. Long-term contracting leads to a reduction in total production costs if
the main source of heterogeneity is differences between firms. Short-term contracting is more

efficient if instead most of the heterogeneity stems from differences between markets.

Lemma 6 The difference in the variability of price-cost margins under short-term versus

at
Ct

long-term contracting, as defined by AP, is strictly negative unless = = % in all contract

periods m,t, in which case AP = 0.

Proof: Let M be the subset of periods with maximal ratio 2. We first show that a marginal

reduction in demand —D,, in each of the periods in M causes AP to increase. Substitute in

, b Do — € — by KL byDyy — e b Dy — o — by Dy ME-
L+1 L2411 L+1

(28)

into AP and perform a total differentiation:

MKT p —c pl —c

dAP = m_m T ) (—dD,,
210 e

meM

M
MKT

2: T

_'_L—l—l Dt(pt —Ct)d D .

t=1

35



Substitute in o .,
SMET Y (i + Ly — 2457)dDn
D Zi\il ar Dy

into dAP to obtain:

MKT pr' —¢c,, pl —cn,
AP = 1— m -
d > bl D )11 i1

mEM
L (1K£1+ L—1 MKT)Zi\ilDt(p?_ct)
L+1'LD, L*+1 ~ DL’ M 4D,

|(—=dD,,).

By utilizing the expressions in (28), we can rewrite the above expression as:

L L L-1 MKT L—-1 MKT 1¢
AP = —— m — - S
d L+1 Za [L+1(L2+1 ot 2517 DL " Lay
meM
1K! L—-1 _MKT 1 M Dy(pf —
+ (_ m oy _9 ) . Zt:l Mt(pt Ct) (—dDm)
LD, IL2+1 DL '\ I2+1 SV D,

Finally, use

_DHAMET e S DGl ) S D,
L — ]_ DL szf\il CLtDt Zi\il a'tDt
and M
LKI MKT  L—1Y,0 Dyt —2)ema
LD, DL L*+1 M aD,
to obtain

L(L-1)2L" + L+1 Zi\il ey Dy Zi\g > menr CmCeDy(22 — ) (—=dDyy)

dAP =
(L+1)2 (L>+41)? Zi\il a; Dy Zi\il a Dy

By the construction of M, 9= = 2 for all m,t € M and %= > % for all m € M and ¢ ¢ M.
This implies dAP < 0, unless ez is the same in all M periods, in which case dAP = 0. It
follows that any shaving of the peak periods (defined in terms of those with maximal ‘Z—Z) by
—dD,, causes AP to increase. Hence, AP is maximized when o= = A in every period m. If

this is the case, then
_ yy — Oy A—1

I_ — frg
Pn = Cm L2 +1 L2+1€m
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and

U — o — b DB MET A —1 — \MET A—1

L+1 - L+1 Cm = T2

p% —Cm =
where we have substituted in

r o L—1L3M D 1)e L—1x—-1

D
CTPHL Sioel MUPHL A

into pI’ — ¢, and simplified. As spot prices here are the same under long-term and short-
term contracting in all periods, it follows that AP = 0 if ¢ = X\ in every period m. Hence,

AP <0, with strict inequality in the generic case 2= # 2t for some periods m and ¢.l
m t

A.5 A model of retail competition in prices

Let retail competition be in prices instead of quantities as in the main text. The purpose is to
show that the mode of retail competition does not affect the main result of a pro-competitive
effect of linking retail markets across space. Let each vertically integrated firm be active in
one single local market. Assume that all local markets are symmetric.

Let the retail demand facing firm [ in market m be
Kim = k(Tim, T—im) = & = T + (1 = 0)7 4

depending on the firm’s retail price r;, and the average price of all vertically integrated
retailers other than [ in local market m: r_;, = ﬁzl 1 Tim- The degree of horizontal
differentiation is increasing in the parameter o € [0,1], with ¢ = 1 signifying monopoly
prices. Alternatively, one can write retail demand as

1—0

Ttm + ——(1 — 0)rpm,

k(rlm,rm):a—(l—kﬁ) 71

where r,, = %Zlerim is the average retail price of all vertically integrated producers in
market m, including [. Summing up over all L firms yields the total volume of retail sales
K,, = La — Lor,, by the L vertically integrated producers in market m.

Assume that the M retail markets are linked and that retailers compete in markups 6,
over the quantity-weighed average price r(K) defined in (8): ry,, = 65,,7(K). Independent

retail markets is a special case where M = 1. Let 6,, = %ZZL:19lm be the average retail
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markup in local market m. The M demand functions
K,, = La — Lor(K)#0,,

implicitly define total retail demand in market m, K,,(0), depending on the vector 8 =

(01, .., 00, ..,0)) of average retail markups in all M markets,

L 1—
F(Oun, 8) = o+ (K(0)) (= (1 ) — (17— )61),
defines the individual retail demand facing firm [ in market m, and
K—lm(elma 0) = Km(e) - k(elma 9)
is the demand of the other L — 1 firms in market m.
A total differentiation of retail demand yields
K1 Lo, 2r)
W0 T ot ()
m 1+ M Lob; aK
and -
K, 1 Lob, 2%
ZQ”EZ dK FEE) 00,,7(K) for n # m.
m 1+ M Lo, 28 e
For future reference: on(
i 8K 1 —Gelotr(K)
o bm L~ 1+ Lo S0, 6,50

is the marginal effect on the linked retail price of an increase in 6;,,.

Firm [ sets its markup 6, to maximize the total profit
(O (K(0)) — p(Kn(0))) k(01 0) + (p(Kn(0)) — ¢)q(k(Om, 0), K1 (01, 0))

taking the markups of all other firms in market m as given. The profit maximizing markup
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is a trade-off between the strategic spot-market effect and the marginal effect on retail profit:

8¢ Ok Ok 1 0¢ 0K 1 0K i1 oK, 1

W) = G, T 90,1 T oK 00, 00, L) g, T
M
or 0K, 1 ok ok 1
+(r+ le;a—m@z)klm + (Oimr — p(Km))(% + @Z)

Set the marginal profit to zero, let 6;,, = 6 for all firms in all markets, invoke the functional
forms from Lemma 1 and the above comparative statics results on the retail demand to obtain

the symmetric equilibrium markup 6 as a solution to Z(6, M) = 0, where

ZO,M)= (11— 150)00(p(K () — c)+2=

M L+1 o L+1
+ (1= gL = ot = Bp(K(9)) — )1 = g (L = §)ot)
and
K(9) a—(c+ {55)ob
L 1-Lso0

is the firm-level retail volume. Let §7(M) be the smallest solution to Z(, M) = 0, i.e. 6%(M)

is the most competitive retail equilibrium when retail markets are linked. Observe that

b M-—1 292[1((9)+ 2L

oL L+1

(p(K(0)) — ¢) — Op(K(0)) + ]

is positive for o sufficiently close to zero. In this case, Z(6,1) > 0 for all § < #%(M) and
therefore all solutions Z(0!,1) = 0 satisfy 0/ > 0%(M) for M > 2. Under the reasonable

assumption that % > « so that the retail sales are decreasing in the markup,
K'(0) o a+ Lc—alb <0
- _ - ’
L L+1(1— Liz00)?

it follows that retail sales are higher, K(0%(M)) > K(6'), and spot market competition
therefore more intense when retail markets are linked compared to the case of independent

retail markets.
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