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Abstract

This appendix contains the analysis and proofs of formal statements that extend results

in Tangerås and Wolak (2024). The appendix analyzes (i) general cost and inverse demand

functions; (ii) an arbitrary number of asymmetric local markets; (iii) the case where pro-

ducers own generation capacity and exercise market power in multiple local markets; (iv)

oligopoly in the local short-term market; (v) multiple trading periods in the forward market.
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1 Introduction

This appendix contains the analysis and proofs of formal statements in Section 5 of Tangerås and

Wolak (2024). Section 2 allows more general cost and inverse demand functions than the linear

specifications analyzed in the main text. Section 3 extends the analysis to an arbitrary number

of asymmetric local markets. Section 4 generalizes the analysis to the case where producers may

own generation capacity in multiple local markets instead of just in one local market. Section 5

considers oligopoly in each local short-term market. Finally, Section 6 compares the equilibrium

in a spatially independent market design if there are two compared to one trading period in the

forward market.
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2 General cost and inverse demand functions

There are two symmetric local markets with H ≥ 1 retailers, one large producer with market

power, and a competitive fringe in each local market. The producer has total production cost

C(q) ≥ 0, q ∈ R. The total demand from each large consumer is constant and equal to D
H > 0.

Consumers value electricity usage at v > 0 per MWh. Each consumer has an additional benefit

B(kh) ∈ R of trading in the forward market. In Tangerås and Wolak (2024), B(kh) = −ψ×(DH −
kh), where ψ ≥ 0. The competitive fringe supplies the residual demand net of the producer’s

supply, D−q ∈ R, at upward-sloping linear marginal costMC(D−q) = P (q) ∈ R. All functions
are twice continuously differentiable.

We assume that the underlying cost and demand functions yield regular demand and profit

functions in the following sense: (i) the spatially independent market design and the one where

markets are linked through a regional forward contract each feature a symmetric interior equi-

librium; (ii) the demand KRI
m (fm, f−m) for forward contracts in a regional forward market is

strictly decreasing in the own forward price fm; (iii) the forward demand function KRI
m (f, f) is

strictly decreasing in the symmetric forward price f ; (iv) the producer’s marginal profit function
∂ΠRIm (f,f)

∂fm
is strictly decreasing in the symmetric forward price f .

The rest of this section is organized as follows. Section 2.1 characterizes the equilibrium in

a spatially independent market, and Section 2.2 does the same under the assumption that local

markets are linked through a regional forward contract. Section 2.3. compares the equilibrium

forward quantities under the two different designs.

2.1 Spatially independent markets

Short-term markets and forward markets are both local under this market design.

Equilibrium in the short-term market The profit of the producer is

(f − P (q))k + P (q)q − C(q). (1)

The first term measures the forward profit if the producer has sold contracts for k MWh elec-

tricity in the forward market at a price of f per MWh, and the firm produces q MWh electricity.

The two other terms represent the profit in the short-term market. Maximizing (1) over q yields

the first-order condition

−P ′(q)k + P (q)− c+ P ′(q) = 0 (2)

for the production of the monopoly in the short-term market. This yields profit maximizing

quantity q(k) and short-term price p(k) = P (q(k)). Both functions are continuously differen-

tiable.

Substituting q(k) into (1) delivers the profit

Π(k, f) = (f − P (q(k)))k + P (q(k))q(k)− C(q(k)) (3)
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of the monopolist written as a function of the forward quantity k and the forward price f .

The demand for local forward contracts The profit of consumer h is

ΩI
h(kh, k−h, f) = −(f − p(k))kh + (v − p(k))

D

H
+B(kh) (4)

The first term is the forward market deficit. It is equal to the forward price f minus the exercise

price p(k) of the forward contract, multiplied by the forward quantity kh. The second term is

consumer h’s profit in the short-term market. It is equal to the value v of consumption minus

the price p(k) of electricity in the short-term market, multiplied by the individual demand D
H

for electricity. The third term is the additional benefit of forward contracting.

All consumers move simultaneously and independently in stage 2 of the game. The marginal

effect on profit of increasing the forward quantity kh is

∂ΩI
h

∂kh
= −(f − p(k))− p′(k)(

D

H
− kh) +B′(kh)

A marginal increase in the demanded forward quantity kh has a direct effect on consumer h

profit by increasing the forward market deficit. This is the first term on the right-hand side

of the marginal profit expression. An increase in demand also reduces the short-term price of

electricity, p′(k) < 0. The marginal value of this indirect, pro-competitive effect of forward

contracting, is measured by the second term. The final term is the marginal benefit of reducing

the imbalance between consumption and the forward quantity.

By setting ∂ΩIh
∂kh

= 0 and using symmetry, kh = k
H for all h, we get

f = p(k)− p′(k)
D − k
H

+B′(
k

H
) (5)

as the implicit solution to the demand k = KI(f) for forward contracts.

Differentiating the above equilibrium condition yields the marginal effect

KI′(f) =
1

p′(k)H+1
H − p′′(k)D−kH + 1

HB
′′( kH )

(6)

on demand of an increase in the forward price.

The price of local forward contracts Substitute KI(f) into Π(k, f) defined in (3) to get

the producer profit

ΠI(f) = [f − P (q(KI(f)))]KI(f) + P (q(KI(f)))q(KI(f))− C(q(KI(f)))

as a function of the forward price f . The marginal effect of a small increase in the forward price

is
∂ΠI

∂f
= k + [f − p(k)]KI′(f) + [−P ′(q)k + P (q) + P ′(q)q − C ′(q)]q′(k)KI′(f)
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By way of the first-order condition (2) in the short-term market, the equilibrium forward price

f I solves

kI + [f I − p(kI)]KI′(f I) = 0,

where kI = KI(f I). If we use (5) to get rid of f I , then we can alternatively write the equilibrium

condition for the forward quantity kI as

kI

KI′(f I)
= p′(kI)

D − kI
H

−B′(k
I

H
). (7)

2.2 Linking forward markets across space

This extension of the model is similar to Section 3.2 in Tangerås and Wolak (2024), where the

settlement price in the forward market is the average, 1
2(p1 + p2), of the short-term prices in the

two markets.

Equilibrium in the short-term market The third-stage profit of the producer in local

market m equals

[fm −
1

2
(P (q1) + P (q2))]km + P (qm)qm − C(qm), (8)

Maximization of the profit of the monopoly producer yields the first-order condition

−P ′(qm)
km
2

+ P (qm) + P ′(qm)qm − C ′(qm) = 0. (9)

In particular, the equilibrium production satisfies qm(km) = q(km2 ), and the short-term price is

pm(km) = p(km2 ).

By substituting these expression into (8), we obtain the profit function

Πm(km, k−m, fm) = [fm −
1

2
(P (q(

k1

2
)) + P (q(

k2

2
)))]km + P (q(

km
2

))q(
km
2

)− C(q(
km
2

)) (10)

of producer m as a function of its own forward quantity km, the forward quantity k−m in the

other local market, and the forward price fm.

The demand for regional forward contracts Consumer h in local market m maximizes

ΩRI
hm(khm, k−hm, k−m, fm) = −[fm −

1

2
(p(

k1

2
) + p(

k2

2
))]khm + [v − p(km

2
)]
D

H
+B(khm)

over khm. Solving the first-order condition yields

fm =
1

2
(p(

k1

2
) + p(

k2

2
))− 1

2
p′(
km
2

)(
D

H
− 1

2

km
H

) +B′(
km
H

), (11)
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in local market m, where km = KRI
m (fm, f−m). Total differentiation of the two first-order

conditions yield the comparative statics results

∂KRI
m

∂fm
=

4Zm

Z1Z2 − p′(k12 )p′(k22 )
,
∂KRI
−m

∂fm
=

−4p′(k−m2 )

Z1Z2 − p′(k12 )p′(k22 )
(12)

where

Zm = p′(
km
2

)
H + 1

H
− p′′(km

2
)(
D

H
− 1

2

km
H

) +
4

H
B′′(

km
H

). (13)

These comparative statics results will be useful later.

The price of regional forward contracts InsertingKRI
1 (f1, f2) andKRI

2 (f2, f1) intoΠm(km, k−m, fm)

defined in (10) delivers the first-stage profit

ΠRI
m (fm, f−m) = [fm −

1

2
{P (q(

KRI
1 (f1, f2)

2
)) + P (q(

KRI
2 (f2, f1)

2
))}]KRI

m (fm, f−m)

+P (qm(
KRI
m (fm, f−m)

2
))qm(

KRI
m (fm, f−m)

2
)− C(qm(

KRI
m (fm, f−m)

2
))

of producer m. Invoking the first-order condition (9) from the short-term market delivers pro-

ducer m’s marginal profit

∂ΠRI
m

∂fm
= [1− 1

4
p′(
k−m

2
)
∂KRI
−m

∂fm
]km + [fm −

1

2
(p(

k1

2
) + p(

k2

2
))]
∂KRI

m

∂fm
. (14)

An interior symmetric equilibrium fRI1 = fRI2 = fRI solves ∂ΠRIm (fRI ,fRI)
∂fm

= 0.

2.3 Comparison of market designs

The purpose of this section is to show that kRI ≥ 2kI if B(km) = −ψ × (DH − khm), and where

the inequality is strict if ψ > 0. Rewrite the marginal profit expression (14) as

1
∂KRI

m
∂fm

∂ΠRI
m

∂fm
= B′(

km
H

) + [1− 1

4
p′(
k−m

2
)
∂KRI
−m

∂fm
]
km
∂KRI

m
∂fm

− 1

2
p′(
km
2

)(
D

H
− 1

2

km
H

)

after invoking the equilibrium condition (11) from the demand for forward contracts. Next,

evaluate this marginal profit expression at the symmetric forward price f1 = f2 = f̂ for which

KRI
m (f̂ , f̂) = 2kI :

1

∂KRI
m (f̂ ,f̂)
∂fm

∂ΠRI
m (f̂ , f̂)

∂fm
= B′(

2kI

H
) + [1− 1

4
p′(kI)

∂KRI
−m(f̂ , f̂)

∂fm
]

2kI

∂KRI
m (f̂ ,f̂)
∂fm

− 1

2
p′(kI)

D − kI
H
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Substitute in (7) to get

1
∂KRIm (f̂ ,f̂)

∂fm

∂ΠRI
m (f̂ , f̂)

∂fm
= B′(2kI

H )− 1
2B
′(k

I

H )

+1
2{[1−

1
4p
′(kI)

∂KRI
−m(f̂ ,f̂)

∂fm
] 4KI′(fI)
∂KRIm (f̂ ,f̂)

∂fm

− 1} kI

KI′(fI)

(15)

Apply symmetry to (12) and (13) to get the partial derivatives

∂KRI
m (f̂ , f̂)

∂fm
=

4[p′(kI)H+1
H − p′′(kI)D−kIH + 4

HB
′′(2kI

H )]

[p′(kI)H+1
H − p′′(kI)D−kIH + 4

HB
′′(2kI

H )]2 − [p′(kI)]2

∂KRI
−m(f̂ , f̂)

∂fm
=

−4p′(kI)

[p′(kI)H+1
H − p′′(kI)D−kIH + 4

HB
′′(2kI

H )]2 − [p′(kI)]2

of the demand for regional forward contracts evaluated at f1 = f2 = f̂ . Substitute these

expressions and

KI′(f I) =
1

p′(kI)H+1
H − p′′(kI)D−kIH + 1

HB
′′(k

I

H )

from (6) into the expression in curly brackets on the second row of the marginal profit expression

(15) and simplify to

[1− 1

4
p′(kI)

∂KRI
−m(f̂ , f̂)

∂fm
]
4KI′(f I)
∂KRI

m (f̂ ,f̂)
∂fm

− 1 = [4B′′(
2kI

H
)−B′′(k

I

H
)]
KI′(f I)

H
.

Insert this expression into (15) to write the marginal profit of the producer with market power

in local market m as

∂ΠRI
m (f̂ , f̂)

∂fm
= {B′(2kI

H
)− 1

2
B′(

kI

H
) +

1

2
[4B′′(

2kI

H
)−B′′(k

I

H
)]
kI

H
}∂K

RI
m (f̂ , f̂)

∂fm
(16)

evaluated at f1 = f2 = f̂ . The expression within curly brackets on the right-hand depends

entirely on the properties of B(x). In Tangerås and Wolak (2024), B(khm) = −ψ × (DH − khm),

ψ ≥ 0, in which case (16) simplifies to

∂ΠRI
m (f̂ , f̂)

∂fm
=
ψ

2

∂KRI
m (f̂ , f̂)

∂fm
≤ 0.

The inequality follows from the regularity assumption that ∂K
RI
m

∂fm
< 0. By the assumed monotonic-

ity of ∂ΠRIm (f,f)
∂fm

in f , we get ∂ΠRIm (f,f)
∂fm

< 0 for all f > f̂ . By necessity, all symmetric equilibria

f1 = f2 = fRI satisfy fRI ≤ f̂ , with strict inequality if ψ > 0. Since KRI
m (f, f) is strictly

decreasing by assumption, we get

kRI = KRI
m (fRI , fRI) ≥ KRI

m (f̂ , f̂) = 2kI ,
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with strict inequality if ψ > 0. We collect our findings in the following result:

Proposition 1 Linking two symmetric markets through a regional forward contract is pro-
competitive relative to a spatially independent market design, kRI ≥ 2kI with strict inequality if

ψ > 0, for any pair {C(q), P (q)} of twice continuously differentiable cost and inverse demand
functions that yield regular demand and profit functions.

The right-hand side of (16) is strictly negative even for other formulations of B(khm) than

B(khm) = −ψ × (DH − khm), ψ > 0. We give two examples. If B(khm) = −eψ(D
H
−khm), ψ > 0,

then

B′(
2kI

H
)− 1

2
B′(

kI

H
) +

1

2
[4B′′(

2kI

H
)−B′′(k

I

H
)]
kI

H

=
ψ

2
eψ

D−kI
H [2e−ψ

kI

H − 1− ψ

2
(4e−ψ

kI

H − 1)
kI

H
].

The expression inside the square brackets on the right-hand side converges to 1 as ψ → 0, so

the left-hand side is strictly positive for ψ suffi ciently close to zero.

If B(khm) = − ψ
1+ρ(DH − khm)1+ρ, ψ > 0, ρ > 0, then

B′(
2kI

H
)− 1

2
B′(

kI

H
) +

1

2
[4B′′(

2kI

H
)−B′′(k

I

H
)]
kI

H

=
ψ

2
(
D − kI
H

)ρ−1[(2(
D − 2kI

D − kI )ρ − 1)
D − kI
H

− ρ(4(
D − kI
D − 2kI

)1−ρ − 1)
kI

H
].

The expression inside the square brackets on the right-hand side converges to D−kI
H > 0 as

ρ→ 0, so the left-hand side is strictly positive for ρ suffi ciently close to zero.

3 Multiple asymmetric local markets

This section generalizes the model to an arbitrary number M ≥ 2 of local markets that are

heterogeneous in terms of demand characteristics and production costs. We maintain the as-

sumption of one producer with market power and H ≥ 1 large consumers in each local market.

Index local markets (and individual producers with market power) by m ∈M = {1, ...,M}.
In the first stage, each producer m sets a forward price fm ≥ 0 per MWh at which it is willing

to sell an unlimited forward quantity. In the second stage, each large consumer h ∈ {1, ...,H} in
local market m purchases forward quantity khm ∈ R from producer m. Denote by km =

∑
h khm

the total forward quantity sold by producer m. In the third stage, each producer m decides how

much electricity, qm ∈ R, to produce for the short-term market at constant marginal cost cm ≥ 0.

Each large consumer in m uses DmH > 0 MWh electricity, so that the total demand for electricity

in local market m equals Dm. Let D = 1
M

∑
mDm be the average demand for electricity across

the M local markets. The residual demand Dm − qm ∈ R in each local market is covered by a
local competitive fringe that supplies electricity at linear marginal cost bm(Dm − qm), bm > 0.

The inverse demand curve facing the producer in the short-term market m can then be written

as pm = Pm(qm) = am − bmqm, where am = bmqm.
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3.1 Spatially independent markets

Assume that all forward contracts sold by producer m settle against the local spot price pm.

The analysis is qualitatively the same as in Section 3.1 of Tangerås and Wolak (2024) with

adjustment for notation. The equilibrium forward quantity and short-term price equal

kIm =
Dm + 2H ψ

bm

H + 2
, pIm =

am + am
2

− 1

2

am + 2Hψ

H + 2
(17)

in short-term market m.

3.2 Linking forward markets across space

Let all forward contracts settle against the same quantity-weighted average, 1
M

∑
m pm, of the

spot prices in all M local markets. The producer in local market m receives and consumers

in local marketm pay the local short-term price pm for their production and consumption,

respectively. The analysis of the spot market is qualitatively the same as in Section 3.2 of

Tangerås and Wolak (2024). In particular, the production by producer m and the spot price in

local market m equal

qm(km) =
1

2

am − cm
bm

+
1

2

Dm

D

km
M
, pm(km) =

am + cm
2

− bm
2

Dm

D

km
M

if producer m has sold km MWh electricity in the forward market.

Turning next to the demand for forward contracts, each large consumer h in local market m

purchases forward quantity khm from producer m to maximize profit

ΩRI
hm(k, fm) = −[fm −

1

M

∑
n∈M

Dn

D
pn(kn)]khm + [v − pm(km)]

Dm

H
− ψ(

Dm

H
− khm),

taking the aggregate forward quantity k−hm by all other large consumers in local market m, the

aggregate forward quantities k−m = (k1, ..., km−1, km+1,...,kM ) in all other local markets, and

the forward price fm as given. We can use the M first-order conditions

fm −
1

M

∑
n∈M

Dn

D
pn(kn) =

bm
2M

(
Dm

D
)2MD − km

MH
+ ψ (18)

for consumers’profit-maximization (where we have applied p′m(km) = − bm
2M

Dm
D and symmetry,

khm = km
H ) to solve for the demand function

KRI
m (f) =

M

bm
(
D

Dm
)2 (MH + 1)DmD am +MHc+ 2MH(ψ − fm +H

∑
n∈M(fn − fm))

MH + 1
,

for forward contract in local market m as a function of the forward prices f = (f1, ..., fM ) of all

M producers with market power.1 In this demand expression, c = 1
M

∑
n∈M

Dn
D cn measures the

1Strict concavity with respect to khm in consumer h’s profit function, ∂2ΩRIhm/∂k
2
hm = −bm(Dm

MD
)2 < 0, implies
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quantity-weighted average of the marginal production costs of all producers with market power

across the M local markets. The demand for forward contracts is linearly decreasing in the own

forward price and linearly increasing in the forward prices of the producers in the other local

markets:

∂KRI
m

∂fm
= −2M2H

bm
(
D

Dm
)2 (M − 1)H + 1

MH + 1
,
∂KRI

n

∂fm
=

2M2H

bn
(
D

Dn
)2 H

MH + 1
, n 6= m. (19)

At the first stage of the game, each local producerm chooses its forward price fm to maximize

profit

ΠRI
m (f) = [fm −

1

M

∑
n∈M

Dn

D
pn(KRI

n (f))]KRI
m (f) + [pm(KRI

m (f))− cm]qm(KRI
m (f)),

taking the forward prices of the other suppliers as given. The first term in producerm’s marginal

profit expression

∂ΠRI
m (f)

∂fm
= [1− 1

M

∑
n/∈m

Dn

D
p′n(kn)

∂KRI
n

∂fm
]km + [fm −

1

M

∑
n∈M

Dn

D
pn(kn)]

∂KRI
m

∂fm

measures the marginal benefit of an increase in the forward premium, and the second term

represents the marginal cost of a decrease in the demand for forward contracts. Substituting the

forward premium (18) and the marginal demand effects (19) into producer m’s marginal profit

function and setting the expression to zero, enables us to solve for the forward quantity

kRIm =
MD + 2M2H( D

Dm
)2 ψ
bm

H + 2

sold by producer m in equilibrium.2 This expression generalizes kRI characterized in Section 3.2

of Tangerås and Wolak (2024) to the case of M ≥ 2 asymmetric markets. The corresponding

equilibrium price in spot market m equals

pRIm = pm(kRIm ) =
am + cm

2
− 1

2

am + 2MH D
Dm

ψ

H + 2
(20)

3.3 Comparison of market designs

A comparison of the quantity-weighted equilibrium prices pIm characterized in (17) in the spa-

tially independent market design with the quantity-weighted equilibrium prices pRIm characterized

in (20) in a market design in which local markets are linked through a regional forward contract,

yields:

Proposition 2 Consider an electricity market with M ≥ 2 local markets. Let there be one

that the individual demand khm =
KRI
m (f)

H
indeed represents an equilibrium best-response.

2Strict concavity, ∂2ΠRI
m /∂f2m = [2 +H (M−2)H+H−1

MH+1
]
∂KRI

m
∂fm

< 0, of producer m’s profit function implies that

the solution to the first-order condition ∂ΠRI
m (f)/∂fm = 0 indeed represents an equilibrium.
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producer with market power in each local market, and assume that each producer is active only

in one local market. Linking the M local markets through a regional forward contract with a

settlement price equal to the quantity-weighted average of the shot-term prices in those M mar-

kets, increases competition in the short-term markets by reducing the quantity-weighted average

of the short-term prices,

1

M

∑
m∈M

Dm

D
(pIm − pRIm ) =

M − 1

H + 2
Hψ ≥ 0, (21)

compared to the benchmark of spatially independent markets. The inequality is strict if ψ > 0.

An alternative formulation of this proposition is that consumers’total spot market purchases

across theM local markets are cheaper under a regional forward contract, compared to a design

with M local forward markets. The proposition also speaks to the effi ciency of bundling local

forward markets through a regional forward contract. The average pro-competitive effect is

stronger when more markets are linked because the right-hand side of (21) is increasing in M .

To derive a formal result, consider a collection O of O local markets indexed by o. Assume

that O initially is partitioned into two regional forward markets,M and N . The first regional
forward market encompasses M local markets indexed by m, and the other consists of N local

markets indexed by n. Let the average electricity demand per local market be equal to DM in

M and DN in N . Using (20) we get the total spot market expenditures

∑
m∈M

Dmp
RI
m =

∑
m∈M

Dm
(H + 1)am + (H + 2)cm

2(H + 2)
− H

H + 2
M2DMψ

across theM local markets contained in regionM under a regional forward contract that settles

against the quantity-weighted average of the spot market prices in those M local markets. A

corresponding expression exists in the N local markets contained in region N . Summing up
across all markets yields the total spot market expenditures

∑
m∈M

Dmp
RI
m +

∑
n∈M

Dnp
RI
n =

∑
o∈O

Do
(H + 1)ao + (H + 2)co

2(H + 2)
− H

H + 2
(M2DM +N2DN )ψ

when there are two regional forward markets. In a single regional forward market that spans all

O =M∪N local markets, the total spot market expenditures are instead

∑
o∈O

Dop
RI
o =

∑
o∈O

Do
(H + 1)ao + (H + 2)co

2(H + 2)
− H

H + 2
O2DOψ,

where DO = 1
O

∑
o∈ODo. Subtracting the spot market expenditures under the two different

regional market designs yields:

Corollary 1 Merging two regional forward markets M and N into a larger regional forward

market O =M∪N reduces consumers’total spot market expenditures on electricity across the

O = M+N short-term markets that constitute the geographical footprint of the enlarged regional

10



forward market by

∑
m∈M

Dmp
RI
m +

∑
n∈M

Dnp
RI
n −

∑
o∈O

Dop
RI
o =

HMN

H + 2
(DM +DN )ψ ≥ 0,

with strict inequality if ψ > 0.

By this corollary it would be globally effi cient to link all local markets through one global

forward market, although doing so would not necessarily reduce spot prices in all local markets.

4 Producers active in multiple markets

Assume that there are M ≥ 2 asymmetric local markets with one local monopoly in each

market. Let there be 1 ≤ S ≤ M producers. Every regional monopoly producer s is active

(owns generation capacity) in a subsetMs of the M local markets. We denote such a company

a regional monopoly. Denote byMs ≥ 1 the cardinality ofMs. By this construction,
∑S

s=1Ms =

M .

4.1 Linking forward markets across space

Regional ownership of generation assets does not matter under spatial independence by the

assumption that local markets are functionally independent. Hence, we only consider the case

when local markets are linked through a regional forward contract.

Equilibrium in the short-term market The third-stage profit of producer s equals

[fs −
1

M

M∑
n=1

Dn

D
Pn(qn)]ks +

∑
m∈Ms

[Pm(qm)− cm]qm,

where ks =
∑

m∈Ms
km is the total forward quantity sold by producer s. Maximizing over qm,

m ∈Ms, yields the first-order condition

− 1

M

Dm

D
P ′m(qm)ks + Pm(qm)− cm + P ′m(qm)qm = 0

We can then solve for the quantity produced and the short-term price

qm(ks) =
1

2

am − cm
bm

+
1

2

Dm

D

ks
M
, pm(ks) = P (qm(ks)) =

am + cm
2

− bm
2

Dm

D

ks
M

(22)

in m ∈Ms.

The demand for regional forward contracts The consumer in market m ∈Ms maximizes

ΩRI
hm(khm, k−hm,k−m, fm) = −[fs−

1

M

S∑
t=1

∑
n∈Mt

Dn

D
pn(kt)]khm+[v−pm(ks)]

Dm

H
−ψ(

Dm

H
−khm)

11



over khm. Differentiating with respect to khm yields the first-order condition

fs −
1

M

S∑
t=1

∑
n∈Mt

Dn

D
pn(kt) =

bm(DmD )2MD − zskm
2M2H

+ ψ, zs =
∑
n∈Ms

bn(
Dn

D
)2.

The maximization problem is strictly concave by ∂2ΩRIhm
∂(kRIhm)2

= − zs
M2 < 0. Summing up the first-

order conditions across all those local markets in which s owns generation capacity, produces

the forward premium

fs −
1

M

S∑
t=1

∑
n∈Mt

Dn

D
pn(kt) =

zs
Ms

MD − ks
2M2H

+ ψ. (23)

By implication,

fs −
zs
Ms

MD − ks
2M2H

= ft −
zt
Mt

MD − kt
2M2H

,

for all pairs of regional monopolies s and t, which we can use to solve for the forward quantity

kt
kt
M

= 2MH(fs − ft)
Mt

zt
+ (

zt
Mt
− zs
Ms

)
Mt

zt
D +

Mt

zt

zs
Ms

ks
M
,

as a linear function of ks. We can then derive the average price in the region controlled by t

1

M

∑
n∈Mt

Dn

D
pn(kt) =

1

M

∑
n∈Mt

Dn

D
(
an + cn

2
− bn

2

Dn

D

kt
M

)

=
1

M

∑
n∈Mt

Dn

D

cn
2
−H(fs − ft)Mt +

Mt

M

zs
Ms

MD − ks
2M

as a linear function of ks. Now sum up over all local monopolies to solve for the average short-

term price

1

M

∑
t

∑
n∈Mt

Dn

D
pn(kt) =

1

M

∑
n

Dn

D

cn
2
−H

∑
t6=s

(fs − ft)Mt +
zs
Ms

MD − ks
2M

.

We can then substitute this expression back into (23) and solve for the demand

KRI
s (f) = MD +

2M2H

MH + 1

Ms

zs

1

M

∑
n

Dn

D

cn
2

+
Ms

zs

2M2H

MH + 1
[ψ − fs +H

∑
t6=s

Mt(ft − fs)]

for forward contracts from producer s.The demand for forward contracts is linearly decreasing

in the own-forward price, and linearly increasing in the forward price of the other producers:

∂KRI
s

∂fs
= −Ms

zs

2M2H

MH + 1
[1 +H(M −Ms)],

∂KRI
t

∂fs
=
Mt

zt

2M2H

MH + 1
HMs. (24)

12



The price of regional forward contracts Let us now solve for the forward price fs that

maximizes the profit

ΠRI
s (f) = [fs −

1

M

∑
t6=s

∑
n∈Mt

Dn

D
pn(kt)−

1

M

∑
m∈Ms

Dm

D
Pm(qm(ks))]ks

+
∑

m∈Ms

[P (qm(ks))− cm]qm(ks)

of producer s subject to kt = KRI
t (f) for all t. The marginal profit of charging a higher forward

price fs equals

∂ΠRI
s

∂fs
= [1− 1

M

∑
t6=s

∑
n∈Mt

Dn

D
p′n(kt)

∂KRI
t

∂fs
]ks + [fs −

1

M

∑
t

∑
n∈Mt

Dn

D
pn(kt)]

∂KRI
s

∂fs

+
∑

m∈Ms

[− 1

M

Dm

D
P ′m(qm)ks + Pm(qm)− cm + P ′m(qm)qm]q′m(ks)

∂KRI
s

∂fs

The expression on the second-row is only of second-order importance and therefore vanishes.

The second-order condition is met by

∂2ΠRI
s

∂f2
s

=
(2M −Ms)H + 2 +MsH

2(M −Ms)

MH + 1

∂KRI
s

∂fs
< 0

We can therefore proceed to solve for the first-order condition.

Substitute in the marginal demand effects (24) and the forward premium (23) into the

marginal profit expression and solve the first-order condition ∂ΠRIs
∂fs

= 0 for the equilibrium

forward quantity sold by regional monopoly s:

kRIs =
MD + 2M2HMs

ψ
zs

MsH + 2
.

This expression generalizes kRIm defined in equation (43) in Tangerås and Wolak (2024) to the

case where firm s has monopoly power in Ms ≥ 1 short-term markets.

We can then calculate the price in local market m ∈Ms

pRIm = pm(kRIs ) =
am + cm

2
− bm

2

Dm

D

D + 2MHMs
ψ
zs

MsH + 2

and then aggregate across all m ∈Ms to get the quantity-weighted average spot price

1

M

∑
m∈Ms

Dm

D
pRIm =

1

M

∑
m∈Ms

Dm

D

am + cm
2

− 1

2M

zsD + 2MHMsψ

MsH + 2

charged by producer s.

13



4.2 Mergers

Consider a merger between two firms s and t to form the single entity u in a regional forward

market. Specifically, the merged entity has monopoly power in the subset Mu = Ms ∪Mt of

the local markets. Observe also that Mu = Ms +Mt. Absent any merger,

1

M

∑
m∈Mu

Dm

D
pRIm =

1

M

∑
m∈Mu

Dm

D

am + cm
2

− 1

2M

zsD + 2MHMsψ

MsH + 2
− 1

2M

ztD + 2MHMtψ

MtH + 2

characterizes the average price in region Mu. After the merger, the average regional price

becomes
1

M

∑
m∈Mu

Dm

D
p̂RIm =

1

M

∑
m∈Mu

Dm

D

am + cm
2

− 1

2M

zuD + 2MHMuψ

MuH + 2

The difference is

1

M

∑
m∈Ms∪Mt

Dm

D
(p̂RIm −pRIm ) =

1

MuH + 2

H

2M
[Mt

zsD + 2MHMsψ

MsH + 2
+Ms

ztD + 2MHMtψ

MtH + 2
] > 0.

We collect our findings in the following result:

Proposition 3 Merging two regional producers s and t into one larger unit u, increases the
quantity-weighted average of spot prices in the subset Mu of short-term markets if local mar-

kets are linked by a regional forward contract, but has no implications for prices in a spatially

independent market.

Under a regional monopoly, so that there is only one producer, we have

1

M

∑
m

Dm

D
pRIm =

1

M

∑
m

Dm

D

am + cm
2

− 1

2M

∑
m
Dm
D am + 2M2Hψ

MH + 2

In a spatially independent market:

1

M

∑
m

Dm

D
pIm =

1

M

∑
m

Dm

D

am + cm
2

− 1

2M

∑
m
Dm
D am + 2MHψ

H + 2

Hence,
1

M

∑
m

Dm

D
(pRIm − pIm) =

H(M − 1) 1
M

∑
m(DmD am − 4ψ)

2(MH + 2)(H + 2)

which is positive if and only if 1
M

∑
m(DmD am−4ψ) > 0. Under symmetry, we assumed a−c > 4ψ.

Under similar assumptions, merger to monopoly is anti-competitive.

5 Multiple producers with market power

Assume that there are M ≥ 2 symmetric local markets with L ≥ 2 large producers that exercise

market power in each local short-term market. Assume that every producer with market power

is active in one market.

14



5.1 Spatially independent markets

We solve the game by backward induction, as usual.

Equilibrium in the short-term market Producer l has profit

[fl − P (ql +Q−l)]kl + [P (ql +Q−l)− c]ql

where Q−l is the output of all large producers except l. The first-order condition is

−P ′(Q)kl + P (Q)− c+ P ′(Q)ql = 0.

Sum up over all producers and solve for total supply

Q(k) =
L

L+ 1

a− c
b

+
k

L+ 1
,

where k is the total forward quantity sold by all producers. The corresponding short-term price

equals

p(k) = P (Q(k)) =
a+ Lc

L+ 1
− bk

L+ 1
. (25)

We can also solve for the individual supply

ql(kl, k−l) =
1

L+ 1

a− c
b

+
L

L+ 1
kl −

k−l
L+ 1

to the short-term market of producer l and the residual supply

Q−l(kl, k−l) =
L− 1

L+ 1

a− c
b
− L− 1

L+ 1
kl +

2

L+ 1
k−l

of all large producers other than l.

The demand for local forward contracts Forward quantities are perfect substitutes be-

cause the spot price only depends on the aggregate forward quantity k of all producers with

market power. Therefore, all consumers want to buy from the producer with the lowest forward

price. Define this price as f = minl fl. Then consumer h has profit

ΩI
h(kh, k−h, f) = −[f − p(k)]kh + [v − p(k)]

D

H
− ψ(

D

H
− kh).

The marginal profit is
∂ΩI

h

∂kh
= −[f − p(k)]− p′(k)(

D

H
− kh) + ψ

The profit function is strictly concave by ∂2ΩI
h/∂k

2
h = − 2b

L+1 < 0. We can then use symmetry

to solve for the demand

KI(f) =
(H + 1)a+ LHc+ (L+ 1)H(ψ − f)

b(H + 1)
(26)
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for forward contracts in a spatially independent market with L large producers.

The price of local forward contracts We finally solve for the equilibrium forward price

f I = minl f
I
l and the associated forward quantity k

I = KI(f I). By way of Bertrand competition,

we need to solve the equilibrium also by other means than through differentiation of profit

functions, which complicates the analysis.

Consider first a general situation in which producer l has charged the minimum price, fl = f ,

and all other producers a higher price, f−l > f . Producer l then has a monopoly in the forward

market with associated profit

π−l (f) = [f − P (q(KI(f)))]KI(f) + [P (q(KI(f)))− c]ql(KI(f), 0).

The marginal effect on profit of a slight increase in f equals:

∂π−l
∂f

= k + [f − p(k)]KI′(f) + P ′(Q)(ql − k)
∂Q−l
∂kl

KI′(f)

+[−P ′(Q)k + P (Q)− c+ P ′(Q)ql]
∂ql
∂kl

KI′(f).

Notice the strategic effect on the competing producers in the short-term market. An increase

in the forward price reduces the demand for forward contracts from producer l. This reduction

causes producer l to produce less and the other producers in local market m to produce more.

The strategic effect is negative if ql > k. The term on the second line is of second-order

importance, so we can write the marginal profit as

∂π−l
∂f

= k − [f − p(k)]
H

b

L+ 1

H + 1
− (ql − k)H

L− 1

H + 1

after invoking the marginal demand effect KI′(f) = −H
b
L+1
H+1 < 0 from the forward market and

the marginal price, P ′(Q) = −b, and supply effect, ∂Q−l∂kl
= −L−1

L+1 , from the short-term market.

The profit function π−l (f) is strictly concave,

∂2π−l
∂f2

= [1 + p′(k)
H

b

L+ 1

H + 1
− (

∂ql
∂kl
− 1)H

L− 1

H + 1
]KI′(f)

= −[1 +H
L− 1

L+ 1
]
L+ 1

(H + 1)2

H

b
< 0,

so we can derive the forward quantity k̃ that maximizes π−l by solving producer l’s first-order

condition. Substitute the forward premium

f − p(k) =
b

L+ 1

D − k
H

+ ψ

16



and the explicit expression for ql(k, 0) into the first-order condition ∂π−l
∂f = 0 to get

k̃ =
(L+ 1)D +H(L+ 1)2 ψ

b +H(L− 1)(D − c
b)

(H + 2)(L+ 1) +H(L− 1)
> 0 (27)

after simplification. Observe in particular that

KI(c)− k̃ =
(H + 1)2(L+ 1)(a− c) + (L+ 1 +H(L− 1))(c+H(L+ 1)ψ)

b(H + 1)((H + 2)(L+ 1) +H(L− 1))
> 0.

The demand KI(f) for forward contracts is strictly decreasing in f , so the forward price f̃ that

maximizes π−l (f) satisfies f̃ > c.

From the above results, we can draw a number of conclusions. First, f I ∈ [0, f̃ ] in any

equilibrium. For if f I > f̃ , then producer l could deviate to f̃ and earn the monopoly profit

π−l (f̃), which is strictly higher than any profit it could achieve at the forward price f Il ≥ f I > f̃ .

Our second conclusion is kI = KI(f I) ≥ k̃ > 0 since f I ≤ f̃ and the demand for forward

contracts is strictly decreasing in f .

We next demonstrate that f I ≥ c in any equilibrium. This is trivially true if c = 0 by our

assumption that the forward price must be non-negative. Assume therefore that c > 0. Suppose

f I ∈ [0, c) and that a total of LI ≥ 1 producers charge the forward price f I . Assume that

forward quantities are uniformly distributed across all those producers, so that producer l earns

πIl (L
I , f I) in equilibrium if f Il = f I , where

πIl (L, f
I) = (f I − pI)k

I

L
+ (pI − c)ql(

kI

L
,
L− 1

L
kI)

and pI = p(kI). Suppose LI ≥ 2, and consider an upward deviation by l to fl > f I . Producer l

earns the profit

π+
l = (pI − c)ql(0, kI) (28)

by pricing itself out of the forward market because some producer(s) other than l sell the kI

forward contracts even if l does not sell any. The deviation net profit equals

π+
l − π

I
l (L

I , f I) = (pI − c)(ql(0, kI)− ql(
kI

LI
,
LI − 1

LI
kI))− (f I − pI) k

I

LI
= (c− f I) k

I

LI
> 0. (29)

Hence, f I ∈ [0, c) only if LI = 1. Suppose LI = 1, and f Il = f I . By strict concavity of the

monopoly profit function π−l (f), and f̃ > c, we have ∂π−l
∂f |f=fI > 0 for all f I ∈ [0, c). Therefore,

f I ∈ [0, c), LI = 1, cannot be an equilibrium, either. We conclude that f I ≥ c in any equilibrium.
We next demonstrate that f I ≤ c in any equilibrium. Suppose f I > c and that f Il > f I

for some producer l. This producer earns π+
l defined in (28) as it is priced out of the market

in equilibrium. Consider instead a downward deviation to f Il = f I . Producer l would earn

17



πIl (L
I + 1, f I) under this deviation. The deviation net profit is strictly positive:

πIl (L
I+1, f I)−π+

l = (f I−pI) kI

LI + 1
+(pI−c)(ql(

kI

LI + 1
,

LI

LI + 1
kI)−ql(0, kI)) = (f I−c) kI

LI + 1
> 0.

Hence, f I > c only if f Il ≤ f I for all L producers with market power. Of course, f Il < f I for

some producer l would contradict f I as an equilibrium forward price. Hence, f I > c implies

f Il = f I for all L, and therefore LI = L ≥ 2. Producer l could then undercut f I by ε and earn

approximately

π−l (f I) = (f I − pI)kI + (pI − c)ql(kI , 0)

as a monopoly seller of forward contracts. The net profit of this deviation is approximately

equal to

π−l (f I)−πIl (L, f I) = (f I−pI)L− 1

L
kI+(pI−c)(ql(kI , 0)−ql(

kI

L
,
L− 1

L
kI)) = (f I−c)L− 1

L
kI > 0.

We conclude that f I ≤ c in any equilibrium.
On the basis of the above results, f I = c is the only possible equilibrium forward price. We

finally show that f I = c is indeed sustainable as an equilibrium. Suppose all L producers with

market power charge the forward price f Il = c. A unilateral upward deviation by producer l

to fl > c then is weakly unprofitable by π+
l − πl(L, c) = 0; see (29). A unilateral downward

deviation by l to fl < c, c > 0, yields monopoly profit π−l (f). This profit function is strictly

concave with a global maximum at f̃ > c, as we have already established. Hence, all unilateral

downward deviations are also strictly unprofitable.

These results deliver f I = c as the unique equilibrium forward price in a spatially independent

market with multiple producers L ≥ 2 with market power. By implication

kI = KI(c) =
D + (L+ 1)H ψ

b +H(D − c
b)

H + 1
(30)

measures the quantity of forward contracts traded in equilibrium in a spatially independent

market.

For completeness, we can calculate the forward premium

f I − pI =
c+H(L+ 1)ψ

(L+ 1)(H + 1)
> 0

Seeing as f I = c, this means that pI < c.

The profit if producers do not sell any forward contracts equals

π0 = (p(0)− c)Q(0)

L
=

1

b

(a− c)2

(L+ 1)2

18



The difference

π0 − πI =
(H + 1)(a− c)2 − (c+H(L+ 1)ψ)2

b(H + 1)(L+ 1)2

=
(
√
H + 1(a− c)− c−H(L+ 1)ψ)2(

√
H + 1(a− c) + c+H(L+ 1)ψ)

b(H + 1)(L+ 1)2

is positive if and only if
a− c

c+H(L+ 1)ψ
>

1√
H + 1

Under plausible circumstances, generation owners are collectively worse off if they sell forward

contracts in a forward market with Bertrand competition.

5.2 Linking forward markets across space

There are M local markets with L producers with market power in each local market.

Equilibrium in the short-term market Producer l in local market m has profit

[flm −
1

M

∑
n

P (Qn)]klm + [P (Qm)− c]qlm

The first-order condition is

− 1

M
P ′(Qm)klm + P (Qm)− c+ P ′(Qm)qlm = 0

Sum up over all producers and solve for the total production

Qm(km) = Q(
km
M

) =
L

L+ 1

a− c
b

+
1

L+ 1

km
M
,

where km is the total forward quantity sold by all L producers. The corresponding short-term

price equals

pm(km) = p(
km
M

) =
a+ Lc

L+ 1
− b

L+ 1

km
M
. (31)

We can also solve for the individual

qlm(klm, k−lm) =
1

L+ 1

a− c
b

+
L

L+ 1

klm
M
− 1

L+ 1

k−lm
M

and residual

Q−lm(klm, k−lm) =
L− 1

L+ 1

a− c
b
− L− 1

L+ 1

klm
M

+
2

L+ 1

k−lm
M

supply to the short-term market.

The demand for regional forward contracts Forward quantities are perfect substitutes

within local market m because the spot price only depends on the aggregate km. Therefore,

all consumers want to buy from the producer with the lowest forward price in local market m.

19



Define this price as fm = minl flm. Then consumer h has profit

ΩRI
hm(khm, k−hm,k−m, fm) = −[fm −

1

M

∑
n

pn(kn)]khm + [v − pm(km)]
D

H
− ψ(

D

H
− khm).

The solution to the first-order condition yields the forward premium

fm −
1

M

∑
n

pn(kn) =
b

L+ 1

MD − km
M2H

+ ψ. (32)

The consumer’s profit function is strictly concave by the negative second-derivative ∂2ΩRIhm
∂k2hm

=

− 1
M

2b
L+1 < 0. We can then compare first-order conditions to obtain forward quantity

b

L+ 1

kn
M

=
b

L+ 1

km
M

+MH(fm − fn)

in local market n as a function of the forward quantity km in local market m and the price

differences in the two markets. Summarizing across all local markets yields

1

M

∑
n

pn(kn) =
a+ Lc

L+ 1
− b

L+ 1

km
M

+H
∑
n

(fm − fn).

We can then insert this expression into the forward premium (32) and solve for the demand

KRI
m (f) =

M

b

(MH + 1)a+ LMHc+ (L+ 1)MH[ψ − fm +H
∑

n6=m(fn − fm)]

MH + 1

for forward contracts in local market m. This demand is linearly decreasing in the own forward

price and linearly increasing in the forward price in the other local markets even in this context:

∂KRI
m

∂fm
= −M

b
MH(L+ 1)

1 +H(M − 1)

MH + 1
,
∂KRI

n

∂fm
=
M

b
MH(L+ 1)

H

MH + 1
, n 6= m.

The profit-maximizing forward price We finally solve for the profit-maximizing forward

price. The method of proof is similar to the proof in a spatially independent market. Assume that

all local markets n other than m are in equilibrium, fn = fRIn , n 6= m, where fRIn = minl f
RI
ln .

We start out by considering the properties of the monopoly profit

π−lm(f) = [fm −
1

M

∑
n

pn(KRI
n (f))]KRI

m (f) + [pm(KRI
m (f))− c]qlm(KRI

m (f), 0)
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of producer l in local market m. The associated marginal profit is

∂π−lm
∂fm

= [1− 1

M

∑
n6=m

p′n(kn)
∂KRI

n

∂fm
]km + [fm −

1

M

∑
n

pn(kn)]
∂KRI

m

∂fm

+P ′(Qm)[qlm(km, 0)− km
M

]
∂Q−lm
∂klm

∂KRI
m

∂fm

+[−P ′(Qm)
klm
M

+ P (Qm)− c+ P ′(Qm)qlm]
∂qlm
∂klm

∂KRI
m

∂fm

The first term on the first row measures the marginal effect on the forward premium of an

increase in the forward price fm. The second is the marginal effect on the demand for forward

contracts. The term on the second row is the strategic effect. The terms of the third row are

of second-order importance for marginal profit in the forward contracting stage. The second-

derivative is

∂2π−lm
∂f2

m

= [2− 2

M

∑
s 6=m

p′(ks)
∂KRI

s

∂fm
− 1

M
p′(km)

∂KRI
m

∂fm

+P ′(Qm)[
∂qlm
∂klm

− 1

M
]
∂Q−lm
∂klm

∂KRI
m

∂fm
]
∂KRI

m

∂fm
,

which we can simplify to

∂2π−lm(f)

∂f2
m

= −2

b

M2H

(MH + 1)2
(HL+ L+ 1)(1 +H(M − 1))2 < 0.

Hence, π−lm(f) is strictly concave in fm. We can then derive the forward quantity k∗m that

maximizes π−lm(f) by solving the first-order condition ∂π−lm(f)

∂fm
= 0:

k∗m =
M

2b

MH(L+ 1)2

HL+ L+ 1
[
(L+ 1)a+H(L− 1)(a− c)

MH(L+ 1)2
+ ψ].

There is no guarantee that this forward quantity can be sustained at a non-negative forward

price f∗m. We therefore define the monopoly quantity as k̃m = min{k∗m;KRI
m (0, fRI−m)}, and let

f̃m ≥ 0 be the forward price that generates this demand.

Any equilibrium forward price must feature fRIm ≤ f̃m because producer l could implement

its (constrained) monopoly profit by deviating to flm = f̃m < fRIm ≤ fRIlm otherwise. By

implication, kRIm ≥ k̃m > 0 as KRI
m (f) is a decreasing function of fm, and k∗m and KRI

m (0, fRI−m)

are both strictly positive.

The expression

Xm(fm) = fm −
1

M

∑
n

pn(KRI
n (fm, f

RI
−m)) +

1

M
(p(KRI

m (fm, f
RI
−m))− c) (33)
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will be important to characterize the equilibrium. Seeing as

X ′m(fm) = 1− 1

M

∑
n 6=m

p′n(kn)
∂KRI

n

∂fm
= (H + 1)

1 +H(M − 1)

MH + 1
> 0,

we can define gm ∈ R by Xm(gm) = 0. By inserting the forward premium (32) into Xm(fm) and

also the explicit expression for pm(km) from (31), we obtain an alternative useful formulation

Xm(fm) =
1

MH

(H + 1)a−Hc
L+ 1

+ ψ − b

L+ 1

1

M

H + 1

H

KRI
m (fm, f

RI
−m)

M
. (34)

In particular, we can set (34) to zero and solve for the forward quantity

KRI
m (gm, f

RI
−m) =

M

b

(H + 1)a−Hc+MH(L+ 1)ψ

H + 1
> 0. (35)

Armed with these definitions, we can identify necessary conditions for an equilibrium. At

the equilibrium price, fRIlm = fRIm , producer l in local market m earns πRIlm(LRIm , fRIm ), where

πRIlm(Lm, f
RI
m ) = [fRIm −

1

M

∑
n

pRIn ]
kRIm
Lm

+ (pRIm − c)qlm(
kRIm
Lm

,
Lm − 1

Lm
kRIm ),

if LRIm ≥ 1 producers in local market m charge fRIm , and forward sales are uniformly distributed

across those LRIm producers.

We first show that fRIm ≥ max{gm; 0}. This property follows directly from non-negativity

constraint fRIm ≥ 0 on the forward price if gm ≤ 0. Assume therefore that gm > 0, and suppose

fRIm ∈ [0, gm). If LRIm ≥ 2, then producer l could deviate upward to flm > fRIlm = fRIm and obtain

profit

π+
lm = (pRIm − c)qlm(0, kRIm ). (36)

This deviation would be strictly profitable by

π+
lm − π

RI
lm(LRIm , fRIm ) = (pRIm − c)(qlm(0, kRIm )− qlm(

kRIm
LRIm

,
LRIm − 1

LRIm

kRIm
LRIm

))− [fRIm −
1

M

∑
n

pRIn ]
kRIm
LRIm

= −Xm(fRIm )
kRIm
LRIm

> 0

since Xm(fm) < 0 for all fm < gm. Hence, fRIm < gm implies LRIm = 1. The single producer

l that charges fRIlm = fRIm then earns π−lm(fRI) as the monopoly supplier of forward contracts.

Seeing as

KRI
m (gm, f

RI
−m)− k∗m =

M

2b

(L+ 1)(H + 1)2(a− c) + ((H + 1)(L− 1) + 2)c

(H + 1)(HL+ L+ 1)

+
M

2b

H(L− 1) + L+ 1

(H + 1)(HL+ L+ 1)
MH(L+ 1)ψ

is strictly positive, strict monotonicity of KRI
m (f) in fm implies f̃m > gm. Strict concavity of
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π−lm(fm, f
RI
−m) in fm then implies

∂π−lm
∂fm
|fm=fRIm

> 0 for all fRIm < gm, which violates the assumption

of profit maximization. Hence, fRIm ∈ [0, gm) and LRIm = 1 cannot be an equilibrium, either.

Therefore, fRIm ≥ gm if gm > 0.

We next show that fRIm ≤ max{gm; 0}. Suppose fRIm > max{gm; 0} and fRIlm > fRIm for some

large producer. The equilibrium profit of producer l would then be equal to π+
lm characterized

in (36). Producer l would instead earn πRIlm(LRIm + 1, fRIm ) by deviating to flm = fRIm . This

deviation would be strictly profitable by

πRIlm(LRIm + 1, fRIm )− π+
lm = Xm(fRIm )

kRIm
LRIm + 1

> 0

since Xm(fm) > 0 for all fm > gm. Hence, fRIm > max{gm; 0} implies fRIlm ≤ fRIm for all L

producers with market power in local marketm. Of course, fRIlm < fRIm for some producer l would

violate fRIm as the equilibrium forward price in local market m. Hence, fm > max{gm; 0} implies
fRIlm = fRIm for all L. Producer l would then earn πRIlm(L, fRIm ) in equilibrium. Alternatively,

producer l could reduce its forward price by ε and earn approximately π−lm(fRI) as the monopoly

seller of forward contracts. Such a deviation would be strictly profitable by

π−lm(fRI)− πRIlm(L, fRIm ) = Xm(fRIm )
L− 1

L
kRIm > 0.

We conclude that fRIm ≤ max{gm; 0}.
The above results deliver fRIm = max{gm; 0} as the only feasible equilibrium forward price.

We next show that this price indeed can be sustained as an equilibrium. Assume that all

producers with market power in local market m sell forward contracts at the same price fRIm =

max{gm; 0}. A unilateral upward deviation by producer l is unprofitable, π+
lm − πRIlm(L, fRIm ) =

−Xm(fRIm )k
RI
m
L ≤ 0, by Xm(fRIm ) = Xm(max{gm; 0}) ≥ Xm(gm) = 0. Unilateral downward

deviations are infeasible if gm ≤ 0 because then fRIm = 0. Assume therefore that gm > 0,

and consider a downward deviation by l to flm = fm < gm = fRIm . Strict concavity of the

profit function π−lm(fm, f
RI
−m) and a profit-maximizing forward price f̃m > gm implies that such

unilateral downward deviations are strictly unprofitable.

We are now equipped with all the results we need to derive the quantity of forward contracts

sold in symmetric equilibrium. The above results deliver fRIm = max{gm; 0} as the equilibrium
forward price in local market m. If gm ≥ 0, then the associated equilibrium forward quantity

equals

kRIm = KRI
m (fRI) = KRI

m (gm, f
RI
−m) =

M

b

(H + 1)a−Hc+MH(L+ 1)ψ

H + 1
. (37)

by (35). If gm < 0, then fRIm = 0 and therefore kRIm = KRI
m (0, fRI−m). However, this is not a

complete characterization. Impose symmetry across all markets to obtain

kRIm = KRI
m (0) =

M

b

(MH + 1)a+ LMHc+ (L+ 1)MHψ

MH + 1
(38)

in this case. Which of these two equilibria is sustainable depends on the underlying parameters.

23



Solve for the symmetric forward price

f∗ =
(H + 1)(MH + 1)

2MH(HL+ L+ 1)
a+

ML((2L+ 1)H + 2(L+ 1))−MH + L− 1

2M(L+ 1)(HL+ L+ 1)
c

−(L+ 1)(MH + 1)− 2(HL+ L+ 1)

2(HL+ L+ 1)
ψ

that generates forward demand characterized by (37). This price is non-negative, for instance,

if ψ is suffi ciently small. Otherwise, sellers give away forward contracts for free in symmetric

equilibrium.

5.3 Comparison of market designs

Straightforward comparison of (37) and (30) delivers

KRI
m (gm, f

RI
−m)−MKI(c) = M(M − 1)H

L+ 1

H + 1

ψ

b
≥ 0,

with strict inequality if ψ > 0. Subtracting (30) from (38) produces

KRI
m (0)−MKI(c) = MH

MH + 1 + LM(H + 1)

(MH + 1)(H + 1)

c

b
+MH

(M − 1)(L+ 1)

(MH + 1)(H + 1)

ψ

b
≥ 0,

which is strictly positive if either c > 0 or ψ > 0. We collect these findings in the following

result:

Proposition 4 Consider an electricity market with M ≥ 2 symmetric local markets. Let there

be L ≥ 2 producers with market power in each local market, and assume that each producer is

active in one local market. Linking the M local electricity markets through a regional forward

contract that has an exercise price equal to the average of the short-term prices in those M

markets, increases the symmetric equilibrium forward quantity kRI sold in each local market by at

least a factor M , compared to the benchmark kI of spatially independent markets, kRI ≥MkRI .

The inequality is strict if ψ > 0.

6 Multiple trading periods for forward contracts

Consider the spatially independent electricity market. Assume that forward contracts are sold

sequentially over two trading periods. Let kτ be the forward quantity sold and fτ the linear

forward price in period τ = 1, 2. Let k = k1 + k2 be the total forward quantity sold over both

periods. Let khτ be consumer h’s purchased forward quantity in trading period τ , and denote

by kh = kh1 + kh2 its total forward quantity. We consider a five-stage game:

1. The monopoly producer commits to a linear price f1 at which to sell forward contracts in

trading period 1.

2. Each consumer h decides the forward quantity kh1 to purchase in trading period 1.
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3. The monopoly producer commits to a linear price f2 at which to sell forward contracts in

trading period 2.

4. Each consumer h decides the forward quantity kh2 to purchase in trading period 2.

5. The monopoly producer supplies q to the short-term market.

We solve the game by backward induction.

Equilibrium in the short-term market The monopoly firm has profit

[f1 − P (q)]k1 + [f2 − P (q)]k2 + [P (q)− c]q

in the short-term market as a function of its production q. The first-order condition

−P ′(q)k + P (q)− c+ P ′(q)q = 0

yields the monopoly production and spot price

q(k) =
1

2

a− c
b

+
1

2
k, p(k) = P (q(k)) =

a+ c

2
− b

2
k.

The demand for forward contracts in trading period 2 Consider now the demand for

forward contracts by firm h in the second trading period. Consumer h has total profit

−[f1 − p(k)]kh1 − [f2 − p(k)]kh2 + [v − p(k)]
D

H
− ψ(

D

H
− kh)

The second-derivative of this profit function with respect to kh2 equals −b < 0. We can thus

solve the first-order condition and apply symmetry, kh = k
H , to get the forward premium

f2 − p(k) =
b

2

D − k
H

+ ψ

in trading period 2. We can then solve for the demand

KI
2 (f2, k1) =

(H + 1)a+Hc+ 2H(ψ − f2)

b(H + 1)
− k1

for forward contracts in period 2 as a function of the forward price f2 that period and the

forward quantity k1 sold in trading period 1. We can also plug this expression into marginal

profit to solve for the individual forward demand

KI
h2(f2, kh1) =

(H + 1)a+Hc+ 2H(ψ − f2)

bH(H + 1)
− kh1

of consumer h in trading period 2.
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The forward price in trading period 2 We next solve for the profit-maximizing forward

price in trading period 2. The monopoly firm maximizes its profit

[f1 − P (q(k1 +KI
2 (f2, k1)))]k1 + [f2 − P (q(k1 +KI

2 (f2, k1)))]KI
2 (f2, k1)

+[P (q(k1 +KI
2 (f2, k1)))− c]q(k1 +KI

2 (f2, k1))

over f2. Differentiation yields the marginal profit

KI
2 (f2, k1) + [f2 − p(k1 +KI

2 (f2, k1))]
∂KI

2

∂f2

The second-derivative of the producer’s profit function is

[2− p′(k)
∂KI

2

∂f2
]
∂KI

2

∂f2
=
H + 2

H + 1

∂KI
2

∂f2
< 0.

Using the first-order condition, we can solve for the monopoly’s profit-maximizing forward

price

F I2 (k1) = max{(H + 1)2a+H(H + 2)c+ 2Hψ − (H + 1)2bk1

2H(H + 2)
; 0}

in trading period 2.

The demand for forward contracts in trading period 1 Consider now the demand for

forward contracts by firm h in the first trading period. Consumer h has total profit

−[f1 − p(k1 +KI
2 (f2, k1))]kh1 − [f2 − p(k1 +KI

2 (f2, k1))]KI
h2(f2, kh1)

+[v − p(k1 +KI
2 (f2, k1))]

D

H
− ψ(

D

H
− kh1 −KI

h2(f2, kh1)).

Recall also f2 = F I2 (k1). Then the marginal profit of increasing demand in the first trading

period can be decomposed into

−[f1 − p(k)]− p′(k)(
D

H
− kh) + ψ

−∂F
I
2

∂k1
kh2 − p′(k)(

D

H
− kh)[

∂KI
2

∂f2

∂F I2
∂k1

+
∂KI

2

∂k1
− ∂KI

h2

∂f2

∂F I2
∂k1

− ∂KI
h2

∂kh1
]

−[f2 − p(k) + p′(k)(
D

H
− kh)− ψ][

∂KI
h2

∂f2

∂F I2
∂k1

+
∂KI

h2

∂kh1
]

The terms on the first row constitute the direct effect in the first trading period. The terms on

the second row represent the strategic effect on the forward price in trading period 2 and the

other large consumers’trade in the second trading period. The terms on the final row are the

effect on firm h’s trade in the second trading period, which is only of second-order importance

for marginal profit.

Let us first see if we can evaluate the strategic effect on the second row at the interior forward
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price F I2 (k1) > 0:

∂KI
2

∂f2

∂F I2
∂k1

+
∂KI

2

∂k1
=
H + 1

H + 2
− 1,

∂KI
h2

∂f2

∂F I2
∂k1

+
∂KI

h2

∂kh1
=

1

H

H + 1

H + 2
− 1.

These marginal effects jointly imply

∂KI
2

∂f2

∂F I2
∂k1

+
∂KI

2

∂k1
− ∂KI

h2

∂f2

∂F I2
∂k1

− ∂KI
h2

∂kh1
=
H − 1

H

H + 1

H + 2
≥ 0

An increase in demand for forward contracts by consumer h in period 1 causes all other large

consumers to increase their demand for forward contracts in period 2 because of the reduction

in the forward price in period 2,

∂F I2
∂k1

= − b(H + 1)2

2H(H + 2)
,

at an interior forward price.

Differentiation of consumer h’s marginal profit expression yields

− b

H

(H + 1)2

H + 2

H(H + 2)− 1

H(H + 2)
< 0.

Hence, the consumer objective functions are strictly concave also at this stage of the game.

Inserting the functional forms above into consumer h’s first-order condition allows us to solve

for the demand for forward contracts in trading period 1:

KI
1 (f1) =

(H + 1)2(H + 3)a+H(H + 2)2c+ 2(H(H + 2) + 2(H + 1))ψ − 2H(H + 2)2f1

b(H + 1)2(H + 3)

This demand is linearly decreasing in the forward price in trading period 1.

The forward price in trading period 1 We finally solve for the profit-maximizing forward

price in trading period 1. The monopoly then has profit

[f1 − P (q(k1 +KI
2 (F I2 (k1), k1)))]k1 + [F I2 (k1)− P (q(k1 + k2(F I2 (k1), k1)))]KI

2 (F I2 (k1), k1)

+[P (q(k1 +KI
2 (F I2 (k1), k1)))− c]q(k1 +KI

2 (F I2 (k1), k1)),

where k1 = KI
1 (f1). Differentiation yields the marginal profit

k1 + [f1 − p(k)]
∂KI

1

∂f1
+ [f2 − p(k)]

∂KI
2

∂k1

∂KI
1

∂f1

+[k2 + [f2 − p(k)]
∂KI

2

∂f2
]
∂F I2
∂k1

∂KI
1

∂f1

+[−P ′(q)k + P (q)− c+ P ′(q)q]q′(k)[1 +
∂KI

2

∂f2

∂F I2
∂k1

+
∂KI

2

∂k1
]
∂KI

1

∂f1
,

The terms on the second and last row have a second-order effect on marginal profit in trading
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period 1. Hence, the marginal profit expression becomes

k1 + [f1 − p(k) + (f2 − p(k))
∂KI

2

∂k1
]
∂KI

1

∂f1
= k1 + (f1 − f2)

∂KI
1

∂f1

The second-derivative is

[2− ∂F I2
∂k1

∂KI
1

∂f1
]
∂KI

1

∂f1
= −H + 4

H + 3

2H(H + 2)2

b(H + 1)2(H + 3)
< 0,

so we can solve for the interior equilibrium forward price. However, it is easier to solve for the

equilibrium forward quantity in period 1. By inverting the demand function KI
1 (f1) for forward

contracts and using F I2 (k1) we can write the difference in forward prices as:

f I1 − f I2 =
H + 1

H + 2

(H + 1)a+ 4ψ − (H + 1)bkI1
2H(H + 2)

We can then solve for the equilibrium forward quantity

kI1 =
(H + 1)D + 4ψb
(H + 1)(H + 4)

> 0. (39)

in trading period 1. Let us calculate the forward price

f I1 =
(H + 1)2(H + 3)2a+H(H + 2)2(H + 4)c+ 2(H(H + 2)(H + 4) + 2(H + 1))ψ

2H(H + 2)2
> 0

in trading period 1 and

f I2 =
(H + 1)2(H + 3)a+H(H + 4)(H + 2)c+ 2(H2 + 2(H − 1))ψ

2H(H + 2)(H + 4)
> 0

The forward price is decreasing over time along the equilibrium path:

f I1 − f I2 = (H + 1)2(H + 3)
(H + 3)(H + 4)− (H + 2)

2H(H + 4)(H + 2)2
a+

H + 3

2
c

+
(H + 2)(H2(H + 7) + 14H + 2) + 2(H + 1)(H + 4)

H(H + 4)(H + 2)2
ψ

The total forward quantity is

kI =
D + 2H ψ

b

H + 2
+
H + 1

H + 2
bkI1 >

D + 2H ψ
b

H + 2
,

which implies that sequential contracting increases effi ciency compared to the case of one single

trading period. We collect these results in the following statement:

Proposition 5 Assume that there is one producer with market power in each local market.
Under a spatially independent market design, more electricity is traded in the forward market if

there are two trading periods for forward contracts instead of just one.
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Let us now explore the mechanisms behind the result. The first question is how an increase

in the number of trading periods affects the producer. Define the monopoly profit

πI(2) = [f I1 − pI(2)]k
I
1 + [f I2 − pI(2)]k

I
2 + [pI(2) − c]q

I
(2)

= (f I1 − f I2 )kI1 + (
b

4

2D − (H + 2)kI(2)

H
+ ψ)kI(2) + π0,

where subscript (2) identifies the equilibrium with two trading periods. To get the expression

on the second row, we have substituted in the profit π0 = (p(0) − c)q(0) when the producer

does not sell any forward contracts and the forward premium f I2 − pI(2) = b
2

D−kI
(2)

H + ψ in the

second trading period. If there is only one trading period, then the corresponding monopoly

profit equals

πI(1) = [f I(1) − p
I
(1)]k

I
(1) + [pI(1) − c]q

I
(1) = (

b

4

2D − (H + 2)kI(1)

H
+ ψ)kI(1) + π0,

where subscript (1) identifies the equilibrium with two trading periods. By invoking

kI(2) = kI(1) +
H + 1

H + 2
kI1 (40)

we can write the profit difference as

πI(2) − π
I
(1) = [f I1 − f I2 +

H + 1

H + 2
(
b

4

2D − (H + 2)(2kI(1) + H+1
H+2k

I
1)

H
+ ψ)]kI1,

This expression simplifies to

πI(2) − π
I
(1) =

H + 1

4H(H + 2)2
[(H + 1)a+ 4ψ]kI1 > 0,

after substituting in

f I1 − f I2 =
H + 1

(H + 2)2

(H + 1)a+ 4ψ − (H + 1)bkI1
2H

,

kI(1) =
D+2H ψ

b
H+2 and kI1 from (39). The monopoly producer can always implement the equilibrium

kI(1) in trading period 2 by charging a forward price f̃1 in trading period 1 such that KI
1 (f̃1) =

0. Revealed preference for fRi1 6= f̃1 and strict concavity of the producer’s profit function

implies πI(2) > πI(1). By similar intuition, the monopoly producer probably benefits from adding

additional trading periods in the forward market.

Consider next the expected profit of the H consumers. Each consumer earns

ωI(2) = −[f I1 − pI(2)]
kI1
H
− [f I2 − pI(2)]

kI2
H

+ [v − pI(2)]
D

H
− ψ

D − kI(2)

H

= −(f I1 − f I2 )
kI1
H

+
b

2
(
kI(2)

H
)2 + ω0
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To get the expression on the second row, we have substituted in the profit ω0 = [v−p(0)]DH −ψ
D
H

when the consumer does not purchase any forward contracts and the forward premium in the

second trading period. If there is only one trading period, then the corresponding monopoly

profit equals

ωI(1) = −[f I(1) − p
I
(1)]

kI(1)

H
+ [v − pI(1)]

D

H
− ψ

D − kI(1)

H
=
b

2
(
kI(1)

H
)2 + ω0.

where subscript (1) is used in order to identify the equilibrium with one trading period. Substi-

tute in (40) into ωI(2) to get the net benefit

ωI(2) − ω
I
(1) = (

b

2

H + 1

H + 2

2kI(1) + H+1
H+2k

I
1

H
− (f I1 − f I2 ))

kI1
H

to the consumer of introducing a second trading period. Substitute in the relevant expressions

from above and simplify to

ωI(2) − ω
I
(1) =

1

2H(H + 4)

H + 1

(H + 2)2
[4(H2 + 3H − 2)ψ − (H2 +H − 6)a]

kI1
H

This expression is non-negative if either H = 1 or H = 2. If H ≥ 3, then ωI(2) ≥ ω
I
(1) is equivalent

to
4ψ

a
≥ H2 +H − 6

H2 + 3H − 2
.

Under plausible assumptions, H ≥ 3 and a
ψ is above a threshold, then ω

I
(1) > ωI(2), in which case

consumers jointly lose from introducing multiple trading rounds for forward contracts.
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