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Abstract

Transmission constraints fragment electricity markets and enhance regional market power
of electricity generators. In continental Europe rights to access transmission between coun-
tries are auctioned to traders, which arbitrage separate energy spot markets of these countries.
In Scandinavia the system operator integrates these markets and simultaneously clears en-
ergy spot markets of several countries and decides on optimal energy transmission. In any
unconstrained or partially constrained network integration mitigates market power of strate-
gic generators and avoids inefficient production decisions. A testable prediction for both
effects is applied to the Dutch-German and Norway-Sweden interconnection and supports
the theory. In meshed networks integration also mitigates market power when constraints are
permanently binding. Le Chatelier’s principle extends to electricity networks in the presence
of market power. Demand is more responsive to price changes and aggregate output increases

if markets are integrated.

1 Introduction

Strategic trade theory suggests that quotas are usually dominated by tariffs because the latter
can be made to replicate the effect of quotas, while also providing both a means of dealing with
uncertainty (Newbery and Stiglitz, 1981) and an incentive for competition (Bhagwati, 1965). Yet
the use of quotas remains widespread, chiefly because they help push forward political agendas,

such as protecting local industries or determining C0y emission targets.
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This paper explores the case of electricity markets, where transmission constraints in net-
works serve effectively as quotas, and assesses whether the design of allocation of quotas affects
efficiency and competitiveness. Either transmission rights to use constrained links are auctioned
to traders, who arbitrage separate energy spot markets, or transmission and energy markets are
integrated through a system operator, who clears several energy spot markets using transmission
capacity between these markets. The designs are compared for unconstrained, partially con-
strained and constrained links. First, for an unconstrained link, data from the German-Dutch
interconnector confirms that separation results in inefficient flow patterns and a proof is provided
that strategic generators reduce output. Second, for a partially constrained link, a model illus-
trates that strategic generators continue to reduce output. A testable prediction of the model
is applied to the Dutch-German and Norway-Sweden interconnections and supports the theory.
Third, for a permanently constrained link separation has no effect in a simple network with
only one transmission link. This is not the case in meshed networks with permanently binding
constraint(s). Separation of transmission and energy markets creates an artificial constraint. Ac-
cording to Le Chatelier’s principle additional constraints applied to a system reduce the system’s
compensating reaction to changes; in this case separation reduces responsiveness of net demand
to output decisions of strategic generators. As a result strategic generators located at one or two
nodes of any meshed network, without cross-holding, reduce aggregate output.

One model of electricity liberalisation is to unbundle vertically integrated electricity compa-
nies into generation, transmission, distribution and supply companies. Transmission and distri-
bution networks remain regulated monopolies. Generation companies compete in the wholesale
electricity market to sell to larger customers and supply companies. This is meant to increase effi-
ciency, reduce costs and reward innovation. However, limited transmission capacity can fragment
the wholesale electricity market into small regional markets, where generation companies have
large market shares and face low short-term demand elasticities. Figure 1, using the example of
the European countries, shows that cross border constraints provide an excellent environment

for the exercise of market power.!

During times of peak demand, the largest generator’s pro-
duction is a multiple of spare capacity assuming all generators would supply at full capacity. He
can therefore create scarcity and extreme price spikes by withholding a fraction of his output,
while more withholding is required to create scarcity at off peak times. Imports or the threat of
imports reduce the dominance of the largest generator, as Figure 1 illustrates. Effective alloca-
tion of scarce transmission capacity is therefore crucial to mitigate market power in European

countries.

'Source: UCTE Power Balance Forecasts 2002-2004, ETSO’s NTC publications 2001/2002, ICF Consulting,

annual reports and presentations.
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Figure 1: Capacity of largest generator as a multiple of reserve margins during winter peak. If for
example the largest generator in Italy withholds one fourth of his output during peak demand,

then he can create scarcity and benefit from high prices on his remaining output.!

Bohn, Caramanis and Schweppe (1984) introduced a pricing mechanism to deal with trans-
mission constraints between different nodes of a network, which subsequently evolved towards
nodal pricing. Electricity demand and generation submit bids consisting of price, location and
quantity they want to buy or sell to a system operator. The system operator determines a
separate price for each node at which accepted bids pay or must be paid for. If all bids are com-
petitive, nodal pricing implements the welfare maximising dispatch, subject to the transmission
constraints of the system. Zonal pricing and market splitting simplify nodal pricing by aggregat-
ing several nodes to one zone at the cost of reduced efficiency and increased possibilities for the
exercise of market power (Harvey and Hogan, 2000). This paper assumes nodal pricing and does
not address inefficiencies due to zonal aggregation, but also provides insights into zonal pricing
as long as intrazonal constraints are limited. Hogan (1992) supplemented nodal pricing with
tradable congestion contracts (TCC), auctioned by the transmission operator to allow hedging
and provide long-term information to guide investment decisions.?

An alternative approach, frequently supported because it seems not to require centralised
institutions, is to define property rights for scarce transmission capacity, which can be traded to
match energy flows. Chao and Peck (1996) proved that the concept achieves a social optimum
and therefore it coincides with nodal pricing complemented by TCCs in the presence of complete

and competitive markets with no uncertainty and complete information.

20’Neill e.a. (2000) present a joint energy and transmission rights auction with similar attributes.



Not all these conditions are satisfied in reality and recent academic discussions have identified
the following advantages of integrated energy and transmission markets: Integrated markets save
the transaction costs of trading physical transmission contracts, in potentially illiquid markets, for
each half hour and each location to match all energy transmissions. Bushnell (1999) showed that
generators can exercise market power by withholding physical transmission contracts; however
‘use-it-or-lose-it’ provisions are now frequently implemented and can prevent withholding, at least
partially as Joskow and Tirole (2000) argue. Smeers and Jing-Yuan (1997) show that if only a
limited number of traders arbitrage prices between the nodes, then they exercise market power
and distort the dispatch. Harvey, Hogan and Pope (1996) argue that competitive generators and
traders face uncertainty about the prices in the energy market when deciding on their bids for
transmission markets, and might therefore buy the inappropriate amount of transmission rights.
In section 3.4 I provide empirical evidence from the German-Dutch interconnector to confirm
this theory. Increasing contribution of intermittent (wind) energy will increase uncertainty and
make arbitrage even less efficient. Furthermore, if separation of transmission and energy markets
prevents a flexible use of the transmission network, then costs for integrating wind power are
increased and revenues for wind generators are decreased.

This paper shows that market power of generation companies provides a further reason
for the integration of energy and transmission markets. Two different effects are responsible,
dependent on whether the transmission constraint is relaxed or binding.

First, assume transmission is unconstrained. The mechanism to deal with transmission
constraints is still required because volatile demand and supply can result in constraints at some
other time. At the unconstrained times designs with integrated energy and transmission markets,
e.g. nodal pricing, calculate one market clearing price for the integrated market and determine
the amount of energy transmission. Separate transmission and energy markets differ, as can be
illustrated at the German-Dutch example. Traders buy transmission rights from Germany to the
Netherlands in the day ahead auction. All potentially beneficial contracts are allocated, because
without scarcity the price drops to zero. Traders then decide how many of these contracts
to use to arbitrage the German day ahead electricity spot market LPX and the Dutch day
ahead electricity spot market APX. They cannot condition their trade volume on spot prices in
these markets because bids have to be submitted before results in either market are announced.
Therefore traders price their buy bid in one market very high and their sell bid in the other
market very low to avoid exposure to imbalance fees if only one bid is accepted. As a result,
transmitted energy is virtually price independent and generators in either market only perceive
demand slope of their local spot market which is steeper than demand slope of the integrated

market. Therefore, separate energy markets reduce total output.



Are there alternative approaches to resolve inefficiencies of separate markets? First, decen-
tralised trading in energy and iterative market for transmission could integrate demand of both
markets. This would decreasing demand slope and reduce market power. In practice, electricity
and transmission rights seem to be too complex to ensure liquidity in short term markets for
each half-hour and location is sufficient to ensure prices do not change significantly as a result
of any one trade. Second, transmission constraints could be ignored, as in England and Wales,
and traders would only contract for energy and then submit a transmission schedule leaving the
system operator to resolve constraints. If constraints are significant, this approach results in
inefficient dispatch and perverse incentives for the location of new generators (Kamat and Oren,
2000, Neuhoff, 2002) and creates additional opportunities for generators to exercise market power
(Harvey and Hogan, 2000). Third, traders could sign option contracts for energy in one energy
market, allowing them to submit bids conditional on moderate prices in the energy market of
the other node. Traders would benefit from a share of the savings if inefficient transmissions are
avoided and reduce demand slope and therefore market power of generators.

Can we test for increased exercise of market power as a result of separation of transmission
and energy markets? Not if transmission is always unconstrained, for this case empirical evidence
‘only’ shows that arbitrage is inefficient. If output choices of strategic generators determines
whether the transmission line is constrained, then an empirical test is feasible. I compare the
probability that an import constraint into a small country with strategic generators is resolved
by the same hour of the next day with the probability that an export constraint is resolved.
Northern Norway, part of the market splitting regime of Nordpool, exhibits the characteristics
predicted for nodal pricing while the Netherlands, connected with separate transmission and
energy markets to Germany, does not.

The mechanism by which separate transmission and energy markets enhance market power
works when transmission link(s) are permanently constrained. In the two-node network transmit-
ted energy is constant, independent of the design, and the mechanism does not apply. However,
in meshed networks separation matters and constitutes a major disadvantage of the current
proposals for a coordinated auction to govern electricity trade between continental European
countries.? If energy and transmission markets are integrated under nodal pricing, transmission
capacity will be allocated as a function of the energy bids submitted by generators. Strategic
generators will, as Hogan (1997) has shown, anticipate the reaction of flow patterns on their
output decisions when choosing their bids in a nodal pricing regime. If energy and transmission
markets are separated, then traders determine with their bids in the transmission auction how

scarce transmission capacity is allocated, e.g. how scarce capacity in the network is split be-

3European Transmission System Operators, Coordinated use of PX for Congestion Management, 5/03/01



unconstrained equilibrium. Profit functions are continuous in output choice, therefore subsequent
argumentation extends to this interval, which can be easily calculated to be [3.2,4]. Assume
strategic generators would submit energy bids according to the hypothetical equilibrium. Would
it be profitable for one generator at the importing node to deviate and submit a different bid? He
would chose ¢, such that the transmission link is constrained and the system operator calculates

separate prices for both nodes. His profit function would be:

— 1
7q (49) = (A+ D =K = @20 = 6g) 44 = 5505

The first order condition gives optimal output choice of ¢, = 3.6, prices p14 = 2.4, p2 4 = 3.6
and profits of 7, = 12.96. Deviation is profitable m, > 7, and the hypothetical equilibrium is
not a Nash equilibrium.

For the same parameters first order condition (4) suggests a hypothetical equilibrium with
a constrained link, output qi. = g2 = 4, prices p1 = p2 = 4 and profits 71, = m2 . = 16. The
system operator schedules 2 units of transmission so the condition for a constrained equilibrium
is satisfied. Continuity of the profit functions implies that the following results also apply to
an interval to the right of D, which can be calculated as D € [4,6.5]. Assuming strategic
generators submit bids according to the hypothetical equilibrium with a constrained link, would
it be profitable for a generator at the importing node to deviate? Yes - he would submit a bid

for a larger g4 such that the link is no longer constrained and his profit function would be:

24+ D —-2q1c—@c—qa

1
qd — 55‘13-

The first order condition gives output ¢4 = 6 and nodal price p; = 3 providing for profits
mq = 18 > m, = 16. Therefore (g1, g2,c) is not a Nash equilibrium.

For D € [3.2,6.5] neither an equilibrium with a constrained link nor an equilibrium with an
unconstrained link exist.” Appendix A shows that this interval is typically empty and a pure
strategy equilibrium exists if strategic generators are only located at one instead of both nodes.

The policy implications still follow and the empirical test is still applicable.

"Stoft (1998) shows a different channel which can make a pure strategy equilibrium unfeasible. In his three-
node network the output of two generators is complementary, because flows of electric energy can be superimposed
and therefore cancel each other. The high-cost generator’s output relieves the transmission constraint which the
low-cost generator faces. This allows the high-cost generator to limit the low-cost generator’s output and, by
creating a constraint, receive higher prices for his output under a nodal pricing design. The high-cost generator
reduces output to keep the constraint binding and to obtain high prices, while the low-cost generator would like
to reduce output to relax the constraint and obtain high prices. The low-cost generator can only do so by mixing

output strategies to ensure that the high cost generator does not constrain his output all of the time.
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3.1.4 Mixed strategy equilibrium

Returning to the case with two strategic generators located at each nodes I describe one possible
mixed strategy equilibrium for parameter choices D which do not allow for a pure strategy
equilibrium. The two generators at the exporting node submit a bid for the quantity gq;. The
two generators at the importing node each play a random strategy as to what bid they will submit
to the energy spot market. They chose independently, with probability p a high output quantity
gm and with probability (1 — p) a low output quantity gz. Fellow generators cannot observe the
bid, but only the distribution of bids, before the auction results are announced and can therefore
not react to the bid. The link will be constrained with probability (1 — p)? if both generators
choose a low output quantity. The strategies can only represent a Cournot equilibrium, if ¢;
maximises expected profits for generators at the exporting node and both g7, and ¢z maximise

profits of the generator at the importing node.

rice Demand
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Figure 3: Non-convexity in effective demand results in two profit maximising output choices qr,

and qg.

Figure 3 illustrates how non-convex net demand allows for two different output choices ¢,
and gp to be equally profit maximising. For simplicity only one strategic generator is located
at the importing node. If he chooses a low output quantity, then the transmission link will be
constrained and price will be above price pint max at the exporting node. Residual (local) demand
is shifted left according to total transmission capacity K. If the generator at the importing node
increases output, then price falls. Both nodal markets will be integrated if the price falls below
Dint max- Lhe system operator will now determine the amount of transmitted energy such that

nodal prices are equal. The result is a flatter section of net demand curve. This produces a
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non-convexity. Increasing output starting from qr marginal revenue is first negative because qr,
is a local maximum. However, if output is increased beyond the kink, then marginal revenue is
positive, because of the flatter demand curve, until the second profit maximising output choice
qy is reached.

I will now give three first order conditions and one equality that together determine the
output choices q1,qr,qg and mixing probability p. I will continue to use ¢, without subscript,
as the variable a generator is optimising to maximise profits.

First, lets determine the high output choice ¢z of a generator at the importing node. If the
generator chooses the high output, then the link will always be unconstrained and the markets of
both nodes will be integrated Dy + D2. Expected output of the fellow generator at the importing
node follows from the mixing probability of high and low output choices (1 — p) qr + pgg and
generators at the importing node chose ¢;. Generators are assumed to be risk neutral, therefore

they maximise expected profits, which are as a function of output choice g:

_2A+D—-(-p)ar —pgr —4—2q

Elrmg (q)] 5

L, 9
¢ - 5P¢".
Using FOC and symmetry ¢ = qg gives the optimal output choice:

_2A+D—qu+pq—2q
p+2+203

Second, the low output choice of a generator at the importing node is slightly more complicated

()

qH

to calculate. If the fellow generator at the importing node chooses qgr, then the nodal markets
will continue to be integrated whereas if the fellow generator at the importing node chooses g,
then nodal markets are separated and the generator only face demand of the importing node
minus the constant imports at full capacity. Forming the expectation over both cases the profits

for output choice ¢ are:
— 1 1
Elrg(q)] = <(1—p) (A+D~-K —qr—q) +p§(2A+D—qH—q—2q1)>q—iﬂqQ-

The optimal ¢ follows from the FOC and symmetry qr, = g¢:

_ 124+42D —2K — pD + 2pK — pqu — 2pq1
2 3—2p+p '

Third, generators at node one choose the optimal output quantity to maximise expected profits,

(6)

qL

which are obtained by aggregating all combinations of output choices for generators at node two:

- 2p—2p?

Py [ -2 7) A+T-a-a)+ 2 041D g —qnr— a1 —q)
2

+2 (2A+D—q1 —2qu — q) — 38

The FOC with respect to ¢ and symmetry q; = ¢ gives:

24+ 2K — 4pK + 2p*K + 2pD — 2pqy — 2pqr, — p*D + 2p%qr,
“= 6 —6p+ 3p% + 20 '
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Finally, each generator at node two chooses the probability p of mixing between g, and gg to
ensure that the fellow generator at node two is indifferent between choosing ¢ and ¢y and
therefore the mixed strategy equilibrium will be maintained. To simplify notation define m; ;
as profits of the fellow generator at node two from choosing output i € {L, H} if the generator

chooses output j € {L, H} :
(1—p)rrr+prre =1 —p)THL + pTHH.
Substituting from above gives

N7d 1 2A+ D —qr, — qg — 2
(1—P)(A+D—K—2qL—§ﬁqL)qL+p< qg qH — 201

2A+D —qr, —qg —2¢1 1 2A+ D —2qy —2¢1 1
= (1—/))( 5 —5Pan | qu +p 5 - 5Pan | qu-

- %ﬂ%) qr (8)

The four equations (6), (5), (7) and (8) allow to solve for the four unknowns qi,qr, gy and
p. Unfortunately, I did not find an analytical solution; therefore, I only provide the numerical

results.
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Figure 4: Output of individual generators as function of demand difference D.

Figure 4 presents the output of individual generators for demand parameter A = 10, trans-
mission capacity K = 2 and increasing marginal costs 3 = 0.5. For demand differences D < 3.5
generators chose output ¢, of the unconstrained scenario. For 3.5 < D < 3.8, a mixed strat-
egy equilibrium in continuous output choices must exist but I could only find a mixed strategy
equilibrium for D > 3.8. For example for D = 3.8 generators in the importing node will chose
qg with probability p = 0.57 and otherwise chose qr,. The constrained is only binding if both
generators chose g, which happens with probability p = (1 — p)? = (1 — 0.57)2. Because of

14



the positive probability of a binding constraint, the expected net-demand slope at the export-
ing node is steeper and generators will therefore reduce output to q;. With increasing D the
constraint is binding more frequently until at D = 5.1 the constraint is permanently binding
(p = 0). Output at the exporting node ¢; and the low output choice gz, at the importing node

coincide with previously calculated pure strategy constrained output choices ¢1 = q1.¢|p=5.1 and

qr = Q2,c!D:5.1-
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Figure 5: Expected total productionas function of demand difference D between symmetric
nodes. When strategic generators play a mixed strategy, then transmission is partially con-

strained. Marginal costs are constant in the left graph and increasing in the right graph.

Figure 5, left, summarises the results, giving total expected output for constant marginal
costs # = 0. Pure strategy equilibria exist for D < 3.2 (unconstrained) and D > 6.5 (con-
strained). In the intermediate domain a mixed strategy equilibrium is guaranteed by Glicksberg’s
Theorem: Output choices are in a compact set (positive and never exceed total demand) and
payoff functions (profits) are continuous in output choices. Continuous payoff functions require
that demand be elastic at all nodes, otherwise prices could jump with a small variation of output
choice. Figure 5, left, for constant marginal costs § = 0 suggests that a linear interpolation
between the constraint and unconstraint border-cases provides for a good approximation of the
mixed-strategy output. Unfortunately, this assumption breaks down with increasing marginal
costs, e.g. 3 = 0.5. (Figure 5, right).

One interesting effect of the transmission constraint is, that expected total output is de-
creasing with increasing demand in the domain of mixed strategy. This is due, first, to the
decreasing probability p at which generators chose qp and, second, to the increasing probability
of a constrained link p = (1 — p)? inducing generators at the exporting node to reduce output as

expected demand curve is steeper.
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3.2 Separate energy and transmission markets

A benefit of electricity liberalisation is closer coordination of electricity dispatch between neigh-
boring regions to exchange flexible generation capacity, average out volatility of intermittent
generation and to balance hydro and demand cycles. However, electricity markets are still sepa-
rated in different regions or European countries, mainly because liberalisation replicated existing
structures. These regional markets are then arbitraged by traders buying and selling electricity
and transmission rights. In the simplified model this historic evolution explaining and potentially
justifying such a market design is obviously not represented. The difference to the integrated
design is therefore that traders, instead of the centralised system operator, arbitrage markets. I
will now assess the implications for competition among generators.

To simplify the model I assume, in contrast to Smeers and Jing-Yuan (1997), that traders
make on expectation zero profits either because the market is contestable or because the num-
ber of traders is large. A second simplification is, that only traders, and not generators, buy
transmission contracts. If generators buy transmission contracts, then they experience financial
incentives that influence their dispatch decisions, as shown by Joskow and Tirole (2000). The
paper therefore complements Gilbert, Neuhoff, Newbery (2002) which evaluates policy guidelines
for generators’ access to transmission contracts while ignoring the effects resulting from separate

energy and transmission markets.

| | | | »

T T T T v
submit bid for results from  submit bids results of
transmission transmission to energy energy spot
auction auction spot markets

published markets published

Figure 6: Timeline of day ahead market for separate energy and transmission markets.

As illustrated in Figure 6 the system operator first auctions transmission contracts to traders.
I assume complete information and perfect arbitrage, therefore traders pay the marginal value for
transmission contracts, both in a uniform price and discriminatory price auction. The marginal
value can be zero if transmission supply exceeds demand. In step two, assuming n symmetric
traders each obtains K /n units of transmission capacity.

In step three generators and traders submit their bids to the energy spot market. Following
the Cournot assumption strategic generators at node ¢ submit a quantity bid ¢; to the energy
spot market at their node. Each trader has to decide what quantity %k of his transmission rights
K /n to use for energy transmission and then submits a quantity bid to buy & units of energy
at the exporting node and sell k£ units at the importing node. The assumption that traders

submit quantity bids which are price independent is based on the model of continental power
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exchanges as currently implemented in Germany and the Netherlands. In these power exchanges
all bids have to pay the market clearing price. I assume that traders will submit a very high
priced buy bid for k£ in the exporting country and a very low priced sell bid for k& in the importing
country. This ensures that both bids will be accepted and corresponds to the Cournot model. It is
important that either both or no bid is accepted, otherwise traders have an open energy position
and are exposed to high imbalance fees.® At the end of the section I discuss bids conditional one
the market clearing price at the other node which would imply that traders no longer submit
pure quantity bids.

The effect of traders submitting quantity bids is, that the amount of energy transmitted
between the markets K is not directly influenced by output decision of strategic generators but
by the aggregate bid nk < K traders submit to both energy spot markets. Setting K = nk in

4) gives the spot price difference resulting from generators’ decisions:
g g g

Apzm—pl:%w—%k). (9)

Generators’ strategic output choices only indirectly influences the amount of energy submitted
between the nodes: Traders anticipate the output choice of strategic generators, and will accord-
ingly chose the amount of energy bids k they submit to arbitrage the markets Ap = 0. This is

obviously only possible as long as the transmission limit is not violated:

K = nk = min(K, =). (10)

2|

If the transmission limit is binding and traders obtain positive revenue kAp from arbitraging the
two markets, then transmission capacity is scarce in the initial auction and competitive bidders
will pay the marginal value Ap for the transmission capacity such that they make zero profits.

Substituting the amount of energy traded (10) in the strategic output choice of generators
(4) gives individual and total production:

B A+ min(K, L) _A+D — min(K,
dl,ec = 3 ‘l‘/@) y 42,c =

N~

310 ), QZQ(Q].,C—I—QQ,C):ZL/;%?)‘

Figure 7 compares total expected production under integrated transmission and energy mar-
kets with separate markets, assuming constant marginal costs: The separation of markets for
transmission rights and energy enhances generators’ market power and results in lower output
quantities. Only, if demand difference between the two nodes exceeds D > 6.5 and the transmis-

sion constraint is permanently binding, then the output choices do not differ between the two

8 A trader with energy contracts in only one zone might still try to use bilateral negotiations to provide for the
second energy contract. However, he is under significant time-pressure and therefore in a bad bargaining position,

and is likely to obtain an unsatisfactory price.
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market designs. In the separate markets the entire transmission capacity will already be used
for D > 4, this does not show up in total output, because separation of energy spot markets has

the same effect as if the link were always constrained.

20 - Total expected

production
16 | _ _ _ - - -
-7 - — Integrated markets
1“1 _-- (nodal pricing)
- — Separate energy

12 A markets
10 \ D

0 1 2 3 4 5 6 7 8

Figure 7: Total production of strategic generators as a function of demand difference between

nodes.

The model is built on the assumption that generators cannot condition their bids at one
node on the market clearing price at the other node. This assumption could be questioned along
three different ways: First, simultaneously clearing markets at both nodes could allow traders to
submit bids conditional on the market clearing price in the neighboring node. However, if such
a close cooperation is feasible, why not go for an integrated market which ensures that arbitrage
is perfect. Second, energy spot markets can close sequentially. Indeed the German spot markets
opens later than the Dutch. If Dutch results are, as frequently the case, announced before closer
of the German spot market, then this should allow traders to still submit corresponding bids
in the German market. Such a conditioning might improve the situation in the two node case,
however, if the auctions are expanded to several countries then sequential energy spot markets
are difficult to implement. The third approach towards conditional bids is continuous trading.
Continuous trading allows traders in theory to continuously adapt their positions. However,
liquidity is typically low in very short term energy markets and therefore, at least according to
UK reports, traders are reluctant to go with a big position into this market.

Given the limited alternatives the Cournot approximation seems to provide some insights
into the difficulties of separate energy markets. The following theorem proves the benefit of in-
tegrating energy and transmission markets if the transmission line is permanently unconstrained
(D < 3.2). The example in Figure 7 shows integration also has a positive effect if the transmis-
sion is partially constrained in a mixed strategy equilibrium. (3.7 < D < 6.5). Integration has

no effect for D > 6.5.
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Theorem 1 If the transmission line between two nodes is unconstrained, integration of nodal en-
ergy markets which are only arbitraged by traders increases output and decreases prices (assuming
variable costs are convex and demand is elastic at both nodes).

Proof. Traders determine the amount of transmission such that prices at both nodes coin-
cide. Let P;(Q) characterise net demand faced by generators at each node and Q; equilibrium
production by generators at node i = 1,2. We assess now on output at node one, but the argument
equally applies to node two.

If energy and transmission markets are separated, then output quantity g., of generator m at
node one equals the choice q that mazimises profits mm(q) = P1(Q1— gm +q)q — Cm(q); therefore,

the FOC and q = q, give the result that marginal revenue equals marginal costs:

P1(Q1)'gm + PL(Q1) = Cy,(qm)

Assume that generators would choose the same output quantities in the integrated market with
total net demand Pjn(Q). From Pi(Q1) = Px(Q2) it follows that Ppni(Q1 + Q2) = Pi(Q1)
and elastic demand at both nodes implies P, ,(Q1 + Q2) > P{(Q1). Therefore, marginal revenue

exceeds marginal costs:

Pint(Q1 + Q2) @i + Pint(Q1) > P1(Q1) gm + P1(Q1) = C),(gm),

and generators with convex costs increase output qn, to maximise profits. This reduces prices in

the integrated transmission and energy market. ®

3.3 Testable implications

Figure 7 illustrated that the transmission link is less frequently constrained if energy markets
are integrated. To understand the reason, assume the constraint is binding in the design with
separate markets. Would generators bid the same output into an integrated market? Not if the
price difference between the two markets is small. Then generators at the importing node could
increase output such that price would fall and the markets were integrated. Generators would
do so, if profits on additional sales exceed lost revenue from price decrease on existing sales. The
constrained situation no longer represents a Nash equilibrium.

Assume two nodes are of different size and in a design with separate markets the constrained
binds. If the small node is import constrained and the markets are integrated, then a strategic
generator at the small node would benefit a lot from expanding output towards the big market
while only loosing little revenue on his small existing sales. In contrast, if the large node were
import constrained and the markets are integrated, then a strategic generators would not gain

much from the additional sales in a small market while loosing more revenue on his existing
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output. Therefore, an import constraint into the small market is only a Nash equilibrium for
much bigger prices differences between the nodes than an import constraint into the large node.
9

To show this effect, I use the change of net demand from day to day. Assume that changes to
demand and competitive supply are in first order random between the same hour of consecutive
days. If the transmission constraint is binding, then price changes at each node are also random,
and if demand is linear and marginal costs are constant, then price changes at each node are
independent of the price level. Therefore the change of price difference between the nodes is also
random and independent of the direction in which the transmission link is constrained.!®

If today the small node is import constrained with price difference Ap, then a small change in
prices might suffice to reach the level at which a constrained equilibrium does no longer exist. It
is therefore likely that the import constrained will vanish by the same hour tomorrow. If instead
the large node is import constrained, with the same price difference Ap, then a larger change
in prices is required to reach the level at which a constrained equilibrium does no longer exist.
It is therefore less likely that the import constrained will vanish by the same hour tomorrow.
Obviously, the large node importing implies the small node exporting. Therefore the probability
of an import constrained into the small country to be resolved by the same hour next day should
be higher than the probability of an export constrained to be resolved.

To formalise the results I require that demand curve is steeper in the smaller market, which
88% l% = 88%2 DL;. Then the

smaller market D1 < D has a steeper demand curve 1/ % <1/ %.U

is the case if demand elasticities and prices at both nodes are equal

Proposition 2 Transmission and energy markets are integrated and two generators with con-
stant marginal costs are located at each of two nodes, demand is linear and demand shifts between
the same hour of consecutive days are distributed symmetrically around 0. The slope of demand
of the larger market exceeds 1+T“/5 slope of demand at the smaller market. Then the probability
of price difference Ap from an import constraint into the smaller market to vanish by the same

hour next day is higher than the probability of an inverse price difference —Ap, caused by an

9This would imply, that in an integrated market prices between nodes are either equal or differ significantly,
while small price difference between the markets should not exist. This interval should differ for import and export
constraints. In contrast, price differences between separated energy markets should not exhibit such a gap. I did
not explore this route, but used a method derived from this initial idea.

107 ignore the link through the scarcity value of hydro. If transmission is likely to be unconstrained in the future
then future trade opportunities influence todays prices.

"'The requirement demand curve is steeper in the smaller market is easily satisfied. Assume demand elasticities

and prices at both nodes are equal %—LI)}% = %—[})}DL;. Then the smaller market Dy < D> has a steeper demand

curve 1/%—?} < 1/%}.
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export constraint, to vanish by the same hour next day. (Proof in appendiz B)

This asymmetry is also present if generators at only one node have market power. It still

requires differing slopes of the demand curves at both nodes.

Proposition 3 Transmission and energy markets are integrated and two generators with con-
stant marginal costs o are located at one node with demand A+ D — p which is interconnected
with a link of transmission capacity K to a competitive market with net demand A — rp with
O<rand2—./(1+r)< Aio‘?r. The probability of price difference Ap, caused by an import
constraint to the node were the oligopoly is located, to vanish by the same hour next day is higher

than the probability that a price difference —Ap, caused by an export constraint, to vanish by the
same hour of the next day. (Proof in appendiz B)

The asymmetry was caused by strategic generators at the import constrained node increasing
output to face the larger integrated market. In a competitive market generators submit bids at
marginal prices and will therefore not increase output therefore symmetry is maintained.

If the two energy markets at both nodes are separated, then the amount of energy transmit-
ted between the nodes is only indirectly determined by the output choice of strategic generators.

Therefore constrained Nash equilibria exist for all price differences between the nodes:

Proposition 4 Assume transmission and energy markets are separated, costs are quadratic, de-
mand is linear and demand shifts between the same hour of consecutive days are distributed
symmetrically around 0. Then the probability of price difference Ap, caused by an import con-
straint, to vanish by the same hour next day equals the probability of price difference —Ap, caused

by an export constraint, to vanish. (Proof in appendiz B)

The result for separate energy and transmission markets coincides for competitive market
with the integrated markets, confirming the implication of Chao and Peck (1996) that both

designs are identical in competitive markets.

3.4 Empirical evidence

Data from the German-Dutch interconnector shows that a separation of transmission and energy
markets only allows traders to arbitrage on expectation, and not for each realisation (3.4.1).
Traders frequently pay higher prices in the transmission auction from Germany to the Nether-
lands than the price difference in the energy spot markets which close later on the same morning
would justify. Arbitrage is only profitable on expectation. The observed effect does not result in

inefficient production decisions, but is a strong indication that the wrong amount of transmission
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is selected at times of unconstrained links. In 3.4.2 propositions 2 to 4 are tested by compar-
ing the German-Dutch interconnector with the interconnection between Sweden and Northern
Norway. The results do not contradict the hypothesis that integrating energy and transmission

markets mitigates market power.

3.4.1 Incomplete arbitrage at the German-Dutch interconnector

Transmission rights to the interconnector are auctioned in annual and monthly auctions for the
entire time span and in day-ahead auctions for each hour separately. I focus on this day-ahead
auction, where traders must submit their bids by 8.30am and receive confirmation of the results
by 9am.'? Traders then submit bids to the Dutch power exchange APX by 10.30am and to the
German power exchange LPX, which now includes the EEX, by 12 noon. The Dutch power
exchange commits itself to publish the results by at least 12 noon, implying that the markets
effectively clear simultaneously.!?

In Figure 8 the spot price difference between the Netherlands and Germany is depicted as
a function of the (positive) day-ahead auction prices for each hour in the period January 2001
to June 2002. For all the observations left of the dashed line, the price paid in the transmission
auction exceeded the revenues subsequently obtained in the energy markets. The large variation
of the spot price difference for any one price paid for transmission rights shows that arbitrage
is only based on the expected prices. If traders could anticipate the real price difference, then
transmission prices would never exceed the price difference between the two markets.

The figure only represents prices below 25 Euro/MWh, falsely creating the impression that
traders lose more than profit from trading. Including all observations with positive transmission
prices shows that traders’ average profits from the combined interaction in transmission and
energy market equal 1.56 Euro/MWh plus 0.5 times the price paid in the transmission auction.
This indicates insufficient competition among traders, allowing them to bid low in the day-ahead

auction to secure capacity at below its arbitrage value and thereby increase trading profits. In

12 Transmission rights to the Netherlands can be obtained in two separate auctions, starting in the grid of either
RWE or of EON. The analysis is based on the average of both, because so far both rights are perfect substitutes
as traders are not exposed to transmission constraints within Germany.

3However, traders report that the Dutch power exchange frequently clears earlier. This would allow them to
condition their bids to the German power exchange on the Dutch results. This represents a potential integration
of transmission and energy markets and would therefore result in higher probability of the import constraint into
The Netherlands being resolved, which is not observed.

The continuous trading platform Xetra of LPX is not included in the analysis, first, because trading volume is
only 10-15% of total day-ahead trading volume at LPX and, second, because trading closes at 12 noon. Additional
trading opportunities would only improve the situation in the period 9am to 10.30am because the bid to APX

must be submitted after that time.
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Figure 8: Spot price difference (Netherlands-Germany) observed after realisation of positive day-
ahead auction prices in the period January 2001 to June 2002. Colour coding corresponds to

number of hourly observations in 1Euro/MWh.

2001, a very unsophisticated strategy of using all transmission contracts bought for a positive
price in the auction to transmit energy from the German spot market to the Dutch one created
arbitrage profits of 30.6m Euros. These high profits must have attracted additional traders and
increased competition, reducing profits to 1.2m Euros for the first six months of 2002. This is a
lower limit for the transfers from consumers and generators to traders, and could be higher, if
traders used more sophisticated trading strategies. Borenstein e.a. (2001) observe a similar delay
of "no more than a couple of months”, during which price differences between the (day-ahead)
future energy market and the spot energy market persisted, until traders learnt how to deal with
a rule change.

Even if the markets are arbitraged on expectation, the main disadvantage of the separation
of transmission and energy markets still remains. In all the hours which are represented on
the left hand half of Figure 8, traders paid a positive price in the transmission auction at 9am
and therefore probably bid later in the morning on the energy spot markets to trade energy
from Germany to the Netherlands. However, the spot price in the Netherlands turns out to be
lower than in Germany. Assuming the spot markets are efficient and represent variable costs
of the marginal generator, this implies that low-cost generators in the Netherlands are replaced
by higher-cost generators in Germany. This effect did not change with improved arbitrage on
expectation; Figure 8 does not differ from a separate plot of 2001 or 2002.

The reason for this inefficiency is that traders cannot predict the spot prices because of
uncertainty and because private information is only aggregated in the spot market. Usually,

spot markets are specifically introduced to reveal private information; it is therefore inconsistent

23



to introduce a decentralised mechanism for decisions on energy transmission, which can only
work efficiently if traders correctly predict spot market prices.

Generation from wind and solar and CHP have output which is not predictable long-term,
and information is only aggregated in the spot market. Therefore, a higher contribution by these
energy sources will increase the inefficiency of the separate energy and transmission market. The
separation is also biased against intermittent generation: imagine that traders anticipate low
generation in the Netherlands and therefore schedule imports. If the spot market reveals high
(renewable) generation, the price will fall below the German price and renewables will receive low
revenues. If transmission and energy markets were integrated, exports would be scheduled instead
of imports and Dutch renewables would receive the higher German electricity price (assuming

transmission is not constrained).

3.4.2 Comparison with Nordpool

I test the theoretical claim that integrating energy and transmission markets reduces market
power, using hourly data from January 2001 to June 2002. If true, in an integrated energy
and transmission market like Nordpool, the probability that an import constraint into the small
country with a larger demand slope will be resolved by the same hour next day should be higher
than the probability of an export constraint being resolved. Under separate markets, e.g. the
German-Dutch interconnector, both probabilities should be identical.

Figure 9 shows the member countries of Nordpool. Sweden and Finland each constituting
one zone in the initial market splitting, while Norway and Denmark are split up into several zones
to address internal transmission constraints. Discussion of market power in Sweden goes back to
Andersson and Bergman (1995), and the Norwegian situation is discussed in Johnsen, Verma and
Wolfram (1999). I will focus on Northern Norway NO2 because it represents a two-node model
with the major interconnection to Sweden by transmission links (1) with capacity of more than
1000MW. Interconnection (3) towards Southern Norway NO1 is comparatively weak, at only
300MW, and exhibits almost identical behaviour because Southern Norway is well-integrated
with the Swedish market. Northern Norway is sometimes split up in two separately priced zones,
Tromsg and Trondheim, but prices in both zones behave almost identically; therefore, only results
for Trondheim are presented. Concentration in Northern Norway is high, with Statkraft owning
3002MW of 6287MW installed capacity.'*

Figure 10 shows that, in Northern Norway, the probability is higher that an import constraint

is resolved by the same hour of next day than an export constraint for all price differences

M Norwegian Competition Authority 2002, published in context of enquiry into acquisition of Trondheim Ener-

giverk (TEV) by Statkraft.
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Figure 9: Different zones of Norpool to which market splitting is applied. Connection 1 between

Northern Norway NO2 and Sweden represents the two-node model and is frequently constrained.
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Figure 10: Observed probabilities that a price difference |Ap| does vanish by the same hour next
day, for the small market importing and exporting. (Northern Norway and Netherlands)
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|Ap|. The observation confirms Proposition 3 assuming the Swedish market is competitive or
Proposition 2 assuming the Swedish market is oligopolistic. This confirms the model, which
predicts that integrating markets mitigates market power.

Figure 10, right, shows that, in The Netherlands, the probability is lower that an import
constraint is resolved than that an export constraint is resolved. Propositions 3 and 2 predict
the opposite result for the case of an integrated market while Proposition 4 suggests equal
probabilities for the case of separate markets. The result is closer to separate markets.

The difference could be attributed to two reasons: first, traders and energy companies
usually schedule imports into the Netherlands in addition to the trades on the spot market.
These imports are cancelled if a negative APX-LPX price difference occurred the day before,
pushing towards a reversal of the price. Second, Dutch generators have sufficient market power
to coordinate using the German electricity price as a lower limit, and adjust their bids upward if
they observe that the Dutch price is lower. The second effect would also be present in Northern
Norway but seems to be dominated by the incentives to deviate from an import constrained

situation in an integrated transmission and energy market.
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Figure 11:

I use the asymmetry between import- and export-constrained situations to eliminate other
effects that might distort the results. These other effects can be observed when comparing devia-
tions from the export-constraint scenario in Northern Norway with deviations in the Netherlands.
Significantly, the higher probability of all deviations in the Netherlands can be explained by
higher price volatility in the Netherlands, illustrated in Figure 11 (For a systematic comparison
see Bower, 2002(Bower 2002)). Nordpool prices are generally more stable, because their main
determinant is the water level in hydro storage, which evolves slowly, as Johnsen, Verma and
Wolfram (1999) argue.

One effect that one might expect to distort the analysis is the different generation pattern.

Northern Norway generates electricity exclusively from hydro power. Production is sometimes
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constrained by generation capacity and sometimes by the energy stored in the dams. The Nether-
lands mainly use coal and gas. However, the analysis compares the same hour of consecutive
days and should therefore not ’pick up’ different peaking behaviour in the first place. Using the
asymmetry between deviation from imports and exports finally ensures that generation tech-
nology and demand patterns that are independent from power flows on the interconnector are

filtered.

3.5 Conclusion of partially binding transmission constraints

Output choice of strategic generators in a two-node network has been calculated as a function
of demand difference between the nodes. If strategic generators are located at both nodes, small
demand differences result in an integrated market. If demand difference increases, a mixed
strategy equilibrium with partially-binding transmission constraint exists. For large demand
differences, both markets are separated. In comparison, output of strategic generators under
separate transmission and energy markets is lower, which can be interpreted as reduced welfare.
Empirical evidence from the German-Dutch interconnector shows that the separation of energy
and transmission markets prevents traders from arbitraging the interconnector in realisation,
and allows them at most to arbitrage at expectation. In the second step, the German-Dutch
interconnector is compared with the interconnection between Northern Norway and Sweden.
Theory suggests, and empirical evidence confirms, that it is more likely that the import constraint
into the small zone of Northern Norway is resolved by next day than that the export constraint
out of Northern Norway is resolved. This is because it is more profitable for generators in the
small country to deviate from an import constraint towards an unconstrained equilibrium in
order to face the large market than it is for generators in the large market to deviate from an
import constraint situation to obtain a small additional benefit in the small market. In contrast,
theory suggests that a constraint into and out of the ‘small’ country, the Netherlands, should be
resolved with equal probability, because deviation does not change flows and does not, therefore,
change the constraint. Empirical evidence even shows that the probabilities are not only equal,

but even inverted, which can be explained by longer term transmission and energy contracts.

4 Constrained transmission in meshed networks

The two node model of the previous section captures some of the economics of electricity networks
and can be used in small, mainly linear transmission networks. Large electricity grids typically
exhibit several different constraints and their treatment requires representation of the meshed

nature of the network. The effects discussed for the two node network still apply in the meshed
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network. In addition, as will be shown in this section, the allocation of transmission in meshed
network even matters if constraints are permanently binding.

In electricity networks, Kirchhoff’s laws start to bite: a fraction of the energy transmitted in
an electricity network between any two nodes passes through virtually every link of the network.
For an efficient dispatch, the challenge is therefore not only to schedule the right amount of
energy transmission between two nodes, but also to use scarce transmission capacity on links for
transmissions between nodes where it provides the highest value.

With nodal pricing, market participants submit bids or bid schedules to the system operator
(SO) which specify the node, price and quantity at which they would like to supply or obtain
energy. The SO calculates prices for each node, such that total surplus is maximised implying
optimal allocation of transmission capacity while transmission constraints are satisfied and total
demand matches supply.!® Lower-priced supply bids and higher-priced demand bids at each node
are accepted and paid for at this price.

Separate transmission markets define physical property rights for scarce transmission capac-
ity which have to be present when scheduling transmission between different nodes of the network.
Trade of the rights results in an efficient usage of scarce capacity and the design coincides with
nodal pricing in the presence of complete and competitive markets.

What is the effect of separation of transmission and energy markets in the presence of market
power? Separate markets imply that the configuration of transmission rights determines which
energy flows traders have to schedule. Flows are therefore no longer a function of changing bids
of generators in the energy spot market.'6 Integrating the markets therefore reduces the slope
of the demand curve (4.1). Figure 12, left, illustrates that integration with changing demand
slopes does not change outcome of competitive markets because output is only determined by
intercept of demand and marginal costs not the slope. In contrast, generators with market
power determine their output based on demand slope, and a decrease in demand slope result in
higher output (4.2). Figure 12, right, illustrates that generators could continue to produce at
the previous output level, but increase output towards the competitive choice because 7 > 7g.

The analysis assumes that the same transmission constraints are always binding, whereas

the effects described in the first part required generators to relax transmission constraints on

5The price determination is based on the assumption that bids are cost reflective. If sufficient information
about generators with market power and their location is available, the algorithm determining nodal prices can
be changed to mitigate market power (See DAE Mimeo Gilbert, Neuhoff, Newbery 2001 for an example in a
three-node network).

1Flowgate rights would in theory allow bilateral trading to allow for reconfiguration of energy flows to match
changing output decisions of generators. In practice with complex congestion patterns flowgate rights are frequently

considered to be too complex for implementation.
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Figure 12: If separate (S) markets are integrated (I) demand slope decreases, with no effect in

competitive markets but increased output of a monopolist.

their outputs.

4.1 Integration of energy and transmission markets increases demand elas-
ticity

” While the change in an x with respect to its own parameter is always negative regardless of the

number of constraints, it is most negative if there are no constraints, only less so when there is

a single constraint, and so forth ...” Samuelson (1947).

Le-Chatelier Samuelson principle is also applicable for electricity networks. This is not
directly apparent, and I did not find a way to satisfy the conditions required for the application
of previous proofs, e.g. Samuelson (1947), Kusumoto (1976), Fujimoto (1980), Milgrom and
Roberts (1996). These proofs do not cover the twofold appearance of prices in transmission
trading, first prices clear local markets and therefore determine net-exports from every node and
second price differences between nodes are linked to price differences between other nodes by the
scarcity value of constraint transmission links.

The allocation of transmission capacity is based on supply and demand bids by generators
either to the system operator or to energy spot markets. Bids can be either quantity bids as in
a Cournot game with the market clearing price determined by the intersection with demand, or
bids can be supply functions as in a supply function equilibrium (Green and Newbery, 1992).
The system operator does not differentiate between competitive or any kind of strategic bids
and always applies the same transmission allocation mechanism. Neither do competitive traders
differentiate between the bids when arbitraging the markets. The calculation of network flows
and prices according to Bohn, Caramanis and Schweppe (1984) is therefore applicable both for

competitive and strategic bids. The algorithm to define nodal pricing can be summarised as:
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The system operator allocates transmission capacity as if energy bids were competitive and he
wanted to maximise welfare. The calculation is based on a DC approximation. This allows for
linear treatment of all constraints while maintaining a sufficiently accurate representation of the
underlying physical reality. In appendix D the effect of relaxing a constraint set by separation
of energy and transmission markets is determined and the following result is calculated both in

an intuitive way for one binding constraint and for several binding constraints:

Theorem 5 Generators at any node of a meshed network face a weakly flatter effective demand
curve under nodal pricing than under separate transmission and energy markets. (Proof in ap-

pendiz D.)

4.2 Increased demand elasticity reduces market power

If market power is present at only one node, then increased demand elasticity at the node has
the typical effect of increasing output and reducing prices of strategic generators at the node.
This section addresses the question of the network interactions.

In the DC approximation of the network transmission constraints produce linear constraints
on flows. A set of constraints defines a hyperplane restricting the larger space of possible flow pat-
terns. Aslong as the same constraints stay binding the flow patterns can therefore be represented
by linear equations. If this assumption, that the same constraints stay binding independent of
strategic output choices of generators, is not satisfied, then the subsequent analysis does not
necessarily apply and the number of possible combination of binding transmission constraints
requires a numerical treatment. As long as the binding transmission constraints do not change,
price can be expressed as linear function of total output @; of oligopolists at two different nodes

1=1,2:
= Q- Q2 — Qy =  Qy— Qs Q1 —Q,
=P+ +6 =P+ +6 .
P ! a1 + O\ m e 2 ag + O)o N9

(11)

The indirect demand functions are defined such that they pivot around equilibrium price P; and
total production @; in the case of separate energy and transmission markets. The pair (P;, Q;)
obviously represents a feasible solution, even so, as previously illustrated in Figure 12, it might
not be profit maximising depending on the slope of the demand curve.

If 6 takes the value § = 1 then (11) represents a design with integrated transmission and
energy markets which allow for flexible allocation of transmission capacity. For 6 = 0 transmis-
sion and energy markets are separate and transmission capacity and energy flows are therefore
predetermined at the time of the energy spot markets. According to theorem 5 demand elasticity
is weakly increased if energy and transmission markets are integrated, therefore A; > 0. The sign

of n; depends on whether output at the two nodes is a ‘local substitute’ or ‘local complement’.
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Following Joskow and Tirole (2000), output is a ‘local substitute’ (n; > 0) if an output increase at
one node reduces the price at the other node. Integrating energy and transmission markets then
reduces prices at both nodes, which implies that total demand is increased, and therefore total
output must have been increased. It is not guaranteed that output at each node is increased,
since it could also have been substituted between the nodes. Output is a ‘local complement’
(n; < 0) if output increase at one node reduces prices at the other node. Local complements are
due to the effect that electric energy flows in opposite directions on a link are superimposed: A
transmission line with a transmission limit of 1 unit can therefore transmit 2 units of energy if
1 unit is directed in the opposite direction.

Assume n generators are located at node one and m generators are located at node two of
the meshed network. Costs of generators are symmetric at each node but can differ between the
nodes 7 = 1,2 and are a function of individual output g¢;:

8,
Ci(q) = 31%2 - Ciq;-

The profit function of a generator at node one (and similar at node two) is:

(9 = q < Q1 O(é1+6;\fl—q+6m%n;@2> /qu2_cq

The first order condition and symmetry between generators g1 = ¢ gives:

D @1 ’mq2—§2 _ nq1 Q1
¢ = Pl + a1+oA + 6 N €1 g = P2 + 042+5)\2 + 6 )
= ntl ; = mtl :
a1+06A1 + 5 az+0X2 + 52

Combining both equations allows expression of g1 as a function of parameters:

F?*Cﬁag—ﬁ?rg o

—_ Ie) m +B2 Q2
Py o1+ = + 6— D00
0= e " (12)
! i '
n+1 s __E'Taer 12 +B2
a1+61 + /61 B m

Setting § = 0 and Q1 = nq1 (Q2 = mga) gives the equilibrium output choice with separate energy

and transmission markets:

a7 — a9 —
= n——(P1—c1), =m———— (P2 —c2),
Q1 T+ B (Pi—c1), Q2 TF By (P2 —c2)
Qi/n* (1+ Bra1) + c1an

Py

a1

Now assume that the demand slope has been defined by (Q;, P;) = (Qi, P;), such that Q; can
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substituted in the (12):

(A+B1a1)(ca+dM)+tnar  2m n o1
(I+Aren)(er+6M) 2 (1+61a1)(a;r<—ilkz +/62>
n = (Pl o Cl) n+1 2m n 1
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m 14+85002) (m+14+65(a2+6A2 1+Bo o
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The change in output as result of integration of energy and transmission markets can now easily
be calculated:
Agg = q6=1)—q(6=0) (13)
A Ao
_ < mil ) (P — &) ey + 2 ~ ) 5 e e ).
B A 2 1
a2t A2 (arfi)\l +’61> <Oé2+>\2 +52) o Eﬁ

All components of (13) will be positive if output at both nodes is a ‘local complement’, allowing

the general proposition:

Proposition 6 If constraints are binding permanently and output at both nodes is a ‘local com-

plement’, output will increase at both nodes after integration of energy and transmission markets.

Proof. If output of both nodes is a ‘local complement’ n; > 0, therefore the nominator of
(13) is positive and the denominator is positive, according to Lemma 17 (Appendix C). =
However, if output at both nodes is a ‘local substitute’ then 7; < 0 and Ag; can potentially

turn negative. Instead, price changes at both nodes are assessed:

Proposition 7 If constraints are binding permanently and output at both nodes is a ‘local sub-

stitute’, prices will decrease at both nodes after integration of energy and transmission markets.

Proof. Prices (11) change with Changes in output of strategic generators by

D1 oLt )\1 Q1 —l— m q2.
Substituting Ag; from (13) gives
A\ Pi—c m__ m+l+(aa+X2)B,
T8 an e+ ) \mma (c2+A2)(a1+A1)

App =

+1
(CJIL"F}\I + 51) (Oéz-l-)\z + /62) 7]1 7]2

Po—co 1+(a1+A1) 51
2[0+5302) 771 a1+)\1)(a2+>\2)

+1 '
(arll+)\1 +51) <Oé2+)\2 +ﬁ2) N HW
The denominator is positive according to Lemma 17 (Appendix C). Using Lemma 16 (Appendix
—%, and the first term is therefore

negative. In the second term, 7; < 0 for the substitute, and therefore the second term is negative

_l’_

C), the bracket in the denominator of the first term is

as well, implying that Ap; < 0. =
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4.3 Conclusion for constrained meshed networks

Integration of energy and transmission markets for meshed networks increases demand elasticity
which generators face at each node. If strategic generators are located at one node, output will
be increased and welfare improved. If strategic generators are located at two nodes, without
cross holding of ownership, total output by strategic generators will be increased. If output at
the nodes at which strategic generators are located is ‘local substitute’, prices at both nodes
will decrease. If output is a ‘local complement’, output of strategic generators at both nodes
will increase. The results suggest that integration of transmission and energy market mitigates

market power in meshed networks.

5 Conclusion

The paper assumes all physical transmission contracts are acquired by traders and cannot provide
financial incentives for generators to alter their energy bids as in Joskow and Tirole (2000).
Does nodal pricing with integrated energy-and-transmission markets then differ from physical
transmission contracts, with subsequent separate energy markets?

The question is first asked for the case that a transmission line between two nodes is some-
times constrained, and then for the case of one or several permanently constrained transmission
lines in a meshed network where the dispatch of individual generators does not change the selec-
tion of lines that is constrained while it can change flow patterns.

In a two-node model, I calculate strategies of generation companies for integrated and sepa-
rated energy and transmission markets, including a mixed-strategy equilibrium with four gener-
ators located at two nodes. The analysed case illustrates that output is larger in the integrated
market with nodal pricing and a general proof is provided for the case of an unconstrained
transmission line: integration of transmission and energy markets mitigates market power and
increases output.

The theory can be tested with an indirect effect using the asymmetry between probability
of the price difference caused by an import and an export constraint being annulled by the
same hour of the next day. Using the asymmetry allows comparison over different markets,
while reducing the impact of country-specific effects of generation mix and demand profile. The
comparison between the German-Dutch interconnector — with separate transmission and energy
markets — and the integrated market between Sweden and Northern Norway, does not lead to
the rejection of the hypothesis that integration mitigates market power.

In a meshed electricity network, integration allows flexible allocation of transmission capac-

ity. I show that Le Chatelier Samuelson’s principle is applicable in this case where transmission
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prices and local energy prices are linked. Integration of transmission and energy markets in-
creases demand elasticity in meshed networks if the same transmission constraints continue to
be binding. If generators with market power are located at one node of any meshed network,
this increases welfare. If generators with market power are located at two of the nodes, without
cross holding, total output will be increased either if the nodes are ‘local substitutes’ or if they
are ‘local complements’. Further research is required to ensure that the results hold for market
power at additional nodes, and to assess the impact of generators’ cross holding of assets at
several nodes.

The empirical evidence furthermore supports Hogan (1997) that separate energy and trans-
mission markets are inefficient in the presence of uncertainty. Usually, spot markets are specifi-
cally introduced to reveal private information. It is therefore inconsistent to introduce a sequen-
tial mechanism for decisions on energy transmission, which can only work efficiently if traders
correctly predict spot market prices. Generation from wind, solar and CHP have output which
is not predictable long-term, and information is only aggregated in the spot market. Therefore,
a higher contribution by these energy sources will increase the inefficiency of the separate energy
and transmission market. The separation is also biased against intermittent generation because
prices will be excessively low at times of unexpected high generation.

This paper should be of relevance for enhancing competition and integrating European
electricity markets, suggests some changes to the currently proposed joint transmission auctions,
and might contribute to FERC discussions on standard market design. A further application
might be in strategic trade theory. Extensive discussion has focused on the different effects
between tariffs and quotas, whereas this paper suggests that quotas covering several product
categories or countries increase elasticity of demand or supply relative to narrowly-defined quotas.

This should increase competitiveness of markets in the presence of quotas.
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A Existence of pure strategy equilibria

If strategic generators are located at only one instead of both nodes as previously discussed, then
the interval in which a pure strategy equilibrium does note exist is typically empty and a pure
strategy equilibrium will always exist.

An intuitive explanation for the existence of a pure strategy equilibrium is, that if strategic
generators are located only at the exporting node then they do not face a non-convexity in net
demand when the export constraint is relaxed. If strategic generators are only located at the
importing node, then they face a non-convexity. However, it is not as strong as if strategic
generators are located at both nodes because the following effect is missing, that facilitates
deviation from a hypothetical equilibrium:

If the hypothetical equilibrium implies a constrained transmission link, then production of
generators at the exporting node is lower and generators at the importing node need to increase
output and reduce prices less to face the integrated market.

If the hypothetical equilibrium implies an unconstrained transmission link, then production
of all generators is bigger and generators at the importing node have to decrease output by less
to separate the markets and face the higher demand slope of one node only. The results can be

summarized in the following theorem:

Theorem 8 In a two-node network with elastic demand at both nodes and symmetric generators
located at one node, a pure strategy Nash equilibrium always exists if (but not iff) B < %,
with B slope of marginal costs and demand including mazximum possible transmission at node i

of: Di — bip;.'"

Before going to the proof, I define local Nash equilibria as a set of output choices {¢;} and
a parameter ¢, such that {¢;} is a Nash equilibrium if for each generator i output choice ¢ is
restricted to g € [¢; — €,q; + €]. To facilitate notation, demand is formulated as net demand with
transmission capacity fully utilised. Demand intercept therefore includes expected transmission

K, from the exporting node D; = A + K, and to the importing node Dy = A+ D — K. Cost of

"The right-hand side will not be negative if zone two is import-constrained. Assuming otherwise would imply

% < f—ll; that is, without production of strategic generators only using transmission capacity for transports from
node one to two, the price in the importing region two is lower than in the exporting region one, violating the

assumption of a binding import constraint.
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generation is as before C(q) = qu, with constant marginal costs eliminated by transformation
of the overall price level.

Proof. If the generators are located at node one (export) then Figure 3 shows that they
face convex demand as long as they do not deviate towards an import-constrained situation,
which is covered by the discussion of generators located at node 2 (import). Convex demand
guarantees that the local optimal output decision (FOC) is globally optimal; therefore, a pure
strategy Cournot equilibrium exists.

Generators are located at node two (import). If they assume that the transmission constraint
is binding, they choose output g., taking output decision g of other (n — 1) generators as given

to maximise profits in their local market with constant imports:

Dy—(n—1G—q S
(g = 22, D (19

and, using symmetry among generators, choose output:

Do
o2 15
= 01+ byf (15)

If generators assume that the transmission constraint will not be binding, they anticipate facing

the demands of the integrated market and maximise profits:

D1+D2—(n—1)q—qu ﬂg
_ w—=q2, 16

7(qu) 5

resulting in output choice:
B D1+ Dy
n+1+ (b +bg) 3

Is the transmission link is constrained (unconstrained) if all generators choose output g. (gy)?

qu (17)

Using ¢, (17) and g, (15) the condition ¢, < g, is satisfied for:

(n,+—1)l)1

B < Do Dby’

(18)

Assume the transmission link is constrained if generators choose ¢, then ¢. < ¢, guarantees
that it is also constrained for ¢.; ¢. therefore represents a local constrained equilibrium. On the
other hand, an unconstrained link after a choice of g. and ¢. < ¢, ensures the existence of a local
unconstrained equilibrium with output choice g,. If a local Nash equilibrium exists, then it is
either a Nash equilibrium or deviations are possible. If deviations are possible, Lemmas 9 and

10 guarantee the existence of a Nash equilibrium. m

Lemma 9 If deviations from a local Nash equilibrium with constrained transmission link are
profitable, a local Nash equilibrium with unconstrained transmission link exists (I), and is a Nash

equilibrium (II).
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Proof. (I) Assume the profitable deviator from a local Nash equilibrium with constrained
transmission link (constrained local Nash equilibrium) reduces output. Profitable deviation is
only possible because of the non-convexity in demand when the transmission constraint is relaxed.
Therefore aggregate production after deviation must result in a relaxed transmission constraint.

During the deviation, the profits of the deviator only are maximised; he chooses output
according to the additional demand of the integrated market as if he were a monopolist. If
all generators anticipate the deviation, they will choose an oligopolist output, which is more
competitive and therefore bigger. This effect is enhanced because of higher demand elasticity of
the integrated market. Therefore, the import constraint stays relaxed and a unconstrained local
Nash equilibrium exists.

(IT) Deviation from the constrained local Nash equilibrium is profitable; therefore, a gen-
erator anticipating a constrained link makes lower profits than a generator anticipating an un-
constrained link. In the move from the constrained towards the unconstrained local Nash equi-
librium, output @, of the remaining generators increases. According to Lemma 11, an increase
in @, reduces profits of a generator anticipating a constrained link more than it reduces profits
of a generator anticipating an unconstrained link. Therefore, in the unconstrained local Nash
equilibrium, profits of a generator anticipating a constrained link are lower than profits of a
generator anticipating an unconstrained link, deviation is not profitable, and the unconstrained

local Nash equilibrium is a Nash equilibrium. m

Lemma 10 If deviations from a local Nash equilibrium with unconstrained transmission link are

(n+1)D1
Dob1—D1b2’

local Nash equilibrium with constrained transmission link exists (I) and is a Nash equilibrium

(II).

profitable and generators are symmetric with marginal cost curve satisfying B <

Proof. (I) If a deviation from the unconstrained equilibrium is to be profitable, the in-
terconnector must be constrained if (n — 1) choose ¢, and one generator reduces output ¢4 to
constrain the interconnection: ¢4 < q. If the remaining generators reduce output ¢, even further

ge < qq when they anticipate the constraint, a local constrained equilibrium exists.

Substituting g,, from (17) for g in the profit function (16) and calculating the FOC gives the
deviating output choice:

Dy — (n— 1)%
2+ b3 '
Substituting (17),(15) and (19) in ng. < (n — 1)qy + qq gives:

qa = (19)

(7’L+ 1) Dy

B < 3Dy oDy
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(IT) Given ng. < (n — 1)qy + qq and g4 < gy it follows that g. < g,. Output of fellow generators
Q- is reduced when they anticipate a constrained rather than unconstrained transmission link.
According to proposition 11, the profits from choosing output resulting in a constrained link
are thereby increased more than profits from choosing an output resulting in an unconstrained
link. A% constrained > ATMunconstrained- Given that choosing output that results in a constrained
link was more profitable at the start: Teonstrained > Tunconstrained, it 18 €ven more so after fellow

generators adopted their output choice:

T constrained T AT constrained > Tunconstrained + AT unconstraineds

and therefore the local constrained equilibrium is a Nash equilibrium. m

Lemma 11 Profits of a generator m decrease more slowly with output increase of remaining

generators Q. if he chooses the output such that the link stays unconstrained than if he constrains

; . aﬂ-constrained 87Tuncon5trained
the link: 50 < 56 .

Proof. A generator anticipates the remaining generators will produce @,. If he intends to

D2*Qr

constrain the transmission link, he maximises (14) choosing output ¢ = T

and makes profits

T ) _ (DQ — Qr)2
constrained 2b2 (2 n bgﬂ) .

If, alternatively, he intends not to constrain the transmission link, then by maximising (16) he

makes profits
_ o (D2 + Dy — QT)2
unconstraine 2 (bl n bg) (2 + (bl + b2) ,8) .

1 ] aﬂconstrained 87Tunconst7‘ained 3 QT_D2 QT_DQ_DI
Using these functions T < 56 can be written as B (27020 < TiTba) 21 (01 102)5)
D2 +D1 _Qr D2 _Q'r‘ pintercepti uncon pintercepti const . . . .
O Gb) Ot )B) < 5aetbed) O ~ 24baBi B < STha The last inequality is satisfied

because pintercept uncon < Dintercept const- Lhe constrained demand function intercepts with
production @, of remaining generators above the intercept of unconstrained demand function
with @,. Otherwise, the generator could not influence the constraint’s status (and the constrained

equilibrium would be a global Nash equilibrium). =

B Proofs of propositions required for empirical test

Proof of proposition 2: Transmission and energy markets are integrated and two generators
with constant marginal costs are located at each of two nodes, demand is linear and demand shifts
between the same hour of consecutive days are distributed symmetrically around 0. The slope

1+5
2

of demand of the larger market exceeds slope of demand at the smaller market. Then the
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probability of price difference Ap from an import constraint into the smaller market to vanish by
the same hour next day is higher than the probability of an inverse price difference —Ap, caused
by an export constraint, to vanish by the same hour next day.

Proof. Demand at the node with steeper demand curve (smaller market) is A + D — p
where D is the parameter which is shifted to represent demand changes (Note that AD, not D,
is distributed symmetrically around 0), and demand at the other node is A — rp with r > 1.
Lemma 13 shows that, if the smaller market is importing and price difference between the nodes
is Ap, D must be decreased by

(6+4r—5r (147r) —2r2>

AD, = BT (A+XK) +34p

to ensure that the unconstrained situation is more profitable. Lemma 12 shows that, if the larger
market is importing, D must be increased by:

1—+/(147r)

AD; =
2r

(A + ?) + 3Ap,

to make deviations from the import constraint profitable and hence remove the constrained equi-
librium. The changes in D are again symmetrical and linear in Ap, but the small country requires
smaller changes in D to allow profitable deviation. Now make sure that, in the change towards
an unconstrained equilibrium from constraint, the small importing country is even smaller than

the change to make an importing, large country deviate from a constraint situation:

ADg < AD;.

The inequality is satisfied if r > 1+—2‘/‘F’and parameters A, K are positive - implying that the two

zones have to be sufficiently asymmetric to satisfy the strong conditions set.
The same argumentation can be applied to demand changes at the large zone (replace A by
A— D) and the results are replicated. The model is linear in demand changes; therefore, demand

changes at both nodes result in a linear superposition, and the result is therefore general. m

Lemma 12 If the smaller market is exporting and price difference between the nodes is Ap, D

must be increased by

142r—24/(1 —
AD, = =" ( +T)T(A—K)—3Ap,
r
to make deviation profitable.

Proof. In a Cournot game, generators in the import constraint large zone choose output
Gn, resulting in prices p, and profits my,:

A-K A-K 1 /A-K\>
dn = y DPn = ) - .
3 3r r

(20)
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If an importing generator deviates towards an unconstrained situation, optimal output choice

would be g4, resulting in profits m4:

3A+D-K = = 21
( + )7 Pa 6 1+r y  Td 1+r 6 ( )

=

134+D-K 1 <3A+D—F)2
qa = = -

If wq > m,, deviation is not only profitable but the transmission constraint is no longer binding
either, and deviation is therefore feasible (See Figure 3). Substituting (20) and (21) in w4 > 7,

allows calculation of marginal value D,,, above which deviations are profitable:

Dy =K -34+2(A-F) .

If the constraint is binding, price at the exporting node p., and therefore price difference Ap to

importing node p,, (20), is:

_A+D+K

2A— (A+K)(1+r)—Dr
Pe 3 :

A:
P 3r

Inverting Ap gives D(Ap):

3Apr — A+ Ar+ K + Kr
D(Ap):— P r )

and allows for calculation of the shift in demand required to facilitate deviation from the import

constraint AD; = D(Ap) — D,,. ®

Lemma 13 If the smaller market is importing and price difference between the nodes is Ap, D
must be increased by:
(A+K) <6+4r—57‘ (1+7) —21"2)

ADg = 3A
s 2r (3 +4r) +oap,

to make the unconstrained situation an equilibrium.

Proof. Output and profit in an integrated market are:

qi

244D 1 (24+ DY’
~7 5 0 "Ti1yr\ 5 '

A generator at the importing node reducing output to constrain the link chooses:

_ 3444D - 5K _ (3A4+4D 5K\’
qd = 10 ) Td = 10 .

Deviation is profitable and feasible if 74 > 7;, which implies that:

Dep. - 1t7) (10K —2A) —4Ar+5\/(1+7) (A+ K)
" 6 + 8r '
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If the constraint is binding, price at the exporting node is p., at the importing node p; and price

difference is Ap:

A+ K A-K+D 24r+Dr— (A+K)(1+7)
3r B 3r

Pe =

Inverting Ap gives D(Ap):

—3Apr+Ar—A—K —Kr
D(Ap):— P r )

and allows for calculation of the shift in demand required to facilitate deviation from the import
constraint ADy; = D(Ap) — Dy, ®

Proof of proposition one-node market power:3 Transmission and energy markets are
integrated and two generators with constant marginal costs « are located at one node with demand
A+ D —p which is interconnected with a link of transmission capacity K to a competitive market
with net demand A—rp with 0 < r and 2— \/m < 39 . The probability of price difference

A+K
Ap, caused by an import constraint to the node were the oligopoly is located, to vanish by the

same hour next day is higher than the probability that a price difference —Ap, caused by an export
constraint, to vanish by the same hour of the next day.
Proof. Analogue to Proposition 2 it must be shown that: AD; < ADg. Substituting from

Lemma 14 and 15, this gives the condition 2 — /(1 +r) < A?f?r. |

Lemma 14 If the duopoly market is exporting and price difference between the nodes is Ap, D
must be increased by

ADE = 3Ap,
to resolve the transmission constraint.

Proof. If the transmission constraint is binding, in the oligopoly model prices in exporting

node p, and importing node p; result in price difference Ap:

A+ D+ K +2a A-K A-K A+D+K+2a
- 3 b= Ap = r 3

Pe

Inverting the equation for Ap gives the demand change required to resolve the transmission

constraint. m

Lemma 15 If the duopoly market is importing and price difference between the nodes is Ap, D

must be decreased by

AD] :3Ap—3a+

2—+/(1+r) (A—i—F)

to resolve the transmission constraint.
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Proof. Output choice and profits in the import constraint situation

A+D-K—a <A+D—F—a)2
= 3 Te = 3 .

When markets are integrated, output choice and profits are

- HtD-a 2A+D—a>2

g 1 _—

3 Tu=(1+7) ( 3+ 3r

The unconstrained equilibrium is preferred if 7, > 7., with the marginal demand difference D,,
of

—Ar+ Kr +ar + (1+ 1«/(14—7")) (A+K)

r

Dy, =

Assuming constraint is binding, the price difference between the nodes is:

_A+D-K+2a A+K
B 3 o

Ap

Inverting gives D(Ap) and allows for calculation of AD = D(Ap) — D,,. ®

Proof of proposition 4: Assume transmission and energy markets are separated, costs are
quadratic, demand is linear and demand shifts between the same hour of consecutive days are
distributed symmetrically around 0. Then the probability of price difference Ap, caused by an
import constraint, to vanish by the same hour next day equals the probability of price difference
—Ap, caused by an export constraint, to vanish.

Proof. Assume two zones ¢ = 1,2 with n; generators, slope of marginal cost curve 3, and
demand A; — b;p; and transmission capacity K; therefore, Cournot prices in the case of binding

transmission constraint are: .
i = (1+b:8) (A £ K)
T obi(ni+ 1468

If the transmission is constrained, nodal prices differ Ap = p; —po. If the transmission constraint

is to be resolved, demand intercept A; at one or two of the nodes must shift by at least AA;, AAs,

such that
(14 b235) 1+ 016,
Ap > AAy; —
P =1, (na+1+02Bs) > b1(n1+ 1+ 010;)

The equation is linear in AA; and AAs as long as demand is linear. The demand shift required

AA;.

to resolve a constraint resolving a price difference Ap is opposite to the demand shift required

to resolve a price difference —Ap. m

C Lemmas regarding output choice

Lemma 16 (a1 + A1) (a2 + A2) = ny75.
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Proof. If the markets are integrated, an output change Aq results in price change Aps =

Aﬁ—gl. This price change corresponds to the price change which would be brought about by
an output change at node two of Agy = (a2 + \2) Aps = (a2 + \2) An—‘;l. Such an output
change would have resulted in a change in demand at node one of Agq; = (a1 + A1) Aﬁ—‘? =
(a1 + M) (a2 +2) 3L, m

Lemma 17 The denominator is positive

Proof. Lemma 16 shows that (a1 + A1) (2 + A2) = m;m, and therefore

<n+1 +ﬁ1><m+1 —1—52)—@3

a1+ M\ a9 + Ao 17y N2
n+1 m+1 mn m+n+1
N L)
a1 t+Arag+ A M2 M2

D Integration increases slope of net demand

This section first gives an introduction to flow calculation according to Bohn, Caramanis and
Schweppe (1984) and then provides the proof for theorem 5. Net demand P; at any node ¢ equals
demand D; minus supply Y; ; by all generators j located at the node:

P;=Di—-Y Y
J

Given the net demand at each node, power flows on the network are determined entirely by the
physical characteristics of the network. These characteristics can be represented by a transfer
admittance matrix H, which is a constant in the DC approximation. It is a function of the
resistance of the links and allows the calculation of the vector Z of flows on all links as a

function of net-demand ?’) on the nodes:
— —
Z =HP. (22)

The law of energy conservation implies that the difference between inserted energy and withdrawn

energy equals network losses which I will set to zero to simplify subsequent calculations.
SV -Yn=-YR- &
i\j i i

The system represented by (22) and (23) is overdetermined and one equation can be dropped by
rewriting transfer matrix H, such that row ¢ only contains 0. Node i is called the swing bus and

I assume, without loss of generality, that the swing bus is node one ¢ = 1. Changes of P; will
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not directly influence Z in (22), but according to (23), they accompany changes of Pj, j # 1,
and thereby ’indirectly’ influence Z in (22).
The transfer admittance matrix (22) allows calculation of the effect of demand changes on

link flows:
YA 0%

oD; ™ 8D;dD;

The system operator determines nodal prices as if all energy bids were competitively priced and

=0 Vi,j,k

he were to maximise social surplus. This is implemented by maximising the sum of short run
value added functions for customers F; at all nodes, while satisfying the capacity constraints of
generators Y; ;j < 7@]- and transmission links —Z), < Zj, < Zj. Effectively the system operator

maximises the following Lagrangian (24):

ZF( Z)‘J ig — cij(Yig) ZYJ L— ZD (24)
7
=2 g (Yig =Yig) =D mey (26— Zi) +Z77k,— (2 ——=2)

i7j k

k

The Lagrange parameters can be interpreted as marginal production costs of all generators, \; ;,
energy prices at the swing bus, O, scarcity premiums of generators, p; ;, and scarcity rent of
transmission lines in either direction, 7, , and 7, _. the maximisation of the. A transmission
line can only be constrained in one direction, therefore define n;, = 1y, 4 — 1, _. Demand D; at

any node ¢ is assumed to be a function of local prices p;, differentiable, and convex in p;.

0D; 0D;
= —qa;(ps), =0 for s 25
o (p:) o, #J (25)

The FOC of (24) with respect to D; shows that the local price p; equals the energy price at the

swing bus, scaled by the local losses, plus the marginal constraint costs:

pi = aggi) =0 < ) anaz’“ Vi (26)

where g—lz)k; = Dy . =0or 772{ = 0 give in the case of a binding constraint:
Zy="Zyifn,, >0, Zy=—Zyifn,_>0. (27)

Effective net demand facing generator j at node ¢ equals N; = D; — 2 Yim and for node
l#1is Ny=P =D;—> Y, In Cournot competition, the output of other generators is
price inelastic, and is therefore included in N. Competitive generators or generators submitting
a supply function have a price elastic output. Their local supply slope is added to demand slope

a;(p;) as defined in (25). Output increase at higher prices is equivalent to demand decrease at
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higher prices. The y-axis intercept of the linear approximation of generator supply function or
marginal cost curve is added to N;.'®
To simplify subsequent calculations, assume that the generator whose output decision is
analysed is located at the swing bus i = 1. Notation is simplified by setting y; = Y7 ;. Using
(23) and L = 0 gives,
> Ni=uy. (28)
Assume that only constraint Zj, is binding, therefore n; = 0 fori # k and n,, # 0, so p; = O+nihi i
from (26). Notation is further simplified by defining h; = hy; and 7 = Zy. Equations (22) and
(27) give
Z =Y hiNi—hwyi = hiNi, (29)
i i

where the second equality follows from h; = 0, as node 1 is the swing bus. Using (26) which now

simplifies to p; = © + n,h; gives for ¢ = 1 that p; = © and allows elimination of 7:

(p2—p1)hi = (pi —p1)ha Vi=3, ., n. (30)

The previous equations allow the calculation of the effective demand elasticity which a generator
at node one faces,

Differentiating (29) with respect to y; and using (25) gives
n
d .
Z hioziﬂ =0. (31)
i1 dy

Differentiating (28) with respect to y; and using (25) gives

n

Zai% = 1. (32)

= M
Finally, differentiating (30) with respect to y; gives:

dpy dps
hy — hy) 2L 4 S22
(2 )dyl dy

dp;

h —
2y

(33)

Prices at any nodes ¢ can change with output of a generator at, for example, the swing bus 1.
As price differences between nodes determine transportation charges, this represents Hogan’s
observation that ”transportation prices are both endogenous and not taken as given by the

Cournot participants” (1997). Inserting (33) in (31) gives

dp1 <& ha —h;  dp2 = hi
—_— hijq;———— + — | hoas + hia;— | = 0. 34
dy ; ha dy, \727? ; ha (34)

18We do not require a linear supply function or linear increasing cost curve of competitive generators. As we only

need the first order conditions, a linear approximation provides for an exact representation of the local behaviour.
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Inserting (33) in (32)

dp "\ hy—hy dp2
. ) = _ 35
i <a1+ E o i > + ( az + E azh2> (35)

1=3

Combining (34) and (35) gives an analytic expression for the effective demand slope which a

generator faces at node 1. Expand to give the net demand elasticity € = —Z—i%:

n n o hiou 1_E’L
P h; hm > i—g hi Z( hz)
sz—oz—i-gail———a—kgam— ‘
g\ P ( hz) ( ? — hz) haaa + Y 1g hiciipt

X
_n (m n ) Dy (36)

(7 3o + Y1 hohici s hn

[y

In order to assess whether the effective elasticity is greater or smaller than the demand elasticity
the generator would face in a setting with fixed allocation of transmission capacity, the sign of

X in (36) must be determined:
X =) ai(hy—h) <a2 (ha = hi) ha + Y am (hm — hi) hm>
i=3 m=3
n
= Z h2 - (Z am hin — hy hm) (37)
i=3

To allow for a complete matrix operation, the sum from i = 3,..,n is expanded to i = 2,..,n
This does not change the result because the first term cancels out.

n

X =Y ai(hi—h) Z_Qam (hi — hun) B (38)

i=1+41

Now defining B; = h; — $ho (which corresponds to h; = 3; + 3,) gives:

X = Zzazﬂ B2) m (B + B2) (B; = Br) = 3 Y Wi (39)

=2 m=2 1=2 m=2
The diagonal elements, i = m, of ¥, are zero, because 3; — 3,, = 0, and the sum of two

off-diagonal elements with i,m > 1 is positive:

Ui + Ui = i By (B; — Bin)?

1
= 0iambhs (hi = hm)? > 0. (40)

Furthermore, for all i = 1 or j = 1: ¥;; = 0. Therefore, X is a sum of weakly positive terms
implying X > 0. In all networks exist ,j such that h; # h; and if demand slope is finite (a; > 0
and a; > 0) at the nodes 4,5, then X > 0.

48



Returning to (36), the denominator h3as + D ies hghiaiZ—; is positive and therefore of > aq
and usually o > ;. This proofs theorem 5 that slope of net demand is increased if energy and
transmission markets are integrated for the case of one binding constraint.

Proof of theorem 5 for the case of several binding constraints:

Effective demand elasticity at every node is slightly higher under nodal pricing than if trans-
mission and energy markets are separated.

Proof. The generator whose output decision is analysed is located at the swing bus ¢ = 1.
Using previous notation y; = Y74, (23) and L = 0 give energy conservation for bus injections P;

at all nodes which equal net-demand N; at all nodes minus production of generator y;:

Y P=> Ni—pn=)» P =0 (41)

Using notation of Bohn e.a. excludes the prices and net demand at node one from the vector
notation. This implies that subsequently p = (p2, .., py) and similar adjustments to the transfer
admittance matrix. Assume the only the first R out of M links are constraint, and redefine
admittance matrix Hg n to represent only the first R rows of the full matrix Hys n. Flows on
constraint links are:

7k = HRJVN). (42)

The shadow constraint prices for links ¢ > R are n; = 0. Expressing (26) in matrix notation and
defining 7 = (14, .., ng) gives P = ps (%)N +H337N7, with ps price at the swing. Define the first

R rows of Hr v as Hp g, and the first R components of the price vector P as pg to obtain:

1
iy =77 ) o (43)
R

H s has the form QA (A’QA) " with Q a [MM] diagonal matrix with admittances of links and
A the [M * (N —1)] network incidence matrix consisting of —1, 0,1 for network interconnections
(See appendix of Bohn e.a.). The inverse of Hy ps for multiplication from the left is A’. The
existence of A’ can be easily understood from the law of local energy conservation. Given the
flows on all links, the residual of inflows and outflows of links towards a node is the net energy
demand at the node P = A’ Z.

Invertability of Hy as does not imply invertability of a sub-matrix Hg r. However, usually
R can be chosen out of the (N — 1) nodes, such that shadow prices on R constraint links 75
follow from the prices at the R nodes and at the swing bus. Therefore, subsequently assume that

H ', exists and calculate 75 = Hpp, (pr — G) Rpl) to obtain from (26):

1 _ 1
? = <1> Ps + HN,RHR}{ (p—>R - <1> ps) . (44)
N R

This expression allows for expression of P’ purely as a function of the R+ 1 variables pg and ps.
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Now replicate the calculations previously performed in the case of one binding constraint
for the matrix formulation for several binding constraints. Differentiating (42) with respect to
y1 and defining o as a matrix with diagonal elements consisting of net demand slopes for all but

the swing bus, according to (25), gives:

R- (45)

Differentiating (42) with respect to y; gives:

N\ dp dps
AP L 46
<1)N°‘dy1 T, (46)

Finally, differentiating (44) with respect to y; gives:

d? <1> dps —1 (dp_})f <1> dps)

—_— = +HyrpH = _ -

dy1 1) ndyr NAEZERE\ "y 1) pdyr

1 (1 dp _, dpg
= —HypH:L * + HygHAL——. 47
(1), mwmti(}), ) e+ i )
Inserting (47) in (45) gives:
dpR -1 1 1 (1 dps

Hrp yaHy rHp H —HyrH . 48
5w e (), o)) % o

Inserting (47) in (46) gives:

1\’ 1 (1 dps (1Y ~1 dpr
1 Na 1 N_HN:RHRR 1 n + o d_y1+ 1 NaHN’RHRRd_yl:_l' (49)

Inserting (48) into (49) gives:

1 - <1>’a<<> Motz (1) )

dyy N
/
1 1 1 1 (1
1 aHNRHRR(HRNaHNRHRR) HR,Na 1 N—HN,RHRR 1 n + as

1
= <1> (a aHNR(HRNaHNR) 1HR7NC!> (1) + o.
N N

—1 1
) a — aHNRHRR (HRNaHNRHRR) HR7Na) (1> + o
N N
’

« is positive, semi-definite and diagonal, therefore define 8 such that 33 = a to obtain:

i = (1) (1w = Bty (M BBHy ) Hed) B(;) o
“dus N N

1
dy1

Defining X = BHy p gives:




X (X’X)" ' X projects ﬁ(%)N to a subspace of RV, therefore 1yy — X (X’X) "' X/ gives the
components orthogonal to this subspace. G);VB (lNN -X (X’X)f1 X’) ﬁ(i)N gives the length
of the component of a(}) n orthogonal to the space spanned by X = BHy g, a semi-positive
number. The result is that the slope of net demand facing the generator is always weakly increased
by the network, relative to a setting where no network exists or where inflexible allocation of

transmission capacity fix the amount of net-exports. m
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