Cambridge Working Papers in
Economics CWPE 0405

FE UNIVERSITY OF
CAMBRIDGE
¥ Department of

Applied Economics

Network-constrained Models of Liberalized
Electricity Markets: the Devil is in the Details

J. Barquin, M. G. Boots, A. Ehrenmann,
B. F. Hobbs, K. Neuhoff and F. A. M. Rijkers

Massachusetts Institute of Technology
Center for Energy and
Environmental Policy Research

CMI Working Paper 32



Cambridge Working Papers in
Economics CWPE

g UNIVERSITY OF
‘ CAMBRIDGE
¥ Department of
Applied Economics

not to be quoted without
permisson

&l ba . Massachusetts Institute of Technology
S g Cambridge-MIT Center for Energy and
> |nstitute Environmental Policy Research

CMI Working Paper Series



Network-constrained models of liberalized electridy markets:
The devil is in the detail$
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Karsten Neuhoff Julian Barquin, Maroeska G. Boots Andreas Ehrenmarin
Benjamin F. Hobb< and Fieke A.M. Rijkers™

Numerical models for electricity markets are frequently used to inform and support
decisions. How robust are the results? Three research groups used the same, realistic
data set for generators, demand and transmission network as input for their numerical
models. The results coincide when predicting competitive market results. In the strategic
case in which large generators can exercise market power, the predicted prices differed
significantly. The results are highly sensitive to assumptions about market design, timing
of the market and assumptions about constraints on the rationality of generators. Given
the same assumptions the results coincide. We provide a checklist for usersto understand

the implications of different modelling assumptions.

1. INTRODUCTION

Due to advances in mathematical modeling capaslitnumerical models of strategic behavior

in power networks are gaining increasing attentiuch models are being used to support policy
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decisions on market design, merger analysis arel odgulatory taskse., Nordic competition
authorities (2003)).

Several research groups have been developing matisammmodels for calculating static

equilibria among oligopolistic generators. This @ajs result of two workshops in which three

of these models were compared. We wanted to uiathershe representation and implications of
different assumptions. These assumptions includedle of fringe generators, the timing of the
energy and transmission markets, different levélsomnded rationality of strategic generators,
and transmission and energy contract coverage bgrgmrs. In models that assume perfectly
competitive behavior these assumptions are noatakitherefore all models should (and indeed

do) predict the same equilibrium prices in the cefitipe mode.

In strategic models, the main issue to be considisréhe causal relationships between different
components of the market. For example, do stratggicerators assume that their output
decisions directly influence the output of fringengrators? The models show that such
additional responsiveness can reduce average manikes. However, the inclusion of power

network constraints complicates the results in gon@s surprising ways. For instance, different
zonal price levels imply changes of allocation rahsmission capacity in the network such that
net imports into some nodes can be reduced, inguoral price increases even when average

prices fall.

Another issue is the sequence of energy and trasgmi markets. In the highly meshed
European electricity network two designs for thieation of scarce transmission capacity are
currently debated. In the separated transmissiah emergy markets design, transmission
capacity is first allocated in an auction, and theral energy spot markets clear. In contrast, in
the integrated energy and transmission market @fed nodal/zonal pricing, market splitting,

and market coupling), the system operator accamesgg bids at all locations and clears the
energy markets using available transmission capaktite integrated market design implies that
transmission capacity is allocated in reactionh® ¢nergy bids of strategic generators, which
can increase effective demand elasticity (Neuh®®3), assuming that generators correctly

anticipate how their actions will affect transmissiprices. This additional responsiveness



reduces the exercise of market power and in thenpbeaof this paper results in price reductions

in all zones, confirming previous theoretical résEhrenmann et al., 2003).

A third strategic modeling issue concerns boundgidmality. One could assume that strategic
generators simplify the world when deciding on thgptimal output decision (Barquin and
Vazquez, 2003). This bounded rationality could yngbr instance, that a generator always
assumes that the last period’s transmission contgravill remain binding and that no other
transmission constraints will limit the solution &h calculating the equilibrium Nash output
decisions of his fellow strategic generators andskif. If the anticipated constraints coincide
with the realised constraints then believes of #gents are consistent and the algorithm
converges towards a local Nash equilibrium. In @alculations, the approach resulted in similar
prices to the full rationality model of an integrdt market design, although the solution

procedure often resulted in oscillations.

However, the mathematical model for an integratearket is inherently non-convex and
difficult to solve. The structure of that model am “equilibrium problem with equilibrium
constraints” (EPEC), and such models may have me stuategy equilibria or several equilibria
(Hobbs and Helman, 2004). One way to avoid thetedlaifficulties is to use a Bertrand
assumption on transmission prices, which simplifiresmarket model (Metzlet al., 2003). The
Bertrand assumption can be interpreted in the fwarle of bounded rationality: strategic
generators do not anticipate that they will infloeriransmission prices. Under this assumption
their output decision is less affected by transioisgonstraints and therefore they continue to
bid more competitively. In our data set with a ygmeshed network, the approach resulted in

lower prices.

The purpose of this paper is to document the diffees in the results of these various model
approaches, and to relate those differences tashemptions they make. In Section 2, we give a
literature review, followed by the description dktdata set in Section 3. In Section 4, a basic
model of strategic generators in networks is inicedl. We then expand the model to represent
different cost functions (Section 5), and more claxpinteractions such as generators

anticipating their impact on fringe generators (®ec 6), and generators anticipating the



reaction of the system operator (Section 7). Se@idiscusses alternatives representations of the
system operator to facilitate numerical tractajpilAdditional features that can increase model
realism, such as long-term contracts, are present8dction 9. A set of conclusions in Section
10 closes the paper, including the results of & gomodelers and model users on desirable
future directions in model development and compass Appendix 1 summarizes each of the

models considered.

2. LITERATURE REVIEW

Because transmission constraints can isolate nsade enhance market power, a number of
models of strategic interaction on networks havenbegeveloped (see reviews by Daxhalet and
Smeers, 2001; Day et.al., 2002; Ventosa et al.3R0ost models of generator competition take
a general approach of defining a market equilibriasna set of prices, generation amounts,
transmission flows, and consumption that satisshaaarket participant's first-order conditions
for maximization of their net benefits while cleagithe market. If a market solution exists that
satisfies this set of conditions, it will have th®perty that no participant will want to alter ithe
decision unilaterally (as in a Nash equilibriumpflthough it is recognized that no modeling
approach can precisely predict prices in oligopiolimarkets, there appears to be agreement that
equilibrium models are valuable for gaining insggbth modes of behavior and relative differences
in efficiency, prices, and other outcomes of déférmarket structures and designs (Smeers, 1997).

Equilibrium market models differ in many ways, iding the market mechanisms modeled, the
type of game assumed, fidelity to the physics afgrotransmission, and computational methods.
Regarding market clearing mechanisms, most stugfiggeneration markets have implicitly or
explicitly assumed a single buyer or “pool’-typentralized bidding process supervised by an
Independent System Operator (IS@)p( Cardell et al., 1997). This process results irtao$

publicly disclosed market clearing prices. Othedeges model bilateral trading with or without

! There are, of course, other ways to project thentxand impacts of market power, including emplritudies based
on past behavior in the market of interest or simiharkets (Borenstein et al., 2002), experimeritis kive subjects

(e.g., Smith, 2000), and simulations using aréifi@utomata (e.g., Bower and Bunn, 2000). Theogghes have
complementary advantages. The main advantageguilfbeium models are the ability to prove generasults,

verifiability and replicability, ease of computatioand their grounding in accepted economic andegtrmaoretic

concepts.



the presence of traders/arbitragers (Metzler e2803; Smeers and Wei, 1999). Some studies
assume that that transmission services and enagiets are cleared simultaneously or are well
arbitraged, while others assume a sequential pgoc@se practical differences between these

formulations are one focus of the comparisons \perten this paper.

Turning to the type of game represented, most nsaadume some type of Nash game. Cournot
models appear to be most popular, and are the esispbiathis paper. Several variants exists to
represent network-constraints in Cournot modelsmé&assume that generators are price-takers
(Bertrand) relative to the cost of transmissionaf@, 2003; Metzler et al., 2003; see Section 8,
infra), while more sophisticated (but more difficult $olve) models represent generators as
being Stackelberg leaders with respect to transomspricing and allocation decisions by
transmission system operators (TSOs) (Borensteah, 2000; Cardelkt al., 1997; see the two-
stage model of Section ihfra). The quantity strategies in the Cournot modetsusually the
amounts generated by existing power plants. Howesxefew multistage dynamic Cournot
models have been formulated which represent cgpamiestments, although transmission

constraints are disregarded (Chuang et al., 20Qtphy and Smeers, 2002).

Nash games in other types of strategies have aso modeled in transmission constrained
markets, including games in prices (Hobbs and &ch@B85) and games in supply functions, in
which each firm submits a schedule of the quastitiés willing to deliver under different prices.

As an example of the latter, system operators inniz@k and California have applied models in
which each company decides a fixed amount or pagenby which it will mark up all its

marginal costs when constructing bids (Kristoffargt.al. (2003); London Economics, 2003).
As further examples, Hobbat al. (2000) and Weber and Overbye (1999) have repregent
bidding games among competitive generators whaakse Stackelberg leaders with respect to
TSO decisions about transmission. Research is lzsny done on other symmetric games
among generators, such as conjectural variatiomsc{& et al., 2002), conjectured rival supply
functions (Day et al., 2002), and “supergames” imchl collusive solutions are bounded by
incentive compatibility constraints (Harringtonagt, 2003). In addition, there are a few models
of asymmetric games- in particular, Stackelberg games in which larger generators act as

Stackelberg leaders with respect to a set of smgdleerators who are either Cournot players or



price-takers (e.g., Chen et al., 2003). One ofrtioelels compared in this paper is of the latter

type, in which the competitive fringe is modeledhaStackelberg follower.

Early research in power markets usually disregatdagsmission constraints or considered only
Kirchhoff's current law, disregarding the voltagev that forces power to flow in parallel paths.
However, because the voltage law results in tigbbeistraints in flows and can yield surprising
pricing results, more recent transmission-constiiimodels have included both of Kirchhoff's
laws? This is usually accomplished using the lineariZ@@” load flow model (Schweppe et
al., 1988), in which constant “power transmissiastribution factors”PTDF;y describe how
many MW of flow occur on a particular lidein response to an assumed injection of 1 MW at
node (or “bus”)i and a matching withdrawal of MW at bus The DC model’s linearity allows
use of the principle of superposition, which gneaimplifies load flow calculations for market
models relative to the complete nonlinear AC lobmivfmodel. The DC model disregards
reactive power flows and voltage constraints, asdally excludes calculations of resistance
losses. A very few oligopoly models have eithaluded nonlinear resistance losses in the DC
model (Chen et al., 2003) or a full AC representa{Bai et al., 1997).

Finally, turning to solution methodology, a variety approaches have been used to solve
equilibrium models that are sufficiently complexaticlosed form solutions are not possible.
One basic approach is to discretize the strateggespand then either examine all possible
combinations for possible Nash equilibria (Bai & 4997), or heuristically search for an
equilibrium (Kristoffersen et.al. (200%3); London Economics, 2003). The former is possibl
only with very small models and limited numbersstrfategies. Discretization of the decision
space has been used for models for which it woeldrpossible to consider continuous strategy
spaces, for example AC load flow-based models dwar&-constrained supply function

equilibrium models.

2 As an example of the counterintuitive effects atkhoff's Voltage Law, an addition of a transméssiine can lower

the transmission capacity of a system (&al., 1996); an optimal strategy of Cournot generator be to increase
output in order to congest lines and keep out céitipe(Cardellet al., 1997); and decreased market concentration can
increase prices by worsening transmission congeatioritical locations (Hoblx al., 2003).

% More detailed description dritp://www.eltra.dk/composite-15381.htm.




The alternative is to retain the continuous stratgeace. If “nice” first-order conditions can be
defined for each market player’s optimization pewb) then an equilibrium can often be found
by simultaneously solving equilibrium conditions (including each player’s Kionditions and
market clearing) fon variables representing the decisions and marlasttgies and prices.
Equilibria for models with continuous strategy sgmcan also be sought using diagonalization
(Cardellet al., 1997; Ehrenmann and Neuhoff, 2003; Holebsl., 2001; Hobbs and Schuler,
1985; Weber and Overbye, 1999). In each iteratibthe diagonalization algorithm (a type of
Gauss-Seidel algorithm), one agent chooses thmabtialue of its strategic variables taking the
decisions made by other firms in previous iterai@s being fixed. Once no firm wants to

change its decisions, a Nash equilibrium has beend.

In the case of power market models representing bbtKirchhoff's laws and therefore an
endogenous allocation of link based transmissigacigdy, most are Cournot-based (e.g., Metzler
et al.,, 2003; Stoft, 1999; Wei and Smeers 1999). Howewee paper uses conjectured supply
functions (Day et al., 2002).

In terms of the above classification, the modelmpgared in this paper are Nash-Cournot
equilibrium models of generator competition on éneed DC networks, in which continuous
strategy spaces are considered and solutions at@neth either by diagonalization or
simultaneous solutions of equilibrium condition&.variety of market-clearing mechanisms are
considered. The models considered here and thstingliishing features are summarized in

Figure 1 and described in more detail in Appendix 1

“ In general, the complete set of KKT and markearitgy conditions defines mixed complementarity problem
(MCP). The general form of a MCP problem is as fw#iofind vectors, y that satisfy the conditions=0, f(x,y) <
0, x'f(x,y)= 0, andg(x,y) = O, wheref andg are vector valued functions. There should betlxas many conditions
as variables. In another type of model (the rmattieal program with equilibrium constraints, or EIB), the KKT
conditions for one player are embedded as conrainanother player's optimization model (as istackelberg
model in which a leader’s model correctly anticgzathe response of the Stackelberg followers,msesented by their
KKTs).



ECN, Madrid, Cambridge

Cournot, SF both both Cournot
2 Stage Implement no yes yes

T reaction to Gen no E.fixed C  both

T contracts both no no
!:ringe expect. Realised both
Cost function p.l. /step Cont/p.l. p.l

Figure 1 Summary of Different Models

Cambridge I: Cournot generators assume that albheir output is sold at the location
generated without anticipating that the TSO witealthe amount of imported or exported
electricity. As an option, behavior of the fringengrators can be chosen as non-responsive
(1 stage game) or responsive (2 stage game) getierators output choices.

Cambridge Il (Ehrenmann and Neuhoff 2003): Cougeterators correctly anticipate how
the TSO will arbitrage price differences by chaggine amounts of power it buys and sells
at different nodes. Cambridge Il is a 2-stage madethich the optimality conditions of the
TSO are included as constraints in the generatmblgms. The fringe generators output
guantities are modeled as being responsive tatakegic generators output decision.

Madrid (Barquin and Vazquez, 2003): Cournot pradsicanticipate how their output
decisions will affect transmission prices under @éssumption that the binding transmission
constraints will not change. An iterative procedigegroposed in order to obtain a set of
binding transmission constraints consistent both generators and TSO actions.
COMPETES (Hobbset al., 2003): Cournot generators are Bertrand (pricextgkwith
respect to the price of transmission services, wiscan even greater (but computationally
convenient) simplification of the full two-stage ded (see Section 8nfra). Competes
furthermore offers the option to use linear or wiiep cost functions for generators. Other
versions of COMPETES represent each generatingsfiomnjectures regarding changes in
rivals’ outputs and transmission prices in respdagie firm’'s decisions.



We restricted ourselves to models with a limitednber of free parameters. This allowed us to
focus on the impact of different model specificai@and already provided for a large number of
scenarios to compute, compare and analyse. Forgason we did not run COMPETES in the
mode of linear conjectured supply functions butyced$ Cournot model. Otherwise we would
have had to either assume the slope (typical) erititercept exogenously to obtain unique

solutions.

3. Test System

A realistic case study was created for the purpo$ehis model comparisohFigure 1 shows
the representation of the electricity grid thatused for the current modelling purpose. This
representation contains fifteen nodes and is deérik@m a more detailed representation of the
network that was already used in COMPETES. Demandléctricity and production capacity is
allocated to seven of these nodes, the other rav@assed as intermediate nodes of the linearized
DC network. In the Netherlands demand and prodandési@llocated to three nodes (Zwol, Krim,
Maas), in Belgium demand and production is splibagitwo nodes (Merc, Gram) and in France
and Germany all demand and production is alloc&tedne node (respectively F and D), the

other nodes in these two countries are intermediate

As shown in Figure 1 by the brown lines the nodesimterconnected by 28 different flowgates.
In the COMPETES and Cambridge formulation thesedlates correspond to the transmission
constraints. All flowgates are characterised by wpper limit in MWe, and by power
transmission distribution functions (PTDF’s) chaeaising the increase of the amount of energy
that passes through each flowgate when electrisityansmitted from a specific node to the
reference node ‘D’ in Germany.

In the operation of an electricity network, the igter should take into account the possibility of
a line outage in order to avoid possible interrmsi of supply. For this purpose TSO’s have
developed the so-called (n-1) principle as a sicuariterion to ensure a reasonable level of

network reliability. It means that a network mbstable to cope with a sudden outage of one of

® For a detailed listing of the problem data, plea$er to www.electricitymarkets.info



the network components (such as a circuit failwgfout interrupting the supply of electricity.
In a study performed by IAEW and Consefitéwo relevant line outages contingencies are

identified that may limit the flows within the Bdog, France and Germany.

When calculating the PTDF’s and the upper limithe flowgates, the critical contingency - an
outage of one of the two "Selfkant" tie line citsubetween the nodes MAAS and ROMM - is
considered. Therefore instead of two circuits only one cirdaiavailable on this flow-gate. The
capacity of the flow gate is reduced and the ire@daeactance changes the PTDF'’s relative to a
non-security constrained world.

Aggregated representation of electricity network
prepared for project ‘Evaluation Market Power Models'

Brown lines are lines in model
Green lines are country borders

Figure 2 Grid used in the model comparison

Generators and their capacity

Eight firms are considered as strategic generatiifs production in one or several countries.
These strategic generators are shown in Table thencountries where they are active.

Production units in Belgium and Netherlands arddéie¢ between the nodes in each country

® H.J. Haubrich, C. Zimmer, K. von Sengbusch, FW.i Fritz, S. Kopp, W. Schulz, F. Musgens, anddek,
“Analysis of Electricity Network Capacities and tdiication of Congestion,” Inst. Power Systems &uaver
Economics, Aachen University of Technologyyw.iaew.rwth-
aachen.de/publikationen/EC_congestion_final_repprendix.pdf2001.

" Two potential critical contingencies are considérethe Aachen report (see previous footnote) tRemodel
comparison project only one was taken into accdarthe more detailed dataset of ECN both are densd.
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according to their location. In Germany and Fragltenits are allocated to the national noBes
andF. The remaining generation plants, not owned by afrthe strategic players, are assumed
to bid competitively.

Table 1 Strategic players per country

Countries Strategic companies

Germany EOn, ENBW, RWE, Vattenfall, EDF,
Belgium Electrabel

France EdF, ENBW

Netherlands | Essent, Nuon, E.ON, Electrabel

Variable costs of the generation units are repteslen two separate ways: first, using a two-part
linear cost curve and second, using a four-step foogtion. The detailed data on generation
capacity per generator and per node and theirgmoreling variable cost will be made available
on the project website.

Demand data

To create ten different demand scenarios the ecapioad data for the summer and winter super
peak have been used as the first two scenarios @liditional four summer and four winter

scenarios were produced by reducing the peak owttht a scenario and location specific

random factor. The corresponding demands are asksumdée requested at a price of 30

Euro/MWh and a linear demand slope is imposed wharhesponded to a demand elasticity of

0.1 at 30 Euro/MWh. Figure 3 shows the load assumétk different scenarios.
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Figure 3 Demand levels in MW at the nodes for fiveummer and five winter scenarios

All participating models calculated the competitoase with this data set and obtained the same

equilibria for all scenarios. This serves as thaechenark for the strategic cases.

4. Non-responsive Allocation of Transmission Capatyi

The basic model consists of strategic generatocgditg on their outputs assuming that their
decisions will not affect the output decisions leéit competitors (Nash-Cournot) or the fringe
generators; the allocation of transmission capduoytythe TSO to traders; or the amounts of
power moved by traders from one location to anot@enerators only sell at the location of the
electricity production, consistent with a “Pool” rkat design. Traders (or the TSO itself) move
power from one location to another to arbitrageeulifferences. A key implication of these
assumptions is that each producer believes thatthagge in output by any of its generation
units must be absorbed by local demand; this esulta relatively inelastic residual demand
curve at each node (and, as we shall see, higleasphan under alternative assumptions). The
TSO allocates transmission rights to traders agesigd by Chao and Peck (1996) such that the
allocation would maximise social welfare if the didubmitted by all participants were

competitive. This standard assumption for the TSIDbe retained throughout the paper.

12



Under these assumption, an equilibrium is achieedach generator chooses their profit
maximising outputs for all their plants, the TShiages the welfare maximising allocation of
transmission rights (naively assuming bids for g¢raission are competitive), and the competitive
fringe produces until its marginal cost equalslduational price or it faces capacity constraints.
This basic model has the nice feature that withverrcosts it becomes a convex problem for
each player. Players have a compact set of outmites; therefore existence of a solution is

guaranteed (Harker and Pang 1990).

Two approaches can be applied to find an equilibridrirst, the stationarity (first-order)
conditions of all agents are compiled in one migethplementarity problem (MCP) and solved
by algorithms such as PATH (Dirkse and Ferris, }9%econd, using a diagonalisation
algorithm, the optimisation problems for each & #trategic generators, the system operator and

each of the fringe generators are solved sequintial

COMPETES used the MCP-formulation and Cambridgaltutated the equilibrium using a

diagonalisation approach. For all scenarios bottetsocalculated the same equilibria (Figure 3).

140 - Euro/MWh O Competitive
120 | O Strategic, fixed T allocation

100 -

Figure 4 Prices in competitive solution and strateig solution with non-responsive transmission allod#on and

fringe generation (averaged over 5 summer scenarips

13



Figure 4 gives the equilibrium prices calculatedhbby COMPETES and Cambridge for all

nodes averaged over five summer scendridhie calculated strategic prices exceed the
competitive equilibrium prices by a large marginThese prices are high because of the low
price elasticity for each location’s demand cureed because each generator's perceived

effective demand only includes the local demand, aot the effect of export opportunities or
competitive imports.

5. Step vs. linear cost function

The previous calculations used continuous, linedrosts functions with two steps as illustrated
in Figure 5.

©
o

— Step function
-- 2-Part linear function

o O o

o

Marginal Cost [€/MWHh]
o

N W bH U1 OO N ©
o

o

=
o

0 1000 2000 3000 4000
Capacity in Winter [MW]

Figure 5 Marginal cost curves for Electrabel genertors at node Gram.

To see whether the linearisation impacts the resefich model was also run with step cost
functions having up to four steps. The averageepncreased by 1 Euro/MWh with a standard
deviation of 1.6 Euro/MWh. The impact can be coesd small relative to the price levéls.

& The complete results of all models are availablevav.econ.cam.ac.uk/electricity.
° The same calculations were performed for respertsansmission allocation with Bertrand assumpiitiszussed in

Section 8. The step wise cost function increaseverage price by 0.7 Euro/MWh with a standardatiew of 2
Euro/MWh.

14



6. Strategic generator anticipates fringe reaction

The basic one-stage model of Section 4 is builthenassumption that each strategic generator
does not anticipate that the fringe generators wliinge their output in response to their
strategic output decisions. This can be justifieédounded rationality in the form of generators
paying limited attention to the detailed marketusture. However, typical spot market
arrangements allow fringe generators to submitra¢wéds to the spot market, such that they are
called to produce if the day ahead price exceeéls tharginal costs. If generators understand
this mechanism, then they will anticipate the cleaofyfringe supply when calculating the profits
they could obtain with different output choicesin real power markets, demand actually has
very little short-run elasticity, so that the frengncluding perhaps imports) provides most of the

elasticity in the effective demand curves facedydyerators (Bushnell, 2003).

One approach to representing the reaction of thgdtris to approximate its effect by increasing
the elasticity of the demand functionbid.). Another is to explicitly represent the reactimn

fringe generators to the output of strategic gdanesan a two-stage (Stackelberg) model. In the
second stage, the fringe generators (Stackelbdigyvirs) chose their outputs such that their
marginal costs equal the local spot price. Therth@ first stage, the strategic generators
(Stackelberg leaders) chose output to maximiser thmfits and the TSO decides on net-
transmission to maximises welfare. Both decisiores raade in anticipation of the reaction of

demand and fringe generation in the second stage.

The nice property of the basic one-stage modelithatolution exists and is usually unique is
lost because capacity constraints or kinks in émsttions of fringe generators in the second
stage result in non-concavities of the profit fumes in the first stage. The Cambridge | model
nevertheless succeeded in calculating the equitibroutput choices. The algorithms can only
ensure local stationarity of a solutithilt is difficult to prove that the local solutios lobal

because of the large strategy space. Furthernaral, iniqueness of the equilibria is no longer

guaranteed, and Cambridge did find multiple sohgitor some of the scenarios. The differences

9 For a maximization problem we call a point (B-) stationary for a function f:R" -> R if its directional
derivative f'(x**,d)<=0 for all feasible directions d.
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between the solutions were however small relatvdifferences between the results for different

market designs, as discussed in more detail inriBtan and Neuhoff (2003).

140 - Euro/MWh OFixed T allocation, fixed fringe
120 OFixed T allocation, responsive fringe
100 -
80 -
60 -
40 -
20 -
0 T T
3
& & S & e
N A\ 4 Y 4 24
I 3 &S & é@ s
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Q?QJ 2 (\Q} Q§\Q’ ®®
& ¥ ¥

Figure 6 Effect of allowing generators to assume #i fringe output reacts to their output decision

(averaged over five summer scenarios)

Figure 6 shows for the average of the summer sicendrat the additional demand elasticity
provided by fringe generators induces generatorsidaease their outputs. The result is lower
prices at most nodes. The effect is particularyrsy in Germany because of large the amount of
fringe generation. Also, Netherlands-Maas has nfiange generation than other Low Country
nodes, which causes a greater price decreasetdbthtion than elsewhere in Belgium and the
Netherlands. Due to the different prices, the ldzium allocation of transmission capacity by
the TSO also differs, with smaller net imports ame nodes. If the reduction of net-imports
exceeds output increases by generators, as inuBelgierc, then in a few scenarios local

equilibrium prices are higher.

7. Responsive Allocation of Transmission Capacity

In the previous models, strategic generators asshatenet-imports by traders (or the TSO) to
each of the nodes do not change as result of theput decision. However, in some market
designs, TSOs allocate transmission capacity degpegnoh the bids submitted by generators,

e.g., in PJM or Nordpool. If generators submit lessrgy to one node, then the higher price at

16



the node makes energy imports into that node malgable. As a result, more of the scarce
transmission capacity will be used to transmit gneo that node, effectively increasing the net-

demand elasticity generators face at any one reeehoff, 2003).

In Cambridge Il, the strategic generators not @miicipate the reaction of fringe generators, but
also the reaction of the TSO to their output deaisi This is represented by using the first-order
conditions of the TSO and the fringe generatorsastraints in the optimisation problems of
strategic generators (Ehrenmann and Neuhoff, 2008).resulting equilibrium problem among
the generators is a non-convex EPEC (see Sectigks2nentioned in Section 2, some previous
Cournot models have represented this Stackelbeme daetween generators and TSO in a
similar manner (Borenstegt al., 2000; Cardel&t al., 1997).

Cambridge 1l uses a diagonalisation approach toresdhe mathematical problem with
equilibrium constraints (MPEC) for each player sagially. Unlike before, local equilibria were
only found in 6 of the 10 scenarios, which is notpsising since their existence cannot be
guaranteed for nonconvex EPECs. The solutionswbabund were not unigque, and we suspect

they were part of a continuous set of equilibria.

140 - Euro/MWh OFixed T allocation
120 OResponsive T allocation

100 -

Figure 7 Generators anticipate TSO transmission atication decisions as response to their output deis.

(averaged over five summer scenarios)
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Figure 7 shows that increased demand elasticityiged by flexible allocation of import
capacity increases competitiveness and therefaeltsein significantly lower prices in all
locations except Germany. The basic reason is ghaducers now recognize that they can
compete not only for load at their own locationat blso elsewhere, subject to transmission
limitations; furthermore, they are also competinithvgenerators located throughout the system.

However, the prices are still well above compelaxeels (cf. Figs. 3 and 5).

8. Alternative approaches to model responsive tresmission allocation

Solving two-stage models is an active field of egsb in part because they suffer from severe
difficulties. First, solution are not even genelicdocally unique and it is not clear if any of
them is ‘better’ than the others. Second, one eailyeconstruct a network which has no pure
strategy equilibrium solution®.¢., Berryet al., 1999). Madrid and COMPETES use alternative
ways to model the integrated market design theeslwyding the difficulties of solving a two-

stage model.

The Madrid model makes the assumption that gensratdieve that a fixed set of transmission
lines is constrained. This gives a closed-form eggion for net demand at all nodes, which can
be substituted into the profit function of generstdhen the generators’ optimisation problems
can be solved in a single stage. The Madrid graurpptemented the approach with an iteration
algorithm to search for a set of consistent beligisich can oscillate between different sets of
binding constraints. Unfortunately, such an oatitih means that a full equilibrium has not been
found, although it does not rule out the existesfcguch an equilibrium. Figure 8 illustrates such
an oscillation for the summer peak scenario; fately, the upper and lower prices reached
during one of these oscillations are typically elés an equilibrium calculated with the full two-

stage approach (Cambridge II).
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Figure 8 Price range of model with generators cho@sy output based on fixed set of transmission constints
(at example of scenario summer 1)

A second approach is used in the version of COMPEU&ed here, and is based upon Metzler et
al. (2003). This version uses the Bertrand assamgtr transmission rights: generators assume
that the TSO sets prices for moving power from laeation to another and offers, in effect, an
unlimited amount of rights at this price. Genersttrerefore assume transmission prices are
exogenously given in their optimisation problem amne not influenced by their output decision.
This can be interpreted as bounded rationality lom part of strategic generators; such an
assumption is more likely to be credible if thensmission system is a grid rather than radial in
nature, and if the generation market is not tooceatrated. In equilibrium, the TSO will set
prices such that transmission constraints arefigakislo represent an integrated market with the
Bertrand assumption, the transmission operatoraalets have to determine their transmission
flows in reaction to the output decisions of sigategenerators. This would still require a two-
stage implementation. However, Metzler et al. (30IBw that if generators are allowed to sell
their output at several locations using virtuahsmission rights, then the two-stage problem

with Betrand assumption can be implemented as adriemplementarity problef.

" virtual transmission rights are sold simultanepuwsith the energy market. They do not share th&afproperty
of transmission rights of being sold in a contragtstage preceding the energy market. This additicontracting
stage usually creates pre-commitment and therefomages generators’ incentives to exercise madwepin the
spot market (Joskow and Tirole 2000). Virtual trarssion rights do not provide additional contragtincentives
and do not influence the exercise of market poWwee. easiest proof of this is that under nodal pgahe first order
conditions for strategic generators are identid#h wnd without virtual transmission contracts.
The profit function of a generator producing atd@o and selling quantitg at nodei consists of the sales

revenue minus costs for transmission contractscfwhinder nodal pricing equal the price differeneéneen the
selling node and the production nodgand production costs:
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The results of the integrated market with Bertrandumption are compared to the results of the
integrated market with perfect rationality. Figueeshows that for our set-up the Betrand
assumption results in lower prices. The two appleddels furthermore differ, because in
Cambridge implementation fringe generation reaotshe output changes of generators. As
discussed in section 6, this leads to slightly lopéces calculated by Cambridge Il than would

have been obtained based on the assumption thfzirthpe is non-price responsive.

140 - Euro/MWh D:?esponsive T allocation, responsive
rin
120 | Reg;)aonsive T allocation with Bertrand
100 - assumption, non-responsive fringe
80 -
60 -
40 -
i m
0 ‘ ‘ ‘ ‘

Figure 9 Comparison of full two-stage model with C®MIPETES (generators sell at several nodes and assume
that they can obtain unlimited transmission rightsat constantp)

9. Long term contracts

The previous graphs showed prices above the |¢hatsare actually observed in those markets
(with the exception of the competitive and, possiRIOMPETES results of Figure 4 and Figure
9 respectively). As a modeler, one is tempted librede the model to match the observed prices.
One frequently used approach is to increase deramsticities thereby reducing the extent to

which players in Cournot models exercise marketg@owHowever, there are other economic

= Zsp. Zs(p. p)- C(Zs)

The optlmal sales quantlty at any one node is dyetie first order condition with respectso

——pk Zs——pk p, - Zs[gz gp] CEs)=p + ZZs—C'(Zs).

This corresponds to the first order condition @& generator only selling at his home node.

The construction of virtual transmission contrahtst do not distort the exercise of market powsuess that
the COMPETES model can represent an integratedjyaed transmission market based on the Bertrasuhgstion
as a one-stage model. This representation as stage-nodel facilitates the identification of ausioin. Generic local-
uniqueness and existence of a solution is guardwiteder very mild assumptions (Metzler et al., 2003
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reasons why actual prices are not at the modeleninGblevel. One reason frequently suggested
(e.g., Newbery 1998) is that generators sign lemgytcontracts for their electricity output. If

generators only sell a fraction of their outputtie spot market, then they benefit less from
pushing up prices by withholding output. At the satime they incur the same costs of forgone

revenue on the withheld output, and so are ledméttto withhold output. The gray bars in

Figure 10 represent the results when EDF is modal€&hmbridge Il as selling 20 GW forward
in France, while Electrabel in Belgium contract&®@/ each at the nodes Gram and Merc. This
reduces prices at all three nodes relative to thatsn with only nodal pricing. The higher

aggregate production also decreases prices inetieeNands.

140 - Euro/MWh O Responsive T allocation
O & EDF and Electrabel with contracted output

120 7 A Responsive T allocation with Bertrand assumption
100 ~ & EDF bids competitively

Figure 10 Changes in Cambridge 1l and COMPETES assuptions that yield prices closer to observed levels

(averaged over five summer scenarios)

An alternative approach is to assume that the thofaregulatory intervention prevents
monopolists to exercise market power. This can dmesented by assuming that EDF bids
competitively. The dark striped bars in Figure how the resulting prices, and illustrates that

they are lower than the two-stage reference caamip@dge II).

Transmission contracts are a further group of imsénts that can reduce the market power of

generators. Gilbert et al. (2003) show that allogatransmission contracts in uniform price
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auctions always mitigates the market power of gei@r companies. The representation of the
separate allocation of such contracts before therggnmarket in numerical models is an

outstanding research issue.

Clever choice of reasonable assumptions can be tosezplicate any observed price; this is a
generic problem with over-parameterized models. Hos reason, we based the model

comparison project on models which did not incladsumptions about forward contracting.

10 Closing comments

This paper has shown how structural and markegdesssumptions can affect the solutions of
transmission-constrained electricity market model§he results of models developed by three
different research groups were compared and arthlyda the competitive mode all models
predicted the same price, confirming that marksigieis of less relevance if strategic behavior
by generation companies is ignored. We then usesinmgple, one step implementation;
COMPETES and Cambridge consistently predicted #mesprice increase. COMPETES can
use different representation of marginal cost cairviéne results for piecewise linear and step-
functions were surprisingly similar across the chstctions. Models can represent fringe
generators as responsive to the bidding decisibisgrategic generators or as only anticipating
the equilibrium decision of strategic generatoramBridge implemented both options and
showed that at nodes with a significant contributaf fringe generators the responsiveness
reduces the market power of strategic generatadsl@mers prices. The previous simulations
assumed that transmission capacity is allocatédeasame stage with bids in to the energy spot

market.

Many market designs allow the system operator terdene the optimal use of the transmission
network after receiving energy bids. All models &versed to represent this more demanding
modeling task. The Cambridge group uses a two-stagkementation to replicate the complete
causality. Solutions are not guaranteed and not¢ssecily locally unique, but for all analyzed
scenarios at least one solution could be identifidte Madrid group assumes that generators

have a shared expectation on which transmissi@s lwvill congested. However, their subsequent
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output decisions resulted in congestion patterasdtifer from their expectation. In an iterative
calculation generators always base their expectaiio the current congestion pattern and the
model predicts oscillating congestion patterngs lteassuring that the Madrid and Cambridge
model predicted similar price regions. COMPETESidsdhe numerical difficulties of the two
stage implementation by introducing a Bertrand eggion: Generators take transmission prices
as given and do not assume that they will not changeaction to their output decisions. The
model provides the additional feature that genesatan sell at other locations. This allows the
representation of a responsive transmission allmtatith Bertrand assumption. Simulated
prices are significantly lower than in the otherotwnplementations. This shows that the
Bertrand assumption makes generators bid more ddimely if we assume that they cannot

anticipate their impact on transmission prices.

These models and their results were discussedvatkshop held in October 2003 in Berlin by
eleven experts in power market modeling and reguatvho considered their implications for
future model development and comparisons. The é&xpacluded four staff from French,
Belgian, and Dutch regulatory agencies and seveaarehers representing a Danish system
operator, universities from Spain, the UK, and the, and the Netherlands Energy Research
Center (ECN). During the workshop, the expertsensirveyed regarding needs and priorities
for future model developments. The four questiaddressed concerned policy questions that
need to be addressed by power market equilibriundetsp shortcomings of present models,
prerequisites for models to be useful in publiaifos, and desirable enhancements. A Nominal
Group procedure was used to generate ideas (V&ewdand Gustafson, 1975). This was done
in four steps: (1) ideas were written down silergtlyd anonymously, followed by (2) a group
discussion and (3) anonymous vote, and (4) conafudith a group review of the results. The
votes consisted of a 1-2-3 ranking by each per$dmeomost preferred or important responses to
each question. Table 2 groups those responsesetteved at least one first place vote, and
tallies the points received by each category giarses. First place votes received three points,

while second and third place votes were assignedatwd one points each, respectively.

The table shows that the most important questibasrhodels should be applied to concern the

effect of market power, how it can be mitigatedd ayeneration and transmission investment
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(Question 1, Table 2). Thus, the focus of the eedf this paper on strategic behavior is well
placed; however, the models have a short-run petispeand do not represent the dynamics of
investment, which are of concern to policy makerserefore, the workshop participants would
like to see explicit representations of long-rurcisiens, including allocation of forward
contracts, in the models (Question 4, Table 2)th&lgh the absence of long-run decisions in
present models is of concern to the workshop ppatits, the table reveals that an even greater
concern is the robustness, assumptions, transpgarand possible misuse of present models
(Questions 2 and 3, Table 2). A goal of this pdyzex been to partially address the latter concern
by clarifying the assumptions of different modetsl @ssessing the impact of those assumptions
on the results. This comparison can help makeetsadore useful in regulation by illustrating
what can—and cannot—be learned from them. It isr@sting to note that a requirement to
match observed market behavior is ranked very lgwthe participants; insight rather than

specific predictions are what is desired.
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Appendix 1. Description of Modelling Approaches
COMPETES (Hobbs et al., 2003)

This model is a generalization of previous completakty-based models for simulation of
Cournot and Conjectured Supply Function (CSF) nd#l competition among electricity
generators on a transmission network. Generaitingg fcompete to sell power at the local price
in each market (each node of the network, mostrgéyg and they pay a TSO for transmission
services from their generators to the point of SGBBMPETES is a static equilibrium model in
which power producers either play a Cournot ganeaah location in the network (as in Metzler
et al., 2003) or a more sophisticated CSF gamehichwvproducers anticipate that rival supply
will respond in a locally linear manner to perturbas in energy prices (as in Day et al., 2002).
The latter case can be viewed as a generalizatitmedCournot assumption of no rival response
to price changes, and is related to the notionoohjectural variations." By parametrically
changing the slope of the conjectured rival sugphctions, different degrees of competitive
intensity can be modeled, ranging from pure (Badjacompetition (very large response by
rivals to price increases) to Cournot competitiaer¢ response). Positively sloped CSFs

represent degrees of intensity between these cases.

Regarding transmission, the model assumes thatajene are Bertrand price takers with respect
to the transmission services market, which is reed as being constrained by a linearized DC
load flow. The price charged to generators comsistly of congestion-based fees needed to
clear the market for transmission services. COMPE&Thas implemented the option to
generalizes this transmission representation inrhaor respects. First, an individual generator
can conjecture that transmission prices will chahgealters its demand for energy services, as
opposed to the Bertrand assumption. Thus, a lange(such as Electrabel) upstream of a
transmission constraint might recognize that ddtreases the amount of transmission services it
requests, the price for services will decline. tJas for the CSF model, the degree of price

response is an exogenous parameter.

The second generalization concerning the transomssystem allows for inefficient pricing

mechanisms, reflective of actual institutions. Séwenefficient mechanisms include: lack of
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netting (no credit for congestion relief by coufitexs), export taxes, and path-based
transmission pricing (disregarding of parallel f))w These features, nor the conjectured supply

and transmission price response, are not considletbeé model comparison of this paper.

The model is formulated as a linear mixed complearég problem (MCP). The steps involved

in constructing and solving a linear MCP for a powarket are as follows:

1. Define a linear or quadratic optimization peshlfor each market participant (generating
firm, TSO, consumer, purveyor of emissions alloveamarbitrager/trader, etc.), in which
each participant maximizes its profit or other ahijee subject to internal constraints,
prices, and conjectures about how those priceafteeted by its decisions.

2. Derive the first-order conditions for optiniimen of each problem (generally, Karush-
Kuhn-Tucker conditions).

Define market clearing conditions.
Collect the first order and market clearingditions into a single complementarity
problem, which should be “square” (as many condgias variables).

5. Implement the conditions using a matrix gatien language for optimisation problems
(AIMMS, in the case of COMPETES), and then use PAftdnother numerical
complementarity solver to obtain a solution to pineblem.

Formulation as a LMCP makes possible the solutibrlamge-scale models using efficient

complementarity solvers (Dirkse and Ferris, 1996OMPETES and other MCP-based models

have been formulated and solved for very largeesystwith thousands or tens of thousands of
variables. For instance, such models have been tasassess the relative competitiveness of

different regions within the North American Eastérterconnection (Hobbs and Helman, 2004).

The MCP formulation also facilitates the establishtof existence and uniqueness properties.

Further description of an application of COMPETESat more detailed network of northwest
Europe is documented in Hobbs et al. (2003). Tlibeeeffects of transmission pricing policies,
generation market structure, and expansion of itnggsson capacity are evaluated assuming

competitive and oligopolistic market conditions.
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Cambridge Il Model — Integrated Energy and Transmission Markets (Ehrenmann and
Neuhoff, 2003)

The static bilevel equilibrium model is motivategl ®ardell et al. (1997) and allows the study of
market power and transmission pricing issues ineeegulated electricity market under an
independent system operator regime. Generatorsisgloimntity bids to an independent TSO.
Following the Nash equilibrium assumption each gsioe assumes that the bids of his
competitors stay fixed. The TSO clears the marleddriding about dispatching generation and
consumption based on submitted quantity bids byggars and demand curves of generators
and marginal cost curves of competitive generaiins. TSO dispatches such that social welfare

would be maximised, were the bid curves based catittnal marginal costs.

Each strategic generator’s problem is an equilibriproblem with equilibrium constraints
(EPEC); the overall problem is therefore an equilifm problem with equilibrium constraints.

The steps involved in construct and solving suckEREC for a power market are as follows:

1. Define linear or quadratic optimization probleanthe TSO in which the TSO
maximizes social wellfare with respect to intercahstraints (network constraints and
Kirchhoff's Laws).

2. Derive the first order conditions for the optrmation problem of the ISO and express it as
constraints in the optimisation problem of thetstyac generators.

3. Define the quadratic optimization problems foe generating firms and consumers in
which the participants optimize profit with respezinternal constraints and the
optimality conditions of the TSO.
Implement the conditions using a modeling laggu@&AMS).
Use an MPEC solver to solve the generators agdiion problems sequentially
(diagonalisation).

6. If the diagonalisation procedure converges, kifi@coptimality for all generators.

(existence of solution).

Nonconvexities created by transmission constraiats prevent the uniqueness or existence of a

solution (Weber and Overbye, 1999) and the fact #@ilhthe generators share the same
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complementarity constraints can imply that a cantm of solutions exists. We would like to
assess to what extend either issue causes a probtammodeling of real(istic) networks.

Analytical models show that the ability of generatto exercise market power depends on the
market design. The two basic design options araragptransmission auctions with subsequent
energy spot markets or combined energy and trasgmismarkets (nodal pricing, market
splitting). Neuhoff (2003) shows that the secongdrapch is preferable, but could not provide
analytic solutions for situations with generatiampanies owning generation assets at several
locations. More detailed descriptions neregardihg economic implications and different

implementations will be available in Ehrneman/N&tR603 (forthcoming).

Cambridge | Model - Separate markets for energy andransmission(Ehrenmann and
Neuhoff, 2003)

The Cambridge 1l model effectively implements tloenbined energy and transmission markets,
therefore a second model was developed to reprdseseparate markets. It is assumes that not
the system operator would arbitrage the markets lwatmpetitive group of traders. These traders
buy transmission rights from in an auction for smassion rights and then arbitrage the energy
spot markets. The difference to Cambridge Il i treders have to submit their quantity bids to
the energy spot markets at the same time as titegitt generators submit bids. This is realised
by moving the system operator from the second stagevhich his scheduling decisions are
contingent on the output choices of generatorghedirst stage.

Madrid (Barquin and Vazquez 2003)

While the previous models were constructed to alllmw implementation using standard
optimisation algorithms, the Madrid model insteatleed from models with a more detailed
representation of generation structure. To allomtlie use of any differentiable cost function the
model requires a consistent belief among generaaokds TSO about which transmission

constraints will be binding.
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The Madrid model iterates two different submodélse first submodel simulates the behavior of
the TSO when receiving a set of quantity offerarfrthe different generators. The TSO is
assumed to maximize the apparent social welfardiechjpy offers and bids taking into account
network constraints. Demand is assumed to behawestnategically. This submodel's main
output is a matrix that relates the price sensjtiin every bus to power injections in each bus.
Mathematically, a solution of a linear system ik that is required. The second submodel
computes the oligopolistic market equilibrium wharery generator conjectures the same price
sensitivities, that is, input data for this submlodsenerators behave as Cournot oligopolists.
Even though this equilibrium problem is rnu#r se an optimization problem, it is shown that it
can be transformed to one. Consequently, startdahthiques which are able to deal with large
systems can be applied. If quadratic cost funstiimear marginal cost functions) are used,
then the optimization problem is a quadratic progmith linear constraints. The output of this
submodel is the quantity offer submitted by eaahegator that it is required by first submodel.
Full consistency requires that the generators’ exnyes used in the second submodel to have
the same values as sensitivities obtained from ebaclearing performed by the TSO, as

simulated by the first submodel. Therefore, thera need to iterate between the submodels.

If the model converges, a pure strategy Nash-Cawqoilibrium has been computed. However,
there are circumstances when no equilibrium existthis case, the algorithm oscillates between
two or more states, defined by a different setgasfstrained on or off interconnections. The

algorithm stops when detecting these oscillations.
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Table 1. Summary of Responses to Questionnaire dfodel Uses and Capabilities (Numbers

in brackets represent importance attributed to isse by participants)

Q1: What sort of questions would you like
answersfor?

. Market Power Impacts & Mitigation (30) A.
Give insights about impacts of market
structure and design on market power, -
collusion, strategic gaming

What are alternatives for mitigating market-
power?

What is the impact of market transparency-
(e.g., information on binding transmission
constraints in real time) on the exercise of
market power? Is it different for radial and
meshed systems?

. Generation Investment (16)

When should we invest in new production B.
capacity? -
How do market uncertainties & market
power interact to affect capacity addition -
decisions? Will there be enough capacity?
How does market power mitigation affect
incentives for capacity additions?

How effective is long-term contracting in  C.
encouraging entry and controlling market
power?

D

. Effects of Transmission Investment on -
Market (12) -

. What criteria to use to choose the right -
market equilibrium in case of multiple -
equilibria/learning (2)

E.
F.

Q2: What are your concerns about present
mar ket equilibrium models?

Assumptions, Robustness, Calibration
(15)

Robustness of simulations — sensitivity
analyses with respect to assumptions made
Too many behavioral assumptions are
made when modelling strategies

What difference does different behavioral
assumptions (type of game) make? Is it
really, e.g., Cournot? What approach is
most appropriate to actual markets? How
are long-term considerations (like entry
deterrence) relevant to bidding behavior?

Appropriate Use (13)

People/policy makers take the exact
numerical results too seriously
Numbers/outcomes take on life of their
own, unless model inputs/outputs and
restrictions/possibilities are well explained

Transparency of assumptions and
algorithms (12)

. Inclusion of Market Features (10)

Absence of capacity expansion capabilities
Interface with other (possibility non-
electrical) agents’ concerns

They don’t account for liquidity problems
Use of market-based methods when there
is no market and when one player is better
informed than others

Data: The availability and correctness of
data, as producers dislike revealing good,
realistic data, adding errors to the
assumptions and results of the model (8)

Ability to anticipate the consequences of
market design decisions such as choice
of capacity allocation method, coupling
of geographic markets (3)
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Table 1, Continued ....

Q3: What would we require to use modelsto
defend regulatory decisions?

A. Appropriate Use and Cautions (17)
Understanding of what models can and
cannot tell us

- Scientific “agreement” or best practice—
no technical discussion in court

- Caution with numerical results — could
ruin trust

B. Robustness and testing of results (15)

C. Transparency about model
assumptions and limitations (13)

D. Not an appropriate use (11)

- (Our agency) does not intend to use
models to defend its decisions. It rather
wants to use them to prepare its
decisions. Therefore, models should be
simple but realistic and include a
“parameterisation” of most possible
solutions: (a) it is better to admit model
limitations; and (b) we are interested in
qualitative behavior, not absolute levels.

E. Realistic Inputs/Outputs, Match

Observed Behavior (1)

- Strong empirical evidence to support
decisions made

F. Inclusion of Certain Market Features

(1)

- Integration of gas/electricity markets

Q4: What capabilities do we need next to
answer the questions identified above?

A. Long-run decisions: capacity

investments, forward contracts (22)

- Endogenous long-run decisions

- Represent different instruments for
capacity markets

- Consider initial position (initial degree
of forward contracting) in modeling day-
ahead / contracting decisions

- Include entry deterrence and other long-
term considerations in bidding behavior

B. Interactions among Multiple Markets
(emissions trading, gas/electricity
markets, ancillary services) (8)

C. Risk (7)

- Uncertainty modeling (demand, fuel
prices, contingencies, ...)

- What affects liquidity; how does
liquidity affect market power?

D. Transmission Issues (6)

- Define quantities of transmission
capacity allocated for spot markets and
longer term

- Model the role of the system operator as
a strategic agent

- In-depth evaluation of “netting” of
interconnector flows (as opposed to “no
netting”: constraining transactions in
each direction separately)

E. Rules (6)

- Effect of bidding rules and market power
mitigation on equilibria

- Model flexibility: it should be easy to
include new rules and markets features

F. Market Dynamics (multisettlement

markets, dynamic market power
models) (6)

34





