
Network Expansion and Welfare Effects in
two-stage Cournot Model

Olga Spiridonova

Humboldt University

11 April 2014



Model Empirical application

Structure

Research objective:
Investigate whether the potential to exert market power can be counteracted by
increased interconnector capacities

This paper is work in progress and a part of joint project with DIW Berlin,
another approach is in the presentation of Alexander Zerrahn and Daniel Huppmann
at 11.50 in room A03

Structure of the presentation:

I Mathematical aspects power markets’ modeling

I Application to the Western European market data
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Equilibrium Problem under Equilibrium Constraints

Three-stage game

1. Planner decides on network expansion

2. Strategic firms decide on generation levels

3. ISO dispatches the market such that flows are feasible

In stage 2, strategic firms know that their generation decision will influece the decision
of ISO in stage 3. Hence, in stage 2 to find market equilibrium one has to solve
strategic firms’ problems subject to an equilibrium dispatch.

i.e. we have Equilibrium Problem under Equilibrium Constraints (EPEC)
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MPEC

Mathematical formulation
On upper level strategic firm maximizes its profit in Cournot competition (Equilibrium
Problem):

∀i , max
gi

Π (gi , g−i ) s.t. 0 ≤ gi ≤ gmax
i

and subject to lower level market clearing by the ISO (Equilibrium Constraints):

max Welfare (g , d , δ)

s.t. Nodal Balance (g , d , δ) = 0 ∀n
Feasible Flows (δ) ≤ 0 ∀l

That is, the upper level equilibrium problem is subject to equilibrium constraints that
are nonconvex.

I There are viable methods for solving MPECs

I For EPECs there are no convenient procedures

To deal with non-convexity

Each MPEC is reformulated as mixed-integer linear program by using disjunctive

constraints and linearization, an approach presented in (Gabriel, Leuthold, 2010)
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Diagonalization algorithm to solve EPEC

Solve EPEC by finding some (if any) point of convergence of an EPEC with given
data.

→ Instead of solving EPEC, solve a sequence of MPECs until the decision
variables of all leaders reach a fixed point

I take a starting point

I solve MPEC for each strategic firm while holding the strategies of others fixed
(i.e., find best response)

I take best responses from the previous step as a new starting point

I repeat until values converge (if they do)

Gauss-Seidel algorithm
Use the most recent information in calculations: MPECs are ordered from 1 to K ,
update of the optimal strategy of k-th strategic player at iteration i is based on the
strategies found at iteration i − 1 for Stackelberg leaders from k + 1 to K and values
found at iteration i for Stackelberg leaders from 1 to k − 1

I solve k-th MPEC holding the strategies of other fixed:
x i−k = (x i1, ...x

i
k−1, x

i−1
k+1..., x

i−1
K )
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Data: Western European market

Stylized grid and data taken from (Gabriel, Leuthold, 2010) and (Neuhoff et al. 2005)

I 15 nodes, 28 lines

I Germany (n1), France (n2), Belgium (n3 and n6) and the Netherlands

(n4, n5 and n7)

I other nodes have no supply and demand and are used to adequately

model cross-border flows

I eight types of installed generation capacity: nuclear, lignite, coal, CCGT, gas,
oil, hydro and pump

I five generation companies are considered: EON, RWE, Electricite de France,
Electrabel and an aggregated player consisting out of smaller firms
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In order to run the test for the three-node example, the network
parameters have to be defined. Two types of parameters can be
distinguished. One type describes the topology of the network such as
the characteristics of the lines, the information which nodes are
interconnected, and so on.3 The other type refers to the electricity market
itself. The latter parameters describe the demand, supply, and respective
locations within the network. As described in Section 4.2, we use a linear
inverse demand function of the form an−bndnwhose parameters an and
bn are displayed in Table 2. The demand structure is constructed such that
there is a load center at node n3. The supply structure is specified by the
marginal cost per plant and amaximumgeneration capacity for this plant.
In order to carryout testswith themodel, the supply side and thenetwork
parameters were varied for five different test cases (Table 3). We assume
that the generation centers are located at nodesn1 andn2, thus there is an
electricity transport required in order to balance demand and generation.
For the first test cases (Tests 1–4 in Table 3), the network parameters are
chosen in a way that congestion is not expected. For Test 5, there is
congestion expected on line l2 as the line capacity for line l2 (lc12 in
Table 3) is decreased from 10 to 4 in this scenario.

As our model is supposed to simulate the result of strategic
behavior, we define a benchmark case against which the impact of this
behavior (‘strat’) can be compared. The benchmark is the case of a
perfect competition (‘comp’) model that is solved as a MCP (compare
Eq. (6a)–(6h)). The results for Tests 1–4 shown in Tables 4 and 5 are
easiest to follow. The strategic generator only produces with its
cheapest plant u2 in both the perfect competition and the strategic
gaming case. However, in perfect competition, this generator has a
profit of 0 whereas the profit is positive for the strategic runs (Table 5).
The strategic generator manages to increase its profit by holding back
generation. This leads to a decrease in demand and production but
maximizes its profit. However, its output decision is constrained by the
cheapest plant of the fringe (Table 3). It cannot hold back too much
capacity since otherwise the fringewould have an incentive to produce
whichwould lower the profit of the strategic player. Accordingly, if the
marginal cost of the cheapest fringe generator increases (Table 3), the

strategic firm decreases its output to the point of maximum profit i.e.,
4.5 MWh. Comparing the changes in strategic output and profits from
Test 1 to Test 2 and from Test 2 through Test 4, it can be seen that the
strategic result moves from producing 7 MWh to 4.5 MWh (Test 1 vs.
Test 2). Furthermore, this level of 4.5MWh ismaintained fromTest 2 to
Test 4 (Table 4) albeit the marginal cost of the fringe still increases
(Table 3). Hence, even increasing marginal cost of the fringe further
does not impact the results. The same behavior can be observed for
Test 5. However, the difference between Test 5 and the other test cases
is that there is now network congestion. Hence, the strategic player
cannot satisfy enough demand with its cheapest plant. By producing
with its second (more expensive) unit, it can create counterflows and
relieve congestionwhich in turn facilitates higher generationwith the
less expensive plant. The output decisions are chosen in the most
profitableway (Tables 4 and5). Lastly, the problem size and calculation
times4 are summarized in Tables 6 and 7.

4.4.2. Fifteen-node network
The second example is a more complex fifteen-node network

representing a stylized grid of the Western European market based on
Neuhoff et al. (2005). In order to obtain a linear inverse demand function,
a reference demand and an elasticity for each node in the network were
assumed. For adeeperdiscussionof thedata and themethodology refer to
Leuthold et al. (2008) and Leuthold et al. (2005). Demand data are based
on UCTE5. The network aggregates data (Tables 8, 9 and 10) for Belgium,
France, Germany, and the Netherlands with Germany and France
represented by one node each (n1 and n2, respectively), Belgium by
two nodes (n3 and n6) and the Netherlands by three nodes (n4, n5,
andn7). Altogether, there are 15nodes (Fig. 2) ofwhich eight are auxiliary
without supplyanddemand (nodesn8 ton15). These nodes arenecessary
for the adequate modeling of cross-border flows. We carry out four
different tests. For each of these test runs, a different company is assigned
the Stackelberg leader role. In Test_EDF, for example, the French company
EDF is the Stackelberg leader and all other companies are fringe players.
The same pattern applies for Electrabel (Ebel) of Belgium as well as for

3 For this small three-node network, the reactance and resistance of all lines are
taken to be equal.

4 All tests were conducted on an Intel Xeon CPU E5420 (8 cores) with 16 GB RAM.
5 www.ucte.org.

Fig. 2. Stylized network of the Western European grid. Source: Based on Neuhoff et al. (2005).

10 S.A. Gabriel, F.U. Leuthold / Energy Economics 32 (2010) 3–14
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Perfect competition vs. Strategic generation

perfect competition strategic interaction
pricen1, Germany 22.0 30.0
pricen2, France 10.0 76.0
pricen3, Belgium 10.0 52.0
pricen4, the Netherlands 45.0 45.0
pricen5, the Netherlands 59.3 45.6
pricen6, Belgium 22.0 48.0
pricen7, the Netherlands 41.3 41.4

Perfect competition benchmark results can be found in (Gabriel, Leuthold, 2010)

I Although with strategic generators prices increase in nodes n1, n2, n3 and n6,
the Netherlands benefit from the absence of competition: price in node n5
decreases compared to the perfect competition case

I 3 lines are found to be always congested: l10, l13 and l19

I What if they are decongested?
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Perfect competition vs. Strategic generation

perfect compe-
tition

strategic inter-
action

strategic inter-
action with ex-
panded lines

pricen1, Germany 22.0 30.0 30.0
pricen2, France 10.0 76.0 71.0
pricen3, Belgium 10.0 52.0 58.8
pricen4, the Netherlands 45.0 45.0 46.5
pricen5, the Netherlands 59.3 45.6 45.0
pricen6, Belgium 22.0 48.0 54.0
pricen7, the Netherlands 41.3 41.4 40.8

I Decongested lines l10, l13 and l19 lead to the drop of prices in France, prices in
Germany remain the same

I Total welfare increases; welfare in France goes up, while welfare in parts of the
Netherlands and Belgium goes down
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Profits

perfect compe-
tition

strategic inter-
action

strategic inter-
action with ex-
panded lines

Electrabel 81.7 332.0 354.1
EON 121.0 238.5 240.2
RWE 94.0 170.0 180.0
Electricite de France 140.0 2054.1 1970.0
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Consumer surplus

perfect compe-
tition

strategic inter-
action

strategic inter-
action with ex-
panded lines

n1, Germany 5320.5 5220.0 5220.0
n2, France 5040.0 3762.8 3928.3
n3, Belgium 280.0 247.5 237.9
n4, the Netherlands 511.9 511.8 508.5
n5, the Netherlands 474.4 510.5 511.9
n6, Belgium 183.5 168.3 163.1
n7, the Netherlands 259.9 259.8 260.5
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Welfare

perfect compe-
tition

strategic inter-
action

strategic inter-
action with ex-
panded lines

n1, Germany 4255.0 4162.6 4141.1
n2, France 4519.3 3612.8 3768.3
n3, Belgium 254.5 195.5 208.0
n4, the Netherlands 396.5 404.3 231.2
n5, the Netherlands 384.4 420.5 458.2
n6, Belgium 142.1 116.3 111.1
n7, the Netherlands 199.9 109.8 200.5
Total 10151.6 9019.9 9118.3
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Thank you for your attention!
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