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Formulations

• Open-loop

• Closed-loop (subgame perfect equilibrium)

• Supply function equilibrium and variations

• When is open-loop solution 6= closed-loop solution?
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Closed-loop stage 1

max
xi ,x

+
iω,x−iω

pxi + E[pω(x+
iω − x−iω)

− cost(xi + x+
iω − x−iω)]

S.t. 0 ≤ xi ≤ xmax
i

Stage 2 KKT

Open-loop

max
xi ,x

+
iω,x−iω

pxi + E[pω(x+
iω − x−iω)

− cost(xi + x+
iω − x−iω)]

S.t. 0 ≤ xi ≤ xmax
i

0 ≤ x+
iω ≤ xi − xmax

i

0 ≤ x−iω ≤ xi

Closed-loop stage 2

max
x+
iω,x−iω

pω(x+
iω − x−iω)

− cost(xi + x+
iω − x−iω)

S.t. 0 ≤ x+
iω ≤ xi − xmax

i

0 ≤ x−iω ≤ xi

Market clearing

p = E[pω]

pω = βω − α
∑
i

(xi + x+
iω − x−iω)
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Results

• 3 identical power production units, xmax = 60MWh

• Prod cost 50, up-reg cost 20, down-reg cost 5 (DKK)

• Cournot competition

• One time period in each market

• pω = 100−
∑

i (xi + x+
i − x−i ).

Open-loop

xi
∗ x+

it
∗

x−it
∗

Total prod Price DA Price bal Cost Profit
12.50 0.00 0.00 12.50 62.50 62.50 625.00 156.25

Closed-loop

xi
∗ x+

it
∗

x−it
∗

Total prod Price DA Price bal Cost Profit
12.50 0.00 0.00 12.50 62.50 62.50 625.00 156.25
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Results

• One time period in DA and two in BAL

• p1ω = 60−
∑

i (xi/2 + x+
i − x−i ).

• p2ω = 140−
∑

i (xi/2 + x+
i − x−i ).

Open-loop

t xi
∗ x+

it
∗

x−it
∗

Total prod Price DA Price bal Cost Profit

1
42.50

0.00 17.50 3.75
62.50

48.75 275.00
465.62

2 0.00 0.00 21.25 76.25 1062.50

Closed-loop

t xi
∗ x+

it
∗

x−it
∗

Total prod Price DA Price bal Cost Profit

1
41.00

0.00 11.62 8.87
52.75

33.38 501.87
252.41

2 2.13 0.00 22.62 72.13 1173.75
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Preliminary results show that the open-loop and
closed-loop solutions are different, with high time
resolution in the balancing market

Further work includes

• Look into the inverse demand functions

• Market power analysis when access to balancing
market is limited

• Including ramp rates and network

• Include stochastic producers

• Efficient solutions methods e.g. parallelization.
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