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Appendix A Calibration

The installed generation capacity by firm at each node is based on year-2013 data collected
from firms’ Websites such that the aggregate capacity per country matches data from ENTSO-E
(2013) (Table A-1). Generation output is based on ENTSO-E (2013) and Eurostat (2014). Tables
A-2–A-3 indicate transmission capacities (ENTSO-E, 2013; Terna, 2013). Time is represented
by four representative hours for each month of 2013 (Table A-4). The load curve depends on
the ratio of the block average load (over the number of hours in that block) and the monthly
average load (over the number of hours in that month). Four load curves for selected months are
given in Table A-5, which provide multipliers for the reference demand that add variation to the
average demand through inverse-demand function coefficients, Dint

t,n and Dslp
t,n . Finally, since the

number of hours in each block, Nt, varies based on the month, Table A-6 shows the number of
hours in each of the blocks of 28-, 30-, and 31-day months.
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Table A-1: Installed generation capacity mix per node (GW)

Node.Firm
Technology

Gas Coal Oil CCGT Nuclear Lignite Mixed Hydro

n1.i1 0.19 4.57 0.40
n1.i2 0.41
n1.i3 2.51 0.46
n1.i4 0.84 2.25 1.15 1.45
n1.i5 0.06 3.27
n1.i6 2.88
n1.i7 0.33 1.18
n1.i8 0.05 2.11 0.07
n1.i9 0.33 1.20
n1.i23 0.05 0.62 1.90 2.31
n2.i3 0.26 0.23 0.02
n2.i4 0.76 0.06
n2.i7 0.36 0.39
n2.i23 0.06 0.05 0.43 0.5 0.35
n3.i1 0.8 0.02
n3.i2 0.65
n3.i3 0.13
n3.i4 1.98 0.31
n3.i7 0.16 0.8
n3.i9 0.16 1.6
n3.i23 0.5 0.08 0.62 0.13 0.2
n4.i1 0.4 0.13
n4.i2 0.76
n4.i3 2.0
n4.i4 0.04 0.06
n4.i6 0.41
n4.i9 1.57
n4.i23 0.48 0.96 0.07
n5.i4 0.6 0.06
n5.i6 0.6
n5.i23 0.42 0.58
n6.i1 1.28
n6.i3 0.15
n6.i4 1.01 0.17 1.09 0.07
n6.i6 0.21
n6.i23 0.1 0.41 0.11
n7.i1 0.17 0.81
n8.i23 0.4
n9.i1 0.64
n9.i4 2.64
n9.i5 1.32
n11.i23 0.48
n12.i13 0.35
n12.i14 0.08 0.06 0.79 0.41
n12.i15 0.35 0.30 0.10
n12.i23 0.08
n13.i13 0.16 0.32 0.32 0.09 0.91 0.92
n14.i10 1.17 0.21
n14.i23 0.41 0.59
n15.i16 0.31 5.28 1.26
n16.i1 0.10 0.13
n16.i19 0.12 0.18
n17.i18 0.25 0.19 0.72 0.18
n18.i3 0.31
n18.i7 0.07 0.22
n18.i20 0.36 0.7 0.49 4.46 1.57 0.77
n18.i21 1.22
n18.i23 0.67
n20.i3 0.41
n20.i7 1.09 0.31
n20.i22 0.41 0.36 1.89 0.10 0.02
n20.i23 0.28 0.41 2.44 0.34
n21.i11 2 1.85 0.53
n21.i12 1.26
n21.i23 0.45 0.80 2.35
n22.i17 1.58 2.50 0.67 0.44 1.3 4.23 1.70
n22.i23 0.07
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Table A-2: Transmission capacities for lines `1 to `15 (GW)

Line `1 `2 `3 `4 `5 `6 `7 `8 `9 `10 `11 `12 `13 `14 `15
Capacity 3.7 10 2.7 10 0.9 10 10 10 0.25 10 0.58 1 0.6 0.45 0.45

Table A-3: Transmission capacities for lines `16 to `31 (GW)

Line `16 `17 `18 `19 `20 `21 `22 `23 `24 `25 `26 `27 `28 `29 `30 `31
Capacity 0.4 0.45 0.4 0.4 0.5 10 10 10 1.2 0.6 0.7 0.7 0.6 0.45 0.5 0.2

Table A-4: Intervals corresponding to four blocks

Block Interval

Base load min {load} - 70th percentile {load}
Shoulder load 70th percentile {load} - 95th percentile {load}
Peak load 95th percentile {load} - 99th percentile {load}
Super-peak load 99th percentile {load} - max{load}

Table A-5: Load curve for block per month

Month
Block

Base load Shoulder load Peak load Super-peak load

Jan 0.9 1.19 1.26 1.28
Feb 0.92 1.17 1.23 1.25
Jun 0.92 1.17 1.30 1.34
Dec 0.90 1.21 1.32 1.35

Table A-6: Number of hours per block

Number of days in month
Block 31 28 30

Base load 520 470 504
Shoulder load 186 168 180
Peak load 30 27 28
Super-peak load 8 7 8

For the purpose of calibration, we compare the simulated results under perfect competition
at a permit price of e0/t with actual quantities from 2013. Generally, we are able to capture
the main characteristics of the modelled system in terms of generation mix and emissions for
ETS and non-ETS areas as well as electricity prices. In relation to the annual production in
ETS (Figure A-1a), production from some fuel sources is overestimated (lignite, natural gas, and
hard coal by 12.25%, 15.67%, and 37.05%, respectively), whereas there is hardly any production
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Figure A-1: Annual production per technology in the ETS and non-ETS area of SEE-REM (Eurostat
(2014) and ENTSO-E (2013))
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(b) Production in the non-ETS area
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from mixed fuels and fuel oil (mixed fuels and fuel oil rarely seem to be viable options in our
modelling framework). Overall production in ETS is overestimated by 6.76%. In the non-ETS
area (Figure A-1b), we have an overproduction from lignite of 11.84% and overall overproduction
of 8.33% compared to actual quantities. Consequently, production in the entire SEE-REM is
overestimated by 6.98%. This overproduction could be explained by limitations of our model
concerning technical constraints such as ramping and start-up costs.

We calibrate average annual prices using the assumption of perfect competition and Cournot
oligopoly (CO) where all actual firms considered in Section 3.3 are Cournot oligopolists (Figure
A-2). As expected, the actual prices are bounded by the perfect competition setting and Cournot
oligopoly setting apart from the price at node IT6. A possible explanation for this is a relatively
large installed capacity of mixed fuels and fuel oil at node IT6 that could determine the actual
price at that node; however, because our model almost never generates power from these sources,
simulated prices remain relatively low.

Figure A-2: Average annual prices (Countries’ power exchanges)

20
40

60
80

P
ric

es
 (

€/
M

W
h)

IT1 IT2 IT3 IT4 IT5 IT6 GR SI HU RO

Simulated CO Actual Simulated PC

Under perfect competition, annual emissions for 2013 (Figure A-3) are overestimated in
both ETS and non-ETS areas by 3.49% and 14.29%, respectively. Because the non-ETS area of
SEE-REM is relatively small, overall SEE-REM emissions are overestimated by 5.31%, which we
deem to be reasonable for the purpose of our analysis.
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Figure A-3: Annual emissions in SEE-REM (Own calculation based on Eurostat (2014) and EU (2012))
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Appendix B Additional Results

Table B-1: Production per fuel type (GWh) in Italy in PC-B10

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North 12,215 102,304 31 44,793 159,343
of which Enel 6,144 11,141 19 13,225 30,530
of which fringe firms 6,071 91,163 12 31,568 128,814
South 39,014 35,549 - 6,913 81,476
of which Enel 34,305 - - 3,213 37,518
of which fringe firms 4,709 35,549 - 3,700 43,958
Sardinia 8,830 2,648 10 486 11,974
of which Enel 4,415 - - 486 4,901
of which fringe firms 4,415 2,648 10 - 7,073
Sicily - 7,297 - 584 7,881
of which Enel - 5,141 - 584 5,725
of which fringe firms - 2,156 - - 2,156

Total 60,059 147,798 41 52,776 260,674
of which Enel 44,864 16,282 19 17,509 78,673
of which fringe firms 15,195 131,516 22 35,268 182,001
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Table B-2: Production per fuel type (GWh) in Italy in PC-B30

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North 12,215 93,248 - 44,793 150,256
of which Enel 6,144 10,178 - 13,225 29,547
of which fringe firms 6,071 83,071 - 31,568 120,709
South 39,014 33,004 - 6,913 78,931
of which Enel 34,305 - - 3,213 37,518
of which fringe firms 4,709 33,004 - 3,700 41,413
Sardinia 8,830 2,516 - 486 11,832
of which Enel 4,415 - - 486 4,901
of which fringe firms 4,415 2,516 - - 6,931
Sicily - 6,910 - 584 7,494
of which Enel - 4,810 - 584 5,394
of which fringe firms - 2,100 - - 2,100

Total 60,059 135,678 - 52,776 248,513
of which Enel 44,864 14,988 - 17,509 77,360
of which fringe firms 15,195 120,690 - 35,268 171,152

Table B-3: Change in production (GWh) from PC-B10 in Italy in S-T-B10

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North - 4,855 41 - 4,896
of which Enel - 2,334 - 19 - 2,315
of which fringe firms - 2,521 60 - 2,581
South - 764 - 4,244 - - - 5,009
of which Enel - 764 - - - - 764
of which fringe firms - - 4,244 - - - 4,244
Sardinia - 158 - 179 - - - 337
of which Enel - 158 - - - - 158
of which fringe firms - - 179 - - - 179
Sicily - - 258 - - - 258
of which Enel - - 1,443 - - - 1,443
of which fringe firms - 1,185 - - 1,185

Total - 923 174 41 - - 708
of which Enel - 923 891 - 19 - - 51
of which fringe firms - - 717 60 - - 657
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Table B-4: Change in production (GWh) from PC-B10 in Italy in S-B10

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North -1 -4,565 228 - -4,338
of which Enel - 1 - 1,558 57 - - 1,502
of which fringe firms - - 3,008 171 - - 2,837
South -3,334 9,494 - - 6,160
of which Enel - 3,334 - - - - 3,334
of which fringe firms - 9,494 - - 9,494
Sardinia -223 -1,134 4 - -1,353
of which Enel - 223 - - - - 223
of which fringe firms - - 1,134 4 - - 1,130
Sicily - -1,034 - - -1,034
of which Enel - - 751 - - - 751
of which fringe firms - - 284 - - - 284

Total -3,558 2,760 232 - -566
of which Enel - 3,558 - 2,308 57 - - 5,809
of which fringe firms - 5,068 175 - 5,243

Table B-5: Change in production (GWh) from PC-B30 in Italy in S-T-B30

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North - 139 - 3,798 - - 4 - 3,940
of which Enel - 139 6,799 - - 4 6,656
of which fringe firms - - 10,597 - - - 10,597
South - 2,825 11,102 - - 3 8,275
of which Enel - 2,825 - - - 3 - 2,827
of which fringe firms - 11,102 - - 11,102
Sardinia - 524 294 - - - 230
of which Enel - 524 - - - - 524
of which fringe firms - 294 - - 294
Sicily - - 1,675 - - 1 - 1,676
of which Enel - - 611 - - 1 - 612
of which fringe firms - - 1,064 - - - 1,064

Total - 3,487 5,924 - - 8 2,429
of which Enel - 3,487 6,188 - - 8 2,693
of which fringe firms - - 264 - - - 264
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Table B-6: Change in production (GWh) from PC-B30 in Italy in S-B30

Region
Technology

Coal Natural Gas Other Fossil Fuels Hydro Total

North -97 -3,913 - - -4,009
of which Enel - 97 4,222 - - 4,125
of which fringe firms - - 8,134 - - - 8,134
South -2,559 3,981 - - 1,422
of which Enel - 2,559 - - - - 2,559
of which fringe firms - 3,981 - - 3,981
Sardinia -468 -568 - -1 -1,037
of which Enel - 468 - - - 1 - 470
of which fringe firms - - 568 - - - 568
Sicily - -964 - - -964
of which Enel - - 1,524 - - - 1,524
of which fringe firms - 560 - - 560

Total -3,124 -1,464 - -1 -4,589
of which Enel - 3,124 2,698 - - 1 - 427
of which fringe firms - - 4,162 - - - 4,162
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Table B-12: Consumption (GWh), net imports/exports (GWh), and emissions (kt) in SEE-REM in
perfect competition

Region
Scenario

PC-B0 PC-B10 PC-B20 PC-B30 PC-B40

Consumption
Italy 274,171 268,281 260,868 253,322 250,631
ETS excl. Italy 185,986 176,626 163,722 151,977 149,051
ETS 460,157 444,906 424,590 405,299 399,682
Non-ETS 64,230 62,452 59,167 56,325 55,631
Total 524,387 507,358 483,757 461,624 455,313

Import/Export
Italy 7,419 7,607 7,783 4,808 690
ETS excl. Italy -150 9,829 13,674 19,427 25,364
ETS 7,269 17,436 21,458 24,236 26,054
Non-ETS -7,269 - 17,436 - 21,458 - 24,236 - 26,054

Emissions
Italy 100,814 98,500 95,722 94,057 88,223
ETS excl. Italy 77,005 61,537 46,533 30,416 18,469
ETS 177,819 160,037 142,255 124,473 106,692
Non-ETS 40,441 47,303 47,907 47,806 48,334
Total 218,260 207,340 190,163 172,280 155,026
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Appendix C Nomenclature and Mathematical Reformulation

C.1 Nomenclature

Indices and Sets:

Γ Upper-level decision variables
Ξ Lower-level primal decision variables
Ψ Lower-level dual variables
i ∈ I Firms
j ∈ IF Follower firms price-takers IF ⊆ I
s ∈ IS Strategic producer index, IS ∩ IF = ∅, IS ∪ IF = I
u ∈ Un,i Generating units of firm i located at node n
` ∈ L Lines
`AC ∈ LAC AC lines, LAC ⊆ L
n ∈ N Nodes
nAC ∈ NAC Nodes part of the AC network, NAC ⊆ N
nDC ∈ NDC Nodes part of the DC network, NDC ∪NAC = N
n ∈ NETS Nodes in the ETS area, NETS ∈ N
t ∈ T Time blocks

Parameters:

A`,n Network incidence matrix, 1 indicates a node where the line starts
and -1 a node where the line finishes (-)

Cn,i,u Marginal cost of production of generation unit u owned by firm i at node n (e/MWh)
Dint

t,n Inverse-demand intercept at node n in time block t (e/MWh)

Dslp
t,n Inverse-demand slope at node n in time block t (e/MW2h)

En,i,u Carbon intensity of production of generating unit u owned by firm i at node n (t/MWh)
H`AC ,nAC Network transfer admittance matrix for nodes nAC ∈ NAC and lines `AC ∈ LAC (S)
Kt,` Capacity of line ` in time block t (MW)
Nt Number of hours in time block t (h)
R Carbon tax (e/t)
SnAC Indicates the swing bus, 1 if swing, 0 otherwise at node nAC ∈ NAC (-)
Xn,i,u Maximum production capacity of generation unit u owned by firm i at node n (MW)
Z Carbon cap (t)

M,M, M̃, M̂ , M̌ ,M Large constants used in disjunctive constraints

Primal Variables:

dt,n Demand at node n in time block t (MW)
ft,` Flow on line ` in time block t (MW)
vt,nAC Voltage angle at node nAC ∈ NAC in time block t (rad)
xt,n,i,u Quantity produced by generating unit u owned by firm i at node n in time block t (MW)

Dual Variables:

βt,n,i,u Maximum generation capacity constraint of generating unit u
owned by firm i at node n in time block t (e/MWh)

γt,`AC Definition of AC flow on line `AC ∈ LAC in time block t (e/MWh)
δt Hub price in time block t (e/MWh)
ηt,nAC Swing bus constraint at node nAC ∈ NAC in time block t (-)
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λt,n Energy mass-balance constraint at node n in time block t (e/MWh)
µ−t,` Maximum capacity constraint in negative direction on line ` in time block t (e/MWh)

µ+
t,` Maximum capacity constraint in positive direction on line ` in time block t (e/MWh)

ρ Price of CO2 allowances (e/t)

Binary Variables:

rt,n Auxiliary variable used to handle the KKT condition
with respect to demand at node n in time period t and dt,n

rt,n,j,u Auxiliary variable used to handle the KKT
condition with respect to non-strategic producer j’s generation
from unit u located at node n in time period t and xt,n,j,u

r̃t,n,j,u Auxiliary variable used to handle complementarity condition between
generation constraint of non-strategic producer j’s unit u located at
node n in time period t and the shadow price of generation capacity βt,n,j,u

r̂t,` Auxiliary variable used to handle complementarity condition between
transmission line `’s capacity constraint in time period t and shadow price
in positive direction µ+

t,`

řt,` Auxiliary variable used to handle complementarity condition between
transmission line `’s capacity constraint in time period t and the shadow price
in negative direction µ−t,`

r Auxiliary variable used to handle complementarity condition between
the emissions constraint and price of CO2 allowances ρ

C.2 KKT Conditions for the Lower Level

0 ≤ xt,n,j,u ⊥ Nt (−λt,n + Cn,j,u + ρEn,j,u + βt,n,j,u) ≥ 0, ∀t, j, u ∈ Un,j , n ∈ NETS (C-1a)

0 ≤ xt,n,j,u ⊥ Nt (−λt,n + Cn,j,u + βt,n,j,u) ≥ 0, ∀t, j, u ∈ Un,j , n ∈ N \ NETS (C-1b)

0 ≤ dt,n ⊥ Nt

(
−Dint

t,n +Dslp
t,ndt,n + λt,n

)
≥ 0, ∀t, n (C-2)

Nt

 ∑
nAC∈NAC

(δt − λt,nAC )A`AC ,nAC − γt,`AC + µ−
t,`AC − µ+

t,`AC

 = 0, ft,`AC free, ∀t, `AC ∈ LAC

(C-3a)

Nt

(∑
n

(δt − λt,n)A`,n + µ−t,` − µ
+
t,`

)
= 0, ft,` free, ∀t, ` ∈ L \ LAC (C-3b)

Nt

(∑
`AC∈LAC H`AC ,nACγt,`AC − SnACηt,nAC

)
= 0, vt,nAC free, ∀t, nAC ∈ NAC (C-4)

0 ≤ βt,n,j,u ⊥ Nt(Xn,j,u − xt,n,j,u) ≥ 0, ∀t, n, j, u (C-5)

Nt

(
ft,`AC −

∑
nAC∈NAC H`AC ,nACvt,nAC

)
= 0, γt,`AC free, ∀t, `AC ∈ LAC (C-6)

0 ≤ µ−t,` ⊥ Nt(ft,` +Kt,`) ≥ 0, ∀t, ` (C-7)

0 ≤ µ+
t,` ⊥ Nt(−ft,` +Kt,`) ≥ 0, ∀t, ` (C-8)

Nt

(
SnACvt,nAC

)
= 0, ηt,nAC free, ∀t, nAC ∈ NAC (C-9)

−Nt
∑

n

∑
`A`,nft,` = 0, δt free, ∀t (C-10)

Nt (dt,n −
∑

i

∑
u xt,n,i,u +

∑
`A`,nft,`) = 0, λt,n free, ∀t, n (C-11)

0 ≤ ρ ⊥ Z −
∑

t

∑
n∈NETS

∑
i

∑
uNtEn,i,uxt,n,i,u ≥ 0 (C-12)
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C.3 MIQP Reformulation

The MPEC in Section 3.2.3 has two types of non-convexities. First, the complementarity condi-
tions arising from the constraints (C-1a)–(C-12) can be circumvented by disjunctive constraints
(C-15) - (C-31) (Fortuny-Amat and McCarl, 1981). In effect, we resolve complementarity condi-
tions of the form 0 ≤ a ⊥ b ≥ 0 disjunctively as a ≤Mw, b ≤M(1− w), a ≥ 0, b ≥ 0, w ∈ {0, 1}.
Here, we choose big-M values in the ranges of 106 to 107 depending on the constraint in order to
avoid unnecessarily restricting the relevant variable. For example, in (C-16), we choose M to be
107 so that the net consumption at each node and in each period is not economically restricted.
A similar approach was used in Chen et al. (2018) to treat the complementarity constraints of an
MPEC. For more guidance on specifying such big-M values, see Gabriel and Leuthold (2010).
Second, the bilinear terms in the leader’s objective function can be removed by using strong
duality from the lower level. In particular, we find the dual problem of the lower level (Dorn,
1960) and verify that strong duality holds (Huppmann and Egerer, 2015) as follows:∑

t

Nt

[∑
n

(
Dint

t,ndt,n −
1

2
Dslp

t,nd
2
t,n −

∑
j

∑
u∈Un,j

Cn,j,uxt,n,j,u

)]

=
∑
t

Nt

∑
n

∑
j

∑
u∈Un,j

Xn,j,uβt,n,j,u +
∑
`

Kt,`(µ
−
t,` + µ+

t,`) +
∑
n

∑
u∈Un,s

λt,nxt,n,s,u

−
∑

n∈NETS

∑
u∈Un,s

En,s,uρxt,n,s,u

+ ρZ (C-13)

We then use strong duality to express the bilinear terms in the leader’s objective function in
terms of lower-level primal and dual variables in (C-14), thereby rendering the objective function
quadratic.

max
Φ

∑
t

Nt

(∑
n

Dint
t,ndt,n −

∑
n

Dslp
t,nd

2
t,n −

∑
`

(µ−t,` + µ+
t,`)Kt,` −

∑
n

∑
i

∑
u

Cn,i,uxt,n,i,u

−
∑
n

∑
j

∑
u∈Un,j

βt,n,j,uXn,j,u

)
− ρZ (C-14)

s.t. (11), (C-3a), (C-3b), (C-4), (C-6), (C-9), (C-10), (C-11)

0 ≤ Nt(−Dint
t,n +Dslp

t,ndt,n + λt,n) ≤Mrt,n, ∀t, n (C-15)

0 ≤ dt,n ≤M(1− rt,n), ∀t, n (C-16)

0 ≤ Nt (−λt,n + Cn,j,u + ρEn,j,u + βt,n,j,u) ≤Mrt,n,j,u, ∀t, j, u ∈ Un,j , n ∈ NETS(C-17)

0 ≤ Nt (−λt,n + Cn,j,u + βt,n,j,u) ≤Mrt,n,j,u, ∀t, j, u ∈ Un,j , n ∈ N \ NETS (C-18)

0 ≤ xt,n,j,u ≤M(1− rt,n,j,u), ∀t, n, j, u ∈ Un,j (C-19)

0 ≤ Nt(−ft,` +Kt,`) ≤ M̂ r̂t,`, ∀t, ` (C-20)

0 ≤ µ+
t,` ≤ M̂(1− r̂t,`), ∀t, ` (C-21)

0 ≤ Nt(ft,` +Kt,`) ≤ M̌ řt,`, ∀t, ` (C-22)

0 ≤ µ−t,` ≤ M̌(1− řt,`), ∀t, ` (C-23)

0 ≤ Nt(Xn,j,u − xt,n,j,u) ≤ M̃ r̃t,n,j,u, ∀t, n, j, u ∈ Un,j (C-24)

0 ≤ βt,n,j,u ≤ M̃(1− r̃t,n,j,u), ∀t, n, j, u ∈ Un,j (C-25)

0 ≤ Z −
∑
t

∑
n∈NETS

∑
i

∑
u

NtEn,i,uxt,n,i,u ≤Mr (C-26)

0 ≤ ρ ≤M(1− r) (C-27)
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r ∈ {0, 1} (C-28)

rt,n ∈ {0, 1}, ∀t, n (C-29)

r̃t,n,j,u, rt,n,j,u ∈ {0, 1}, ∀t, n, j, u ∈ Un,j (C-30)

r̂t,`, řt,` ∈ {0, 1}, ∀t, ` (C-31)

where Φ = {dt,n, xt,n,i,u, ft,`, vt,nAC , λt,n, δt, µ
+
t,`, µ

−
t,`, βt,n,j,u, γt,`AC , ηt,nAC , ρ, r, rt,n, rt,n,j,u, r̂t,`, řt,`, r̃t,n,j,u}.
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