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“The Energy Interstate”

The Atlantic, June 2016



https://www.theatlantic.com/magazine/archive/2016/06/the-energy-interstate/480756/
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°
Twin Challenges

Deregulation and Decarbonisation

o Regulated paradigm
o Single decision maker
o Single-level optimisation model for planning
@ Post-restructuring
o Imperfect competition
o Endogenous price formation
o Greater focus on variable renewable energy sources (VRES)
o Policymaker’s dilemma
o Comply with international treaties, e.g., European Green Deal
o Yet, cannot be seen to interfere with industry
o Delicate balance between providing incentives to guide a
sustainable energy transition and blunting the market
o Need to understand the implications of strategic behaviour when
designing markets or setting carbon taxes

@ Analysis of Environmental Policy in the Power Sector:
Equilibrium Methods and Bi-Level Modeling


https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://doi.org/10.1007/978-3-030-44866-0
https://doi.org/10.1007/978-3-030-44866-0
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Related Work

Transmission Planning in Deregulated Electricity Industries

e Optimisation in regulated paradigm (Garver, 1970) and
real-world case studies (Hobbs, 1995)

e Borenstein et al. (2000) demonstrate the potential for
enhanced competition from transmission expansion in a
two-node Cournot duopoly model

e Sauma and Oren (2009) similarly examine the impact of
financial transmission rights (FTRs)

e Sauma and Oren (2006) have tri-level models that illustrate
the complexity for the transmission system operator (TSO) to
obtain politically feasible transmission expansion

o Bi-level transmission and VRES investment: Baringo and
Conejo (2012) and Maurovich-Horvat et al. (2015)

e Hobbs (2012) explores policy dilemmas with RE integration

e Environmental economics literature examines the efficiency of
policies under market power (Barnett, 1980; Requate, 2005)


https://doi.org/10.1109/TPAS.1970.292825
https://doi.org/10.1016/0377-2217(94)00190-N
https://www.jstor.org/stable/2601042
https://doi.org/10.1016/j.eneco.2009.01.015
http://dx.doi.org/10.1007/s11149-006-9012-x
https://doi.org/10.1109/TPWRS.2011.2170441
https://doi.org/10.1109/TPWRS.2011.2170441
https://doi.org/10.1109/TPWRS.2014.2367107
https://doi.org/10.1109/PESGM.2012.6344744
https://www.jstor.org/stable/1805784
https://www.scopus.com/record/display.uri?eid=2-s2.0-67650242667&origin=inward
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Related Work

An Analytical Approach

Siddiqui et al. (2019) use a stylised two-node model to
understand economic and environmental tradeoffs analytically
Take the perspective of a welfare-maximising TSO that
internalises the cost of damage from emissions

In Norway, koordinert og trinnvis utvikling Statnett skal forsikrer
seg om at det vil bli realisert en tilstrekkelig mengde vindkraft
Allow for strategic behaviour (Cournot oligopoly) or not
(perfect competition) by lower-level producers

Compare different market settings: central planner (CP),
perfect competition (PC), and Cournot oligopoly (CO)
Sustainable transmission investment is curtailed under PC

A full carbon tax imposed on industry under PC results in a
first-best solution

However, a carbon tax under CO may actually worsen welfare
vis-a-vis doing nothing


http://dx.doi.org/10.1016/j.ejor.2018.11.032
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Contribution

Detailed Model of Transmission Planning in a Deregulated
Industry

e Expand the Siddiqui et al. (2019) framework by introducing
realistic features of power systems
o Kirchhoff’s laws approximated via linearised DC load flows
o Heterogenous firms with portfolios of power plants
o Intermittent VRES output
o Re-formulate the bi-level problem as a single-level
mathematical program with primal and dual constraints
(MPPDC) and subsequently as a mixed-integer quadratically
constrained quadratic program (MIQCQP)
o Investigate the effectiveness of a carbon tax in aligning private
and social incentives in a realistic test network
o How is transmission planning affected by the damage cost?
o Could a full carbon tax be actually welfare diminishing under
CcO?
o What is the impact of greenfield versus brownfield assumptions?


http://dx.doi.org/10.1016/j.ejor.2018.11.032
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Mathematical Formulation
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Assumptions

@ Representative weeks m € M with weights W,,, comprising
time periods t € T
o n € N nodes with consumption c¢m,n,: (MWh) and inverse
demand A nt — Zmyn,tCm,n,t (€/MWh)
o £ € L transmission lines with initial capacity K}'7* (MW) and
susceptance Bj . (S) in capacity level j € J
e Welfare-maximising TSO internalises damage cost (D > 0)
e Binary choice for each line and level ;. € {0, 1} with capacity
size K}'}* (MW) and amortised cost C}3* (€)
e Firms’ open-loop profit maximisation (Wogrin et al., 2013)
o Investment z; . (MW) at amortised cost C}7", (€/MW)
o Operations y;,m,n ¢, (MWh) at cost C3P" (€/MWh)
Unit u € U;,, has availability factors, G, ,, , ., and Gm,n,t,u,
ramp rates, R.P and R2°"™, and emission rate F, (t/MWh)
Storage operations via 755y, 5, ¢ Timn.te and T
o Welfare-maximising ISO clears market via voltage angle vy n,¢
(rad) to control realised power flow fz,.n,: (MW)


https://doi.org/10.1007/s10107-013-0696-2

Mathematical Formulation
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Deregulated Industry

Bi-Level Framework

Upper-Level Optimisation Problem

Transmission Investment: x;,

Tje QDV

Lower-Level Optimisation_Problems

A Y
Consumptlon and Flows: cpyn,ty fj,,m,t5 fe m,ts Um,nt 1
1

.Generatlon Investment and Operatlons Zin,us Yiymon,t, u

1 sto in
Storage Operations: s mont? Tiomon,td o m nt
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Deregulated Industry

MPPDC Re-Formulation

MIQCQP resolution of the bi-level problem:

Maximise  (4a)
{wj,g}UﬂLLUQDV

s.t. (4b) — (4c)
(2¢) — (2d), (5d) — (6n)
(8a) — (8e), (8g) — (9)), (10a) — (10d)
(7a)



Numerical Examples
o

Numerical Examples



Numerical Examples
000000000
Illustrative Example (Greenfield)

Three-Node Test Network




Numerical Examples

0@0000000
Illustrative Example (Greenfield)

Demand and Generation Data

Node nl n2 n3
Parameter
Am,n,t 200 175 125
Zm,n,t 1 1 1
Attribute opr gen up _ pdown
Technology Fu Cu Cu Ru” = Ru
ul 0.9 20 54.44 0.2
u2 0.5 35 16.06 0.5
u3 0 0 18.74 1
Period
1
Week i 2
ml 0.10 0.05
m2 0.15 0.25
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Illustrative Example (Greenfield)

Transmission Data

Lo Attribute Bje K;:}‘ C;fen
Jj1 0 0 0
j2 1,200 3.7 23.8
i3 1,500 6.1 39.6
ja 1,700 12.2 79.4
j5 2,000 18.3  119.0
j6 2,300 24.4 158.6
a7 2,800 30.5 198.2
i8 3,600 36.6 238.0
79 4,900 427 277.6

j10 5,100 48.8 317.2
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Illustrative Example (Greenfield)

Numerical Results for Three-Node PC Instances with H = 1

3 D 0 25 50 75 100
Metric
sw 46.72 36.45 28.84 24.37 20.98
cs 46.12 34.29 25.83 19.76 16.80
PS 0 0 0 0 0
Ms 1.08 2.79 3.92 5.29 5.10
GR 0 9.09 10.86 10.91 12.31
DC 0 9.09 10.86 10.91 12.31
TP 0.48 0.63 0.91 0.67 0.91
EM (kt) 0.50 0.36 0.22 0.15 0.12
GC (Mw) [177 181 0] [81 217 45] [25 173 487] [0 145 570] [0 135 634]
TC (MW) [048.824.4]  [48.848.80]  [48.8 42.7 48.8]  [48.8 6.1 48.8]  [48.8 42.7 48.8]
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Illustrative Example (Greenfield)

Numerical Results for Three-Node PC Instances with H = 0

) D 0 25 50 75 100
Metric
sSw 46.72 35.78 25.37 15.76 6.56
cs 46.12 43.79 43.67 43.27 43.27
PS 0 0 0 0 0
Ms 1.08 3.05 2.83 0.41 0.41
GR 0 0 0 0 0
DC 0 10.42 20.53 27.60 36.79
TP 0.48 0.63 0.60 0.32 0.32
EM (kt) 0.50 0.42 0.41 0.37 0.37
GC (MW) [177 181 0] [104 230 45] [104 223 80] [104 181 320] [104 181 320]
TC (MW) [048.824.4]  [48.848.80]  [48.8 42.7 0] [48.8 0 0] [48.8 0 0]
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Numerical Results for Three-Node PC Instances with H = 0.5

. D 0 25 50 75 100
Metric
sw 46.72 36.28 27.68 22.58 18.75
cs 46.12 38.88 33.93 29.61 25.80
PS 0 0 0 0 -0.10
Ms 1.08 291 110 231 3.39
GR 0 4.88 6.68 8.67 9.68
DC 0 9.76 13.35 17.33 19.35
TP 0.48 0.63 0.67 0.67 0.66
EM (kt) 0.50 0.39 0.27 0.23 0.19
GC (MW) [177 181 0] [93 223 45] [54 169 509] [36 166 525] [20 158 560]
TC (MW) [0 48.8 24.4] [48.8 48.8 0] [48.8 6.1 48.8] [48.8 6.1 48.8] [48.8 3.7 48.8]
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Numerical Results for Three-Node CO Instances with H = 0

3 D 0 25 50 75 100
Metric
Sw 32.51 27.58 22.85 18.22 13.59
cs 10.90 11.19 12.02 12.02 12.02
PS 21.54 21.27 20.34 20.34 20.34
Ms 0.10 0.12 0.03 0.03 0.03
GR 0 0 0 0 0
DC 0 4.90 9.26 13.90 18.53
TP 0.04 0.10 0.28 0.28 0.28
EM (kt) 0.20 0.20 0.19 0.19 0.19
GC (MW) [73 69 160] [69 72 171] [65 69 228] [65 69 228] [65 69 228]
TC (MW) [6100] [12203.7] [012.2305]  [012.2305] [0 12.230.5]
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Numerical Results for Three-Node CO Instances with H = 0.5

) D 0 25 50 75 100
Metric
sw 32.51 26.65 21.86 17.95 14.87
cs 10.90 10.34 9.88 9.25 8.35
PS 21.54 18.39 15.79 13.97 12.59
MSs 0.10 0.29 0.34 0.09 0.16
GR 0 2.21 3.82 4.96 5.76
DC 0 4.42 7.65 9.92 11.52
TP 0.04 0.16 0.32 0.40 0.48
EM (kt) 0.20 0.18 0.15 0.13 0.12
GC (MwW) [73 69 160] [60 69 194] [49 64 244] [41 59 279] [33 58 293]
TC (MW) [6.100] [1220122] [12.2036.6] [012.2488]  [12.2 12.2 48.8]
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Numerical Results for Three-Node CO Instances with H = 0.5
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Numerical Results for Three-Node CO Instances with H = 1

3 b 0 25 50 75 100
Metric
sw 32.51 25.74 20.74 17.09 14.87
cs 10.90 9.88 8.22 6.38 5.02
PS 21.54 15.91 12.58 10.33 9.36
Ms 0.10 0.27 0.37 0.86 1.36
GR 0 3.80 5.77 6.48 5.23
DC 0 3.80 5.77 6.48 5.23
TP 0.04 0.32 0.44 0.48 0.87
EM (kt) 0.20 0.15 0.12 0.09 0.05
GC (MW) [73 69 160] [48 65 247] [32 58 290] [18 54 299] [4 48 349]
TC (MW) [6.100] [12.26.1305]  [12.26.148.8]  [18.36.148.8]  [42.7 42.7 48.8]
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TC (MW) [6.100] [12.26.1305]  [12.26.148.8]  [18.36.148.8]  [42.7 42.7 48.8]
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Numerical Results for Three-Node CO Instances with H = 1

3 b 0 25 50 75 100
Metric
sw 32.51 25.74 20.74 17.09 14.87
cs 10.90 9.88 8.22 6.38 5.02
PS 21.54 15.91 12.58 10.33 9.36
Ms 0.10 0.27 0.37 0.86 1.36
GR 0 3.80 5.77 6.48 5.23
DC 0 3.80 5.77 6.48 5.23
TP 0.04 0.32 0.44 0.48 0.87
EM (kt) 0.20 0.15 0.12 0.09 0.05
GC (Mw) [73 69 160] [48 65 247] [32 58 290] [18 54 299] [4 48 349]
TC (MW) [6.100] [12.26.1305]  [12.26.148.8]  [18.36.148.8]  [42.7 42.7 48.8]
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Numerical Results for Three-Node CO Instances with H = 1

3 b 0 25 50 75 100
Metric
sw 32.51 25.74 20.74 17.09 14.87
cs 10.90 9.88 8.22 6.38 5.02
PS 21.54 15.91 12.58 10.33 9.36
Ms 0.10 0.27 0.37 0.86 1.36
GR 0 3.80 5.77 6.48 5.23
DC 0 3.80 5.77 6.48 5.23
TP 0.04 0.32 0.44 0.48 0.87
EM (kt) 0.20 0.15 0.12 0.09 0.05
GC (MW) [73 69 160] [48 65 247] [32 58 290] [18 54 299] [4 48 349]
TC (MW) [6.100]  [12.26.130.5]  [12.26.148.8]  [18.3 6.1 48.8]  [42.7 42.7 48.8]
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Stylised Western European Test Network

Neuhoff et al. (2005)
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Data

All demand and generation data are for the year 2017 based on Virasjoki et al. (2020)

Level and Line Autribute Bi.e K;’ren C;’r;
j1 and £1 567 2,608 0
71 and £2 1,404 2,372 0
j1l and £3 2,202 2,218 0
71 and £4 845 3,867 0
j1 and £5 0 0 0
j1 and £6 0 0 0
j2 and £1 680 3,008 840,000
72 and £2 1,727 2,772 840,000
j2 and £3 2,730 2,618 840,000
j2 and £4 1,027 4,267 840,000
j2 and £5 220 400 1,260,000
72 and £6 138 400 1,600,000



https://doi.org/10.1016/j.eneco.2020.104716
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Numerical Results for PC Case Study with H =1

3 0 25 50 75 100
Metric
sSw 2,306.32 2,191.36 2,120.04 2,085.57 2,063.16
cs 1,902.62 1,729.18 1,579.70 1,509.93 1,464.83
PS 393.67 445.57 514.11 544.71 563.59
MS 10.03 18.29 27.92 33.46 38.93
GR 0 93.35 92.35 80.13 75.04
DC 0 93.35 92.35 80.13 75.04
TP 0 1.68 1.68 2.52 4.20
EM (Mt) 5.93 3.73 1.85 1.07 0.75
GC (GW) [0 0 0 3.69] [0 0 0 23.35] [17.04 0 0 26.53] [38.98 0 0 28.39] [48.74 0 0 29.32]
TC (-) [000000] [110000] [110000] [110100] [110101]
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Numerical Results for PC Case Study with H =1

3 0 25 50 75 100
Metric
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GC (GW) [0 0 0 3.69] [0 0 0 23.35] [17.04 0 0 26.53] [38.98 0 0 28.39] [48.74 0 0 29.32]
TC (-) [000000] [110000] [110000] [110100] [110101]
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Numerical Results for PC Case Study with H =1
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sw 2,306.32 2,191.36 2,120.04 2,085.57 2,063.16
cs 1,902.62 1,729.18 1,579.70 1,509.93 1,464.83
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Numerical Results for PC Case Study with H =1

3 0 25 50 75 100
Metric
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Numerical Results for PC Case Study with H = 0

3 = 0 25 50 75 100
Metric
sSw 2,306.32 2,158.32 2,010.54 1,863.16 1,716.53
cs 1,902.62 1,901.98 1,898.53 1,909.38 1,909.38
PS 393.67 394.81 398.74 386.25 386.25
MS 10.03 10.21 10.50 10.35 10.35
GR 0 0 0 0 0
DC 0 147.84 295.54 439.87 586.50
TP 0 0.84 1.68 2.94 2.94
EM (Mt) 5.93 5.91 5.91 5.86 5.86
GC (GW) [0003.69] [0003.74] [0 00 3.30] [0007.21] [0007.21]
TC (-) [000000] [100000] [110000] [101010] [101010]
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Numerical Results for PC Case Study with H = 0

3 = 0 25 50 75 100
Metric
sw 2,306.32 2,158.32 2,010.54 1,863.16 1,716.53
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GC (GW) [0003.69] [0003.74] [0 00 3.30] [0007.21] [0007.21]
TC (-) [000000] [100000] [110000] [101010] [101010]
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Numerical Results for PC Case Study with H = 0
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GR 0 0 0 0 0
DC 0 147.84 295.54 439.87 586.50
TP 0 0.84 1.68 2.94 2.94
EM (Mt) 5.93 5.91 5.91 5.86 5.86
GC (Gw) [0 0 0 3.69] [0003.74] [0 00 3.30] [0007.21] [0007.21]
TC (-) [000000] [100000] [110000] [101010] [101010]
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Numerical Results for PC Case Study with H = 0

3 = 0 25 50 75 100
Metric
sw 2,306.32 2,158.32 2,010.54 1,863.16 1,716.53
cs 1,902.62 1,901.98 1,898.53 1,909.38 1,909.38
PS 393.67 394.81 398.74 386.25 386.25
MS 10.03 10.21 10.50 10.35 10.35
GR 0 0 0 0 0
DC 0 147.84 295.54 439.87 586.50
TP 0 0.84 1.68 2.94 2.94
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GC (GW) [0003.69] [0003.74] [0 00 3.30] [0007.21] [0007.21]
TC (-) [000000] [100000] [110000] [101010] [101010]
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Numerical Results for PC Case Study with H = 0.5

) D 0 25 50 75 100
Metric
sw 2,306.32 2,187.97 2,098.01 2,047.77 2,028.63
cs 1,902.62 1,812.45 1,729.18 1,647.48 1,579.02
PS 393.67 416.22 445.57 479.69 515.98
MS 10.03 14.18 18.29 23.73 29.56
GR 0 53.21 93.35 100.60 90.74
DC 0 106.41 186.70 201.21 181.48
TP 0 1.68 1.68 2.52 4.20
EM (Mt) 5.93 4.26 3.73 2.68 1.81
GC (GW) [0 00 3.69] [00019.77] [0 0 0 23.35] [0 0 0 25.99] [16.61 0 0 27.34]
TC (-) [000000] [110000] [110000] [110100] [110101]
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Numerical Results for PC Case Study with H = 0.5
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TC (-) [000000] [110000] [110000] [110100] [110101]
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Numerical Results for PC Case Study with H = 0.5
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cs 1,902.62 1,812.45 1,729.18 1,647.48 1,579.02
PS 393.67 416.22 445.57 479.69 515.98
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TP 0 1.68 1.68 2.52 4.20
EM (Mt) 5.93 4.26 3.73 2.68 1.81
GC (GwW) [0 00 3.69] [00019.77] [0 0 0 23.35] [0 0 0 25.99] [16.61 0 0 27.34]
TC (-) [000000] [110000] [110000] [110100] [110101]
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Numerical Results for PC Case Study with H = 0.5

) D 0 25 50 75 100
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cs 1,902.62 1,812.45 1,729.18 1,647.48 1,579.02
PS 393.67 416.22 445.57 479.69 515.98
MS 10.03 14.18 18.29 23.73 29.56
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Numerical Results for CO Case Study with H = 0

) 0 25 50 75 100
Metric
sw 2,061.28 1,865.56 1,670.11 1,474.91 1,280.34
cs 1,709.65 1,709.65 1,709.80 1,713.06 1,713.06
PS 347.05 347.05 346.92 342.71 342.71
MS 4.58 4.58 4.89 4.95 4.95
GR 0 0 0 0 0
DC 0 195.71 390.65 583.71 778.28
TP 0 0 0.84 2.10 2.10
EM (Mt) 7.83 7.83 7.81 7.78 7.78
GC (GW) [0 38.26 6.68 15.26] [0 38.26 6.68 15.26] [0 38.23 6.45 15.93] [0 38.68 6.53 16.74] [0 38.68 6.53 16.74]
TC (-) [000000] [000000] [001000] [001010] [001010]




Case Study (Brownfield)

Numerical Examples
[e]e]e]e]e] lele)

Numerical Results for CO Case Study with H = 0
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TC (-) [000000] [000000] [001000] [001010] [001010]
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Numerical Results for CO Case Study with H = 0
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Numerical Results for CO Case Study with H = 0

) 0 25 50 75 100
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TC (-) [000000] [000000] [001000] [001010] [001010]




Numerical Examples
[e]e]e]e]o]e] Jo)

Case Study (Brownfield)

Numerical Results for CO Case Study with H = 0.5

N D 0 25 50 75 100
Metric
sw 2,061.28 1,891.48 1,763.51 1,697.45 1,687.66
cs 1,709.65 1,608.20 1,502.59 1,413.73 1,357.27
PS 347.05 358.79 391.98 424.42 450.10
MSs 4.58 6.16 9.62 11.69 13.28
GR 0 81.67 139.83 151.55 131.31
DC 0 163.34 279.66 303.10 262.63
TP 0 0 0.84 0.84 1.68
EM (Mt) 7.83 6.53 5.59 4.04 2.63
GC (GW) [0 38.26 6.68 15.26] [0 36.15 6.32 21.88] [0 34.05 5.66 25.40] [10.97 63.05 5.05 26.94] [30.73 98.97 4.50 28.42]
TC () [000000] [000000] [001000] [001000] [001100]
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Numerical Results for CO Case Study with H = 0.5
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Numerical Results for CO Case Study with H = 0.5

N D 0 25 50 75 100
Metric
sw 2,061.28 1,891.48 1,763.51 1,697.45 1,687.66
cs 1,709.65 1,608.20 1,502.59 1,413.73 1,357.27
PS 347.05 358.79 391.98 424.42 450.10
MSs 4.58 6.16 9.62 11.69 13.28
GR 0 81.67 139.83 151.55 131.31
DC 0 163.34 279.66 303.10 262.63
TP 0 0 0.84 0.84 1.68
EM (Mt) 7.83 6.53 5.59 4.04 2.63
GC (GW) [0 38.26 6.68 15.26] [0 36.15 6.32 21.88] [0 34.05 5.66 25.40] [10.97 63.05 5.05 26.94] [30.73 98.97 4.50 28.42]
TC () [000000] [000000] [001000] [001000] [001100]




Numerical Examples
[e]e]e]e]o]e] Jo)

Case Study (Brownfield)

Numerical Results for CO Case Study with H = 0.5
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Numerical Results for CO Case Study with H =1

N D 0 25 50 75 100
Metric
sw 2,061.28 1,903.46 1,819.22 1,795.43 1,786.41
cs 1,709.65 1,502.53 1,356.92 1,268.09 1,212.11
PS 347.05 391.98 450.32 511.06 553.41
MSs 4.58 8.96 12.83 17.11 21.73
GR 0 140.18 131.80 108.70 83.33
DC 0 140.18 131.80 108.70 83.33
TP 0 0 0.84 0.84 1.68
EM (Mt) 7.83 5.61 2.64 1.45 0.83
GC (GW) [0 38.26 6.68 15.26] [0 34.07 5.92 24.86] [31.62 98.51 4.52 27.75] [49.46 114.61 3.63 28.67] [59.60 124.49 2.49 29.24]
TC () [000000] [000000] [001000] [001000] [001000]
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Numerical Results for CO Case Study with H =1
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Numerical Results for CO Case Study with H =1
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Numerical Results for CO Case Study with H =1
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Summary

@ Game-theoretic approach to compare CP, PC, and CO settings
in analysing sustainable transmission expansion

CP matches the most efficient resource with demand

PC: lack of curb on consumption leads to smaller lines, but a
carbon price internalises the damage cost and increases
transmission capacity

CO: firms’ market power boosts fossil-fuelled capacity, and a
carbon price increases (decreases) transmission capacity with a
greenfield (brownfield) assumption

A full carbon price results in perfect alignment of incentives
under PC

Full carbon pricing may worsen outcomes under CO with a
greenfield assumption: although CO2 emissions are considerably
lower, the curb on consumption is severe

@ Future work: stochastic model, endogenous carbon pricing,

improved numerical resolution methods
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CP MIQP Formulation
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Bi-Level Formulation: Upper Level

1
Maxmuse Z Z Wi |: Z <Am,n,tcm,n’t — EZm n tcm n t>

mEMLET neN

opr, sto_out
_E E E CL” Yim,n,tu — E § c Ti,m,n,t:|

IELNEN uEU; oy €I NEN
gen trn
- E E E Cyu Zinu — E § CjeTje
€T NEN u€U; JETg LEL

_DZ Z Z Z Z Wi FulYi,m,n,t,u (4a)

IELMEMNEN LET u€Uy o,
s.t. @0 € {0,1}, V4,5 € Te (4b)
ST mie =1,V (4c)

JET,
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Bi-Level Formulation: Lower Level

Maximise m,n,tm,n,t — ;Zm,n,tcm,n,t

mEMLET neN iEINEN

P SED DEIED DRl TR R DED DD D A

I€EINEN uEU; 4, i€EInEN uEU; ,
2
1 .
out in
-3 > WmZmn,t 3 > Yimnitu T Thm,n,t — Tivm,n,t
mEMNEN tET €T \u€U; n

— HD Z Z Z Z Z Wm Fu¥i,m,n,t,u (52)

PELMEMNEN tET u€U;

st fa =x; pB.; v —v  _ T Ve, m,t,j € T, (5b)
3,€,m,t 3,255,e < nz‘,m,t ny ,m,t> G, L,m,to »ym, t, )
trn trn — .
Biomye F —TeE e S Tefjom,t < TeKG 0+ Bjom,ts Y& mst,j € Tp (5¢)
Fo,m,t = O Fiem,t Pem,tr VLMt (5d)
J€ET,
Emn,t P~ < VUmon,t ST Rmon,t, Ym,n,t (5e)

. gen ) )

Biimyn,t,u F TtCm,n,t,u (Ki,'n,u + zt,n,u) < Yi,m,m,t,u

< T4 G, K&en : B; \Z t u,; 5f
S TtCGm,n,t,u (Ki pn,u T Zimn,u) Bimn,tu VHhmon, tou € Uy n (5f)

. _ . up gen . . up . .
Yi,m,m,t,u ~ Yi,mn,t—1,u < Tt Ry (Ki,n,u + z;,n,u) FB et TH T Tt u € Uy
(58)

down [ pgen . ,down
Yim,n,t—1,u — Yi,m,n,t,u < Ty Ry, (K + zi,n,u) B

i,n,u i,m,n,t,u’

Vi,m,n,t,u eui’n (5h)
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Maximise m,n,tm,n,t — ;Zm,n,tcm,n,t
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Maximise m,n,tm,n,t — ;Zm,n,tcm,n,t
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down gen ) down
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Vi,m,n,t,u eui’n (5h)
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Maximise m,n,tm,n,t — ;Zm,n,tcm,n,t
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o o . o
Ti,m,mn,t ~ Ti,m,n,t— iyman,t T Ti,m,n, i,m,n,t’

(62)
""ii,[,lm,n,t < TtRinﬁiyn B e'ii:‘m,n,t’ Vi, m,n,t (6b)
"'io,L;)":L,n,t < TtROUtﬁi,'n : eio,l':ft,n,t’ Vi, m,mn,t (6¢)
O m,m,t ¢ Ei,nﬁi,n < rf,tfn,n,t < Ei,‘n, : gi,m,n,tv Vi, m,mn,t (6d)
cm,n,t — Z Z Yi,m,n,t,u + VTt Z fe,m,t - VT Z fl,m,t - Z T'?,":;,n,t

LET uCU; p eect eecy i€ET
=+ -gzr’ii?m’n’t =0: Am,n,t’ Vm,n,t (6e)
i

Cm,n,t = 0: d’Sn,n,t’ vm,n,t (6f)
Yi,m,m,t,u = 0 ¢ ¢iy,m,n,t,uv Vi, m,n, bt u € Uy pn (6g)
Zimau 20 D5 s Viim,u € Uy (6h)
T?f?n,n,t >0: ¢§f’?n,n,t’ Vi,m,n,t (6)
e 20 S Vi,m, it i)
"‘io,l:rtt,n,t >0: ¢19,"Jrft,n,t’ Vi, m,n,t (6k)
fje,m,t wrs, V&, m,t,j € Tp (61)
fl,m,t wrs., V&, m,t (6m)

Vm,n,t WS, Vm, n, t (6n)
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Bi-Level Formulation: Lower Level’s Strong Duality
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Bi-Level Formulation: Lower Level’s Dual Constraints
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Bi-Level Formulation: Lower Level’s Dual Constraints (cont’d)
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Linearisation of (

Linearise (8f) via the auxiliary variable fi;, s as follows:
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