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European dayahead auctions

Generation company Generation company Generation company
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European dayahead auctions
NEMOs A EPEX SPOT, Nord Pett,

Computations by
F GSR 9t SOGNA

1. Supply orders

2. Demand orders
3. Network transmission (NEMO) in the European Legislation

constraints (CACM Guidelines)

1. Market prices
2. Exchanged quantities

and payments
3.Network flows
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Towards Single European Market:

Next Steps
N
PCR

- Markets included in PCR - over 2800 TWh
PRICE COUPLING OF REGIONS

of yearly consumption
- Markets associate members of PCR

I:I Markets that could join next as
part of an agreed European roadmap

(PCR official documentation)
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Which nonconvexities ?

Abinaryvariablefor a «yegno decision» yieldsa nonconvexsetting... and

classicaktrong duality resultsdo nothold anymore

1. Technical constraints

AMinimum power output levels
AMinimum up and down times

2. Costs structure

AStart up costs / shut down costs

Yes / no
Gdzy Al OZ2RYQX &
(starting the plant or not)

X

Introducing norconvexities

/
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Market equilibrium supported by uniform prices
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100 LEMWh)
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2nd (rejected) part
are optimal decisions oparticip. facing market prices | 1St (accepted) part (re} )P

Market clearing price =50 =

=nergy (MWh)

Welfare maximizing
KEY: Traded volume

« fractionally accepted bids set the price

« Marginal units set the price:
marginal pricing makes sense in a convex market as it corresponds to a market equilibri

10




Market equilibrium supported by uniform prices

t I dzf  { | YdzS{ & 2-yhaaveltbendved Eohvied céntexbm 8

a welfare maximizing solution corresponds to a market equilibrium
and viceversa(duality/optimality conditions in convex optimization)

Price
(e/MWh)

Paul Samuelson

Eﬂggibrium \NE\’? P\?\E / Nobel prize in

economics in 1970

Welfare maximizing

Traded volume Energy (MWh)
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pp. 283284

"Thefirst explicit statement that competitive market price is
determined by the intersection of supply and demand
functionsseems to have been

given by A. ACournotin 1838 in connection, curiously
enough, with the more complicated problem of price relations
between two spatially separate markessich as Liverpool and
New York. The latter problem, that of "communication of
markets," has itself a long history, involving many of the great
names of theoretical economics. [...]"
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« Marginal units set the price:
marginal pricing makes sense in a convex market as it corresponds to a market equilibri

v

But may give odd/unintuitive results
In the non-convexcase !
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Key Issues with neconvexities

Case A Indivisibilities Welfare Maximizing Solution:
Fully accept A + 11MW from C
+1 MW from B

300

300
A A
200 200
D D
100 100
C C
40 B 40 B
10 10
' 5 10 Quantity 15 20 25 5 10 Quantity 15 20
=11
« Welfare= - »
Bids Quantity Limit Price Min. Acceptance
(MW) (e/MW) Ratio
A buy)
B (uy) 14 10 -
C(sell 12 40 11/12 of 12=11 MW

D Gel) 13 100
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Case A Indivisibilities

300

200

Price

100

40

Key Issues with neconvexities

Welfare Maximizing Solution:

300

20

=

Price

—)

10

U Market equilibrium supported by a uniform price ?
(B is fractionally accepted and sets the price)

i

U Hence: no market equilibrium supported by a uniform price exists here

g2 dzf R

10 Quantity 15

market price = 1@ /MW

LINBFSNI (2

100

A0

Fully accept A + 11MW from C

+1 MW from B

10
25

-of-Bie-riodey)f &

10 Tuantiw 15

a=11

NBE 2 S ¢

20 35,
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Notation: maximizing welfare ?

max, , (300)10x, + (10)14xp—(40)12x.—(100)13xy4

10x, + 14xp—12x.—13xg = 0
Xy <1

xp <1

Xg <1

Xc = Uc

Xc > (11/12)uc

u<1

x,u=0

uc € {0, 1}

Optimal solutiomy @ phw —hw —ho T

17



[]

Vicel.,ce C
Vice lc,ce C

Yee C

Sic ]

i

Sc]

Q < 0 for sell orders, @ > 0 for buy orders,
ric € [0; 1] min. acceptance ratio
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Key Issues with neconvexities

Case R start up costs Welfare Maximizing Solution:
Fully accept A + 10MW from C

300 300
A A
200 200
D D
100 100
40 C B 40 C B
10 10
' 5 10 Quantity 15 20 25 5 10 Quantity 15 20
« Welfare= -200€ »
Bids Quantity Limit Price Start upcosts
(MW) (e/MW)

A buy)

B buy) 14 10 ]

C(sel) 12 40 200¢

D Gel) 13 100
19



Case R start up costs

300

200

Price

100

40

Key Issues with neconvexities

Welfare Maximizing Solution:
Fully accept A + 10MW from C

300

20

=

Price

—)

10

U Market equilibrium supported by a uniform price ?
(C is fractionally accepted and sets the price’

10 Quantity 15

market price = 4@ /MW

100

40

10
25

U C not recovering its start up costs of 200

U Hence: no market equilibrium supported by a uniform price exists here

g2 dzf R

LINBFSNI (2

0S Fdz f &

10 Quantity 15

NE2SO0u¢

20 75
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Maximizing welfare ?

Example 1.2:

maxy , (300)10x, + (10)14x, — (40)12x. — (100)13xy—2000,

10x5 + 14xp — 12x. — 13x4y = 0
X, < 1

xp <1

X4 <1

Xc < Uc

u<l1

x,u =0

ue {0,1}

Optimal solutiom @ phw 1w

—Foo

Tt

(17)
(18)
(19)
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Max(ux) 2o e(Picer, P QieXie)—Feue

Z Z Qicxic = 0 [’H]

c icel.
Xjc < Uc Vice l.,ce C [s;/™
Xic 2 licUc Vic € I.,c € C [sm
ue <1 Ve e C[sc]
u>0,u €Z

( < 0O for sell orders, @ > 0 for buy orders,
fic € [0; 1] min. acceptance ratio
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ASeveral locationgonnected with linear transmission network models

AMultiperiod models with ramp constraints on generation
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c ice -'rc
Y Quxe =0 7]
¢ icel.
Xic < Uc Vic € le,c € C [s™ / Market equilibrium \
Xic 2 Ficllc Yic € l.,ce C [/ with uniform prices
u. <1 . . Vc e Cls
UC>_0 u. €7 Primal constraints o] Optimality conditions
= ¥ % (feasible dispatch) For thecontinuous relax.
of a welfare maximization
Smax . Smm 4 Qrcﬂ' _ Prc Q:c [Xfc]
Most of the time
se > Z(Smax . r;csmm) . Fc [Uc] _ _ S
icel, — incompatible withd N oo/
SC Smax min > 0
Ve, i€l 2
s (ue — xic) =0 c.rele _'
Sff;”n(xfc r:cuc) =0 Ve, i€ e
Ue(se = Y (s = riesi?™) + Fe) =0 Vee C
iel.




Key issues in heconvexmarkets

1. Market equilibrium with uniform prices in non convex markets is a
mathematical impossibility (proof: cf. previous toy examples)

2.  Which bid gquantities to match ? At which market price(s) ?

3. Market Models/Pricing rulesspecification:

Bid types used to describe technical constraints and costs
Admissible pairs of matched bids and market prices
Settlement rules: how much someone is paying/is paid
Objective: maximizing welfaregtc

B wnN e

4. Given a market designin order to find (ideally) optimal solution(s):
1. mathematical formulations
2. Algorithms working with these formulations

Some market models are much easier to handle They can also make more sense
than others from a computational point of view ! from an economic point of view !

25
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Bidding Products and rules in EUPHEMIA/PC

AClassical bid curved d K2 dzZNI @ 0 A R& ¢ 0
AUsers: all PXs in Europe
A Describe marginal costs/utility without additional restrictions
A{ K2dzt R 0S We.qg frastiprdely ckeptddlbidzYs€l the price
ABlock ordergregular, linked, exclusive)
AUsers: EPEX and Nord Péohfice, Germany, Belgium, Norway, The Netherlastd},

Aln essence, they modeldivisibilities <> minimum power output levels over several hours
A Could be paradoxically rejected (afm those with min. ac. ratios, set price if marginal

AMIC orders(MIC for minimum income condition)
AUsers: OMIESpain and Portugpl
Aln essence, they model thatart up costs should be recovered 5 5
Awl YLIAY 3 O2yaidNXYAyda 2F dzyAda O2dzZ R | f az
A Could be paradoxically rejectedith all dependent subid curves which are otherwise
cleared as classical bid curves if the bid MIC order is acgepted

APUN orders
AUsers: GMBtaly)

A Demandin different biddin? zonesleared at one unique pricPrezzdJnicoNazionale
weighted average of zonal prices + tolerance)

Al OOS LI yOS FFOO2NRAY3 G2 t!b LINAOS b a K2
(if a PUN is rejected, all PUNs with a lower price will be rejected)

27
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Complex orders with a minimum income
condition (MICs) in Spain
Input DATAfor acomplex order witra MIC
1. Marginal cost bid curve$or each hour of the day
2. Start up cost
3. Ad hoc variable costX @ 20 0t SF NJ YSIyAy3ds aSSva|SyOSyRERAAFE Vi
4. Load gradient (ramping constraints) could be specified

IF a bid is accepted, the following Minimum Income Condition should be satisfied:

(Sold guantities)x(market prices) start up cost + (sold quantities) x (ad hoc variable cQqs

Minimum income condition: basic formulation

UC — ]_ :> Z QhCXhC Pm > F -+ Z QhCXhC)VC7 (11)
he H. heH.

With, F. fixed costs, V. variable cost, (—Q xxc) exec. quant.

Nornrconvex quadratic constraidt dziiexaXt linearization without any aux. var.
iIn Madani& VV,A MIP framework for noigtonvex uniform price daghead electricity
auctions, EURO Journal on Computational Optimization, 2017
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Other options @cademic literature):

As it Is Impossible (‘'most of the time’) to enforce a full market equilibrium, I.e
primal, dual and complementarity constraints.

Most previous other propositions
Aenforce primal and dual conditions

AMinimize complementarity constraints violations, i.e. sum of deviations fro
market equilibrium

Awrite ad hoc norconvex quadratic constraints to ensure minimum profit
conditionswhich are approximated by linear constraints.

Drawbacks

Ano control over which deviations are allowegbtimality conditions e.g. for
the TSOs_not enforced (no spatial equilibrium) +losses could be incurred t
0KS RSYFYR a4aARS Ay (UKS UYolairo @SN

ACould be computationally challenging to solve lasgale instances

ANot possible to give an exact linearization of min. income conditions becal
missing some essentiabmpl constraints not enforced

30



Academic papers

Essentially this idea, with some interesting variants, in :

ARaquel GarciBertrand, Antonio JConejg and Steven Gabiriel.
Electricity market neaequilibrium under locational marginal pricing
and minimum profit conditions, European Journal of Operational
Research, 174(1):45479, 2006

ARaquel Garcidertrand, Antonio JConejg and Steven A. Gabriel.
I\/IuIt| -period nearequmbrlum In a pocbased electricity market
Including on/off decisions. Networks and Spatial Economics, 5(4):371
393, 2005.

AC. Ruiz, A.Conejg and S.A. Gabriel. Pricing roonvexities in an
electricity pool. Power Systems, IEEE Transactions on, 27(3):1334
1342, 2012

ASteven A. Gabriel, AntonioGQonejg Carlos Ruiz, arSaulehSiddiqui.
Solving discretely constrained, mixed linear complementarity

problems with applications in energy. Computers and Operations
Research, 40(5):1339350, 2013



General idea for previous approaches
02 YAYAYdzY LINPTFAO O2YyRAUAZY A

min&.,_,ﬁ.fy.f Z;’c jc + Z;’c Bic + Zc Ve T Zc €c

E Z Qicxfc =0 [ﬁ]

c jcel.
Xic < Ue Vic € Ic,c € C [s;7%
Xjc 2 TicUc Vice lc,ce C [Smm
ue <1 Primal constraints vee Clc]
uz>0,u€Z (feasible dispatch)
Smax . ng + Q;c'ﬂ' _ Prc Q:c [Xfc]
se > Z(Smax - r;csmm Fc [Uc]

icel,

50, s s min >0
Qe 2 Smax(uc - X:"C) Ve, i€ |,
B,C > Sj.{?m(xfc — rfCUC) Ve, i € /
Ve = sc(1— uc) Vee C
€c = UC(SC — Z(Sgax - rfcsr:?m) + Fc Vee C

e fc

4 )

+ad hoc
non-convex quadratic constraints
to ensure minimum profit
conditions
(then linearapprox)

>—R/ /
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General previous approach for minimum profit conditions in uniform pric

FdzOG A2y &

min Zc Sc — ZC(ZFCEF.: PfCQ;CXJC} o Fc“c

> Qicxie =0 (7]
c jeelc
Xic < Uc

Vice Ic,c € C [s;0%

ic

Xic = ricle Vic € le,c € C [s"

ue <1 Primal constraints "€ € Clec]

uz>0,u €k (feasible dispatch)

Sgax - 5’(2f’n 4 ch"‘T _ P.fc Qic [Xfc]

o> 3 (0 — s — F. ]
icel,

Scz. Smax? SH’HH 2 0

N.B.
min (dual objectiveg primal objective
A Minimizing sum of complementarity slacks

non-convex guadratic constraintg

X

4 )

+ad hoc

to ensure minimum profit
conditions
(then linearapprox.)

N J
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a 9-likee market rules

ABids withstart up costsramp constraintsand minimum power output levels

ADemand side analogue !

AtI)NJé“AéS 0 Kliset A Rzt SARTANE OH C aLt t wL/ LbD
al.

A Computationallyefficient MILP (exact) formulation without any auxiliary
variableH X Y Sl YAy 3dFdzt O2YLIX SYSyYyul NRAUEe

ABenders decomposition with locally strengthened cudisrived from the
MILP

AOpensource code in JulidlMPis online (updated version soon as well)

AResults used for comparison with IP Pricing and Convex Hull Pricing in a
forthcoming WP



Z Z Qicxic = 0 [W]
C fCE.I"c
Xic {_‘: Uc Vic € )f,-;;ﬁ_'l': c C :S;SEX
Xic = Fiel Vicel..ce C :ng
u. < 1 Ve € Clsc]
u>0
u e Z
Smax mm + Qrch =P © QFC [Xic]
5.-_-;—|—r§r }9/::’ max r;csfr;m — F¢ [UC]
n::Ef
—de L #3 *upper bound* on losses of: VYece C

0p < Mc(1 — u.)#X*upper bound* onopport. costs ofrVec € C
Sc, sMAX_gmin 53 5 >

Duality used to imply appropriate complementarity conditions instead of using an MFlE(

T y:(y: P Q.. xic) — Feuc

c iccl.




MaX(ux) Pe(Xicer, P QicXic)—Fetic

Z Z er:xic =0

C icel:
Xjic < Uc
Xjc = licUc
ue. <1
u=>=0
u e 7

S,Tax mm + Qiem = P;c Qic
SC—|_.-1I {1 - Il'.-{' :} Z{Smax - r;csm;n - FC

icel.

Sc. gmax gmin >

Y s < Z(Z P Q..Xic) — Feue
C

icel.

]

Vice I.,c e C [si¥
Vice I.,c € C s,
Ve € Cls¢]

| Xic]

[uc]



This is a generalization of bock bids

A block bid is just such an order

AWith only one leg for the bid curve in each hour (the volume of the
block for that hour)

AThat must be entirely accepted or rejected=1),
Awithout fixed cost E=0)

39



This I1s a modification of MIC bids

Similarities: for both bids
AAfixed cost ispecified,

AThe order can only be accepted if the order is profitable at market prices,
taking into account the fixed cost

AThere can be a full bid curve at each hour
AThere can be ramping constraints
Differences:

AThere is only one variable cost (for MICs, the variable cost specified in the
bid curve can be different from the variable cost specified in the minimum
income condition)

Awith MICs, we have to treat the MIC condition explicitly/separately (here
0KA&d A& KFyYyREtSR 3ft20Fftfteée GKNRdZAK fF
constraint)

ACKS 202SOU0AGS Tdzy OlURd2IYE AgaprindERsYSESAT KNI
constraint)
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Benders decomposition derived from the MILP formulation

» globally valid "no-good” cuts (also by Martin, Muller and
Pokutta in a related context):

Z (1 —ue)+ Z u- > 1

clur=1 clut=0
» locally valid (strengthened) Benders cuts:
Z (]— - Uc) > 1

clur=1

41
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Case A Indivisibilities Welfare Maximizing Solution:
Fully accept A + 11MW from C
+1 MW from B
300 300
A A
200 200
D D
100 100
C C
40 B 40 B
10 10
' 5 10 Quantity 15 20 25 5 10 Quantity 15 20 25
Q=11
« Welfare= -l »
Bids Quantity Limit Price Min. Acceptance
(MW) (EIMW) Ratio
A (buy)
B (uy) 14 10 -
C(sel) 12 40 11/12 of 12 =11 MW

D Gell 13 100 -

42



Uniform pricing rules in Euphemladck order casge

—)

Market price =
100€ / MW

(a) Less Welfare (b) no losses incurred ! (€ is now paradoxically rejected
6b2 GIVKZAISS LI 8 YSYdapaadRiliad@iedd by allowed for
non-convex bids
only deviation from equilibrium allowed

Bids Quantity Limit Price Min. Acceptance
(MW) (e/MW) Ratio

A (uy)
B uy) 14 10
C(sel) 12 40 11/12 of 12 =11 MW

D Gell 13 100 - s



