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Background and Aim

Strategic power producer

 Comparatively large number of generating units
* Units distributed throughout the power network
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Background and Aim

Pool-based electricity market

e Cleared once a day, one-day ahead and on a
hourly basis

* DC representation of the network including first
and second Kirchhoff laws

* Hourly Locational Marginal Prices (LMPs)
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Background and Aim

Strategic power producer

Best offering strategy to
maximize profit

Pool-based electricity market
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Background and Aim

* Considering the market: MPEC
formulation

* Considering the real-world: Stochastic
formulation

e Stochastic MPEC!
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Approach

Bilevel model:

; |
! . . . |
Upper-Level | Profit Maximization |
: |

subject to Offering LMPs
curve
Dual Variables

Social Welfare Maximization
(Market Clearing)

|
|
Lower-Level |
|
|
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Approach

* Bilevel model: Optimization problem
constrained by other optimization problem
(OPcOP)!



OPcOP

. . T
minimize £ (x,y. A, pt)
I-_.’,_U-_.}\-_.H -

subject to
hY (2, y, \, 1)
g” (r,y, N\, 1)

I/\

[ minimize c(.—r)T-y
Y
< subject to
D(.‘I‘)y = E?(.‘I.') A
L A(r)y < b(x) s
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Approach

MPEC:

; |
! . . . |
Upper-Level | Profit Maximization |
: |
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MPEC

minimize fU(.r,_ Y, A\, ft)

'*raya}‘nf-‘t’

subject to
BY (g, A, 1)
gV (x.y. A\ 1)
< )+ Al) -

| /\

DT -
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MPEC

minimize fU(.—r, Y, A\, Jt)
URTIO W '

subject to
hY (r,y, A\, ;t) = 0,
g (x,y. A\ ) <0,

c(x) y = —b(ax) p+ e(x) )\,

D(.—r)y — E?(.‘I.'),_

A(r)y < b(x),
— 44(.‘I.')T"L.{ —|— D(.‘I‘)Tz\ — (‘.‘(.‘I‘),
(>0,

A free.
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Features

1) Strategic offering for a producer in a pool with
endogenous formation of LMPs.

2) Uncertainty of demand bids and rival production
offers.

3) MPEC approach under multi-period, network-
constrained pool clearing.

4) MPEC transformed into an equivalent MILP.
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Deterministic Model

Upper-Level - Profit Maximization:

Minimize [ Costs - Revenues
subject to:
4
Ramping Limits
-
Price = Balance dual variable

4/29/2011
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Deterministic Model

®

Upper-Level - Profit Maximization: .
variable
Minimize Y ALPS — Y BuP
oS, PS, VtVi, Vb |
23 i tib t(icW¥,)b
subject to:

Z Pii1yin — Z Yt < T, Vi

Zpgb Zp(t—|—1)zb < R Vi <T,Vi

/Btn — )\tn ‘v’t,Vn
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Deterministic Model

Lower-Level & Market Clearing

S
Py, € arg

subject to:

-

Maximize Social Welfare

\_

-

Power Balance

29/04/2011
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Lower-Level & Market Clearing

Deterministic Model

S E r S E ,
Ptzb < arg { Mlnlml}%% @tLthab =+ )\tjb t7b

tzb tjb tdk tib tjb
E )\tolk
. tdk
subject to:
S D
E Py, + E tjb E Ptdk_
(1€W,,)b (JEV,)b (dew,,
E Bn-m, 5tn _ 575-771,) . Atn Vt,‘v’n]»
meo,,
Price
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Deterministic Model

Lower-Level & Market Clearing

subject to:
4 N
Production / Demand Power Limits
- Y,
4 )
Transmission Capacity Limits
g J
- N
Angle Limits
- Y,

4/29/2011
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Lower-Level & Market Clearing

subject to:

Deterministic Model

max S min S max

0 < Ptzb Ptzb c Hiib s Hggp V?f, \V/Z, Vb
0<PI, <P, ,L,?jb e Vt, Vg, Vb
O < Ptdk < PDIIlaX Mg;;[lﬂ ’ ug;]zax \v/t’ Vd’ Vk

T Cnm < Bnm(étn T 5””/) < Cnm *Vinms Vinm
VE.Yn.Ym € O,
—WS 57577, Sﬂ_ :ftn 7$tn Vtvvn

Sen =0 1€ Vi n =1
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Deterministic Model
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Lower-Level - Market Clearing - KKT conditions

yinax 51'[]111

thb Atn + lLtLb l!xtlb — 0 \V/t,\v/?, E \Iln? \V/b
Ay = An + 1Sy —uZy =0 VY e W, Vb
AP N+ 2T P =0 Y Yd € W, Yk

max max
E Bn-m,()\tn _ Ai:-m,) + E Bnﬂ'z(yt«n,-m o L/t-m,n)

mee,, meoe,
min min max min 1
_|_ E , B'Tl"m(yt-m/n T ytnm,) _|_ gtn T gtn _|_ (gt )’Tl:l — O ‘v’t,‘v’n
meo,,

Z f;(LE\IJn b+ZPJE\Pn ZP tHdew, )k =

Z Bnm 51:10, 61’:7}1) Vt7VTL

meo,,
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Deterministic Model

Lower-Level - Market Clearing - KKT conditions

29/04/2011

0<PS, Lus, ™" >0 Vt,Vi,vb
0< PO Lply" >0 Vi, Vj,Vb
0<PE L™ >0 Vt,vd,VE

JImax JImax

0< Py —PoyLupjy, >0 Vi,
0< P2 — PO, Lud, >0 YV,
0< PD‘“'“‘ —PE 1Ll >0 vt vd, VE

max

0< O'n,m, =+ Bn-m((stn _ 61&771‘) Lv tnm > ()
Vt.Vn,Vm € 0,
0 g Cn;-z, _ Bn-m,(dtn - 6t7n) 1lv t'r;-;wll 2 0
Vt,Vn,Vm € 0,,
0<m—0 LE. >0Vt Vn

min

0<7m4+0d, LE, =0 Vi, Vn -
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Deterministic Model

MPEC model
Minimize ZAtab tab Z AJtn, tg,b
tib t(ieWV,, )nb
subject to:

ZPt+1 Z 5 < Vt, Vi
Z tib ZP{t+1)fib <R, Vi
b

[ KKT Lower-Level J
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Linearizations

Deterministic Model

The MPEC includes the following non-linearities:

1) The complementarity conditions (0<a 1 b=>0).

S . : : .
2) Theterm Awnl%;, inthe objective function.
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Deterministic Model

®

Linearizations - Complementarity Conditions

0<alb=>0
Fortuny-Amat

transformation U
a=>0
b>0
a <uM
b<(1-u)M
ue{0l}

M Large enough constant (but not too large)

4/29/2011
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Linearizations > Term: \;, P nb

Deterministic Model

Based on the strong duality theorem and some of the KKT

equalities

O D
E )\m b = E :/\tijtjb + E Nvaw Pia

t(iew, t7b tdh
OIT_—l'—lX OI“.[]'_iX DI]]"IX DII]")X min Imax
o Z Mt]b tjb Z ot d tdk o E , Vinm C'n,-n'z,

tjb tdk tn(meo,)
- E : Z/t*n,-;rn nm E , gtn, E , ‘ftn T
tn(meo,,) tn tn
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Stochastic Model

Uncertainty incorporated using a set of
scenarios modeling different realizations of:

* Consumers’ bids
* Rival producers’ offers
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Stochastic Model

[ Deterministic model for each scenario ]

N
Pairs of production quantities (P, ) and

market prices (4, ).
\§ J

[ Building of the optimal offering curveJ

(




Stochastic Model

MPEC MPEC MPEC MPEC
Scenario 1 Scenario 2 Scenario w Scenario W
S S S
/li"ml > ])ﬂbl } *m2> ]J.fz'bZ mo’ frb() mH > ]).f:'bW

Optimal

;l, / /
— offering

./' curve

S
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Stochastic Model

To ensure that the final offering curves are increasing in
price some additional constraints are needed:

Mnw — Mnw' < Tpiww M VEYE € W, Yw, V' > w
Mnw — Mnw' = (Tpiww — 1)MT VE Vi€ W, Vw, V' > w
Z Py, — ZP o < Yeiow MY Vi, Yw, Vo' > w
Z tibw ZPﬁbu (Ytiww — 1) MY Vt, Vi, Vw, V' > w
Tiiww' + Ytiww = 2Ztiww VY Yw,Yw' > w
Ttiww' s Ytiww' > Ztiww’ € 10,1}

These constraints link the individual problems increasing the
computational complexity of the model.
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Stochastic Model
Math Structure
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@ Stochastic Model

Math Structure

1. Direct solution: CPLEX, XPRESS

2. Decomposition procedures (Lagrangian Relaxation)
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Examples

Six-bus test system—-> electricity network

o1 St Q2 82 D2 O4 D3

N1 N2 N4 NS

N3 N6

D1 O3 S3 D4 S4
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Examples

Six-bus test system—> demand curve

DEMAND BLOCKS [GWH] FOR EACH PERIOD OF TIME

[€/MWh]
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Six-bus test system—> generating units

TYPE AND DATA FOR THE GENERATING UNITS

Unit Type oil oil hydro coal oil coal oil coal nuclear
PIMW] 12 20 50 76 100 155 197 350 400
P [MWh] 24 | 158 15 152 | 25 | 5425 | 6895 | 140 100 AR 2 2 b2 o4 D3
PQ‘ [MWh] 3.4 0.2 15 22.8 25 | 38.75 | 49.25 | 975 o ? C-[) “ "
Py [MWh] 3.6 38 10 22.8 20 31 394 | 525 120
P [MWh] 2.4 0.2 10 15.2 20 31 39.4 70 80
A Cremwhy | 2341 | 11.09 0 11.46 | 18.60 | 992 | 10.08 | 19.20 | 5.31 N3 _ NG
A Cremwhy | 2378 | 1142 0 11.96 | 20.03 | 10.25 | 10.66 | 2032 | 5.38
A;‘;/ Cle/MWh] | 26.84 | 16.06 0 13.89 | 21.67 | 10.68 | 11.09 | 21.22 | 5.53 D103 83 D4 S4
Ay CIeMWh | 30.40 | 16.24 0 1597 | 22.72 | 11.26 | 11.72 | 2213 | 5.66
R MW] 30 90 - 60 | 210 | 90 90 120 600
R MW] 30 90 ; 60 210 90 90 120 600
LOCATION AND TYPE OF UNITS
Strategic units Other units LOCATION AND DISTRIBUTION OF THE DEMAND

i | Type | Bus J | Type | Bus d | Bus | Factor (%)

l 155 1 1 350 1 1 3 19

2 100 2 2 197 2 7 A 77

3 155 3 3 197 3 3 5 27

41197 ] 6 [[4] 155 ] 5 71 6 77
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Six-bus test system—> uncongested network results

Strategic Offer

S1 S2 S3 S4 Total
Production [MWh] | 3501.8 0 3464.8 | 37824 10749
Profit [€] 27202 0 27038 28861 | (83101
Marginal-Cost Offer
Production [MWHh] 3720 0 3720 3805.2 | 11245.2
Profit [€] 4826.7 0 4826.7 | 4562.5

The maximum power flow through lines 2-4, 3-6 and 4-6 are 269.62,
229.44 and 39.6933 MW respectively

4/29/2011 I
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Six-bus te

19.5

191

Prices [euro/MWh]

-
T

16,5

—_
o0
T

Examples

st system—-> uncongested network results

16
O 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
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(@\ Examples

Six-bus test system—> congested network results
Capacity of line 3-6 limited to 230 MW:

o1 St

O

02 82

D1 03 S3 D4 S4
S1 S2 S3 S4 Total
Production [MWh] | 34779 0 3498 3773.1 10749
Profit [€] 2691 0 27068 | 30519 |(84574])

29/04/2011
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20.5

20

19.5F

LMPs [euro/MWh]

—
|
T

Examples

Six-bus test system—> congested network results
Capacity of line 3-6 limited to 230 MW:

16.5F

16

[ 2 3 4 5 6 7 8 9 10 11 12 15 14 15 16 17 18 19 20 21 22 23 24
Time period
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Six-bus test system—> congested network results
Capacity of line 4-6 limited to 39 MW:

N1 N2 N4 N5 —;TS
O 16.5
D1 03 S3 D4 S4
S1 S2 S3 S4 Total
Production [MWh] 3610.3 0 3356.3 | 37824 10749
Profit [€] 28027 0 26214 28861 83101

29/04/2011 46



®

Examples

Six-bus test system—- stochastic model

* Uncongested network case
* 8 equally probable scenarios

They differ on the rival producer offers (4, ) and
on the consumer bids (4, )

Selected to obtain a wide range of prices

29/04/2011
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Examples

Six-bus test system—> stochastic model results

Strategic Offer

S1 S2 S3 S4 Total
E. Production [MWh] | 3088.3 0 3008.6 | 3326.7 9423.6
E. Profit [€] 16354 0 15657 16615 18626
Marginal-Cost Offer
E. Production [MWh] | 2331.4 0 2437.6 | 2715.2 7484.2
E. Profit [€] 6430.4 0 6430.4 | 7281.1 | (201419

29/04/2011
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Six-bus test system—> stochastic model results

Offering curves for strategic generator 1

]
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Prices [euro/MWh

L o~

| | | | | | | | | | | | | 1 1 1 | | |
65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155
Production [MWh]
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Examples

Six-bus test system—> stochastic model results

Offering curves for strategic generator 1

29/04/2011
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IEEE One Area Reliability Test System
S

- o I
e 24 Nodes | &% )

Sl
* 8 strategic units T ij@
* 24 non-strategic ‘JE =
units . n L

e 17 consumers
e 24 hours
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Examples

IEEE One Area Reliability Test System - Results

Strategic Offer

S1

S2 S3 S4 S5 S6 S7 Total
Production [MWh] | 36.48 18.24 | 8.9416 | 47.28 31.01 96 37.2 281.13
Profit [€] 27929 | 13965 | 3287.3 | 47959 | 38689 | 148120 | 38983 || 318932.3
Marginal-Cost Offer
Production [MWh] | 36.48 18.24 10.6 47.28 37.2 96 37.2 283
Profit [€] 27245 | 13625 | 3449.3 | 47296 | 37815 | 145170 | 38773 313373
29/04/2011
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LMPs [euro/MWh]

Examples
IEEE One Area Reliability Test System - Results

Marginal cost offer Strategic offer

25
24+
23
—
=
= 2f
=
~~
e 21
=
)
& 20
= ——N2
— 19f —6—N3
—&—N10
18} —e—NI18
4 —=—NI19
171 —o—N23
16 1 1 1 1 1 Il 1 | 1 Il Il Il Il 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

]6 Il 1 | 1 1 L L 1 Il 1 Il L 1 L 1 1 Il Il Il L
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 Ti iod
Time period me perio

29/04/2011 53



®

Examples

Computational issues

* Model solved using CPLEX 11.0.1 under GAMS on a

Sun Fire X4600 M2 with 4 processors at 2.60 GHz

and 32 GB of RAM.

Model

6-bus
uncongested

6-bus
congested

6-bus
stochastic

|IEEE RTS

CPU Time [s]

2.91

5.82

204.77

449.33

4/29/2011
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Conclusions

* Procedure to derive strategic offers for a power
producer in a network constrained pool market.

— LMPs are endogenously generated: MPEC approach.
— Uncertainty is taken into account.
— Resulting MILP problem.

e Exercising market power results in higher profit and
lower production.

* Network congestion can be used to further increase
profit.
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Thanks for your attention!

http://www.uclm.es/area/gsee/web/antonio.htm
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@ Appendix A

Computational Issues

 Model has been solved using CPLEX 11.0.1 under GAMS on a
Sun Fire X4600 M2 with 4 processors at 2.60 GHz and 32 GB
of RAM.

 The computational times are highly dependent on the values
of the linearization constants M.

6-bus 6-bus 6-bus \EEE RTS

Model .
uncongested | congested | stochastic

CPU Time [s] 291 5.82 204.77 449.33




@ Appendix A

Computational Issues

Heuristic to determine the value of M:

1. Solve a (single-level) market clearing considering that
all the producers offer at marginal cost.

Obtain the marginal value of each relevant constraint.
Compute the value of each relevant constant as:

M = (dual variable value +1)x100



Appendix B
Stochastic model

®

Minimize
tabu, P{;bl Vf VZ Vb V'U_’
|II(.
E :Hli E :Ahb tibw E : -df”u P zbu)
tib t(ieWw,, )b

subject to:

Z P(H—l)zbu Z Pgbu < R['jp Vit < T \V/Z Vw

Z b mewm— R Wt < T.¥iVuw

.-Stn w )\tn w Vt* ‘v’n, Vw

29/04/2011
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Appendix B
Stochastic model

Pf:bu € arg { ps MmémlzeD E hbupzbu

tibw ' tjbw '’ tdkw t1b
-+ E Afjbu f'jblt E : )\fdl. w dk w

subject to:

E : fzbu E : fjbu o E : fdl.u —

(26\1111 b Jelljn dean
E B n,m, 51‘ nw 5t-m,u.r) . )\tnu; \V/f, \V/n
meeoe,
Slllax Slllln Sm'\ﬁ( .
0 < P tibw = + tib - Htibw » Htibw \V/f\V/Z\V/b
C Imasg . ( mln OIT]."\;Y -
0< iju Pfjbu - Htjbw > Htjbw Vt* VJ*Vb

min Dnl'iﬁc

29/04/2011
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Appendix B
Stochastic model

madia Imaxt
A A
- Crn-:rn S B nm (5t-n-u; - 6t-m, u.r) < C nm
min max _
 Vinmuws Vinmaw Vt \V/TZ- vm = ®n
mazxxw
— T S 517?1'11; S /‘}T gf'nu gf'nu \v/t"v/rz

5tnu; =0 : S;u Yt N = 1 } Y0

)\tn-u; T )\tn w’ g Ltiww’ J[L \V/tw \V/Z - \Ij 79 VU}? \V/U,’! > w
)\f'n-uv _ Af-nur*’ > (fl:ti.u;.wr — 1):\[1’ \v/tq \V/Z c \I".,,“ \\7/“!?? \v/u;r! > W
N l .-" , , ! ,
E : fzbu E zbu < ytiufur"ﬂ"[ / \V/t \V/Z-,_ \V/’bb? Yw' > w

Z tibw Z tibw’ yhu w! — 1)5\[3} Vt,\v’-z'-,‘v’w?‘v’w’ > w

; /
a’f?'-'u-’ w! T Ytiww!’ — 22«}: ww! \V/f \V(Z VUJ? Yuw' > w

29/04/2011 Ttiww' s Ytiww' s Ztivw € 10,1}

62



