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Competitive Markets

N Suppliers (bidders),
Each submits bid price
and guantity

Power Exchange Mar

consumer
Demano
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Market Clearing Process

Supplier 1: 5SMWh @ $10
Supplier 2: 1I0MWh @ $15

Demand

25 N MCP=15 @ =
Q ;
£ 154 ; S R H
o ; :
T 10— S ASSRRTINR SRS R
@) Z

5 dii 2o S i 5

0 ; i ; ; ; - total bid

0 5 10 5 20 25 30 quantty

Problem: finding optimal bidding strategies and the resulting MCP
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Market Overview

e Non-sealed bid, Multi-round

— Bidders can see each other’ s bids and can adjust
thelr prices as many times as they want

— Market is closed when no bidder wants to
adjust his’her bid price

o Selling at spot:
— All dispatched units are traded at the same price
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Modél

* Demand D (or d) must be satisfied
» Bidder | hasunit cost c
 Singlebid per bidder : (x, p.)
— X, = bid quantity of bidder |
— p; = bid price of bidder i : (assume discrete)
p.1 {le]l=0L...,0}, i =1,...,N
= b =[Py, -y O4uPy)]
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Modél

 Market clearing price

MCP (b,d)=tmin p,: & x 2 d,1(j)={i:pE pj}%
| |

itn(j)

e Digpatch quantity of Bidder |

i 0 if p>MCP(b,d)
g(b,d)=i x if p.<MCP(b,d)
1q (b,d) if p.=MCP(b,d)

* Digpatch of marginal bidders follows order
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Modél

» Bidder i s payoff
f,(b) = E;[(MCP(b, D)- ¢)q (b, D)]
 Objective: Find Nash equilibrium {p;”, | =
1,..., N} such that

F0 P (60 P ) (X PR E
f ([(Xl, P )seees (%P7 )ees (X p*N)])

for al feasble p,,for bidder I,and al 1 =1,..., N
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Model

e Distinct bidders:
‘Ci - Cj‘>29’ 1t

e Fixed bid quantity: bidders can adjust only
bid price
e Glven anumber X,
éxt= max{ie]| ief x, 1=0,..,0} and
&u= min{ie| ie? x, i=0,..,0}
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Market Stability Condition

DEQx forj=1..N
S

« D isthe highest demand realization
* No oneis guaranteed to be dispatched
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Results

e Multiple equilibria
e Known demand.
— At the highest MCP equilibrium point, every bidder | bids at
ec;U, except the marginal bidder | who bids at &c;0
— Unigue marginal bidder if partially dispatched
e Stochastic demand:
— Single marginal |
* At any demand, bids at ép-eu
* Atthe highest demand, bidsat éu
— Two marginal bidders, 1, |

e They bid just above the cost of the bidder with alower quantity
p, = p, = ecuwherex £ X
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Highest Equilibrium MCP

 Known demand: the highest possible
equilibrium MCP must be in the set

e Stochastic demand: the highest possible
equilibrium MCP must be In

{ec (&t ecc+e, 1=1..,N]
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Competitive Bidder Set (CBS)

e CBS: bidderswith the lowest costs and
satisfy the market stability condition

DEQ x forj=1..N

Ililj

o o
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Competitive Bidder Set (CBS)

At an equilibrium point,
— All bidders outside the CBS are not dispatched

— When demand is known, at least one bidder in
the CBS is not dispatched

— 2e plus the highest cost among the biddersin
the CBSis an upper bound on the MCP
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Payoff function

o Glven other bidders bid prices and demand

Bidder i’ s payoff (f;)

g = d-)(l-)(2 Qi = d'Xl'XZ X3

(P2-C)% X -/J

CTE CEE T Ps

P
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Algorithm for Finding the Highest MCP
Equilibrium Point with Deterministic Demand

e Constructing CBS

« Condition on each bidder to be a marginal while
others bid at cost

* Find the optimal bid price ¢

» Pick the one with the highest optfm& 5d ﬁricepfo
be the marginal bidder; others bid at costs
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A Special Case: |dentical Quantity

 Assumex.= xfor al i=1,...,N
Equilibrium point with the highest MCP

0 =@.0 "i=1.,N-1
MCP = &, ()

where k is the first undispatched bidder, given all
bidders bid at their costs.
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A Numerical Example

i Ci| Xi
1 1.01] 5
2 6.01
3 7.01
4 0.01
5 11051 11

e e=001,D=70r11lw.p.05

12/21/00



Comparison of Payoff

45-
401 Case 1. Algorithm (wor st
equilibrium), MCP =9.75
31 Case 2: at next higher
30- bidder'scost, MCP =8
o5, 0 Case 3: at cost, MCP =6.51
$
20-
15
10
5_
O_

Bidder 1 Bidder 2 Bidder 3 Bidder 4 Bidder 5
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Comparison of Dispatch Quantity

Bidder 1

Bidder 2

Case 1. Algorithm
(wor st equilibrium)
Case 2: at next higher

bidder's cost

[1 Case 3: at cost

Bidder 3 Bidder 4 Bidder 5
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Other Problems-Price Down as

Demand Demand Rises
e Perod 1 - demand=50

 Peiod 2 - demand=100 or 200 equally likely
Capacities

e Hydro - 100 total

e Thermal - 60 at once

» Backstop - ¥

Suppose Period 2 Demand = 100

*Hydro - Bidonly in Period 2, 100at5-e
Thermal - Bid5, Backstop - Bid 50

12/21/00
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General Equilibrium Solution:
Multistage Stochastic Linear Program

Stagel ~ Stage2  Stage3
O
\Q

O
\@\O
@’é%@—' xg‘*®
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ml n Clxl T QZ (Xl)
st. Wx = h
X >0
Xt 1,a a. prOb( Xtk )Qt,k(xt-l,a(k) ’Xt,k)

= min ¢ x, )xk+Q (%)

st. WX, = ht(tk) tl(tk)Xt-La(k)
Xt k >0

* Qne1() = 0, for all xy,

* Quu(%.1.400) isapiecewise linear,

convex function of X, ; 5 ”



Nested Decomposition

* In each subproblem, replace expected recourse function Q, (X,
1.a() With unrestricted variable g
— Forward Pass;

« Starting at the root node and proceeding forward through the scenario tree,
solve each node subproblem

Qt,k(xt—l,a(k)’xt,k): min Ct(xt,k)xt,k R I

st. WX, = h (Xt,k ) i Tt-l(xt,k )Xt—l,a(k)
E. X, +0, ° e, (optimalitycuts
D, X, 3 d, (feasibiliy cuts

30
» Add feasihility cuts as)i(tntfeasi bilities arise
— Backward Pass

« Starting in top node of Staget = N-1, use optimal dual values in descendant
Stage t+1 nodes to construct new optimality cut. Repeat for all nodesin
Staget, resolve al Staget nodes, thent  t-1.

— Convergence achieved when —
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Peraira-Pinto Method

. Randomly select H N-Stage scenarios

. Starting at the root, a forward pass is made () ) Sampled
through the sampled portion of the scenario tree Scenario #1
(solving ND subproblems) Os=—=—0

. A statistical estimate of the first stage objective O
value iscalculated using the total objective Sampled
value obtained irfeach sampled scenario 07\ /g Scenario #2

the algorithm terminates if current first stage k\ st
objective value c,x, + g, iswithin a specified O
confidence interval of O

4. Starting in sampled node of Staget = N- ==
1, solveal Stage t+1 descendant nodes () sampled
and construct new optimality cut. Scenario #3

Repeat for all sampled nodes in Staget,
then repeat for t=t-1
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Abridged Nested Decomposition

 Also Iincorporates sampling into the general
framework of Nested Decomposition

* Also assumesrelatively complete recourse
and serial Independence

o Samples both the subproblems to solve and
the solutions to continue from in the
forward pass
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Computational Results

|mplementation of Pereira & Pinto Method and Abridged
Nested Decomposition

— written in C, run on Sun SPARC 20 workstation

— uses CPLEX to solve subproblems

Pereira & Pinto Method
— uses asample size of 30 for each problem

Abridged Nested Decomposition

— number of Staget subproblems solved from each Stage t-1 branching
value: 15

— 1nitial number of Staget branching values. 2

« number of Staget branching values increases with each failed convergence
test

Both methods terminate when first stage objective valueis
within one standard deviation of statistical estimate
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Computational Results

e Test Problems

— Dynamic Vehicle Allocation (DVA) problems of various
Sizes
 set of homogeneous vehicles move full loads between set of sites
« vehicles can move empty or loaded, remain stationary
« demand to move load between two sites is stochastic

— DVA.Xy.z
° X number of sites (8, 12, 16)
°y number of stages (4, 5)
° Z number of distinct realizations per stage (30, 45, 60, 75)

— largest problem has > 30 million scenarios
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Computational Results (DVA.8)
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Model for Colombia Power

e Basic model in AMPL
e Solvablein CPLEX

 Assume serial correlation within alarger
stage (may extend over several months)

» Single branch or multiple branches
 Abridged NDUM ableto solve to optimality
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Basic Model

e Objective:
— minimizetotal generation costs
e subject to the operating constraints:
— meet load constraints
— thermal capacity constraints
— hydro maximum/minimum flow constraints
— export/import capacity constraints
— minimum/maximum reservoir level
— penalty on alert levelsand minimum levels

12/21/00
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Example Results (selected plants)

600000

500000
Chivor
400000 Guavio
O Tebsa2l
0O Tebsa22
300000 . Tebsa24
- TebsaB1|
Flores1
200000
O Flores2
Flores3
100000 N Proelel
Plir"gg%%Z O Proele2

Flores3
Flores2
Floresl

TebsaB1
Tebsa24
Tebsa22

Tebsa2l
Guavio
Chivor

13
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Example: Hydro Generation

hydro generation

3000000

2500000

2000000

1500000 T

1000000

500000
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10

11

12

13

Urral

O Tunjita
Troneras
Tenche
Sanfrancisco
O SanCarlos
Salvajina
Salto2
Saltol
Riomayo
Riograndel
Quebradona
Prado4
Prado
Porce2
Playas
Paraiso
Pajarito

= Niquia

O Nechi

8 Muna

@ Miraflores
Latasajera
O Laguneta

O Laguaca

O Jaguas

O Insula

O Guavio

O Guatape

O Guadalupe4
Guadalupe3
Florida2
Estrella
Esmeralda
Dolores

O Desanfran
O Colegio
Chivor
Chinchina
O Canoas
Campoalegre
O Calimal
Calderas

O bOMB_MU
O Betania
Bajoanchicaya
O Altoanchicaya
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Example: Thermal Generation

2500000

Thermal generation

2000000 -+

1500000 -

1000000

500000 A
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3

period

10

11

12

13

@ Ballenal
O Barrancal
Barranca3
Barrancab
Barranqui3
O Cadafe
Cartagena2
Cospiquel
@ Cospique3
O Cospique5
O Chinu5

O Chinu7
Dorada

@ Flores2

B Guajiral
Launionl
Launion3
Menced
Menchb
Menepm
Menth
Ocoa
Paipal
Paipa3
Palenque3
Proele2
Sierral

O Tasajero
O TCentro2
O Tebsa21l
@ Tebsa24
O Termoemcali
BTVl

0O Zipaemg2
B Zipaemg4

Ballena2
O Barranca2
O Barranca4
0O Barranquil
Barranqui4
O Cartagenal
Cartagena3
Cospique2
0O Cospique4
O Chinu4

O Chinu6

O Chinu8

E Floresl

O Flores3
Gualanday
E Launion2
Launion4
Mencvc
Menchec
Mennor

O Merril

= Oxy

0O Paipa2

0O Paipa4
Proelel
Santander
Sierra2
TCentrol
O TCentro3
O Tebsa22

O TebsaB1
O Termovalle
O T2

0O Zipaemg3
@ Zipaemg5
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Example: Dual Prices

Meet load dual area 1

10

11

12

13

—e— model
—&—mode2

mode3
—<—mode4
—x—mode5




Example: Max MW

MW

Max MW in Month

1000
500 =
e N N
0 5 10 15

Month

—- TebsaB1
- Calimal
Guavio

SanCarlos

- Merril

- Termoemcali
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NDUM and CPLEX v. No. of Scenarios

| 80000
| 70000
| 60000
| 50000
| 40000
| 30000

{ 20000
| 10000

10

20

30

40

50

60

—e— NDUM
—s— CPLEX
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Summary

e Multiple equilibria
* Demand is known
e MCP<= &0
* margina I at €c(, othersi at &c;(te
e Demand is stochastic
e MCP<=é&te
* marginal i a p-e, &L, or ec ute, othersi at &clte

« Algorithm to find highest MCP equilibrium point

» Abridge Nested Decomposition for Solving
Individual Problems
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Extensions

 Include start-up cost of generation

* Analyze multi-period problems. cost

depends on the dispatch of the previous
period

 Allow multiple bids per bidder
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Worst Equilibrium point

o Worst equilibrium MCP = highest possible
bid price
p =c fori=1..,N-1

I\&-l *
ax=d-e
=1

py =Oe
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