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~ Abstract—The target of an oligopolistic generating company modify the market-clearing price as a result of its market power
in a pool-based electric power market is to maximize its profits and 2) its capability to alter its own production level of energy
using two related instruments at hand: 1) its ability to modify the and reserve. The manner in which an O-GENCO should produce

market-clearing price and 2) its capability to alter its own produc- L o . .
tion level. Power balance is not an issue for the generating com- to maximize its profits, is a complex dynamic decision problem

pany; the independent system operator ensures power balance con-Which is addressed in this paper. For a time horizon varying
sidering generator and demand bids through any market-clearing from one day to one week, this problem can be formulated as

procedure. This paper proposes a mathematical model to deter- g Jarge-scale nonlinear discontinuous (stepwise) mixed-integer
mine the output of the generators owned by an oligopolistic gen- 4 imization problem with exploitable structure. The solution of

erating company so that its profit is maximized for a one-day to - . . . .
one-week time horizon. An efficient solution technique to solve the this problem provides the O-GENCO with sound information

resulting large-scale discontinuous nonlinear mixed-integer opti- t0 elaborate its bidding strategy. The proposed solution tech-
mization problem is reported. A case study that illustrates the pro- nique is an efficient coordinate-descent technique [4] coupled

posed model and the solution technique developed is analyzed inwith mixed-integer linear programming techniques [5] yielding
detail. _ _ an efficient and accurate solution procedure. The elaboration
Index Terms—Electric power market, market power, oligo- of the actual bidding strategy taking into account the reactions
polistic generating company, power pool, price-quota function, f competitors is a related problem, which is, however, outside
stepwise nonlinear mixed-integer optimization. . ’ ’ e
the scope of this paper. Furthermore, no network constraints are
considered in this paper. This paper provides the following.

I. INTRODUCTION 1) A characterization of how the market-clearing price

UITE afew of present day pool-based electric powermar- ~ changes with the production level (quota) of the
Q kets present an oligopolistic structure. This is the case of =~ O-GENCO. The market—quota at hduof an O-GENCO
the electric markets of England and Wales [1] and main- IS defined as its total production in that hour.
land Spain [2]. Through either the Independent System Operator2) A formulation and characterization of the problem whose
(ISO) or the Power Exchange (PX), the market ensures power Solution provides the O-GENCO production strategy to
balance considering generator and demand bids [3]. The role of Maximize its profits.
a multi-machine generating company (GENCO) is therefore not 3) A computationally efficient solution procedure for the
to ensure power balance at minimum cost but to submit bids to  complex problem formulated in 2).
the 1SO with the target of maximizing its own benefits. 4) The analysis of a realistic case study.

The motivation of this paper is twofold. First, to provide It should be emphasized that the proposed model explicitly
the Regulator with a tool to measure the market power of &&cognizes and takes advantage of the discontinuous stepwise
oligopolistic GENCO (O-GENCO). Using that information thedependency of the market-clearing price with the production
Regulator can set up operation rules to prevent an unfair siLota of an O-GENCO. The model developed assumes that
havior from O-GENCOs. Secondly, to provide the O-GENC@very GENCO (oligopolistic or otherwise) has available,
with a tool to maximize its profits, within the regulatorythrough forecasting or simulation, its corresponding hourly
framework, by adequately modeling its market power. price—quota curves, i.e., the functions that relate, for every

In an electricity market, an O-GENCO has two coupled irf2our, the market-clearing price (price) and the total production
struments available to maximize its benefits: 1) its ability t6f the GENCO (quota). The model can be used in a market

including one or several O-GENCOs, as well as any number

Manuscript received March 3, 2000; revised July 11, 2001. This work w& nonoligopolistic GENCOs. If several O-GENCOs compete
supported by the Ministerio de Educacién y Cultura of Spain and Europelm a given market, forecasting accuracy of the above curves
g;'ﬁf‘;&em DGICYT PB95-0472, FEDER-CICYT 1FD97-0545, and Grag§eteriprates, but the formulation provided remains as stated.

The authors are with the Departamento de Ingenieria Eléctrica, EIec—AImOUgh the technical literature is rich in references on the
trénica y Automatica, Escuela Técnica Superior de Ingenieros Industodeling of electric power markets [1], [3], [6]-[11], so far, not
ales, Universidad de CastillaLa Mancha, Ciudad Real, Spain (e'mﬂ'reat attention has been paid to the oligopolistic case in power
Antonio.Conejo@uclm.es; Javier.Contreras@uclm.es; JoseManuel.Ar- . . . . .

engineering journals. Besides, most references treating the

royo@uclm.es; storre@ind-cr.uclm.es). . o ! : A
Publisher Item Identifier S 0885-8950(02)03803-8. oligopolistic case do so using standard microeconomic frame-

0885-8950/02$17.00 © 2002 IEEE



CONEJOet al. OPTIMAL RESPONSE OF AN OLIGOPOLISTIC GENERATING COMPANY 425

works not particularly adapted to the power industry [12]. Ithe Californian market (before the 2001-crack), this informa-
addition, [13] provides an empirical study of the market poweion was available with a three-month delay. Alternatively, a
in the electricity market of England and Wales. From a powenarket simulator can be used to estimate these curves. For the
industry perspective, [7] and [14] provide models that simplifygemaining of this paper price—quota curves are assumed known.
the relationship between the market—quota of the O-GENCIhese price—quota curves are also called residual demand curves
and the market-clearing price. Further relevant simplification3].
are also introduced in order to solve the resulting optimization The actual price—quota curve faced by an individual market
problem. The modeling and the solution technique proposedgarticipant is equal to the consumer demand function minus the
this paper require neither relevant modeling nor computatioreim of all the price-quantity bid functions offered by the rest
simplifications. of the competitors. Following the dynamic Cournot equilibrium
This paper is organized as follows. Section Il provides a deencept formulated by Borensteshal.[15], the market agents
tailed formulation of the problem, free of important simplifyingcan be classified as follows.

assumptions. The price—quota dependence is first analyzed and price Takers Their offer is not needed to match the
then the profit maximization problem for an O-GENCO is for-  gemand. Slight variations in their bids result in slight

mulated in detail. In Section Il the proposed solution technique  changes in the market price. They are also called “com-
is described. In Section IV a case study is analyzed. In Sec- petitive fringe.”
tion V some relevant conclusions are drawn. The cost function « 0-GENCOsWithout them the demand cannot be covered.

and the operating constraints of the thermal units are stated in - They have a big impact over the price due to their market
Appendix A. An illustrative example is solved in Appendix B. power.

In a real market both types of agents would compete against
each other, and their respective bidding strategies would be quite
different. Since the market demand can be matched without any
The price—quota dependency is first analyzed and then igen price taker, its optimal price/quantity bid would be in a

Il. FORMULATION

profit maximization problem of an O-GENCO is stated. certain spot of its corresponding price—quota curve. It should
also be noted that a price taker has no power to significantly alter
A. Price—Quota Dependence the market-clearing price. If an O-GENCO decides not to pro-

duce, the market price becomes the unserved energy price, since

In current pool-based electricity markets every generaigg presence is essential to cover the market demand. Further-
submits a list of bidding power blocks and their correspondingore, the 0-GENCO has the ability to alter the market-clearing
prices to the ISO for every hour of the planning horizon. Theyice by fixing its own production level, i.e., its spot in the

ISO uses either a single- or a multiround market-cleari ice—quota curve. An O-GENCO typical price—quota curve is
mechanism. Examples of single-round markets are the 1SQyvided in the case study (Fig. 2).

of England and Wales [1] and the one of mainland Spain [2].
A forma_l desgnptlon.of bu;idmg systems and market—clegrlﬁg_ Profit Maximization Problem
mechanisms is provided in [3]. Under general nonrestrictive _ o _
assumptions, the market-clearing price results in a stepwiselhe profit maximization problem of an O-GENCO is formu-
monotonically decreasing function of the market—quota of ttated as the following.
O-GENCO. If several O-GENCOs participate in the market
the above statement remains true. The discontinuous nature %{ximize\
this curve is the result of using either single- or muItipIe—bIoc[;n 4P
bids. The decreasing behavior is a consequence of the dif-

9 a 3 [Ak (k) a(k) = ci(k) (1)

Vi

ferent costs of the generating units of the O-GENCO. If the
O-GENCO offers no power for a given hour the resultin ubject to
market-clearing price is high because the cheap units of the

keEK 1EQ

O-GENCO are not allocated to produce. On the other hand, Z pi(k) = q(k), VkeK @)
if the O-GENCO offers all its available units at prices close e
to their corresponding marginal costs, the market-clearing pi(k) e II; VieQ, VkeK 3

price decreases as a result of the cheap units provided by the
O-GENCO and allocated to produce. In between these twdere: is the power unit indexk is the time period index;
extreme possibilities, the market-clearing price for any given(k) is the total production cost of unitin period k; p;(k)
hour is a stepwise monotonically decreasing function of thethe power produced by unitin periodk [p; is the vector of
power-quota of the O-GENCO. It should be noted that thel p;(%)s]; q(k) is the market—quota (power production) of the
above price—quota behavior also occurs for all GENCOs, butBtGENCO in period: [¢ is the vector of aly(k)s]; Ax(q(k)) is
is particularly relevant for O-GENCOs. the market-clearing price for a level of production (quaté))
The price—quota curves can be determined by using infday the O-GENCO in period [ is the vector of all\,(g(k))s];
mation of previous competitors’ bidding behavior. In the eled is the set of time periods? is the set of power units owned
tricity market of mainland Spain, aggregate bidding (offer anoly the O-GENCO, antll; is the set of production constraints of
demand) curves are available on-line (http://www.omel.es); power unit:.
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It should be noted that the optimization variables are Step 0)
Ax(g(k))s, pi(k)s and g(k)s. Note, however, that variables
q(k)s are straightforwardly obtained from variabjesk)s.

The objective function (1) expresses the profit of the
O-GENCO, which is equal to its revenue minus its production
cost. Its revenue is equal to the market-clearing price (whichStep 1)
depends on the O-GENCO production—quota) times its power
production (market—quota). Its cost function is described in
Appendix A. It should be noted that this objective function is
discontinuous and nonlinear. It could be modified to include
reserve related revenues in case that simultaneous energy and
reserve electric power markets co-exist.
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An initial market -clearing price is fixed for every
hour , ; « )\k Yk The time period counter

is initialized, i.e.,; = 1. In any iteration, all time
periods are considered one at a time. The iteration
counter is also initialized, i.e[[7” = 1.

For every possible pricg ; of the market-clearing
price at time periodj the problem below (4)—(8)

is solved. Therefore, if the price—quota function for
hour j has/V; different steps/V; problems need to
be solved in this step of the algorithm

maximize, . v

The block of constraints (2) simply expresses, for every time
period, that the sum of the production of every unit belonging Z ()‘k,?Q(k)> + 7,000 Z Z ci(k 4)
to the O-GENCO is equal to the power output of the O-GENCO ,fé{ heICics
as a whole (quota). subject to
The block of constraints (3) expresses in a compact way the (k I Vie K 5
operating constraints, for every time period, of every unit be- % pilk) = a(k) < ©®)
longing to the O-GENCO, i.e., minimum up and down times, .
ramp rate limits and generation limits. These constraints are fur- ~ Pi(k) €1l VieQ, Vke K (6)
ther described in Appendix A. (B < olk) < a:(k Vk4i keK 7
The above large-scale optimization problem cannot be solved gl( Jsab) s qh) s %
by direct application of standard optimization software. This is 7,(5) < a() <7 () (8)

a consequence of its discontinuous, nonlinear, and large-scale
nature.

I1l. SOLUTION TECHNIQUE

Step 2)
Problem (1)—(3) is large-scale because the number of units
of the O-GENCO and the number of time periods of the plan-
ning horizon can both be high. For instance, thirty units and a
time horizon of one day hour by hour result in a problem with
thousands of variables and constraints. The above problem is
nonlinear because the production cost is a nonlinear function of
the power production and because of the product of variables
andgq. It is mixed-integer because the modeling of the start-up Step 3)
and shut-down of the units requires the use of binary variables
(see Appendix A). In addition, it is discontinuous because the
market-clearing price is a stepwise function of the O-GENCO
total production.
It should be emphasized that the market-clearing price is a

where), sare fixed market-clearing prices, ay]p
andg; are respectively the lower and upper bounds
of the market—quota for those prices.

The step price corresponding to the problem whose
solution produces maximum profitin Step 1 is deter-
mined, A, ;+; the corresponding objective function
value isP*. Market-clearing price in houy is up-
dated a@x i < Aj,1-. Therefore, only thé*th price

of the prlce guota curve for hogiis used until hour

7 is considered again. Market—quota bounds are also
updatedy; () < q,.(5), G(J) — @ ()

Beingl’ the number of hours of the time horizon,

if the objective function has not improved during
the last7” time periods, then the solution has been
reached, STOP. Otherwise, update counterg:<f

T then,j — j 4 1; else, ifj = T, thenj = 1,

IT «— IT + 1 and go back to Step 1.

stepwise function of the O-GENCO market—quota (its total pro- The consistency between the market-clearing price and the
duction). This fact is reflected in the notation for prices wher@-GENCO quota is explicitly enforced while solving problems
A1 indicates the price corresponding to tha step of the (4)—(8) through constraints (7) and (8).

O-GENCO price—quota function in hoki(see Fig. 2 inthe case A flowchart of this algorithm is shown in Fig. 1.

study). Two computational considerations are in order.

It should be noted that the number of steps of the 1) The number of steps of the price—quota function may
market-clearing price is small for reasonably small changes in  change from hour to hour, reflecting differences in hourly
the market—quota, e.g., a variation of 20% in the market—quota demands. This is taken into account in step 1 of the above
typically results in no more than 10 price—quota steps. As  algorithm.

a consequence of this small number of steps, a coordinate?) Ifthe number of steps of the price—quota function is large,
descent solution algorithm [4] coupled with mixed-integer a window strategy can be used so that only the neigh-
linear programming [5] is suitable to solve problem (1)—(3). boring steps of the current step are considered. This re-

In the algorithm below, it should be noted that subsckipt sults in lower computational burden without typically al-
denotes the considered time periods, i.e., the 24 hours of the tering the quality of the solution attained.
day. However, dynamic subscriptis used in the algorithm in  After fixing market-clearing price values the resulting
order to consider time periods one at a time. problem (4)-(8) can be efficiently solved because it is a

The proposed solution technique works as follows. mixed-integer linear programming problem with a moderate
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TABLE |
GENERATING UNITS DATA

Type A B C D E F G
OG/RU } 3/9 | 379 | 379 | 3/9 | 3/8 | 3/8 | 2/8
pmw] | 12 76 100 | 155 197 | 350 | 400
P MW | 24 | 152 25 | 5425 | 6895 | 140 | 100
ol 294 | 218 | 234 | 189 | 241 | 192 | 135
[ 298 | 227 | 252 | 195 | 255 | 203 | 136
oAy, 337 | 264 | 272 | 203 | 266 | 21.1 | 140

c 382 | 304 | 285 | 214 | 278 | 223 | 144
RR [MWmh]| 12 76 100 155 180 | 120 | 400
SC[$] 196 | 1353 | 1635 | 2173 | 2239 | 10190 | NA®™

MUT [h] 4 8 8 8 12 24 NA
MDT [h] 2 4 8 8 10 48 NA
(*) Units: [$/MWh] (**) NA: not applicable

Price-quota function

Market-clearing price ($/MWh)

M 1

Fig. 1. Solution technique flowchart. o

4] 0.5 1 15 2 25 3
O-GENCO Quota (GWh)

number of binary variables. Available software to address thig. 2. Price—quota curve for the hour of highest demand.
problem includes CPLEX [16].

It should be noted that the above algorithm is a coordinate gz, O-GENCO) bid at their corresponding marginal cost. A

sc_ent algor_ithm (cogpled with a miged-integer Iin_ear Program-piock bidding curve is assumed for every unit. After bidding,
ming algorithm), being every coordinate the multi-step (mU|t'the market is cleared using an economic dispatch algorithm

value) market-clearing price at every time period. (simple auction mechanism). It should be noted that alternative
procedures can be used to obtain or estimate price—quota
IV. CASE STUDY curves. The 12-step price—quota curve for the hour of the
highest demand is shown in Fig. 2.

A power pool comprising 80 bidding units is considered. Data The problem described is solved using the proposed coordi-
for these units are based on the 1996 IEEE RTS [17]. The carate descent algorithm coupled with a mixed-integer linear pro-
sidered O-GENCO owns 20 of these units ranging from basgramming solver. For the reported case study the whole plan-
loaded plants to peakers. Data for the O-GENCO units is pnoing horizon was considered three times, using windows of dif-
vided in Table |. The remaining units act as price takers. Dafierent sizes, and resulting in the solution of 405 problems. Using
for these price taker units is also provided in Table I. CPLEX under GAMS [16], total computing time in a PEN-

In this table, “Type” indicates the unit type,0OG/RU” TIUM-based PC with 132 MB of RAM was 2 h and 16 min.
provides the number of units belonging to the O-GENCO arithe maximum benefit for the O-GENCO is $423 182.
the remaining number of units, respectively™ and “P” For every hour, the demand, the optimal production of the
are the capacity and the minimum power output, respectivel:GENCO as a whole and the market-clearing price is shown
“Cym Gy, " Cg," and "Cy” are respectively the marginal costin Fig. 3.
in $/MWh for the first, second, third, and fourth power blocks Fig. 4 depicts the hourly production of the O-GENCO against
of every unit; “RR" is the up and down ramp limit;SC” is its competitors. The following comments are in order. During
the start-up cost; andV/UZ™ and “M DT are the minimum hours 11-14, 16-22 the O-GENCO does exercise its market
up and down time, respectively. A planning horizon of 1-dagower lowering its production and therefore raising the price,
hour by hour is considered. which results in higher total profits for the O-GENCO. During

The O-GENCO price—quota curve for every hour is olthe remaining hours, and due to a relatively low demand, the
tained by simulating the pool market-clearing mechanis@-GENCO has no room to exercise its market power to its own
and assuming that all units (including those belonging tmenefit and therefore it behaves mostly as a price taker.
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a competitive electric power market built around a pool. The
price—quota curve of the oligopolistic generating company is
stepwise and therefore discontinuous. Thus, the resulting max-
imum profit problem is discontinuous, nonlinear and mixed-in-
teger. Its structure suggests a coordinate-descent solution proce-
dure coupled with mixed-integer linear programming. This so-
lution technique, which has been efficiently implemented, has
been tested in quite a few different case studies and proved ef-
ficient and accurate.

APPENDIX A

The running cost of a thermal unit and its technical constraints

Fig. 3. Demand and O-GENCO optimal production in [GWh] (left verticagre described in this Appendix. The running coesk) is ex-

axis). Market-clearing price in [$/MWHh] (right vertical axis).

O-GENCO market quota

100%
90%
80%
70%
60%
50%
40%
30%
20%
10% -

0% -

1 3 5 7 9 m 13 15 17 19 21 23
Time periods (Hours)

Fig. 4. O-GENCO market—quota (black).
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Fig. 5. O-GENCO production and production range to maintain best price:

Fig. 5 further illustrates the oligopolistic behavior of th
O-GENCO. This figure shows the actual production for eve
hour (x) and the range of production of the O-GENCO (stairs
plots) to maintain its most favorable price. Note that in eaqf
of the previously mentioned hours the O-GENCO produces
the maximum power which allows it to keep its most favora
price. If these most favorable prices are changed (increase

decreased), the O-GENCO total benefit decreases.

V. CONCLUSION

I

pressed as

VieQ, Vkek (A1)

whereA; represents the fixed cost of unif$/h], vc; (k) is the
piecewise linear variable cost [$/H};C; denotes the start-up
cost of unit: [$], DC; is the shut-down cost of unit[$], v; (k)
is a 0/1 variable which is equal to 1 if units on-line in period
k, y; (k) denotes the 0/1 variable which is equal to 1 if uni
started-up at the beginning of peribdandz; (k) is the 0/1 vari-
able which is equal to 1 if unitis shut-down at the beginning
of period k.

Equation (A1) express the running cost of uhin period
k as the sum of a fixed term, different from zero if the unit
is committed, plus the variable cost, the start-up cost, and the
shut-down cost.

The piecewise linear variable cast; (k) is formulated as

NL
vei(k) =Y Fu(iba(i, k) VieQ, VkeK (A2
n=1

NL
pi(k) = Poi(k) + Y (i, )
n=1
VieQ, VkekK (A3)
0 <by(i, k) < Bu(0)
VYne N, VieQ, VkeK (A4)

Whereb,, (i, k) represents the power produced by wiitperiod

k using thenth power block [MW],b,,(i) is the size of the:th

power block of unit: [MW], P, is the minimum power output

of unit< [MW], NL is the number of blocks of the piecewise
thear variable cost functiort;, () denotes the slope of bloek

f the variable cost of unit[$/MWh], and V is the set of power
ocks.

Constraints (A2) express the variable cost of wriit period

(lfas the sum of the corresponding terms of the piecewise lin-

eafization. Constraints (A3) state that the power output ofiunit

in periodk is the sum of the power generated using each block
plus the minimum power output. Constraints (A4) set the of the
power generated in each block. This power should be greater

This paper provides a rigorous modeling of the maximumihan 0 and less than the size (in MW) of each block. This formu-
profit problem faced by an oligopolistic generating company ilation assumes that the cost is monotonically increasing. Non-
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convex costs can be easily modeled by using additional binary TABLE I
variables [18]. SMALL EXAMPLE: GENERATING UNITS DATA

The set of production constraints of power uniil; is pre-
sented in the following[19], [20]:

UNITS | P (MW] | P [MW] |Cost[$/MWh] | Ramp limit [MW/h]

1 100 30 28 50
B ) 2 200 80 22 50
p,(k) < pi(k) <p;(k) Vie, VkeK (AS)
pi(k) =Min {P; [v;(k) — z(k + 1)] TABLE Il
SMALL EXAMPLE: PRICE-QUOTA CURVES DATA
+Zi(]€+1)SDi,pi(/€— 1)+vai(/€—1) \
+ ui(k)SU;} VieQ, VYkeK (A6) HOUR | HOUR 2 HOUR 3
price quota price quota price quota
p,(k) = Meax {Psvi(k), [pilk —1) = RDi] (k) bz |35 | 150 |36 | T30 |35 | 280
. oc] 5 0
VieQ, VhecK (A7) Block 3 35 270 3 230 30 280
Block 4 25 300 25 300 25 300
[zi(k — 1) =UL][vi(k — 1) —vi(k)] 2 0
VieQ, VkeK (A8) TABLE IV
[xz(k _ 1) + DTi] [vz(k) _ vi(k _ 1)] <0 SMALL EXAMPLE: EVOLUTION OF THE ALGORITHM
VieQ, VieK (Ag) Values of A for which the problem is solved
IT | j AM 1@ A® A@ A P
yi(k) — 2i(k) = vi(k) —vi(k — 1) 1 | 1] 40,40,30 | 38,40,40 | 354040 | 25,4040 | 38,40,40 | 7980
. 1 |2 [38.40,40 | 38,3640 | 38,33,40 | 38,2540 | 38,36,40 | 8160
VieQ, Vkek (A10) 1 | 3 | 38,36,40 | 38,36,35 | 38,36,30 | 38,36,25 | 38,36,40 | 8160
. 2 | 1]40,36,40 | 38,36,40 | 35,36,40 | 253640 | 35,36,40 | 8490
yi(k) + zi(k) <1 Vie, VikekK (A11) 2 | 2 [135,40,40 | 35,36,40 | 35,33,40 | 35,2540 | 353340 | 8500
. 2 |3 | 353340 | 353335 | 35,3330 | 35,33,25 | 3533,40 | 8500
vi(k), vi(k), zi(k) € {0, 1}~ VieQ, VkeK (Al2) 3 | 1] 4033,40 | 38,33,40 | 35,33,40 | 25,33,40 | 35,33,40 | 8500
3 | 2 [ 354040 | 35,36,40 | 35,33,40 | 35,2540 | 353340 | 8500

where DT; is the minimum down time of unit [h], P; the The algorithm ends here.

capacity of uniti [MW)], RD; the ramp-down limit of unit

['\r/]lW/g]’ RU; thel.ra.mpf'uP.!'TAWLUH;;J[MhW/h]’ 5D; the that the running cost of each unit is represented by using only
shut-down ramp Imit of unit [ - ] SU t € Start-up ramp. e jinear block. For the sake of clarity, start-up cost, minimum
limit of unit ¢ [MW/h]’ U.Ti the minimum up time Of untt [h]’ up times and minimum down times are not considered.

p;(k) the maximum a}vallable power output of ukin pe“o‘?', Table Il shows the price—quota curves for the three hours.
k [MW], p (k) the minimum available power output of uriit Note that prices are in [$/MWh] and quota-blocks of the

in periodk [MW], x;(k) the numb_er of perioc_js um’thas beer_l O-GENCO in [MW]. Regarding hour 1, Table Il is interpreted
on (+) or off () at the end of period. For unit consistency, it ¢ i nroduction of the O-GENCO is between 0 and 100 MW,
should be noted that time periods of 1 h are considered. o hice obtained in the market is $40/MWh; if production

Constraints (A5) force every thermal unit to work below it f the O-GENCO is between 100.1 and 150 MW, the price
maximum available power output, and above its minimum ava| btained in the market is $38/MWh.' and so on ’

able power output. Con_stralnts (AG_) state that the maximum, , ihjs example, the algorithm of Section Il works as follows.
available power output in every period depends on ramp rat
limits. Constraints (A7) update the minimum available power
output taking into account the ramp rate limits. Constraints (A8)
and (A9) enforce feasibility in terms of minimum up and min- ) -
imum down time constraints, respectively. The remaining con- v*ector.)\ ” (40, 40, 40). Inlmihze best step-number
straints preserve the logic of running, start-up, and shut-downSte 1 ZS:I L. Imt;;llze best Profit” = oo
status changes. pl) So ve problem (4_)—(_8) for all possible price vectors
From a mathematical point of view, the above formulation of obtalngd by_subst|tut|n_g the values OT t (1sp) el-
the problem is mixed-integer and nonlinear. However, a linear ementln_>\W|th.aII possible valu.es deflned atthe cor-
formulation ofIl;, which has been presented recently in [18], responding pncel—quota curve, that |s,.?1c;Ive problem
makes it possible to solve this problem using a mixed-integer (4)—(8) for four different price vectorst™ = (40,

. . . ) 40, 40),\(?) = (38, 40, 40)\® = (35, 40, 40), and
linear programming technique. Itis not reproduced here for lack A& (25, 40, 40).

e e . o
Step 0) Initialize iteration countef”” = 1. Initialize
hour counter; = 1. Use the first price from the
price—quota curve of each hour to initialize price

of space. Step 2) Choose the best value Bfas the newP*. In this
case, the highest profit was obtained }6#) = (38,
APPENDIX B 40, 40), andP* is $7980. The price vector is updated
An example to clarify the algorithm described in Section I as: A = (38, 40, 40).
is provided below. For this example, an O-GENCO including Step 3) Last time that the profit improved in the previous
two generators and a time-horizon of three hours is considered. step, therefore, the algorithm should continue; up-

Technical data regarding the two units is shown in Table 1. Note datej =1+ 1 = 2, and go to Step 1.
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Step 1) Solve problem (4)—(8) for all possible values of the16] A. Brooke, D. Kendrick, and A. Meeraus, “GAMS/CPLEX 6.5.2 user

Step 2) Choose the best value Bfas the newP*. In this g,

jth (2nd) price; that is, solve problem (4)—(8) with notes,” GAMS Development Corp., Washington, D.C., 1996.

i dif . A1) — (38 40 40 [17] Reliability Test System Task Force, “The IEEE reliability test system
012” Ifferent price v??ctors = (38, 4 '44 ) 1996,” IEEE Trans. Power Systvol. 14, pp. 1010-1020, Aug. 1999.
A2 = (38, 36, 40)\(3) = (38, 33, 40) and\(¥) = [18] J. M. Arroyo and A. J. Conejo, “Optimal response of a thermal unit
(38, 25, 40)_ to an electricity spot market,[JEEE Trans. Power Systvol. 15, pp.

1098-1104, Aug. 2000.
S. M. Shahidehpour and S. K. Tong, “An overview of power genera-
case, the highest profit was obtained usiig = tion scheduling in the optimal operation of a large scale power system,”
(38, 36, 40);P* becomes $8160) is updated as: Elect. Mach. Power Sys_tvol. 19, pp. 731-762, 1991.

[20] T. S. Dillon, K. W. Edwin, H. D. Kochs, and R. J. Tand, “Integer pro-
A= (38’ 36, 40)' gramming approach to the problem of optimal unit commitment with

The algorithm continues as stated in Table IV. The optimal probabilistic reserve determinationE2EE Trans. Power Apparat. Syst.
solution is obtained in iteration 3. Optimal prices are $35/MWh,  Vo!- PAS-97, pp. 2154-2166, Nov./Dec. 1978.
$33/MWh and $40/MWh, respectively. Optimal profit is $8500
and optimal productions for the O-GENCO are 270 MW, 230
MW, and 180 MW, respectively.
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