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Optimal Bidding Strategies for Thermal and
Generic Programming Units in the Day-ahead
Electricity Market

F. Javier Heredia, Marcos J. Riddember, IEEE, and Cristina Corchero.

Abstract—This paper develops a stochastic programming
model that integrates the day-ahead optimal bidding problen
with the most recent regulation rules of the Iberian Electricity
Market (MIBEL) for bilateral contracts, with a special cons ider-
ation for the new mechanism to balance the competition of the
production market, namely virtual power plants auctions (VPP).
The model allows a price-taker generation company to decidthe
unit commitment of the thermal units, the economic dispatchof
the bilateral contracts between the thermal units and the geeric
programming unit (GPU) and the optimal sale/purchase bids ér
all units (thermal and generic) observing the MIBEL regulation.
The uncertainty of the spot prices is represented through snario
sets built from the most recent real data using scenario redction
techniques. The model was solved with real data from a Spartis
generation company and spot prices, and the results are repied
and analyzed.

Index Terms—Short-term electricity generation planning, vir-
tual power plants auctions, bilateral contracts, electriity spot
market, optimal bidding strategies, stochastic programmig.
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The notation used throughout the paper is reproduced belowst

for quick reference.
Sets:

T Set of intervals.

S Set of scenarios.

B Set of bilateral contracts.

T Set of thermal generation units.

M3 Set of scenarios with conditioned accepted GPU's

3

sale bid.

M7F  Set of scenarios with conditioned accepted GPU'’s

purchase bid.

o
/\it

BT:s

bilateral-free day-ahead matched energy, uniin-
terval i, scenarios (MW).

Energy of the bilateral contragtat interval: (MW).
Unit profit of the bilateral contracj at interval
(€/MWh).

Unit profit of the sale bilateral contract after the day-
ahead market§/MWh).

Maximum energy that can be sold through the bilat-
eral contract after the day-ahead market (MWh).
Unit cost of the purchase bilateral contract after the
day-ahead marke&/MWh).

Maximum energy that can be purchased through the
bilateral contract after the day-ahead market (MWh).
Virtual power plant exercise priceE(MWh).

Capacity of the virtual power plant (MW).

Maximum generation of unit (MW).

Minimum generation of unit (MW).

Start-up cost of unit (€).

Shut-down cost of unit (€).

Initial state of unitt (Hours).

t¢"  Operational minimum in service time of unit
(Hours).
tf " Operational minimum idle time of unit (Hours).
A\°  Day-ahead (spot) market price at intervascenario
s (€/MWh).
Functions:

Optimal sale bid function of unit at interval ¢
(€/MWh).
bilateral-free benefit function

UT  Set of initial condition of unit commitment binary First stage continuous variables:

variables.
Constants:

P*  Probability of scenaria.

e Base procurement cost of unit(€).

c Linear procurement cost of unit(€/MWh).

cf Quadratic procurement cost of uri(€/MWh?).
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Generation of unitt at interval: allocated to the
bilateral contracy (MW).

Virtual power plant capacity used at interégMW).
Generic programming unit's generation at interval
allocated to the bilateral contragt(MW).

Auxiliary variable used in the definition of the sale
matched energy of the generic programming unit.
Auxiliary variable used in the definition of the pur-
chase matched energy of the generic programming
unit.

Auxiliary variable used in the definition of the
residual purchase matched energy of the generic
programming unit.

First stage binary variables:



MW ,

z  Equal to 1 if the VPP rights are exercised, 0 other-, ;¢

-| HEEE First auction

wise. 1900 oL L.
Uit EQUaI to 1 if the thermal unit must be committed 1800 ::::i[:::’:r::: :: = _Is_ﬁﬁgn;ugt":ggon
at intervali, 0 otherwise. ggg ; ; == Fourth auction
aix  Equal to 1 if the thermal unit must be turned-on at 50| 1 |-~ = Fifth auction
interval i, 0 otherwise. 1400 [~~~}
€t Equal to 1 if the thermal unit must be shut-down 1300*”""}"""
at intervali, 0 otherwise. oo RO T
y?  Auxiliary variable used in the definition of the sale jo00| |

matched energy of the generic programming unit. 900 ——----+------
y?  Auxiliary variable used in the definition of the pur- 8007
chase matched energy of the generic programminggo, |
unit. 500 f------
y7*  Auxiliary variable used in the definition of the 400 ‘
residual purchase matched energy of the genericggg
programming unit. 100

. : . o
Second stage continuous variables: Jul-Sep Oct-Dic Jan-MarApr-Jun Jul-Sep Oct-Dic Jan-MarApr-Jun
vy  Auxiliary variables used in the definition of the mat- 2007 2007 2008 2008 2008 2008 2009 2009

ched energy of the thermal units at peripdcenario
9y Perio Figure 1. Five auctions of the VPP capacity of the Spanishingetar

S. . electricity market
b;>*  Sale bilateral contract after the day-ahead market at

interval i and scenarig (MW).

b;® Purchase bilateral contract after the day-ahead m
ket at intervali and scenari (MW).

p5,  Total thermal generation of unit at interval i,
scenarios (MW).

,,,,,,,

,,,,,,,

#oth Endesa and Iberdrola have a diversified portfolio of
contracts and power plants, increasing the security ofr thei
supply and reducing their vulnerability to price uncertis.

s . . . In 2006, the total installed capacity of both companies was

Py~ Matched energy of thermal unit at interval i, 50 nq 47 GW, being that the total installed capacity of the
s.s scenarios (MW). . . Spanish electricity system was 78.3 GW. Fig. 1 shows the

p;”  Sale maiched energy of the generic programmin lumes to be auctioned by Endesa and Iberdrola accordingly

p,s lFJ)nit ?}t intervali,hs%enarios (M\]fvzh . with the Real Decree 1634/2006. Observe that the greatest
Pi ure as$ Taf N Hene(;gy of the gl\(zc\(larlc Prografkiumes of auctioned VPP capacity will be reached from April
ming unit at intervak and scenaria (MW). to September 2008, with a total amount of 2000 MW [4].

p;°® Mandatory accepting-price purchase bid of the

generic programming unit at intervaj scenarios Other experience of the application of VPP auctions can

(MW). be found in France, where the Electricité de France (EDF)
. . has made available, since September 2001, 5.4 GW of gener-
Second stage binary variables: ation capacity in France to facilitate the liberalizatioitloe
z;;  Auxiliary variables used in the definition of theprench electricity market [5]. On July 4, 2003, the Belgian
matched energy of the thermal units at interval competition Council approved various transactions legdin
scenarios. the appointment of Electrabel Customer Solutions, a sidryid
of Electrabel, as the default supplier for the customerswuf s
|. INTRODUCTION eral intermunicipal distribution companies, subject totaie

HE new rules of the electrical energy production matindertakings. As part of these undertakings, Electrabsl ha

ket operation of the Iberian Electricity Market MIBELagreed to offer, to actual or potential competitors, up to a
(mainland Spanish and Portuguese systems), for the damgximum of 1.2 GW of VPP capacity in Belgium [6]. On 19
and intradaily market from June 2007 [1], introduces neweptember 2007, E.ON Sales & Trading GmbH (EST) offered
mechanisms to encourage the competition of the productidd0 MW to the electricity market in Germany of the VPP
market (physical futures contracts, bilateral contrachsl aproductin a first auction. EST will consider conducting funt
virtual power plants capacity), and brings new challenges @uctions for one or more similar products on an annual basis
the modelling and optimization of the market operation.  [7].

Aiming to increase the proportion of electricity that is In Spain, the VPP capacity means that the buyer of this
purchased through bilateral contracts with a durationweésd product will have the capacity to generate MWh at his dis-
months and intending to stimulate liquidity in forward elecposal. The buyer can exercise the right to produce against an
tricity markets, the Royal Decree 1634/2006, dated Decemlmxercise price, set in advance, by paying an option premium.
29th, 2006 [3] imposes on Endesa and Iberdrola (the tv8p, although Endesa and Iberdrola still own the power plants
dominant utility companies in the Spanish electricity nedyk part of their production capacity will be at the disposal fué t
to hold a series of five auctions offering virtual power plartuyers of VPP. There will be baseload and peakload contracts
(VPP) capacity to any party who is a member of the MIBELwith different strike prices that are defined a month befbee t



—max {\P}
---mean{\"}
min; {A\P}
—o—Peak load VPP capacity strike price
—=—Base load VPP capacity strike pri

paper, is used to derive the optimal offer curves of a hydro-
thermal system under the assumption that the spot prices for
the day-ahead and reserve markets behave as a Markov Chain.
The mixed-integer stochastic programming model presented
in [15] distinguishes between variables correspondinditb
energyand those representing thmeatched energyalthough

in a price-maker framework and without bilateral contracts
A model very related in some aspects to the one presented
here is [16] where a stochastic unit commitment problem
with bilateral contract is solved maximizing the day-ahead
market benefit. Stochasticity in the spot prices is intraalic
through a set of scenarios, giving rise to a two-stage stiitha
programming problem. In [17] the authors present a mixed
integer stochastic optimization model for scheduling tinedr
units, the production plans are optimized in the presence of
stochastic market clearing prices. Nevertheless the raddel
[16] and [17] did not propose any explicit modellization bét
optimal bidding. To our knowledge, there are no publication
\évé]i(:h consider either the bilateral contracts after the-day
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Spanish day-ahead market prig&/IWh)
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Figure 2. The Spanish day-ahead price market and strike foicthe base
and peak load VPP capacityFrst auction,’ Second auctiont Third auction,
“Fourth auction)

auction. In each case contracts with a duration of 3, 6 and
months will be offered. It is planned that all products wil
be offered simultaneously using an electronic auction. Fig o
2 shows the evolution of the day-ahead market piigeof B. Contributions
day i (daily maximum, mean and minimum) from July 2007 This paper develops a stochastic mixed-integer quadratic
to April 2008, and the three first pre-defined strike price fqsrogramming model for a price-taker generation company
base and peak load VPP capacity, respectively. The enef@enCo) to find the optimal bidding strategy of a pool of
resulting from the exercise of the VPP options can be used thyermal units and a VPP in the Spanish day-ahead electricity
buyers both to contribute to the covering of the national amflarket under the most recent MIBEL regulation regarding
international bilateral contracts prior to the day-aheakat the bilateral contracts rules. The energy of the VPP options
or to sell it to the day-ahead market. In this last case, tigintegrated in the production system through the so called
unmatched VPP energy, if any, can be sold through natiorgneric programming umithich will be described in the next
bilateral contracts after the day-ahead market. These ns®ction. The model allows a price-taker generation company
bilateral contracts after the day-ahead market are negdtiadecide the unit commitment of its thermal units, the ecomomi
previously between the agents and must not be confused wdibpatch of the bilateral contracts between the thermal and
the intradaily markets (see [1] and [8] for more informatiogeneric units, and the optimal bid for both thermal and gener
about the AGC and balancing intradaily markets). units, observing the MIBEL regulation. The model was tested
with real data from a Spanish generation company and spot
A. Literature Review market prices. It has been implemented with AMPL and solved

The VPP capacity auctions attempt to reduce the influentdh CPLE_X' o .
of the dominant agents through financial tools in order to The main contributions of this paper are:
increase the competition in the market. This kind of regotat  + A new model for the optimal thermal bid function and
wants to converge in the perfect market which is integraged b~ matched energy which takes into account the presence of

ead market or the modelization of the VPP.

all price-taker operators. Because of those reasons arfddhe
that it is very difficult to model the influence of a price-make *
operator in the clearing price, the majority of the pubiizas

are focused on price-takers generation companies. General
considerations about the bidding process in these eligtric
markets can be found in [9]-[11]. .

Several authors have proposed optimal bidding models in

the day-ahead market for thermal units under the pricertake ®
assumption, with or without bilateral contracts. The atdhn

bilateral contratcs.

The mathematical modelization of the generic program-
ming unit and the VPP.

The modelization of the optimal bid functions and
matched energy of the generic programming unit.

The inclusion in the optimization model of the bilateral
contracts after the day-ahead market.

The consideration of the most recent regulations of the
MIBEL energy market.

[12] present a mixed integer programming model to optimize This paper is organized as follows. Section Il describes
the production scheduling of a single unit with a simpléhe MIBEL's energy production system around the day-ahead
bidding strategy. The approximation of the step-wise hiddi market and the relevance of the generic programming unit. In
curves by linear functions based on the marginal costs w@sction Il the stochastic programming model for the optima

already considered in [13], although in a context withoutidding strategy is developed. In Section IV the marketeric

bilateral contracts. In [14] the concept pfice-power function scenario generation procedure is described. In Section V a
which is similar to thematched energy functiagiefined in this detailed case study is presented and solved with the prdpose
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Figure 4. Case study

Figure 3. Generic programming unit bilateral contracts through purchase bids or allocating it among the GenCo’s

portfolio of national and international bilateral contisc

o Act as a purchase agent, both sending purchase bids
to the pool and acquiring energy through national and
international bilateral contracts.

After the market clearing the generation program of the
GPU must be allocated among the GenCo’s physical produc-

I[I. MIBEL' S ENERGY PRODUCTION SYSTEM
Fig. 3 depicts the MIBEL's energy production Systemtlon units and bilateral contracts, in such a way tha_\t the net
) . energy balance of the GPU must be zero. The existence of
focused on the GenCo’s energy operation problem. Each arc. .
: ) national bilateral contracts after the day-ahead marletants
represents an energy transaction between the GenCo’scphysi.

: . . iolation of the aforementioned netting energy balancedcon
and generic programming units and the pool as well as t‘je

remaining MIBEL agents. There are four different kinds o on as a consequence of possible unmatched GPU's sale or

transactions: exercised VPP energy (VPP arc), buyingigell purchase bids.

bids to the pool (thick arcs), national and internationkltieral 1. T HE STOCHASTIC PROGRAMMING MODEL

contracts before the day-ahead market (thin arcs) andnatio '

bilateral contracts after the day-ahead market (dashes).axc ~ Fig. 4 represents the part of the whole MIBEL energy

GenCo operating in the MIBEL has to decide all the optima&roduction system (Fig. 3) considered in this study. This

energy allocations and bids pictured in Fig. 3, where tH&ystem will be modeled based on the following assumptions:

continuous arcs correspond to decisions to be taken priorr The GenCo is a price-taker operating in the MIBEL a set

to day D market clearing (9:35h and 10:00h of day D-1, 7 of thermal units (coal, nuclear, fuel) and a GPU.

respectively, for the BC before the D-a market and bids) ande The thermal units irZ” have linear or convex quadratic

the dashed arcs correspond to decisions to be taken in a short generation cost function, constant start-up/shut-down

period (typically half an hour) just after the day D market costs and minimum generation/down time.

clearing. « The GPU is associated to a VPP with known capacity
A GenCo is represented in Fig. 3 by its physical production (¥ MWh) and exercise price\{ €/ MWh).

units (hydro, thermal, combined cyle, pumping) and two non- « Both thermal units and GPU bid to the € 7 =

stochastic programming model, reporting and analyzing the
computational results. Finally some relevant conclusiare
drawn in Section VI.

physical units: theDistribution Auction Generic Uniaind the
Generic Programming UngGPU). The distribution auction
generic unit administers the bilateral contracts, under re

{1,2,...,24} hourly auctions of the day-ahead market.
The stochasticity of the spot prick’, i € Z is repre-
sented by a set of scenarios.

ulated tariffs, to the main distribution companies in Spain « There is a portfolia3 of bilateral contracts duties before
and Portugal. The regulated tariff and the amount of the the day-ahead market with the rest of the MIBEL agents,
bilateral contract are obtained by an auction. By law, a @enC  with known energy {7, MWh) and price §;;€/MWh).
holding such a bilateral contract must send an acceptirngpri « There is an agreement for selling (purchase) bilateral
purchase bid to the pool for the entire amount of the contract contracts after the day-ahead market up to a qual_ﬁity
and, therefore, there is no room for optimization. For more MWh (l_ap MWh) at a priceA*€/MWh (A\"€/MWh). We
information on this kind of bilateral contract see [18]. The assume that it is not possible to obtain net gain from those
generic programming unit (GPU) administers the exercised contracts &7 > \9).
energy of the VPP, and brings more flexibility to the GenCohe objective of this study is to find how to optimally manage
operations in the MIBEL. With the GPU the utility can:  the thermal unitg and the GPU in order to take the maximum
« Integrate the VPP exercised energy into the energy ptteenefit from the day-ahead market (the pool) while covering
duction system, both offering this energy to the podhe bilateral contracts agreements. This problem has been



modelled in this work as a mixed integer quadratic two stage
stochastic optimization problem. Among the complete list o
variables of this model (see the Notation section), the main
information provided by the modehére and nowdecisions

or first stage variables) for each period Z, are:

« For each thermal unit € 7 the unit commitmenta(;,),
the energy allocated to each bilateral conttggt Vj € B
and the optimal sale bids, expressed as a functiaf,pf
(see section III-C).

o For the generic programming unit, the exercised VPP
energy ), the energy allocated to the bilateral contracts
before the day-ahead markefif( Vi € B) and the
optimal sale/purchase bids, expressed in termig’ofnd
pY (see section IlI-D).

A. Bilateral Contracts Constraints

The GenCo has agreed to physically provide the energy
amountsL;; at hour: € 7 of day D for each one of thg € B

bilateral contracts with the rest of the MIBEL participants
This energy L, can be provided both by the real thermal

units 7 and the virtual GPU:
D bk +b5 =L

teT Viel 1)
by >0 YteT (VYjeB
b >0

Figure 5.

¢) p, < b < pip”

o
)\if,

AP

r),s‘ —=
b, DPi bix ' Py
0 Dy—bit

p, b Py P
' -
0 Dy —bit

Representation of the optimal thermal bid fumcti; (p$, b7;)

thei-th day-ahead auction. It can be shown [20] that under the

price-taker assumption and the MIBEL bid rules, the optimal

thermal bid function, i.e., the bid function that maximizhs
nflay-ahead benefit function for any given vahjg regardless

of the value of the clearing price, can be expressed as:

B. Thermal unit commitment
Following [19], Eq. (2) is used to formulate the minimu

up and down times for thermal unit

Uit — UGi—1)t — €t +aig =0 (@)
min{i+t7" | 7]}
Jj=i
min{i-+£",|7]}
et + a <1

a;t + eir <1 (b)
Viel

VteT 2)

(©
j=i+1
Wity @ity e €0, 1} NUT

where Eq. (2a) and (2b) define the auxiliary binary variables
a; ande; to bea;; = 1 iff u 1), = 1 anduy = 0, and
eir = 1 iff ug_1, = 0 andu;; = 1. Then, the minimum
in service (¢") and iddle (?/) times are guaranteed by Eq.
(2b) and Eq. (2c) respectiviedf” represents the value of the
variablesu;, a;; ande;; set by the initial state of the thermal
units.

C. Optimal thermal bidding model

In the MIBEL, a simple day-ahead sale bid consists of
a step-wise non-decreasing curve defined with up to 10
price/power blocks. Similarly to [13], this step-wise saie
will be approximated in our model through tbptimal thermal
bid function X§,(p§,), a piece-wise discontinuous linear non-
decreasing function that gives the value of the optimal bid
price A, at which the thermal generatigry, would be bid at

G (PG, biy) =

0 if 0<p§; <[p,—03]"

2¢{ (pg+bjy) +ci i [p,—bh]T <ph <P, —b;
VieZ, VteT

®)

where [a — b]" = max{0,a — b} and variableb},, the total
energy production of unit assigned to the whole portfolio of
bilateral contracts, is defined as:

b= b, WeT,Viel
JjEB

(4)

Expression (3) can be interpreted with the help of Fig. 5
which represents the optimal thermal bid function (thicie)i
corresponding to four representative values of the badhter
contracts energy;,.

» Case a)this is the case when}, = 0 (the commit-

ted thermal unit¢ doesn’t contribute to the bilateral
contract covering) and coincides with the classical self-
commitment problem treated by several authors ( [13],
[12]). In this case, it is well known that the optimal bid
strategy for a price-taker GenCo is to bid at the true
marginal cost of the unit. Assuming a quadratic thermal
generation cosC”(pS) = ¢ + clp§ + cf(p4)?, then

the optimal bidding policy consists of an instrumental
(A5, = 0) sale bid up to the operational minimum limit
p, to guarantee their acceptance, and the rest of the plant



capacity at the marginal price{p$,+c!, the slope of the
cost functionC” (p5,). If this sale bid is submitted to the
pool, the bilateral-free day-ahead matched energy under
scenarios, p;;° will be (see Fig. 5a):

Db, if pzs = p, VieT

pi*=30 fp;*2p, VieI (5
p° otherwise ~ VSE€S
where p3;° = (A\° —cl) /2¢{ is the unconstrained
maximum of the benefit function
B (pi) = X"*piz — C" (p37) (6)

for a given thermat, period: and scenarig. Please note
thatp;,;”* are constant parameters of the model.

« Cases b) and c)in both cases the enerdy, to be
allocated to the bilateral contracts is below the bilateral
free day-ahead matched eneygy®, but strictly positive. Figure 6.
The MIBEL rules exclude this allocated energy from  pice AP
the sale bid of the thermal unit, giving rise to the optimal
bid curve associated with the second coordinate system
of Fig. 5 b) and c) (thick line), starting at a valé§ of D. Optimal Generic Programming Unit bidding model
the original x-axis. In both cases the matched energy will
be the difference;,* — b7,

« Case d)In this last case the allocated enetgyexceeds
the quantityp,;*. Looking at the optimal bid curve it
can be observed that the minimum price asked fro
the market\,(0,b%) = 2¢fb7, + ¢ is greater than the b = be’; Viel (10)
represented spot prick® and, consequently, the sale jeB
bid will remain unmatched. Second, we assume thaf, the exercised energy of the VPP,

The matched energy function under scel_”laripft’s associ- genends on the value of the binary variablé as follows:
ated with the optimal thermal bidding function (3) (alsoledl

The thermal unit matched energy functjﬁ;ﬁ?“" for a fixed spot

In this section the optimal bidding and the matched energy
functions for a GPU will be derived. First, variabb& will
represent the total contribution of the GPU to the coverdge o
tmhe bilateral contracts before the day-ahead market:

price-power functiorin [14]) will be: pi =p'z; Viel (11)
. 2 — LT if wg = 1 Viel Under this assumption, the expression of the optimal GPU bid
P (bf wig) =3 ’ . vt €T (7) function can be developed analyzing the two cagés- 0 and
{O ifue=0 yseg Y =1
_ _ o « 7 = 0: VPP rights are not exercised, and then, the
Fig. 6 represents the functigrf,” (b7, ui:) (thick line), for energyb¢ must be either acquired to the pool or provided
a fixed value of the spot prica;". With the help of the by the bilateral contracts after the day-ahead market at an
auxiliary variablesz;, (binary) andv;, (continuous) (see Fig. agreed price\”, which is the maximum price we were
6) the non-differentiable expression (7) can be shown to be willing to pay to the pool for that amount of energy.
equivalent to the following mixed-integer linear systen@jf2 Therefore the optimal purchase bidnergy price pair
Pii” = Py “wa + vy — by s
(b, A7) if zl =0 (12)

Py " (2 +uie—1) <bj;
BT <2 (1= 25) +T, (25, +use— 1) VieT e xy =1 : the _VPP rights have_ been exermse_d and
0<pT5 <P (1 — 25} < pP Ve T 8 the exercise price has.been paid. Then, two different
<P <Py (1= 20) <piy i < 8) situations must be considered:

0<v, <@ —p ") (g +uu—1) [ V€S — b <Y : after covering the energyf with the VPP,

b% € 10,7, there is an energy surplus @ — b¢] that can be

22 e{0,1) sold elther to the pool, at unknown spot pricg, or

K ’ to the bilateral contracts after the day-ahead market,
Finally, we define the second stage variablgshat represent at known sale price\®. Then, the energy surplus
the total generation of thermal unitat period: conditioned should be offered to the pool at a price not less than
to scenarias, expressed as: A®, being the optimal sale bid:

Py = pif” + by ©) ([P =67, A%) if 2 =Tandbi <p; (13)



— b¢ > py : analogously to the case’ = 0, in order
to fulfill the uncovered part of the bilateral contracts
duty the following optimal purchase bid must be
submitted:

(b7 —pi'l,A") i =z =landby >p; (14)

As a result of the precedent analysis, thptimal sale and
purchase bid for the GP(Eq. (12-14)) can be expressed in
the following compact form:

0SB = ([py —bf]",A%) (15)
OPB = ([bf —p"]" +min{b,p" —p;},A") (16)

K2

It can be easily verified that for any given value of the first
stage variable®{ and pY, Eq. (15-16) correspond to the A ari=0
optimal bidding rules developed in Eqg. (12-14). Eg. (15-16) <——— -~
can be used to derive the expressions of the matched energy
at each scenarie € S, as functions of the first stage variables

pY andb¢. First, consider the two following sets of scenariogigure 7. The GPU matched sale energy functionajfr s € M.

M: = {5 €8 AP" > 1%}

MPi={se SN <A}
The set M7 includes those scenarios where, at thth
day-ahead auction, the optimal sale bid (15), if any, will

be accepted. Then, after Eq. (15), theatched sale energy
functionwill be:

VieTl  (17)

sspe vy | Py —=bg1t if se MP (a)
p; (biapi)_{ 0 ifngis (b)
VieZ,VseS (18)

Analogously the seM? includes those scenarios where, at the
i-th day-ahead auction, the optimal purchase bid (16), if any
will be accepted. For convenience, the two terms of the total
matched purchase energy of Eq. (16) will be represented by
two separate matched functions, ttmatched purchase energy
function

min{b¢,p" —p;} if se MF (a)

K2

pf’s(bf,pf)={0 its g M7 (b)
Viel,VseS (19)

and theresidual matched purchase energy function

Figure 8. The GPU matched purchase energy functiom)(1& s € M.

e — ]+ it s M” (a) could be nonempty. This fact doesn’t reveal any inconsa'};t(_en
{ 01 it s gZM; () of the model, because Eq. (18,19,20) are formulated in a
4 way that, for anys € M**, only the matched sale energy
VieT,VseS (20) p;° orthe total matched purchase eneggy’ + p;"* can be
reater than zero, but never both simultaneously. Then, for
Yose scenarios V", only a sale bid or a purchase bid
%A1l be submitted, depending on the value of the varialfés

dpy.

Pt (b)) =

Observing Eq. (18,19,20) it becomes evident that actual
the value of the matched sale energy will be the same
any scenario inM?, and the same happens with the match

purchase energies and the scenariosff’. Nevertheless, The non-differential functions (18,19,20) can be conve-

the supraindex $” will be conserved for the sake of clarity . . : LN
niently incorporated into the optimization model through a
and to strengthen the fact that these are actually secage-st_ " . : . —— .
eguwalent mixed-linear modelization. Eq. (18), which ex-

variables, as there will be scenarios with non-zero matché . .
: S . : Haresses the matched sale enesy as a function of variables
energies while in others those energies will be zero. Arothe,

issue to mention is that, as we are assuming ¥ak A? py and b (see Fig. 7 for a graphical representation of this
the intersection set: ' " function) can be incorporated into the optimization model

through the equivalent set of linear constraints (22), giine
M= MENMP ={seS| A" €[N, \"]} (21) auxiliary variablesw; (continuous) and;? (binary):



Y} yi =1 R,s
Lr | | p; =0 Vs & MY
1 1 p;?* =bf +wf —p¥ Vs M;
1 1 0<p”® < LPyf Vs € M7
Lo—p¥T ‘ ‘ PYy < b VieZl  (25)

b <P (1 —y) + L7y}
0<w!<p"(1—-y")
y;i €{0,1}

where, once againw; (continuous) andy; (binary) are
introduced as auxiliary variables.

te ' E. GPU’s net energy balance
’ Any GPU operating in the MIBEL must satisfy at each

houri € 7 that the net energy balance of the GPU must be
zero, with the help, if necessary, of the bilateral consadter

Py <bf
by <p"(1—y; )+ L7 (y; +=])—p;
0<w; <(L7—p")y; +Lix]

y; €{0,1}

Viel

(24)

Figure 9. The GPU residual matched purchase energy fun¢@om) for the day-ahead market (see section Ill). Following this e
s € MJ. assume that, for each scenasie S, energiesh;* andb;*
are purchased and sold through these new bilateral cositract
up to a given maximum quantity at known pricgs and \°
p*=0 Vs & M$ (remember that\® < AF) respectively. Then the GPU’s net
P = pY +ws — b Vs € MS energy balance constraints for each hband scenaria are:
A% P,s R,S P,s _ _S,s S,s el
0Pt <Py <p Vs e M PEER RN S
' 0<b™ <B" VSES g
Y (yi—1) +p) <bF vier (220 0shTs vier (%0
s =
bf <P’ (1L-y)) + iy 0=t <b
0<w; <(Ly-p")y; +p" —p; F. Objetive function
y; €1{0,1} The expected value of the benefit functiop can be
expressed as:
where Exo [B(u,a,e,p,p",p",p% p",p", 0%, b7 A")] =
> DMLY (27)
LP=>Lj Viel (23) VieIVjel
vIEr - Z Z {aneit + C?ffait + c?uu} - Z A'pi (28)
VieIVteT vieT
Analogously, the matched purchase energy function (19), +»_ > Y P*[\?"p°—cipl—ci(p})?]  (29)
represented graphically in Fig. 8, can be formulated as the Vi€ VteT Vs€S
system of linear constraints (24), with the help of the dawyl + Z Z ps [)\va(p_s,s_pﬁs_p{m)] (30)
variablesw? (continuous) and;? (binary). e Sl
+ Z Z PN = AP b) (31)
pf-ﬁ =0 Vs ¢ MF Vi€eIVseS
PP = b — P Vs € MP The term (27) represents the total income of the bilateral
_1V R o . . ; contracts before the day-ahead market (constant) and can be
P’y <p;” <PV —p; VseMj ignored in the optimization. The term (28) does not depend on

the realization of the random variabl’*, and corresponds

to the on/off fixed cost of the unit commitment and the
exercise cost of the VPP energy. The expressions (29-31)
are respectively the expected value of the benefit coming
from the day-ahead market’'s bids of the thermal units (29) ,
from the day-ahead market’s bids of the generic programming
unit (30) and from the bilateral contracts after the dayaahe

Finally, the residual matched purchase energy function), (2@narket (31). All the functions appearing in (28-31) are dine
represented in Fig. 9, is introduced in the model through tle&cepting the generation costs of the thermal units (29ictwh
following set of linear constraints: are concave quadratic(> 0, see Table II).
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G. Final model 90 -o-Expe;:led benefi] L
-0- Benefit variation
The final model developped in the previous sections 0.0 12
max E)\D [B(u7aaeapvaapvapsvppvavbsvbp;)\D)] o 10
S.t. . . . @ §
Eg. (1) Bilateral contractd3 covering F89g 0.82
Eg. (2) Unit commitment const. 2 ;:.;
Eqg. (4) Thermal'sd}; def. 2508 06y
Eqg. (8) Thermal's matched energy/,* def.
Eq.(9) Thermal's total generatiops, def. 894 o4
Eg. (10) GPU'sb def. sol o
Eq. (11) VPP’s energy nominatiop) def. ‘ '
Eg. (22) GPU’s matched sale energy*® def. N
Eq. (24) GPU’s matched purchase enerngy® def. 0B B ber of scenarigs AP B
Eqg. (25) GPU’s residual matched energy* def. e 10, Exvected benefit val 4 dif betweenetcied
3 igure . Xpecte enerit value an Iference petweene: ctel
Eg. (26) GPU's net energy balance const. benefit of the complete set and each reduced one, as fundtibre mumber

(32) of scenarios
Taking into account the parameters and sets defined in Egs.

(5), (17) and (23). The resulting deterministic equivaleithe Table |

. . . . STOCHASTICPROGRAMMING INDICATORS
proposed two-stage stochastic problem is a mixed contsuou
binary linearly constrained concave q_uadratic maximizati Monday, April 28, 2008
problem that can be solved efficiently with the help of stadda RP 901.16&
optimization software, as will be illustrated in Section V. EEV 848.528

VSS 52.63&

IV. THE MARKET PRICE SCENARIO GENERATION

~ The two-stage stochastic model (32) requires a charactery Taple | the stochastic programming indicators needed to
ization of the market price through a set of scenarios, alggajyate the goodness of the stochastic approximation [26]
known asscenario fan. Many scenario generation methodge reported. VSS, the measure of the advantage of using
are available, see [23] or [24] for a review of them. the stochastic programming model instead of the detertitnis
The creation of new bilateral contracts and the applicatigfhe, shows that it is possible to increase the expected kenefi

of VP_P auctions started up at June 2007. As the behavior|gf 52 636 (6.02%) by using the stochastic optimal solution.
the prices depends on the market rules, a complete set of 261

equiprobable scenarios has been obtained using all alailab
market prices from June 2007 [24].

Given that the size and computational cost of the stochasticThe model (32) has been tested with real data from a
programming models depends on the number of scenariS8panish generation company and market prices [2] and the
some scenario reduction techniques have to be appliedrésults are reported in this section. The day under study is
order to reduce the original set of scenarios into a smaller lMonday, May 05, 2008. As explained in the previous sections,
representative one. We apply the scenario reduction #fgori a fan with 75 scenarios has been used to represent the spot
explained in [25], which determines a subset of the initigdrice stochasticity. The characteristics of the thermatsun
scenario set and assigns new probabilities to the preserbddteral contracts and VPP capacity are shown in Tables Il,
scenarios. [l and IV, respectively. The model (32) has been impleménte

In our model, a scenario is a set of 24 hourly market priceés. AMPL [21] and solved with CPLEX [22] (called with
The original number of scenarios was 261. The reductiaefault options) using a SunFire X2200 with two dual core
technique is applied resulting in subsets of 10, 25, 50, 7BMD Opteron 2222 processors at 3 GHz and 32 Gb of RAM
100, 150, 200 and 250 scenarios. Fig. 10 shows how themory.
optimal objective function value changes as the number ofA set of computational tests has been performed to evaluate
scenarios increases. It also contains (right axis) themiffce the influence of the GPU and VPP in the GenCo’s optimal
in percentage between expected benefits of the complete grbidding strategy in the MIBEL. For this reason, the proposed
of 261 scenarios and each reduced s&E[Benefits](t)). stochastic programming model was tested for three differen
Observe how from 75 scenarios any additional increase of tb@ses: (a) a GenCo with GPU and VPP capacity; (b) a
number of scenarios improves the expected benefits by I€&snCo with GPU but without VPP capacity; and (c) a GenCo
than 0.09% while the CPU time increases more than 15 timesithout GPU (see Table V for a summary of the optimization
(from 442s with 75 scenarios to 6554s with 100 scenariogroblem’s dimensions and solutions). The worst expected
As a consequence, model (32) will be tested by a fan wigrofit is obtained in case (c), where the thermal units are the
75 scenarios for which the objective function value becomesly responsibility for fulfilling the BCs before the day-edd
stable and the computational time cost remains acceptablemarket. Case (b) obtains a greater expected profit than cgse (

V. TEST AND RESULTS
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Table 11 1500 ;
OPERATIONAL CHARACTERISTICS OF THETHERMAL UNITS EZ;
+[j;3
t cb c cf p, D st? cg™ cfff 1248 t:ff -0-pY
€ €/MWh €/MWhZ MW MW hr € € hr hr
1 151.08 40.37  0.015160.0 350.0 +3 412.80 412.80 3 1000 1
2 55421 36.50 0.023 250.0 563.2 +3 803.75 803.75 3
; O+ O XX kY [¢}- O-|tO 1|01 O+ O 1O~ 1 O+ g1 O-{FO 1|0~ |1 O o2+ O-+O 1|-O
3 97.56 43.88 0.000 80.0 284.2 -3 244.80 24480 3 s
4 327.02 28.85 0.036 160.0 370.7 +3 438.40 438.40 3
5 64.97 45.80 0.000 30.0 65.0 +3 100.20 100.20 3 500F ] E
6 366.08 -13.72 0.274 60.0 166.4 +3 188.40 188.40 3
7 197.93 36.91 0.020 160.0 364.1 +3 419.20 419.20 3 ;
8 66.46 55.74 0.000 110.0 313.6 —3 1298.88 1298.88 3 :
9 66.46 55.74 0.000 110.0 313.6 —3 1298.88 1298.88 3 0 H
10 372.14 105.08 0.000 90.0 350.0 -3 1315.44 1315.44 3 0 3 6 9 |}|2 15 18 21 24
our
Table Il Figure 11. Aggregated economic dispatch of the two BCs batwihe
CHARACTERISTICS OF THEBILATERAL CONTRACTS thermal units and the GPU for study case (a). Exercised VRRygris also
shown.
J LT a5 AM24j
MW €/MWh
11100 52 its VPP rights f¢ = 0). For those time periods, all the
2 400 63

due to the possibility of being able to buy cheaper energnfro

the pool to cover the BCs and to avoid the use of expensive
thermal units. The greatest expected profit is obtained $@ ca
(a) where the VPP capacity is used to sell in the day-ahead

market and to cover part of the BCs, using the same advantages

of case (b). .
The optimal management of the GPU in case (a) can be
analyzed with the help of Fig. 11 and 12. Fig. 11 shows the
aggregated economic dispatch of the two BCs (1.500MWh)
by the thermal units &, white bars) and the GPU,
black bars), together with the exercised VPP energysmall
circles). Fig. 12 shows the optimal GPU’s sale bid (SB
positive values) and purchase bid (OPBegative values) for
both cases (a) and (b) (black and white bars respectively).
Observing both graphs along the whole 24h optimization
horizon, it is clear that the GPU exhibits a differentiated
behaviour depending on the time period considered:

energybs allocated to the BCs must be purchased to the
day-ahead market (purchase bids, black negative bars in
Fig. 12) or from the BCs after the day ahead market.
For the rest of the time periods the GenCo does exercise
completely its VPP rightsp{’ = 5;).

There is only one time periodi (= 16) where the
exercised energy coincides with the energy allocated to
the BCs {7 = pie)-

For periodsi € {3,4, 8,21} the allocated energy exceeds
the exercised oné{ > pY). The surplus energy; —pY

must be obtained either from the day-ahead market (see
the purchase bids for those time periods, black negative
bars in Fig. 12) or from the BCs after the day ahead
market.

For periodsi € {1,2,9—15,17 — 20,22 — 24}, only part

of the exercised VPP energy is used to satisfy the BCs,
and the rest is submitted to the day-ahead market (sale
bids for those time periods, black positive bars in Fig.
12)

Case (b) corresponds to those GenCos operating in the

« Intime periodsi € {5,6, 7}, the GenCo doesn't exercisey|geL which are not allowed to acquire any VPP capacity

Table IV

CHARACTERISTIC OF THEVPP CAPACITY AND THE BC'SAFTER

DAY-AHEAD MARKET

S B

pY AV S b A\B b

MW €/MWh €/MWh MW €/MWh MW

800 38 20 200 100 200
Table V

OPTIMIZATION CHARACTERISTICS OF THESTUDY CASES

Case Constraints Real Binary E(Benefits) CPU
variables variables € S

@ 134034 56002 18816 901.164 442

(b) 128503 52364 18792 665.530 214

(c) 119399 46895 18720 610.264 142

rights in order to prevent these GenCos from becoming price-
makers. Under the assumptions of model (32), such a GenCo
can use the GPU to purchase energy from the day-ahead
market at its best convenience, resulting in an optimality
purchase bid pattern that is depicted by the white bars in Fig
12. The energy of the optimal purchase bid coincides in this
case with the contribution of the GPU to the BCs at each time
period, b5 .

Finally, the optimal thermal unit’s bidding is analyzed.eTh
thick line in Fig. 13 shows the optimal thermal bid function
A5 (pG, b5) of three thermal units (3, 4 and 6) for all case
studies in each interval. Remember thidt is the energy
allocated to the BCs, in such a way that the submitted bidding
comprises energies betweghandp,. The symbob?! is used
to point out the BCs contribution for the remaining hours not
shown explicitly in each sub-figure. Observing Fig. 13 it is
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Figure 13. Bidding curve of thermal programming units 3, 4 &nfor all study cases.
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Hour

Figure 12. Sold and bought optimal bidding of the genericgmmming
unit for the study cases (a) and (b).

(c), where the bidding is almost identical in all time pesod

In general, Fig. 13 shows that the optimal thermal unit’s
bidding is affected significatively when a GPU is considered
changing drastically the optimal bidding in a non-triviaayv
that increases the opportunity of the GenCo to take benefits
from the pool.

VI. CONCLUSIONS

This paper provides a procedure for a price-taker generatio
company operating under the most recent regulations of the
MIBEL lIberic Electricity Market to optimally manage a pool
of thermal units and a generic programming unit. The pro-
posed technique is built within the versatile decision feam
work provided by the stochastic programming methodology.
A two-stage stochastic mixed quadratic programming prable
is proposed to decide the optimal unit commitment of the
thermal units, the optimal economic dispatch of the bikdter
contracts between the thermal and generic programming unit
and the optimal bid for thermal and generic programmingsunit

clear that the presence of the GPU and VPP capacity alloalsserving the MIBEL regulation. The objective of the proeuc
the thermal units to submit more energy to the pool. See, fisrto maximize the expected profit from its involvement in
instance, the extreme case of thermal unit 3: without GPle spot market, bilateral contracts and virtual power fplan
(case (c)) the generation of this unit is exclusively deidida capacity. The set of scenarios representing the uncertaint

to the BCs §; ; = p3 Vi), while with GPU and VPP capacity the spot prices is built applying reduction techniques ® th
(case (a)) all the production output between the operatitnee obtained from real data of the MIBEL system. The model
limits are submitted to the poob{; = P, V7). The rest of the was implemented and solved with commercial optimization
thermal units exhibit a similar behaviour. Observe also hopackages and tested with real data of a Spanish generation
the availability of the GPU allows the bidding of the thermatompany and market prices. The results of the computational
unit 6 to adapt itself to the different periods in contrast&se experiments are reported and analyzed.
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