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Power Engineering Lab: Electricity Market Simulator
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Abstract—This paper presents a successful lab experience to B. Experience
teach pool-based electricity markets to power engineering stu- . . . .
dents. Students are arranged in groups and assigned, at random,  This paper presents a successful lab experience in which
a set of generators. They play the role of power producers and students get familiar with all the steps that a power producer
compete against each other with the target of maximizing their must perform to generate successful bids in an electricity
own profits. The instructor plays the role of the market operator. pool. This experience has greatly increased the interest of

A market simulator and a computer communication network students in power subjects, has promoted their creativity and
make it possible to simulate the actual functioning of a pool-based P | ’ P y

electricity market. The elements that have made this educational has been a vehicle to cradle their innovative ideas. This lab
experience successful are described and analyzed. Several casexperience is built around a market simulator. This simulator

examples are discussed. is based on the widely used software package MATLAB and
Index Terms—Electricity markets, power engineering labora- a computer communication net, which can be replaced by the
tory, power producers, simulation tool. WWW. The experience has been carried out at the University
of Castilla—La Mancha, Ciudad Real, Spain, as a part of a

|. INTRODUCTION senior undergraduate course on power system analysis.

Students are divided into groups and every group is assigned,
at random, a set of power plants, including their operational

N MANY countries all over the world the power industryand cost characteristics. All sets of power plants are reasonably

is moving toward a competitive framework and a marketimilar. Student groups behave as power producers and the in-
environment is replacing the traditional centralized operatigtructor plays the role of the MO. The functioning of the PX is
approach. The main objective of an electricity market is tas follows.

decrease the cost of electricity through competition. The 1) The MO broadcasts hourly loads in an electronic bul-
market environment typically consists of a pool and a floor  |etin board using the computer communication net or the
to carry out bilateral contracts. Adequate new software tools  \WwWww.

are needed to support new activities in the pool, such as2) Every student group has a limited amount of time to de-
optimization-based generation schedulers and price-bidding rive its strategy as a power producer and to send its pro-
tools. The pool, or power exchange (PX), is an e-commerce  duction and price bids to the MO using the computer com-
marketplace where generating companies (GENCOs) submit  munication network.

production bids and their corresponding prices and consumer3) The MO clears the market and determines the hourly
companies (CONCOs) do the same with demand bids. The = market-clearing prices and the revenues of every group
market operator (MO) uses a market-clearing tool to clear  \which are made public through the electronic bulletin
the market at every hour and this results in a market-clearing  poard.

price and the set of accepted production and consumption bidsgteps 1 to 3 reproduce the actual functioning of an electricity
From a pool perspective, an appropriate market-clearing tqfhrket based on a pool. This market simulation procedure is
is a double auction mechanism [1]-[3]. Hourly auctions ai@peated several times. The first trials allow students to get fa-
performed one at a time and repair heuristics are used to mak@ar with the procedure and the last ones are used to rank and
results technically feasible. Hourly adjustment markets are alg@de them. Fig. 1 depicts the e-commerce architecture of the
used to take deviations into account and to repair infeasibilitig§oposed electricity market.

Itis crucial that students get exposed to the functioning of | order to derive an aggregate bidding strategy, students have
the electricity markets. Furthermore, the power industry is dggo types of tools available. The first one is a price-forecasting
manding an increasing number of power graduates with knoackage that allows them to forecast next-market clearing prices
edge of the theoretical and practical foundations of electricify| The second one is an optimization-based tool allowing stu-
markets. Students need also to obtain practical experienceq@it groups to determine the optimal response of any of their
how to generate bids and on how to bid. One of the best waysjénerators to a sequence of prices such that the profit of the
achieve this goal is by means of an electricity market simulatgenerator is maximized. This tool is of the type reported in [8].

A. Background

[4]-{6]. Unlike actual markets, the MO has also available operating
constraints and cost information of every generator of each
Manuscript received March 12, 2001; revised September 28, 2001. group. This makes possible to compute the profits of every

The authors are with the Escuela Técnica Superior de Ingenieros 'ndQ?OUD and therefore to rank and grade them. It also allows
triales, Universidad de Castilla—La Mancha, Ciudad Real, Spain (e-mall;

javier.contreras@uclm.es; antonio.conejo@uclm.es; storre@ind-cr.uclm.es?heCki_ng that no generator, when bidding, is violating its
Publisher Item Identifier S 0885-8950(02)03839-7. operational constraints.
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Fig. 1. Architecture of the market simulator.

Il. ELECTRICITY MARKET SIMULATOR Market Algorithm

As previously mentioned, the considered electricity market is ?;;;g

a trading pool made up of groups of generators, demand(s), an 2
a market operator that carries out the matching of bids.

The rules of this pool are inspired by the electricity market 26
of mainland Spain [9] and they are described below. The in- Clearing
terested reader can find an unofficial translation of these rules "5 .o **
in English [10]. Additionally, the required MATLAB files and
www plug-ins to run the simulation can be found in [11] and 10
[12], respectively. The MATLAB files of the simulator, as well -—I_L__
as the standard software used, are also available to the read s
[11], [12].

In a single-period simple auction, the supply bids are matchec TR T R TR e e
with the demand bids by the market clearing algorithm. The Power (MW)
time step to perform the matching of bids is 1 h. This type of Accepted iNon-Accepted
auction is depicted in Fig. 2. The procedure is as follows. For Bids Bids
each hour, a supply curve is built up considering the selling bids
for that hour ordered by increasing prices and a demand cufi& 2 Simple bid matching algorithm.
is built up considering the buying bids for that hour ordered by
decreasing prices. The intersection of the supply and demad the hourly market price obtained as the price of the last
curves determines the selling and buying bids that are accepaedepted selling bid.
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The simplest way to bid is using a “simple” bid format con- smallest one, the noncompliant bids are withdrawn one
sisting of a pair of (hourly) values: quantity (MWh) and price by one and the process is repeated until all the remaining
(e/MWh). Each selling or buying participant can present several  bids fulfill the constraint.
pairs of values for the same generation or demand unit. Groupse The MO checks if any minimum up-time is not met by any
are required to produce four-block bids for every one of its units  unit. If so, the unit withdraws the market and the process is
in every hour. repeated until all the units meet the time condition. It may

However, in a realistic electricity market auction, itis neces-  happen that when a unit leaves, another unit that did not
sary to consider constraints that bind time and production, tech- comply with the constraint is able to return to the market.
nical constraints and also the economic concerns of the gener-> The MO verifies if every unit complies with the min-
ating groups. Therefore, a more complex mechanism to match imum revenue condition. Previously, the MO has calcu-
bids including some extra conditions from the bidders’ side are lated every unit revenue (closing prices times matched
required. guantities). Then, it orders the units according to the dif-

When bids are not “Simp|e" but “Comp|eX," each production ference between actual and minimum revenue, such that
unit is allowed to bid with several extra conditions, in addition ~ the unit with the biggest nonfulfillment is the first to leave
to the simple price/quantity bids. the auction. The process is repeated for all time periods

until all the units comply with the constraint. It is possible
that a unit can re-enter the auction because, when another
unit leaves the market, prices increase and it is possible
that the revenue of the new entrant may increase.
nally, there are additional tools available to the students to
" - ; qrﬂprove their bids, such as a price forecasting engine and an op-
specified minimum operating level. . . timal response algorithm [8]. These tools are likely to be used by
* Up- and Down-ramp Rateghe maximum variations of sophisticated or experienced bidders. When placing their bids,

the unit output in two consecutive hours can be spegh - : -
: . : . e students are aware of the optimal self-scheduling of their
fied. That is, for the considered unit, the energy scheg- P 9

. X . ? wn units and they have updated information of the aggregated

uled by the matchm_g algonth_m_m two ansecutlve .hourgﬁer and demand curves. After a few rounds, they are experi-

must meet th? maximum variation condition specified Fhced with the program and with their own previous successes
MW/hour for increasing output and/or MW/hour for de'and failures

. K;ga_tsmg %’tptgt' o th Luniti it should b The price forecast engine uses time series data of hourly

m;(r_nurr; p-ime nce:; erfrr;]a unitis on, it shou eprices to forecast next-market prices. Student groups use a

. v’\\//lqr' Ing or\r)aglveg_kr]].um e(;'? ours. ified with a fixed data-base of historical prices to forecast the clearing prices of

i inimum evznu IS g?nt' lon s S/IF\’E\:/'HE _I_Vr\:' aliXed e market they are facing. Once they have forecasted market

fgr(;n (!n.E) and a varia el errtrrll ('f& dt )- Ie st|?]eC|- clearing prices, they use them to determine the productions of

Ied minimum revenue va ue ( € fixed term pius the var, o, generators, facing these prices and meeting all technical
able term times the sum of the dispatched energy) must Shstraints

lower th"’.“? the revenue Wh'c.h. IS obtamed_by m_ul'upl_ylng The target of every group is to maximize its profits. Student
Eh_e spe"cmed matched quantities and clos_mg prices in tE]?oups do that using an optimal response algorithm that pro-
simple formf';\t of the_ considered generatlng unit k_"d_' vides for a given generator its optimal energy production in
Also, the matching of bids uses several repair heuristic &lyery hour, Using this information student groups should pre-
gorithms. These algorithms fix infeasibilities that may appeag e their respective bidding strategies and perform the actual
because one or more constraints are unfulfilled. The matCh'BQiding using the computer communication network. Although
of complex bids is as follows. _ _ ~ market power is perfectly possible, game-theoretical negotiation
First, the matching algorithm considers all bids to be simplgrategies [13] exceed the scope of the market simulator. Nev-
and produces prices that are not affected by any constraigfineless, the simulator can be used to simulate the behavior of
Then, there is a sequence of checkings of constraints and tr}}ﬁiﬁe_makers as well as competitive fringe producers.
corresponding repair algorithms. The order of the sequence
follows.

« Minimum Output PowerThe first quantity bid is always
nondivisible. That is, in case that the designated bid is
accepted, it should be for the total quantity and not for a
fraction of it. This condition has been implemented to take Fi
into account that some thermal units have to run abov

[ll. CASE STUDIES
» The MO checks if all the matched productions fulfill the

up- and down-ramp rates. If a unit produces a quantity thatFive generators during. a period of .four hours wiFh an elastic

is beyond its allowed production, this quantity is reduce@j_ema”d are considered in the following case _studl_es. The con-

to the up-ramp rate limit of this unit, starting from theSidered cases are: a base case and two modifications designed

unit most expensive bid. Similarly, if a unit is producing© test the student's understanding of the whole problem.

less than the down rate limit, its production is increased, The maximum and minimum power output for every unit are

starting with its own cheapest bid. This process is repeatgldown in Table I, wheré’,;, is the minimum power output and

for all time periods, starting from the previous hour bid’max is the maximum power output.

curve at each period. Data regarding the bids for the five generators are presented
« The MO verifies if all generators have included thén Table Il, whereP is the offered power in MW and is the

minimum output power condition in their bids. Theprice of the corresponding block ®/MWh. In this example,

noncompliant bids are ordered in an increasing fashiotiere are four blocks per generator, each one possibly different

depending on the quantity bid. Beginning with thén amount and price.
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TABLE | C. Third Case Study
GENERATOR DATA e . . T
The second modification assumes that the first block is indi-
UNIT1 | UNIT2 | UNIT3 [ UNIT4 | UNIT 5 visible for unit 1 and that the ramp rate constraint of unit 3 is
P MW | 7 10 8 ° 20 still enforced. Table VI shows the power output of the units.
P MW) | 197 210 163 74 290 The total revenues of the units are: 3871, 9736, 10265, 3541,

and 18 99, respectively. Final prices for the four hour period

. . _ e: 16.5, 18, 21, and 24/MWh, respectively.
The elastic demand is modeled using five demand blocks W';#;Note that unit 1 did not meet the indivisibility constraint in

prices in decreasw_lg order. The demand bIocks_are shownylg previous two cases. However, in the third case unit 1 cannot
T"’?b'e i, yvhgreD is the F’ema”d of every bloc'k in MW andproduce in hour 2, as indicated in shadow in Table VI. As ex-
).\ is the price me/MWh. Fig. 3 §hows the matching of generay . tad unit 1 decreases its revenue.

tion and demand bids for the first hour. Note that every student

group is assigned a generator in all case studies, while the pc-Comparison

tual arrangement is five generators per group. For the sake o . . .
9 9 per group f:rom the three case studies some conclusions can be inferred.

clarity, the number of units has been reduced in this |IIustrat|vAeS shown in Fig. 4, if one additional constraint is added, those

example. : ; .
It should be noted that if the price-demand curve intersects tlf*lnré'ts that are affected by the constr aint decreage their revenues
and the units that are not affected increase their revenues. This

horizontal part of the price-production curve (as in Fig. 3), thg he case for units 2, 4, and 5 that are not affected by any of
demands consume up to their last MW demanded and acceptﬁé'constraints Y

However, the initially accepted bids of the marginal generators
are proportionally shaved so that production and demand e symmary

balanced. Similarly, if the price-demand curve intersects the ver-_l_h . les h b d d ith
tical part of the price-production curve, then the sharing WOU{% e previous examples have been proposed to students wit

be on the demand side. That is, all generators would produce ﬁ_intention that they ggt exposed t_o _the effect of ramp rates,

to their last accepted MW, but initially accepted marginal gdhnimum up- and down-times, and minimum poweroutpgt con-

mand bids would be proportionally shaved. straints. They actually grasp the effect of the;e constraints and
The way to measure the performance of every student gro'ﬁﬁd to bid consequently. After several round trials, they become

is by means of revenue comparison. At the end of the simulatidyare of the limitations of their units. It has been observed that

the student group revenue, which is the product of all accep(}%'ﬂgviililchjjﬂs(m terms of revenue) bid changes are kept inthe

bids times hourly prices, is made public. Students are rewar

according to their success in bidding. IV LAB EXPERIENGE

Previous to the lab work, students get familiar with the de-
) sign and rules of the market they have to simulate in the lab.
Total revenues are. 3968, 9579, 10618, 35.02’ and 18735 he market rules that have been used are those explained in
respectively. Final prices for the four hour period are: 16.5, 1 ection Il
21 a_nd 21€/MWh, respectively. Fif‘a' output of the units after Studenfs are arranged in groups of three. All groups are as-
closing the market are presentgd in Table V. signed five power units. More than five units makes data han-
Fro.m the results of Table IV. it can be observeq that, as lo ng messy enough to distract students from their task as bid
as units 3 and 5 do not offer prices aboveem/I.Wh |n.hours 3 V\Producers. The group only knows the cost and production char-
and 4, the market allows them tq produce their maximum PoWgLieristics of its units, not the characteristics of the units of other
output. Unit 1 producgs 0 MW in hour 1 because t_he price o roups. In this way, every group becomes a power producer with
fered by the demand is 16&§MWh and its lowest price bid is no knowledge of its competitor data. The target of every group

A. Base Case Study

18 €/MWh. is to bid in the market to make more money that its competi-
tors. The market time horizon is up to 5 h. This number of hours
B. Second Case Study is sufficient to get students exposed to the effect of ramp-rate,

The first modification of the base case study assumes ttfainimum up-time and minimum down-time constraints.
unit 3 has a ramp rate limit equal to 50 MW per hour. Resulting Groups should produce four-block bids for every one of its
power outputs are now presented in Table V. units. Bidding prices should increase and the first bidding power

The total revenue of each unit becomes: 3979, 9698, 102&#ck should be the unit minimum output power. To design the
3532, and 18 92¢, respectively. Final prices for the four hourids the group can used a price forecasting tool and an optimal
period are 16.5, 18, 21, and ZIMWh, respectively. response tool.

Note that in the base case unit 3 violated the ramp rate limitThe actual lab experience follows the steps shown in the
constraint between hours 1 and 2, as seen in Table IV. Fréaowing.
Table V, unit 3 now has to decrease its production in hour 2 (as1) The instructor (MO) broadcasts the hourly loads. Up to
shown in shadow) in order to satisfy the ramp rate limit con- five hourly periods are considered. Longer market hori-
straint and hence, its revenue decreases. The remaining units zons make it difficult for students to derive appropriate
take advantage of that and increase their revenues. answers.
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TABLE I
GENERATORBID AMOUNT (MW) AND BID PRICE DATA (€/MWH)

UNIT HOUR 1 HOUR 2 HOUR 3 HOUR 4

7 50 60 80 7 54 56 80 7 50 60 80 7 50 65 75
18 [ 204 [ 21 24 18 | 204 ] 21 24 18 {204 | 21 24 18 | 204 [ 21 24
10 30 80 90 10 30 80 90 10 25 85 90 10 30 80 90

2 15 15.6 | 18 21 15 15.6 18 21 15 156 | 18 21 15 15.6 18 21
3 10 55 90 8 12 53 90 8 10 55 90 8 11 54 90

9 9.6 12 18 9 9.6 12 18 9 9.6 12 18 9 9.6 12 18
s 9 10 20 35 9 10 20 35 9 10 27 | 28 9 10 27 28

13.5 15 18 21 13.5 15 18 21 13.5 15 18 21 13.5 15 18 21
20 50 90 130 20 55 85 130 20 60 80 130 20 65 75 130
15 15.6 | 16.5 18 15 15.6 | 16.5 18 15 15.6 | 16.5 18 15 15.6 | 16.5 18

ESY JacB BN -1 BN L] RS o) bNY L
)

TABLE Il
DEMAND BID AMOUNT (MW) AND BID PRICE DATA (€/MWH)

HOUR 1 HOUR 2 HOUR 3 HOUR 4

D §230} 10 5 10 5 | 5301 5 10 [ 15 5 1730 5 10 5 5 |810| 5 5 10 | 10
AQ36 |24 ] 18] 12 6 36 |1 24 | 21 15 6 36 | 24 | 18 | 15 6 36 [ 24 [ 18 | 12 6

o TABLE VI

a5 ] POWER OUTPUT OF THEUNITS (MW): THIRD CASE

30 1 UNIT 2 UNIT 3 UNIT 4 UNIT 5
- 40 73 19 113
= 25 4
% 110.61 123 36.65 274.74
P 20 o ] HOUR 3 149.02 163 55.03 290
8.5 | HOUR 4 106.37 | 18836 163 67.27 290
T

-
o
=T
L

Revenues (€)

5F ) 200007

0 f ' Py i L L ‘ n !
0 100 200 300 400 500 600 700 800 900 1000 15000
Power (MW)

M Base case
[ Second case
Third case

10000

Fig. 3. Matching of generator and demand bids for the first hour. 5000

TABLE IV 0
POWER OUTPUT OF THEUNITS (MW): BASE CASE

UNIT1 | uNiT2 | unira | unNiT4 | UNIT S
HOUR 1 0 40 73 19 113 Fig. 4. Revenues for every unit in all case studies.
HOUR 2 542 101.9 142.63 34.47 260.58
HOUR 3 71.96 149.02 163 55.03 290 and price. Therefore, each group should submit 20 energy
HOUR 4 106.37 188.36 163 67.27 290 blocks and their corresponding prices to the MO.
3) Theinstructor checks generator bids for consistency. If in-
TABLE V consistencies are found the corresponding group is elim-
POWER OUTPUT OF THEUNITS (MW): SECOND CASE inated from bidding and receives a penalty.
4) The instructor (MO) collects the bids electronically and
UNITL | ONIe2 § UNITS J ORI 3 ONITS applies the market clearing mechanism to determine
HOUR] 0 40 13 market clearing prices and accepted and nonaccepted
HOUR 2 6 108.52 271.35 bids.
HORJ 77.96 149.02 290 5) The instructor (MO) also computes the revenues and the
HOUR 4 106.37 188.36 290

profits of every group and broadcasts this information and

the hourly market clearing prices to everyone. This in-

2) Student groups (GENCOSs) have half an hour to prepare  formation allows each group to know its ranking posi-
their corresponding energy bids. Each group has available tion with respect to its competitors and stimulates to bid
five units and each unit should bid four blocks of power efficaciously.
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Steps 1 to 4 are repeated as many times as the time allocatgd] J. M. Arroyo and A. J. Conejo, “Optimal response of a thermal unit
to the lab allows. The first rounds are used for the students to 0 an electricity spot market/[EEE Trans. Power Systvol. 15, pp.

. . - 1098-1104, Aug. 2000.
get familiar with the functioning of the market and the last ones [9] J.J. Gonzélez and P. Basagoiti, “Spanish power exchange and informa-

for ranking and grading them. tion system design concepts and operating experiencétdo. IEEE
The students of the Winning group (the group that has ob- 21st Int. Conf. Power Industry Comput. Applicat. PIC®anta Clara,

. . . . . . CA, May 1999, pp. 245-252.
tained the h'gheSt prOfIt) receive a grade iImprovement In th?lO] Electricity Market Activity Rules (non binding unofficial translation)

final mark of the course. (2001, April). [Online]. Available: http://www.omel.es/es/pdfs/EM-
Rules.pdf.
[11] Electricity Market Simulator MATLAB Files [Online]. Available:
V. CONCLUSION http://www.uclm.es/area/gsee/english/publie0.htm.

. . .[%2] Virtual Control Lab (VCLab) Homepage [Online]. Available:
This paper presents a lab experience to allow students i http://www.esr.ruhr-uni-bochum.de/VCLab/main.html.

power engineering to get familiar with the practical functioning[13] V. Krishna and V. C. Ramesh, “Intelligent agent for negotiations in
of a pool-based electricity market. This experience has clearly ng';ftlfﬂne:;gp?;zs'; and IEEE Trans. Power Systvol. 13, pp.
boosted student interest in power engineering subjects. Ef- Y '

ficacious bidding requires the use of appropriate tools plus

an important degree of technical intuition and experience re-

garding the behavior of the pool. Student creativity is promot%z(:ontreras (M'98) was born in Zaragoza, Spain, in 1965. He received the

. . S. degree in electrical engineering from the University of Zaragoza, the M.Sc.
because they have to prOduce bids blendlng the results of ee from the University of Southern California, Los Angeles, and the Ph.D.

decision tools they have available with their technical intuitioniegree from the University of California, Berkeley, in 1989, 1992, and 1997,
In that sense, experience from previous bids and the use“ﬁCPeCt'Ve'Y-

lf-scheduli | h d " abil urrently, he is an Assistant Professor at the Universidad de Castilla—La
a selt-scheduling program greatly enhances students’ a 'IUancha, Ciudad Real, Spain. His research interests include power systems plan-

to improve their bids. They also get exposed to the work inréng, operations and economics, and electricity markets.
competitive environment.
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