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A Simulation Model for a Competitive Generation 
Market 

Irene Otero-Novas, Claudia Meseguer, Carlos Batlle, and Juan J. Alba 

AhstractThe simulation of a wholesale electricity market 
should go beyond a simple optimiaatinn based on the operating 
cost8 of the generating units. A model of a competitive electricity 
market must consider the market structure, the strategy of tbc 
market participants and any other that lead to prices 
different from costs. This paper presents COSMEE, a model ,,fa 
wholesale electricity market based on simple bids, that estimates 
expected bid prices and quantities, system hourly Prices and 

potential effect of some regulate decisions, or risk management 
decisions or some other issues. 

market silnulation can be 
based on the use of a chronological simulation tool that cairies 
O u t  an Optimization of the total system cost based on the costs 
of the individual generators. However, this method does not take 
into account thc effect of the bidders' strategies. which in Zen- 

A simple and frequent approach 

Y ,  generation scbcdules, taking into account the bidding strategies 
of generators and the structure of the market. The model reflects 

different types of constraints. COSMEE has been used to simulate 
a real wholesale market. 

will lead to bids that do not strictly reflect 
the profit.maximizing behl,vior of the market agents, subject to Different methodologies can be used to simulate the market 

behavior taking into account these strategic effects, depending 
on the market structure and the aim of the studies. Some models 

Index Terms-Agent's behavior, intertemporal links, iterative 
equilibrium, marginal price, simple bids. 

I. INTRODUCTION 

ECENT changes in the electricity industry in several R countries have lead to a less regulated and more competi- 
tive energy market where short term exchanges of electricity 
are based on the system marginal price. This wholesale price 
has typically been determined through an algorithm based 
on a unit commitment or an economic dispatch, as it is still 
implemented in the Argentinean or the British market. In these 
countries the spot price of electricity is based on the variable 
cost of thc marginal unit and its start-up cost allocated to some 
hours [I]. This pricing rule can give different results when 
minimizing production costs and when minimizing consumer 
costs [2],[3], and can sometimes, when considering a market 
where some firms are relatively small, lead to stability and 
fairness problems which can arise from the presence of many 
near optimal solutions [4]. 

Recent trends in some countries such as Australia or Norway 
base this market clearing process on an auction where the price 
is set as the intersection of the supply and demand curves. In 
this last kind of markets generating units internalize in their of- 
fers not only their bidding strategy hut also their technical con- 
straints and their start-up cost allocation, as these are not explic- 
itly taken into account in the market clearing process. This new 
market framework makes simulation modcls ii nccessary tool to 
define the strategies of the gcncralors a s  well as to analyzc the 
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are based on game theory to analyze market power influences 
[51, or the effect of contracts or capacity payments in some mar- 
kets [61, while other studies use the Cournot model of an oli- 
gopoly through an iterative method [7], [SI. In general, these 
models do not consider technical constraints and intertemporal 
links or consider them through the unit commitment dispatch. 

The model presented in this paper simulates the electiicity 
market behavior for different strategies and computes hourly 
marginal prices, margins and productions of units and firms. 
Its aim is to analyze the effect of different bidding strategies, 
possible regulatory decisions or some other issues affecting the 
market, on the behavior of the market agents. 

The methodology used simulates the behavior of the energy 
market through an iterative method based on Wilson's d e s  pro- 
posed for the power exchange in the Californian market 191, that 
leads to a market equilibrium it is based on a generalization 
of the Couinot and Bertrand equilibria, as an oligopoly model 
in which some firins have the possibility of modifying prices. 
The iterative method uses this mixed model in a dyuamic way, 
since in each iteration the market participants refine their beliefs 
about the other players' behavior through the information they 
get about productions and prices (lo]. Hence, in each iteration 
players try to identify their best response to the market. 

The model can sitnulate two kinds of markets: a) a perfectly 
competitive market (that will he called the uncoordinated sim- 
ulation) in which each generation uuit acts as an indcpendent 
competitor and is basically a price-taker player, and b) an 
oligopolistic inarket (the so-called coordinated simulation) 
where groups of units belong to firms that try to maximize thcir 
profits. 

Intertemporal links and technical constraints are taken into 
account in the strategies. Since the clearing method is based 
on simple bids, generaturs have to update their strategies to 
other competitor's behavior in each iteration, not only consid- 
cring their profit inaximization goal, hut also their technical con- 
straints. Final offers reflect a way to maximize profits and to . .  
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The demand model covers a day, divided into chronological 
hourly blocks. It is an inelastic demand, i.e., it does not respond 
to price. The thermal generation is modeled, considering for 
each unit its maximum power, its minimum stable load, ramps 
and variable, no-load and start-up costs. Each unit belongs to 
one or to several firms andcan act independently (uncoordinated 
simulation), maximizing its own profit or jointly (coordinated 
simulation), maximizing the firm's profit. The hydro generation 
model considers a maximum power, a minimum power which 
each unit will have to generate each hour (mn-of-the-river gen- 
eration) and an energy reserve available for that day. 

The model has been applied to the analysis of the Spanish 
electricity inarkel under realistic assumptions. 

Section I1 briefly describes the simulation algorithm and its 
different modules. One of these, the module which determines 
optimal strategic decisions, is described with more detail in Sec- 
tion 111. Section IV presents the main results of some simula- 
tions. 

11. SIMULATION ALGORITHM 

The simulation algorithm (Fig. I )  uses different modules, 
some of them repeated for each iteration. At each stage of the 
iterative process units modify their offers with the information 
they get from the market. These modifications can only be re- 
ductions of the bid price, to assure convergence, being the price 
decrement ( E )  fixed. 

I )  Initiul Offer: Sets the initial offers i n  price and quantity. 
The initial point should he high as the algorithm only allows 
decreasing bid prices from one iteration to another to assure 
convergence. This first bid is found for each thermal unit by 
the sum of its variable, the no-load and the start-up costs, thus 
allocating all thc start-up cost to every hour. Afterwards, units 
will reduce this offer depending on the power and the honrs 
dispatched, allowing them to allocate the start-up cost correctly. 
The first offer for the hydro units will be the value of the most 
expensive thermal unit. 

2) Cleuring Mudule: The clearing method computes the 
spot price a s  the price of thc most expensive bid accepted to 
supply the demand. Technical constraints are not explicitly 
taken into account in the clearing process, and thus geiicrators 
will have to intemali7,e them i n  their offers. This internalization 
is carried out in the strategic modules. 

3) Opfimal Strategic Decirions: In this module generators 
decide their offers considering thc results of the last iteration as 
a way of taking into account the behavior of other agents. This 
module is different for coordinated and uncoordinated simula- 
tions as units will follow different strzategies in each approach, 
but in both cases it is divided in two different parts: Modifica- 
tions of quantifies and modifications of prices. 

It checks whether the convergcncc crite- 
rion has been reached, i.e., whether generators do not improve 
their profits by changing [heir offers. 

5)  Resul1.r: If convergence is reached, rcsults (marginal 
prices, profits a i d  scheduled productions) are computed. 

4 )  Convergence: 

111. OFTIMAL STRATEGIC DECISIONS 

This module considers the resulls froin thc last iteration and 
changcs thc bids of the generators according to the strategy 

INiTlAL OFFER 

OPTiMAL STRATEGIC DECISIONS 

1. Modification of quantities 

2. Modification of prices 

c5 RESULTS 

Fig. I, Sinwlation Algorithm. 

chosen. First, quantities are modified and then prices, using the 
information provided by the last market clearing process. Since 
different types of markets can be simulated, both parts of lhis 
module, the quantity and the price revisions, will follow dif- 
ferent rules for the uncoordinated and for the coordinated sim- 
ulation. 

Start-up costs are allocated by each generator in its offers. 
This can be done following different strategies, but through the 
iterative method units can allocate them to the hours in which 
they have been dispatched i n  each iteration. 

Only decreasing prices are allowed in the modifications of 
bids, to assure convergence. Units must respect a lower bound 
for their price bids. This threshold is set using their cost data. 

Units split their offers in two blocks: the minimum stable load 
and the controllable load froin this value to the maximum power. 
The first block does not have a lower price threshold, as some- 
times a unit would rather operate at a loss during some hours to 
avoid a start-up, if this loss is lower than the cost of an additional 
start-up. 

Thermal units can be dispatched through the whole day or 
they can be dispatched only for the peak hours. For the units 
in the first situation, the lower bound will be the unit variable 
cost plus the no-load cost. Units having to start-up only for the 
peak honrs will add to their price threshold the start-up cost 
allocation. 

A. Uncoordinated Simulation 

When units are individually considered, they maximize their 
own profit without taking into account the firm they belong to. 
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They internalize their technical constraints with the information 
they get from the market, marginal prices and their scheduled 
productions. This is the situation closest to a perfectly coinpeti- 
tive market, where uuits act as price-takers rather than price-sct- 

subject to the capacity constraints, 

(6) Ei+l(h) 5 Rrnnx 

and the daily energy constraints, -. 
ters. 

1)  Mudijication uf Quantitie.s: With the marginal prices 
from the last iteration each unit modifies its offered quantities 

Hi+, ( h )  5 E'ncrg (7) 
h 

in order to maximize its profits while considering its technical 
constraints. 

,!&+I ( h )  

With this strategy hydro units will olfer theirinaximumpower 
for the most expensive hours until their energy limit is reached. 
This result can sometimes, depending on the demand shape and 
the hydraulic conditions, lead to lower prices in the hours where 
the hydro units have bid and thus decrease their profits. Better 

The following notation is used, 
Energy to be offered for hour h and iteration i + 1 
above the minimum generation (MWh) 
Discrete shut down decision variables for hour I A  
and iteration i + 1. 1 denotes a shut-down deci- 
sion, while 0 denotes not to shut-down the unit 
Discrete star-up decision variables for hour h 
and iteration i + 1 .  1 denotcr a slart-up decision, 
while 0 denotes not to start-up the unit 
State of the lherinal unit for hour / A  and iteration 
i + 1. If 1 the unit will be connected, while 0 will 
denote the unit to be off 
Maximum generation level for each hour (MWh) 
Minimum stable generation (MWh) 
Available energy for the day for hydro units 
Dccreasing ramp (MWh) 
Increasing ramp (MW/h) 
Marginal price for hour IL and previous iteration 
i ($/kWh) 
Variable cost ($/kWh) 
No-load cost ($h) 
Start-up cost (k$). 

Each thermal and hydro unit will in turn formulate thc fol- 
lowing maximization problem. 

Tlzermal Units: 

Max [A4 lJt(h) (E,+,  ( / A )  + MSG . S?'D,+i (11))  

i A  
-vc ' ( . Y i + l ( / L )  + MSG , ss / ' IJ i+l ( /L) )  

- N I L  , ,S i ' JAt i (h )  - SC , SL)i+i (h)] (1) 

subject to the capacity constraints, 

fiit1(h) 5 ( R ~ T I ~ x - M S G )  . S T . ~ ~ ~ ~ ( / A )  (2) 

up and down ramp rates, 

E~+I( /L)  - &+I(/?, - I )  5 I r n m p  
E;+I(/L) - Ei+l(h - 1) 5 Drnmp (3) 

and the stilte transitions constraints, 

STQ+, ( / A  - 1) - 53'0i+,(/L) + ,S.D(h)i+l - DDi+l(h) = 0 
(4) 

Hydro Units: These units try to maximize their profits fol- 
lowing different behaviors. If hydro units explicitly maximize 
their profits. 

M a , x c M P i ( h ) .  Ei+l(h) ( 5 )  
h 

results for the hydro units' profits have been iichieved when 
using a "peak shaving" strategy, which is the result of mini- 
mizing the total cost. This gives the optimal allocation for liy- 
droelectric energy. 

2) Modijcutiun ufPrice.7: Once quantities to be offercd in 
the next iteration ( i  + 1) are found, prices to offer are computed. 
From the results of the last iteration ( i )  units can be classified 
for each hour into two categories 

a) Infra marginal units (units below the marginal price) will 
be fully dispatchcd and hence do not modify thcir offers. 

h) Units which have not been fully dispatched (because they 
havc bid a price above or equal to the marginal price) 
will have an incentive to decrease the price offered in the 
next iteration. The unit will decrease its offer to a price 
Ml' i (h)  - 8, if this value is not bclow its lower bound. 

E. Coordinated Simulation 

With this approach the model simulates an oligopolistic 
market in which each firm coordinates the bids of its units to 
maximize its profit. In the uncoordinated simulation, players, 
which are individual units, offer their maximum power and 
decrease their hid prices in  hours where prices are above 
their lower hound, They try to get the maximum production 
dispatched since they can not modify thc price individually. 
On the other hand, in the coordinated simulation, each tiinc 
a market participant can decrease a unit bid, it analyzes how 
this decrement will affect its firm's profits, as players (which 
arc now firms) can modify priccs and can sometimes accept a 
lower production to raise prices. In this kind of simulation the 
strategy followed to modify the offers is as follows. 

I )  Modijcation of Quantities: Considering a firm which 
owns some thermal units, tu ,  and some hydro units hu, given 
the marginal prices from the last iteration this firm will maxi- 
mize its own profits through thc followiiig objective function: 

Max c c 
lu, hi i t r i r rn  I &  

. [MPi(h)  ( f iA+t , t t t , /m(h )  +MSO.S7' / ) i t l ,1~ ' (11))  
- VC , (Ei+i , t7b(h)  + MSG . STDi t i ,  t.(h)) 
- N L C 4 T D i + i , t t t ( h ) -  SC.S fJ i+i , tu (h)] .  (8) 

Subject to constraints (2)-(4) for thermal units ( tu )  and con- 
straints (6) and (7) for the hydro units ( h u ) .  

A new constraint will now be considered to limit the total 
production that the company will offer. This optiinum genera- 
tion level (GL) is tirst determined and then split for thc units 
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Pig. 2. Coordinated siiniiliitioii 

through the profit maximization. The new constraint for each 
firm will bc: 

(Eitl,t . ,jas(h) + ,YTI,)~+I,~~' MSG) = GI,. 
I t ' ,  hu t Firm 

(9) 
This optimum generation level (GL) is obtained, based on the 

first order condition of the Cournot cquilibrium. If we consider 
two firms A and R bidding into the pool and the result from 
the iteration i for hour / L ,  as shown in Fig. 2, w i t s  from firm A 
which are infra marginal and thus have been fully dispatched, 
will not change their of€ers. 

Those units that have not been fully dispatched will now con- 
sider two options: they can decrease the bid price in that hour 
for the next iteration (i + 1 )  or they can keep it with thc samc 
value. If they choose to decrease bid prices, they will increase 
the firm's profits as they will have more power dispatched, but 
profits will be reduced for infra marginal units that will find their 
income decreased if the marginal price is lowercd to Mf'i ( h )  -& 

[since the unit, if it wants to enter in the dispatch will have to 
offer at M Pi(h)  - E]. 

Depending on the amount of dispatched production each firm 
has, its maximum profit will come from the first situation (in- 
creasing the power dispatched despite the reduction in the mar- 
ginal price) or from the second alternative (kecping the same 
level of production to avoid decreasing the marginal price). 

Therefore in Fig. 2, units 3 and 4, which have not been fully 
dispatched, will have two possible options: 

1. If they keep the same offers, 

Prof i t=IMP.(E,+Ez)-VC1,z- IVLC1,2  

2. If they reduce the offers, 

P ro f i t= ( f l / lP -E) . (E l  + E 2 ) - V C l , 2 -  N L C 1 , 2  
+ (&!P  - E) , ( I S 3  + 64) - VC,,'[ - NLCu,4 

This second situation increases the profit in 

( M P - E ) . ( & + I ' : I ) -  VC:+,,- N L C S , ~  

but reduces it for the infra marginal units 1 and 2 in 

E ' ( E ,  + Ez) 

which depending on the amounl of power each firm has 
dispatchcd, could be greater than the first term. 

If the amount in which profits are reduced is higher than the 
increased amount, the optimum generation level (GL) will he 
E1 + Ea. On the other hand, it will be E1 + 

Modification of Prices: Oncc the quantities to be offered 
have been found hourly prices to offer will be determined. At 
each hour those units who will ofler more energy for that hour, 
than the energy they had accepted at iteration i, the will reduce 
their previous offer to M P  - 6. Otherwise, if they had all their 
offer previously accepted they will not change their last offer: 

1 .  Eyeni(h) < EofFcri+I(h) + Pi+,(h) = n/lPi(h) - E 

2. b'yeni(h) = Hofferi+l(h) +. P t l ( / i )  = P i ( / & )  

Ngeni(h) Energy dispatched at iteration i :  
E o h r i + ~  (h )  Energy to offer for iteration i + 1,  found at the 

modification of quantities module. 
Pi+l(h) Price to offer the energy Eofferitl(h), 
IMPi(/i) Market price for iteration i. 

+ E3 + E4. 

where 

IV. EXAMPLE 
The model described in this paper, called COSMEE, has 

been written in C and GAMS (General Algebraic Modeling 
System) languages. GAMS has been used to solve the profit 
maximization modules using the CPLEX optimization software 
with mixed integer programming, following the primal simplex. 

The model has been applied to the Spanish wholesale market 
which has started to operate on January 1998. In Spain, the mar- 
ginal price is obtained through a simple bid matching procedure 
with additional conditions that allow the generators to take into 
account some running requirements. 

However, the Spanish wholesale market has additional fea- 
tures that could affect the marginal prices, such as the treat- 
ment of the competition transition costs (also called stranded 
costs) and the required consumption of domestic coal, making 
the strategies that the agents could follow more complex. The 
stranded cost payments are inversely related to the market price, 
as they increase when the market price decreases. This may have 
some influence on the market price. 

In this example the market behavior has been analyzed for 
two different strategies (the uncoordinated and the coordinated), 
showing the effect of the actual market structure, hut without 
considering the remarks mentioned before. 

Each simulation covers a day divided into 24 hours; demand 
was considered to be constant during each hour. Hence, 24 load 
levels were chronologically considered. There are 67 thermal 
units and 19 equivalent hydro units. Some units are jointly 
owned by dif€erent firms and so their profits will correspond to 
each firm according to its sharc. However Cor the coordinated 
simulation only one firm takes the bidding and commitment 
decisions. Nuclear units were considered must-run. 

The number of iterations depends on the scenario character- 
istics and the type of simulation. For the scenario used as an ex- 
ample here, theuncoordinated simulation required 21 iterations, 
which took 4.2 minutes on a Sun Sparc Station Ultra 1,O.Z min- 
utes per iteration. For the coordinated simulation 10 iterations 
were required when the hydro units acted as price-takers and 8 
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Fig. 3. Hourly rnarginal prices (Uncourdinuted simulation). 

iterations hydro units acted as price-setters. The time taken for 
each iteration of the coordinated simulation was slightly higher 
than for the uncoordinated. 

The two different strategies, uncoordinated and coordinated, 
were simulated for the same scenario. 

The scenario presented in this paper corresponds to a working 
day in February 1998 with wet hydraulic conditions, and a total 
demand of 497 GWh. 

A. Uncoordinated Simulation 
Fig. 3 shows the hourly marginal prices for the uncoordi- 

nated strategy as well as the hydro and thermal productions. 
Each unit acts individually, trying to maximize its profits as well 
as handling its technical constraints. Hydro units allocate their 
available production to minimize the total cost, thus following 
a "peak shaving" technique. Final prices are very close to the 
costs of the marginal unit for each hour, as units are basically 
price-takers and finally bid at their costs including the start-up 
cost allocation. 

The obtained average price is 2.56$/kWh, the average price 
for the valley hours is 1 .5l#kWh and for the peak hours 
2.87$/kWh. This is the result achieved by an almost perfectly 
competitive market where load is supplied at the minimum 
cost. The final dispatch was compared to a unit commitment 
[ill, and was found to be almost identical. 

B. Coordinated Simulation 
The hourly marginal prices curve for a coordinated simulation 

are shown in Fig. 4. Firms are now trying to maximize their 
profits rather than individual profit of each unit. This strategy 
gives different results not only for prices hut also for benefits 
and for the final dispatch. 

Prices are now higher, specially during the peak hours. For 
these hours some firms reduce their production (compared to 
the uncoordinated simulation) in some mid-order units to avoid 
the reduction in prices. As these firms have a large share of 
dispatched production, their total profits will be increased de- 
spite their decreased production, as the price received by their 
remaining production, is higher. 

These higher prices -are mainly achieved for the peak 
hours, where the demand over which units are competing is 
bigger. During the valley hours, demand is mainly satisfied by 
run-of-the-river production and minimum stable generation. 
Competition during these hours is greater, since most units push 
prices down to make sure that they generate their minimum 
stable generation and avoid a start-up. This makes final prices 
close to the units' costs, as it happened for the uncoordinated 
simulation. For these hours simulation prices show a Bertrand 
price competition as demand could be entirely satisfied by one 
of the two larger firms [IO],  which makes prices fall to the coin- 
petitive situation. The average price is now 4.2#/kWh, which 
is 1.63$/kWh higher than for the noncoordinated simulation. 
During the valley hours the average price is 2.25#/kWh, which 
is only 0.75GkWh higher than in the previous simulation, while 
during the peak hours thc average price is 4.336kWh which is 
1.53GkWh higher than in the competitive simulation. Thus the 
main price difference is reached during the peak hours. 

Finn's profits have been increased from the noncoordinated 
simulation as marginal prices have been raised in most hours. 

All firms were initially supposed and modeled to act as 
Cournot competitors that could modify prices. However, not 
all the firms have the same production percentage and hence, 
not all of them act as Cournot competitors. In fact, one of 
them acted as a marginal competitor, offering its production 
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Fig. 4. Hourly marginal prices (coordinated simulation). 

close to variable costs and trying to produce the maximum 
power despite the decrease in price. Its behavior does not vary 
from the uncoordinated simulation, although its profits were 
nevertheless increased as its production was not reduced but 
prices were raised by the other firms. 

For this simulation two different hypothesis considering 
hydro behavior were considered: a) hydro units offering a zero 
price and so acting a s  price-takers and b) hydro units acting as 
price-setters and setting the marginal price for some hours. 

The results from these two approaches are shown in Fig. 4. 
The average price is higher in the case where hydro units were 
acting as price-setters, reaching now a value of4.86$/kWh. The 
price difference only appears for the peak hours where hydro 
units are allocating their production, as for the valley hours 
hydro units only generate run-of-the-river production. Although 
some hydro units do not generate all the production estimated 
for that day when acting as price-setters, their profits have in- 
creased as the marginal price reaches a higher value. 

V. CONCLUSIONS 

simulation does not only take into account those costs, but also 
the market structure, the allocation of start-up costs aud other 
considerations that lead to prices being different from variable 
costs. 

Participants in the actual markets have been found to follow 
mixed strategies where profits are maxiinizcd but other consid- 
erations, such as market shares, stranded costs recovery, regu- 
lator's and new entry's threat or capacity payments, distort the 
basic Cournot approach, making othcr possible strategies ap- 
pear. 

The strategies siinulatcd in this papcr achieve values close 
to the Spanish market's results, as in both cases start-up costs 
arc allocated during the peak hours, and valley hours drop to 
competitive level, leading to similar price-shapes. The real av- 
erage price for February has been an intermediate value bc- 
tween the uncoordinated and the coordinated prices obtained 
from COSMEE, and close to thc coordinated simulation. In gen- 
eral, priccs achieved by COSMEE have been found to be around 
0.30$/kWh higher than the actual prices in the market, because 
the market seems to follow other strategies that consider some 
of the issues mentioned before. The implementations of these 
strategies is presently under development as well as the modifi- 
cation of the model to simulate the market in a yearly horizon, 
incorporatiug mid term strategic considerations. 

The COSMEE model is a useful tool for analyzing the 
behavior of a wholesale electricity market based on simple 
bids, where market participants must internalize in their offers 
their technical constraints, complex cost structures and bidding 
strategies. It is mainly focused on the analysis of the effect of 
different strategies that players could follow. 

COSMEE belongs to a generation of modeling tools, de- 
signed for competitive electricity markets, which go beyond the 
traditional production costing and unit commitment algorithms. 
It relies on the cost stmcture of each generator, but the market 
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