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1 Introduction 

The liberalisation of the energy markets has increased the amounts of exchange-based trading 
of energy. CHP producers must be in a position to submit bid functions for selling and buying 
energy. Consequently, they have to find prices at which they want to sell certain amounts of 
energy. At the same time, the introduction of power exchanges has lead to increased 
uncertainties for the CHP operators, which they have to account for when submitting their 
bids. Notably, they can  not be sure on the prices of the day after the trading day, which 
however may considerably influence decisions to submit bids involving turn on or switch off 
decisions for CHP turbines. 

In the following, first the uncertainties related to bidding are briefly reviewed in 
section 2. In section 3, the developed tool to account for these uncertainties is presented.  
 

32 Uncertainties related to bidding  

In Deliverable D3.1 “Methodology to identify the relevant uncertainties” uncertainties of 
interest for CHP operation were discussed. Uncertainty factors of high relevance for the unit 
commitment and the load dispatch were found to be the electricity price and the heat demand.  

The uncertainty of the heat demand could in principle be taken care of through 
weather derivatives, that is financial products to hedge against the weather risk. However the 
market for these products is still not very developed and this is probably also more relevant 
for the long-term planning of bids than for the short-term planning. For the short-term price 
variations on the electricity spot market, so far no appropriate financial hedges exist. The 
available long-term financial products only cover periods of one month or more using mostly 
standard products like Base or Peak. A detailed hedge of hourly positions is not possible on 
this basis. 

 

43 Tool for submitting CHP based bids in power exchanges 

4.13.1 Requirements 

When a company wants to participate at the spot market either by selling electricity or to 
make revenue by buying electricity it has to determine at which prices it will sell or buy 
electricity. The determined prices will certainly depend on the operators unit structure. The 
price the operator would like to receive for the sold electricity when he/she wants to make a 
profit depends both on the variable production costs (e.g. fuel costs) and on the start-up costs 
of the different turbines. It is profitable for him/her to start up a unit if the price at the spot 
market will be higher than its variable production costs. Mostly the start up of a unit is 
connected with high start-up costs. Therefore the operator will only start-up its unit, when the 
price at the spot market is higher than the fuel costs for several hours, so that the revenue in 



 3 31.08.2002 
 
those hours compensates the costs for start-up. The same is true for buying electricity which 
will result in a shut down of certain units.  

To trade electricity at the one day ahead spot market the operator has to submit its bid-
curve to the market. describing what amounts of electricity the operator definitely buys or 
sells at what prices, ranging over a time period of 24 hours divided in time steps of one hour. 
Therefore the costs for producing a certain amount of electricity has to be known. The 
production costs have to be determined taking into account all currently available information 
about the units and the technical requirements. The tool to be developed finally has to 
determine the bid-curve by relating the prices for selling or buying certain amounts of 
electricity for each hour of one day.  

From a technical point of view, the tool shall export the bid-curve into a table sheet 
(e.g. a sheet in Microsoft Excel format), enabling the operator to view this function in 
graphical form. For certain prices the amount of electricity sold or bought can be seen. This is 
illustrated in  Figure 4.1. The column to the right shows the possible spot prices and the 
column for each hour then shows the amount of electricity that can be sold or bought, a 
negative value indicating buying, in that hour for the corresponding price. The bid function 
has to be submitted 12 hours before the next day. Since the operator wants to include the 
newest information about its units the requirement for the calculation time should be within 
one hour.  
 

 

Figure 1: Table sheet for the bid-curve 
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4.33.2 Stochastic unit commitment model 

When it comes to short-term bidding, for example placing bids at the one day ahead market, 
the uncertainty factors can become very important. Then is it recommended to use a stochastic 
optimisation model, a model including the uncertainties, to plan the bids especially when 
turbines with high start-up costs are considered. Because of the high volatility of the prices it 
is not obvious  when to start up or shut down a special unit if high costs are involved.  

In a conventional deterministic model these price variations are not taken into account. 
Only statements about possible changes of the unit commitment schedule for singleton 
turbines can be made. Considering all possible combination of improvements for the unit 
commitment is not possible.  

In the following, the procedure described in deliverable D5.1 is sketched again, which 
allows to take into account the uncertain and varying spot market prices and heat demands. 
The method of stochastic optimisation is used in order to determine a robust bid curve 
resulting in the highest revenues in average, and not for special situations. The advantage of 
this solution found by using stochastic optimisation compared to other heuristic procedures 
presented in /Hobbs et al. 2000/ is that all possible solutions are considered weighted 
according to their possibility of realisation. Of course, for reliability, a good estimation of the 
spot market prices is the crucial point that however, will not be addressed here. 

This novel procedure will determine a bid function for every hour depending on the 
price level of this hour. While determining this function the procedure takes into account the 
possible realisations of the spot market prices during the other hours. The crucial point of this 
procedure is to adjust the optimisation model by demanding new restrictions: the amount of 
electricity to be sold or bought at the power exchange should be the same if - independent of 
the actual scenario - the power exchange price lies within the same of many a priori fixed 
price levels.   
 
The procedure consists of the following steps being described in detail below. 
1) Scenario generation using Monte Carlo simulations 
2) Creation of the scenario tree based on these scenarios and its reduction 
3) Setting up the stochastic optimisation model  
4) Determination of the bidding curve out of the solution of the stochastic optimisation 

problem 
 
1) Scenario generation by Monte Carlo simulations 
In order to use the information of the time series of the spot market prices, historical data is 
analysed and the parameters of the price process are determined assuming a known 
probability distribution for the stochastic parameter modelling the spot market price. Monte 
Carlo simulation is used as not enough data are available to create scenarios out of historical 
time series. Further scenario reduction algorithms are applied in order to find a subset of 
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scenarios which is a good representative set of possible scenarios yielding a much smaller 
scenario tree greatly reducing the effort for the computational determination of the solution.
 
2) Creation of the scenario tree and its reduction 
To use these scenarios for stochastic optimisation we have to construct a tree, the root of the 
tree being the price known for the last hour of the day before. How this is done in detail, is 
described in /Dupacova et al. 2000/. Before the tree is created, different price levels have to be 
defined as intervals of price values. The number of price levels is an input parameter 
indicating on the one hand the precision of the modelling of the spot market prices by this 
stochastic optimisation model, while clearly, on the other hand determining its size and thus 
the computational effort for finding its solutions. The intervals can be taken as equidistant 
divisions of the whole interval of prices. The boundaries of these price intervals will later be 
used for the creation of the bid function. At those bounds, the bid function can jump from one 
quantity of offered electricity to the next. The number of price levels is often chosen to be the 
number of electricity producing units since the turn on or off of one unit corresponds to a 
jump in the maximum amount of electricity that can be produced. A negative value of the 
offer indicates that electricity is bought while a positive value indicates that it is sold. In 
Figure 4.2, 7 intervals have been chosen, with the boundaries 10 €/MWh, 20 €/MWh, ..., 70 
€/MWh. When the price is in the range of [30 €/MWh, 40 €/MWh], then 100 MWh are 
offered. In this example the quantity of  electricity bought is the same for the two price 
levels/intervals [0 €/MWh, 10 €/MWh] and [10 €/MWh, 20 €/MWh]. Also for the price 
levels/intervals [40 €/MWh, 50 €/MWh] and [50 €/MWh, 60 €/MWh] the same amount of 
electricity is offered to be sold. 
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Figure 2:  An example of price levels/intervals for different offers of electricity 

 
The number of price levels determines the upper bound for the number of successors of each 
inner node of the tree to be constructed. It is required that at each stage the number of nodes at 
this stage has to be greater or equal to the number of price intervals. 
 

number_of_nodes(stage_i)≥  number_of_price_levels  
 
As the number of nodes increases with increasing stage number, the number of branches at 
each stage can be reduced and still obtaining a detailed modelling of the varying prices. One 
has to be aware of the fact, that the probabilities for the different branches depend on the 
actual and past realisations of the prices according to the assumed probability distribution. For 
each time step of one hour one would ideally choose a new stage. This would result in a tree 
with at least 224 leaves indicating that for computational reasons it will be necessary to group 
certain hours. The proposal is to merge similar hours. Thereby the blocks traded at the Leipzig 
power exchange EEX can be taken as guidelines leading to 6 stages for the first day and an 
additional stage for the following day. An example of a tree is given in Figure 4.3. In the first 
stage the tree branches into 8 successors because 8 price levels have been chosen, from stage 
2 until stage 6 the tree branches into 3 successors and in the last stage only 2 successors are 
defined, so that a tree with 8*3*3*3*3*3*2 = 3’888 leaves is defined. 
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Figure 3:  An example of a scenario tree 
 
3) Setting up the stochastic optimisation model 
The bidding curve to be determined can not depend on the actual scenario that will be 
realised. On the other hand, if the price level in different scenarios is the same, then these 
scenarios refer to the same point on the bidding curve, relating a certain amount of electricity 
to be sold or bought at this price or price level. Hence, the bidding curve provides a unique 
function relating a price level to a bidding quantity, independently which scenario occurs. To 
determine this unique bid curve optimally, the stochastic programming model developed in 
WP3 can be used. It determines for each hour the amount of electricity the operator should 
optimally sell or buy. Since the operator has to take the decision before he knows the spot 
market prices and cannot postpone the decision, the following restriction is added to the 
model: for appropriately defined price levels, P, the sold or bought amount has to be equal for 
all scenarios, in which this price, P, will be realised. This restriction guarantees that 
independently of the scenarios the amount sold or bought at a certain price is calculated, and 
that this amount is independent of the scenario that will occur. But when determining this 
amount all possible price scenarios for the hours before and after that certain hour are taken 
into consideration.  

Thus the important step is to add the constraint (1) about the amount of electricity to 
be bidded into the spot market to the optimisation model. In advance, different price intervals 
have to be defined, in the following referred to as price levels. If, the prices for two different 
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scenarios lie within the same price level (i.e. within the same of the previously defined 
intervals), then the additional restriction is given by the equality of the amounts of electricity 
sold or bought in these two scenarios. 
 

)t,s(P)t,s(P 2
BID

EL1
BID

EL =     )t(ervalintSCENARIOSs,s ∈∀ 21  (1) 

with [ ]{ }RIGHTLEFTSPOT
)t(interval)t(intervals)t(interval b,b)t(price|SCENARIOSsSCENARIOS ∈∈=  

 
and 

)t,s(P BID
EL   : electricity offered in scenario s at time t 

)t(prices
SPOT   :  price of electricity at spot market in scenario s at time t 

LEFT
)t(intervalb   : left bound of the price intervall of interest at time t 

RIGHT
)t(intervalb   : right bound of the price intervall of interest at time t 

 
The amount of electricity sold at the different price levels for each time step will be denoted 

as BID
EL, )interval(tP .Taking into account these additional constraints guarantees that indeed one price 

level is set in the bidding curve for a given amount of electricity to be traded at the spot 
market. 
 
4) Determination of the bidding curve out of the solution of the stochastic optimisation 
problem 
Having found the solution of the optimisation problem with the additional constraints, the 
bidding curve can be determined. The solution contains the amount of electricity sold and 
bought for each node. And for each node, the spot market price is also known since this is the 
base for the branching of the tree. Thus the bidding curve can quite easily be constructed by 
relating the amount of electricity sold or bought at each node of each stage of the scenario tree 
to the price of these nodes. The additional restrictions in the optimisation model by 
construction just forced the amounts for these nodes to be equal, if the prices all belonged to 
the same price level. 

The last task is to determine those prices at which the bid function jumps to a higher 
amount of electricity offered (amount of electricity sold). One possibility is to chose the left 

bounds LEFT
)t(intervalb of the intervals as the points where the bid function can jump to a new 

electricity offer (correspondingly RIGHT
)t(intervalb can be chosen for the demand curve (the amount of 

electricity bought)). This method will underestimate the costs of electricity production, 

because it will offer the amount of electricity BID
EL, )interval(tP at the lowest price of each interval. As 

the scenario tree does not represent all possible scenarios, it cannot be guaranteed that this 
lower bound is included in the scenario tree and so no statement can be made about the 
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amount of electricity sold at that lower bound. For that reasons an alternative is to chose the 
lowest of the scenario prices belonging to that price level )t(intervall  as the new boundary of 

the intervall. 
 

{ })t(interval
SPOT
s

LEFT
)t(interval SCENARIOSs|)t(priceminb̂ ∈=   

with  

[ ]{ }RIGHTLEFTSPOT
)t(interval)t(intervals)t(interval b,b)t(price|SCENARIOSsSCENARIOS ∈∈=  

LEFT
)t(intervalb̂   :left boundary for price intervall )t(interval  for offer curve 

)t(priceSPOT
s  : price of electricity at spot market at time t in scenario s  

 
This alternative of creating the bid function reduces the risk that electricity is sold below its 
production costs. Regarding the determination of the demand curve the operator only wants to 
buy if the price is below a certain level. Therefore we have to adjust the right bounds of the 
price intervals. Similar to the above procedure for the offer curve, we chose as right bound the 
maximum of the prices occurred within that price level.  
 

{ })t(interval
SPOT
s

RIGHT
)time(interval Scenarios|)t(pricemaxb̂ ∈=  

with : 

[ ]{ }RIGHTLEFTSPOT
)t(interval)t(intervals)t(interval b,b)t(price|SCENARIOSsSCENARIOS ∈∈=  

RIGHT
)t(intervalb̂   :right boundary for price intervall )t(interval  for demand curve 

)t(priceSPOT
s  : price of electricity at spot market at time t in scenario s  

 

3.3 Model used for  validation  

The validation of the tool is done for the district heat system of BEWAG. The bidding 
functions are computed using a stochastic model that is based on the deterministic long term 
model presented in deliverables D1.1-3 /Brand et al. 2001/ and D2.1 /Urbancic et al 2001/ for 
CHP-turbines, network restrictions for heat transfer and contracts for electricity supply, 
minimum operation and minimum shut down times are consistently derived from the 
appropriate conditions within the deterministic long term model and included into this 
stochastic model. Two of the four exogenous variables (spot –prices, heat demand for district 
heat system1, heat demand for district heat system2 and minimum electricity production of T7 
and T8) of the deterministic model are considered as stochastic, namely the spot prices for 
electricity and the heat demand district heat system1. 

The considered time span is 24 h for the day for which the bidding function is to be 
created and additionally includes 6 hours before and 6 hours after that day. For the first 6 
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hours of the model the parameters are assumed to be known, as here the forecast error should 
not be too large, if the program will have been run at 12:00 h the day before. These 6 hours 
form the root of the stochastic tree. 
 
 
 
 
 
 
 
 
 
 

Figure 4:  Scenario tree used for validation 

 
400 Monte Carlo simulations are performed for creating the scenarios for the values of the 
stochastic variables during the remaining 30 hours. These simulations for the spot prices are 
created with ARIMAX models /Hlouskova et al. 2001/ for each single hour. The heat demand 
for the district heat system was estimated with an ARIMAX model, too. According to the 
algorithm for backward scenario reduction described in the discussion paper /Brand et al. 
2002/ and in the paper of /Dupacova et al. 2000/  a three stage scenario tree is built up with 50 
scenarios in the second stage and 150 scenarios in the third stage (see Figure 4). This number 
results from splitting each scenario of the previous stage in three scenarios according to the 
three possible price levels. The first stage (root) covers the time period 18:00-24:00 of the day 
before, the second stage covers the time period 00:00-24:00 of the day for which the bidding 
function is to be created, and the third stage covers the time span 00:00-6:00 of the next day. 
The second stage is not divided into substages because the bidding function to be determined 
should also cover 24 h. And introducing substages would increase the number of scenarios 
resulting in an dramatic prolongation of the computing times (exponentially increasing with 
the number of scenarios) for obtaining the bidding function.   

Since computing time should not exceed one hour, the number of mixed integer 
variables of the model has to be reduced further. Therefore, on-off decisions for the turbines 
are assumed to be only possible at 7 distinct time points, namely at 18:00, 00:00, 06:00, 
10:00, 14:00, 18:00, 00:00.  

 

4 Results 

For validation we chose one week in August (Monday 07.08.2000 to Sunday 13.08.2000), 
representing the summer period, one week in October (Monday 09.10.2000 to Sunday 

6h 24h 6h 
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15.10.2000), representing the so called “transition” period,  and one week in December 
(Monday 04.12.2000 to Sunday 10.12.2000), representing the winter period. 

For the different periods and days of the week, big differences in computing times 
were observed on a Pentium with 800 MHz (see Table 1). The models for the weekend day 
needed significantly more calculation time than for the working days; also the calculations for 
December were faster than those for August and October. The restrictions on the solution (e.g. 
the heat demand and minimum operation of turbine T7 and T8) exclude many more 
possibilities in winter times resulting in fast calculations of the bidding functions. In August, 
private households and industry need less energy and heat and consequently many more 
different configuration within the solution space fulfil the constraints and are candidates for 
the solution. 

Table 1: Observed computing times  
 

Month Observed computing 
times for working days 

[minutes] 

Observed computing 
times for weekends 

[minutes] 
August 50 120 
October 70 210 
December 10 60 

 
 
In the following first the results are discussed by season starting with the summer period in 
section 4.1, followed by the transition period in section 4.2 and the winter period in section 
4.3. Then, the solutions for selected hours are compared in section 4.4 across periods and in 
section 4.5 the results are compared to a conventional bidding approach based on constant 
marginal costs.  

4.1 Results for summer period 

In Figure 5, the results obtained for bidding in hour 12 to 13 during the selected summer week 
are summarised. Obviously, the bidding functions created for Monday to Friday are rather 
similar and strongly differ from those for Saturday and Sunday. This is a consequence of 
differences in electricity price and electricity demand levels.  

But even among the weekdays, substantial differences among the bidding curves are 
observed, which are mostly a consequence of differences in price expectations, since 
electricity and heat demand were rather similar on these days.  For example the last step in the 
bidding function, from about 590 MW to 650 MW occurs on Monday and Tuesday at about 
25 €/MWh, whereas on Thursday and Friday it is only at 28 €/MWh to 29 €/MWh. 
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Figure 5: Bidding functions of August week for hour 12:00-13:00 

 
Figure 6 shows that the bidding functions furthermore diverge considerably between hours. In 
the night (hour 3) high amounts can be offered at low prices, whereas in the evening (hour 19) 
it is even possible that electricity is purchased from the grid if prices are sufficiently low. 
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Figure 6: Bidding functions for some selected hours for 9th August 2000 
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4.2 Results for transition period 

The results for the transition period shown in Figure 7 exhibit even a broader variation of 
bidding patterns than in the summer period. This is at least partly consequence of the 
variations in heating demand which occur during the selected period. Notably on Wednesday, 
heating demand strongly increases compared to the previous day, leading to lower available 
electricity for sales on the spot market. 
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Figure 7: Bidding functions of October week for hour 12:00-13:00 

 
Between the different hours of the day, the variations in bidding curves are less pronounced in 
October (cf. Figure 8) than in August, but still considerable variations remain, both in the 
maximum available power and in the size and location of price steps. 

One should note that the differences in the horizontal extension of the bid curves are a 
consequence of different expectations on possible price ranges. In fact, the bid curves are 
painted here only for those price values, where according to the price simulations a positive 
probability for such prices exists. The bidding curves could be extended to cover always the 
same price range, however this has not been done here, since this then not a direct model 
result but an extrapolation. Such an extrapolation would however hardly affect the outcomes 
at the bidding stage, since such extreme prices are very improbable.  
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MWH 
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Figure 8: Bidding functions for some selected hours for 11th October 2000 

 

4.3 Results for winter period 

In the winter period, low prices lead to negative sales (i.e. purchases) on the spot market, as 
can be seen in Figure 9. But even if the sales are positive, they remain at a lower level than in 
the summer and transition periods. This is due to the effect of both higher heat and higher 
electricity demand. Higher heat demand implies, that the turbines can be less operated in 
condensing mode, thus producing less electrical energy. 
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Figure 9: Bidding functions of December week for hour 12:00-13:00  

 
The comparison of different hours in Figure 10 shows that more electricity can be sold in the 
late evening and night hours (hour 23 and hour 3) than during day time. Not surprisingly, the 
bidding curve is particularly low during the evening peak hour (hour 19). 
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Figure 10: Bidding functions for some selected hours for 6th December 2000 
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4.4 Comparison between periods 

For working days, the bidding functions have rather similar shapes in August, in October and 
in December (see Figure 11 and Figure 12).  They are qualitatively different from the one for 
Saturdays and for Sundays displayed in Figure 13 and Figure 14. The bidding functions for 
the weekends show higher jumps than those for the working days. In most cases, the bidding 
functions for Saturdays lie between those for Sundays and working days. Lower prices can be 
observed on weekends than during the weeks.  

Due to heat demand of industry, the difference between 17:00-18:00 and 20:00-21:00 
on Mondays (and in general on all working days) is significant in contrast to the situation on 
Saturdays (see Figure 12 and Figure 14). The jumps of the bidding functions during 03:00-
04:00 are higher than during 13:00-14:00, which holds for both Mondays and Saturdays, but 
the price intervals are less big (see Figure 11 and Figure 13). 

Between 17:00-18:00 and 20:00-21:00 only small differences in electricity prices are 
observed. Again, it can be seen that in summer months more electricity is offered than in 
winter months (especially during night hours).  
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Figure 11: Bidding functions for hour 3:00-4:00 and hour 13:00-14:00 on Mondays 
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Figure 12: Bidding functions for hour 17:00-18:00 and hour 20:00-21:00 on Mondays 
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Figure 13: Bidding functions for hour 3:00-4:00 and hour 13:00-14:00 on Saturdays 
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Periods comparison hour 17 and hour 20 of Saturday
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Figure 14: Bidding functions for hour 17:00-18:00 and hour20:00-21:00 on Saturdays 

4.5 Comparison of results with static bidding 

For comparison purposes the stochastic bidding tool is compared with a rather simplistic 
bidding scheme. This consists of using for each hour the power plants ordered by increasing 
marginal heat costs for fulfilling the heat demand (cf. /Weber et al. 2002/). What is then left 
as electricity generation possibility in extraction-condensing plants is bidded into the spot 
market. The minimum electricity production at given heat supply is bidded at price 0 into the 
spot market (or equivalently sold to own customers). This bidding scheme does not account 
for the multiple operation restrictions faced by real CHP systems such as minimum operation 
times, minimum down times etc. Yet it is possible to model with this approach the trade off 
between electricity and heat production which occurs in extraction-condensing turbines: to do 
so also the opportunity costs for not selling the electricity to the spot market are included in 
the marginal heat costs. To determine these costs in advance, the spot-market prices of the 
previous day are used (so-called “static price expectations”. The results of the stochastic 
programming approach are compared to this scheme in Figure 15 and Figure 16. 

During night hours (example: hour 3), the stochastic optimisation leads throughout to 
lower bidding prices (cf. Figure 15). Since it accounts for the operation restrictions relevant 
for real CHP systems, it finds it more profitable to sell electricity (even at low prices) than to 

EUR/MWH

MWH 
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shut off one or several plants. Since the simplistic scheme does not account for the operation 
restrictions, it proposes higher bidding prices. 

comparison of methods for hour 3 on Wednesday
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Figure 15: Comparison of bidding functions for hour 3:00-4:00 obtained through different methods 

comparison of methods for hour 11 on Wednesday
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Figure 16:  Comparison of bidding functions for hour 11:00-12:00 obtained through different 
methods 
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For peak demand hours, such as hour 11 (cf. Fehler! Verweisquelle konnte nicht 

gefunden werden.), the stochastic programming again proposes a more complicated bidding 
curve than the simple scheme, albeit for some cases now the bidding curve of the stochastic 
programming is below the one of the simple scheme. 

It makes little sense to compare the profit obtainable through the two approaches 
because in fact the simple scheme may frequently lead to non-feasible operation schedules. 
Therefore the developed approach is clearly advantageous. It also obviously outperforms 
deterministic optimisation in this case, since deterministic optimisation can not handle the 
uncertainty on the price outcomes when submitting the bids. At best, deterministic 
optimisation can provide some hints, how feasible or reasonable bidding schemes should look 
like. 
 

5 Final remarks 

The analyses have shown that stochastic programming can be applied successfully to obtain 
bidding schemes for bidding CHP plants into the electricity spot market. The obtained bidding 
curves vary broadly from one day to another and from one hour to another, reflecting the 
complex interplay of price expectations, uncertainties of heat demand and electricity demand. 

Hence the tool can contribute to an increased profitability of CHP operations in 
liberalised markets. It is still at a prototype level, but the version obtained can already easily 
be adapted to different CHP operators. 
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