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Abstract—In this work, the self-scheduling problem of a 

power producer in smart grids is addressed using a stochastic 
programming approach. Different uncertainties are considered 
as price uncertainties, forced-outage of the unit as well as 
generation reallocation. The conditional value-at-risk index is 
used for modeling of risk. The markets considered in this study 
are bilateral contracts, day-ahead and ancillary services, 
including spinning reserve and regulation, and spot market 
decisions, while an incomplete competitive market is considered. 
In this sense, an innovative method for bilateral contracts is 
proposed to increase the profit of the market without ignoring 
any regulatory rules. The Monte Carlo method is implemented 
together with a reduction scenario process to generate scenarios. 

Keywords—Self-scheduling; Scenario generation/reduction; 
Scenario regeneration; Stochastic programming. 

I.  INTRODUCTION  

Due to high intermittency of renewable energy resources in 
future smart grids, the results of self-scheduling of generation 
companies (Gencos) are completely influenced by the hourly 
price forecast [1]. Although, widespread methods considering 
genetic algorithms [2], and time series [3] are presented to 
forecast the electricity prices, it is dubious to forecast the 
electricity prices in a specific hour with zero uncertainty.  

In this sense, risk models are used together with price 
forecasting errors in the self-scheduling problems [4]. In [5], a 
stochastic self-scheduling framework of Genco is addressed 
considering the day-ahead electricity markets, energy and 
reserves, together with the uncertainties of forecasted prices 
and forced outage of power plants. In [6], a scenario-based 
stochastic problem background is presented for real-time day-
ahead markets with central attention on the operational limits 
of shiftable demands due to its flexibility features. It described 
that the presented model may be applied to both demand and 
supply bids. In [7], a stochastic scheduling of renewable energy 
resources is proposed considering flexible loads, thermal units, 
energy storage system, together with environmental and 
renewable constraints. The time-of-use rates of demand 
response program are also taken into account, and all the 
constraints, related with thermal units and energy storage 
system, are considered under a mixed integer linear 
programming formulation. Generally, a producer participates in 
different markets to maximize its profit [8].  

The most important concern for participating in different 
markets is to define the value of power which should be sold in 
each market [9]. Therefore, it is necessary for a producer to 
estimate prices before all cleared markets [10]-[12]. Recently, a 
widespread of different methodologies have been presented 
using different intelligent methods having high and precise 
electricity prices forecasting results [13]. Therefore, 
considering probable scenarios with their probabilities in the 
stochastic programming may be the best estimation for self-
scheduling [14]. In this paper, a Genco with several generating 
units is considered to take part in bilateral contracts, day-ahead 
market including, energy market, ancillary service and spot 
market decisions. So, the Genco should allocate its available 
power to all these markets in a way that maximizes its profit.  

As mentioned above, the proposed strategy requires 
forecasting results of all markets prices, considering 168 hours 
for scheduling and enough number of scenarios for each 
market, turning the analyzed problem in the intractable 
problem. To overcome the intractability, scenario reduction 
process is used to facilitate the problem of calculation keeping 
the new scenario set near to the original scenario set. The 
performance of the developed framework is investigated using 
a test model. The attained results confirm the potential of the 
presented method. 

II. SCENARIO REGENERATION 

Since the problem is solved by using stochastic 
programming, scenarios should be generated for different 
stages. In the present paper, the probability distribution 
function (PDF) of all individual hour prices including energy 
price, spinning reserve price and regulation price are 
constructed from experiences of the system.  

Then, it employs the stochastic number of the generation 
process, spanned in a strategic limit of the price PDF which has 
a normal distribution behavior. The spot market scenario is also 
generated by the aforementioned method but PDF of the spot 
prices is extracted from day-ahead energy market with the 
same mean value but with higher standard deviation. This 
results a high number of scenarios and then turns into an 
intractable problem, therefore, scenario reduction techniques 
are applied. For this work, a scenario tree is built as shown in 
Fig. 1. 
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Fig. 1. Scenario-tree example. 

The number of first stage scenarios is N1, the number of 
second stage scenarios is N2 and therefore the total number of 
scenarios is N1×N2. Then, a reduction process is applied to the 
stochastic programming considering the lowest distance. 

III. PROBLEM FORMULATION 

The self-scheduling problem of a price-taker GenCo is 
discussed in this section. The mathematical formulation of the 
problem is as following: ݁ݖ݅݉݅ݔܽܯ: ଵܿ݊ܫ  ଶܿ݊ܫ  ଷܿ݊ܫ  ସܿ݊ܫ  ହܿ݊ܫ െ ଵെݐݏܥ ଶݐݏܥ െ ଷݐݏܥ   ሺ1ሻ												ሻܴܸܽܥሺ݇ݏܴ݅
where: ܿ݊ܫଵ ൌ ௪ܧ	 ൝ሾ ܲሺݐ, ܿ, ሻݓ ൈ ,ݐሺߣ ܿ, ሻሿ௧ݓ ൡ																						 ሺ2ሻ 
ଶܿ݊ܫ ൌ ௪ܧ ൝ ܲሺݐ, ሻݓ ൈ ௧ߣ ሺݐ, 																																						ሻൡݓ ሺ3ሻ 
ଷܿ݊ܫ ൌ ௪ܧ ൝ ௦ܲሺݐ, ሻݓ ൈ ௦௧ߣ ሺݐ, 																																							ሻൡݓ ሺ4ሻ 
ସܿ݊ܫ ൌ ௪ܧ	 ൝ ܲሺݐ, ሻݓ ൈ ௧ߣ ሺݐ, 																																						ሻൡݓ ሺ5ሻ 
ହܿ݊ܫ ൌ ௪ܧ	 ൝ቈ ௗܲ ൈ ௦ܲሺݐ, ሻݓ  ܲೠ ൈ ܲሺݐ, ሻെݓ ܲೢ ൈ ܲሺݐ, ,ݐ௦௧ሺߣሻሿݓ ሻ௧ݓ ൡ												 ሺ6ሻ 
ଵݐݏܥ ൌ ௪ܧ ൝ሺ1 െ ሻሻ݊ݑሺݎܨ ൈ ሻ௨௧݊ݑிሺܥ ൈ ,ݐሺݑ ,݊ݑ  ሺ7ሻ																																														ሻൡݓ
ଶݐݏܥ ൌ ௪ܧ ൝൫1 െ ሻ൯݊ݑሺݎܨ ൈ ܿሺ݊ݑሻ௨௧  

ൈ ቂ ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ  ௗܲ ൈ ௦ܲሺݐ, ,݊ݑ ሻݓ  ܲೠൈ ܲሺݐ, ሻݓ െ ܲೢ ൈ ܲሺݐ,  ሺ8ሻ													ሻቃቅݓ

ଷݐݏܥ ൌ ௪ܧ ൝ݎܨሺ݊ݑሻ ൈ ሾ ܲሺݐ, ,݊ݑ ሻݓ 	௨௧ ௦ܲሺݐ, ,݊ݑ 	ሻ ݓ ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻሿݓ 	ൈ ,ݐ௦௧ሺߣ  ሺ9ሻ																							ሻൟݓ
݇ݏܴ݅ ൌ ߞ െ 1ሺ1 െ ሻߙ ሺ10ሻேೢ																																																																			௪ߟ௪ߨ

௪ୀଵ  

The objective function (1) consists five income terms as 
well as three cost terms. The final term in the objective 
function represents the risk which is modeled by CVaR. ܿ݊ܫଵ is 
due to bilateral contract and it is the first stage decision; ܿ݊ܫଶ, ܿ݊ܫଷ and ܿ݊ܫସ are due to day-ahead market including energy 
market, spinning reserve and regulation markets, respectively 
which are the second stage decision; ܿ݊ܫହ is a probabilistic 
term which is due to generation reallocation probability for 
spinning reserve and regulation market.  

These incomes may happen at third stage. ݐݏܥଵ is the 
fixed cost of unit due to on mode of unit at hour t. ݐݏܥଶ is the 
variable cost of units to produce certain power at hour t. ݐݏܥଷ 
is due to the forced outage probability. The objective function 
is maximized subject to the following constraints. 

ܲሺݐ, ,݊ݑ ሻ݅ݓ ൌ ܲሺݐ, ,݊ݑ ,ݐ∀ሺ	ሻ;݆ݓ  ሻ  (11)݊ݑ

ܲሺݐ, ,݊ݑ ሻ݅ݓ ൌ ܲሺݐ, ,݊ݑ ,ݐ∀ሺ	ሻ;݆ݓ   (12)	ሻ݊ݑ

௦ܲሺݐ, ,݊ݑ ሻ݅ݓ ൌ ௦ܲሺݐ, ,݊ݑ ,ݐ∀ሺ	ሻ;݆ݓ  ሻ (13)݊ݑ

ܲሺݐ, ,݊ݑ ሻ݅ݓ ൌ ܲሺݐ, ,݊ݑ ;ሻ݆ݓ 	∀ሺݐ,  ሻ (14)݊ݑ

ܲሺݐ, ,݊ݑ ሻݓ  ௦ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ ,ݐሺݑ ,݊ݑ ሻݓ ൈ ܲ௫ሺ݊ݑሻ (15) 

ܲሺݐ, ,݊ݑ ሻݓ  ௦ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ ܲሺݐ, ,݊ݑ ሻݓ ,ݐሺݑ ,݊ݑ ሻݓ ൈ ܲሺ݊ݑሻ (16) 

 ܲሺݐ, ,݊ݑ ሻݓ ൌ ܲሺݐ, ሻ௨ݓ  (17) 

 ௦ܲሺݐ, ,݊ݑ ሻݓ ൌ ௦ܲሺݐ, ሻ௨ݓ  (18) 

 ܲሺݐ, ,݊ݑ ሻݓ ൌ ܲሺݐ, ሻ௨ݓ  (19) 

 ܲሺݐ, ,݊ݑ ሻݓ ൌ ܲሺݐ, ሻ௨ݓ  (20) 

ܲሺݐ, ,݊ݑ ሻݓ  ௦ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ ܲሺݐ, ,݊ݑ ሻݓ 	 ܲሺݐ െ 1, ,݊ݑ ሻݓ ௦ܲሺݐ െ 1, ,݊ݑ ሻݓ  ܲሺݐ െ 1, ,݊ݑ ሻݓ ܲሺݐ െ 1, ,݊ݑ .ሻ ܴܷݓ ݐሺݑ െ 1, ,݊ݑ ሻݓ  ܷܵ. ,ݐሺݕ ,݊ݑ  ሻݓ
(21) 



 

ܲሺݐ െ 1, ,݊ݑ ሻݓ  ௦ܲሺݐ െ 1, ,݊ݑ ሻݓ  ܲሺݐ െ 1, ,݊ݑ ሻݓ ܲሺݐ െ 1, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ  

௦ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ  ܲሺݐ, ,݊ݑ ሻݓ .ܦܴ ݐሺݑ െ 1, ,݊ݑ ሻݓ .ܦܵ ,ݐሺݖ ,݊ݑ  ሻ (22)ݓ

,ݐሺݑ ,݊ݑ ሻݓ െ ݐሺݑ െ 1, ,݊ݑ ሻൌݓ ,ݐሺݕ ,݊ݑ ሻݓ  ,ݐሺݖ ,݊ݑ ,ݐሺݕ ሻ (23)ݓ ,݊ݑ ሻݓ  ,ݐሺݖ ,݊ݑ ሻݓ  1 (24)

,ݐሺݕ ,݊ݑ ሻݓ   ݐሺݖ  ݅, ,݊ݑ ሻெିଵݓ
ୀଵ  1 (25) 

,ݐሺݖ ,݊ݑ ሻݓ   ݐሺݕ  ݅, ,݊ݑ ሻݓ  1ெିଵ
ୀଵ  (26) 

	 ܲሺݐሻ  ܲሺݐ, ሻݓ  ܲ௫ሺݐሻ (27) 

ܲሺݐ, ,݊ݑ ሻݓ  0 (28)

௦ܲሺݐ, ,݊ݑ ሻݓ  0 (29)

ܲሺݐ, ,݊ݑ ሻݓ  0 (30)

ܲሺݐ, ,݊ݑ ሻݓ  0 (31)െݐ݂݅ݎ௪  ߞ െ ௪ߟ  ௪ߟ(32) ߱∀	;0  0 (33)

Constraints (11)-(14) are non-anticipativity constraints due 
to stages in decisions. Constraints (15) and (16) are generators 
limit on output power. Constraints (17)-(20) force each 
generator contribution in different markets.  

Constraint (21) are the ramp up and start up limits of 
generators and constraint (22) is ramp down and shut down 
limits of generators. Constraints (23) and (24) are logical 
relation between binary variables. Constraints (25) and (26) are 
minimum up time and minimum on time limits of generators, 
respectively. Constraint (27) is contract power limitation for 
hour t. constrains (28) –(31) forces the related variables to be 
positive. Constraints (32) and (33) are CVaR constraints.  

IV. NUMERICAL STUDIES 

Several markets are taken into account such as bilateral 
contracts, day-ahead, reserve, and regulation markets based on 
Spanish electricity market data. In addition, there are some 
reports that consider spot market decision to maximize the 
Genco profit by changing policy in contracts. In this study, a 
power plant with six generators is considered as presented in 
Table I. Moreover, the contract limits and prices are presented 
in Table II. As it can be seen, one day period is divided into 
three levels of load. 

The problem is solved without and with considering the 
risk. Various scenarios are generated by means of the 
stochastic programing and PDF extracted through system 
background. All prices for target markets in the paper are split 
on each hour of a week (1 to 168 hours).  

TABLE I.  MAIN CHARACTERISTIC OF GENERATORS USED 

Type 
 ۴ܒ۱

(€/h) 
Cj 

(€/MWh) 
 ܠ܉ܕܒ۾

(MW) 
 ܖܑܕܒ۾

(MW) 
 ܘܝܒ܀

(MW/h) 
 ܟ܌ܒ܀

(MW/h) Coalଵ 126.0 19.810 140.0 75.0 65.0 65.0 CCGTଵ 1097.0 25.170 380.0 160.0 220.0 220.0 CCGTଶ 992.8 25.510 390.0 180.0 210.0 210.0 Coalଶ 575.0 29.370 500.0 250.0 250.0 250.0 Oilଵ 91.5 37.910 50.0 25.0 25.0 25.0 Oilଶ 1800.0 33.910 300.0 200.0 100.0 100.0 

TABLE II.  CHARACTERISTICS OF CONTRACTS UNDER STUDY 

Min (MW) Max (MW) price (€/MWh)  

225.0 400.0 44.0 Low load 

500.0 770.0 57.4 Medium load 

710.0 1120.0 66.5 High load 

In order to select enough number of scenarios for 
generating, first a different number of scenarios are generated, 
and then the main problem is solved using generated scenarios, 
where the standard deviation and mean value of profit for 
scenarios are calculated. The process is repeated for 50 to 160 
scenarios with 10 steps between them. For each stage of 
programming, the following curves described in Fig. 2 are 
obtained. It can be observed that after 100 scenarios for each 
stage of programming, standard deviation and the mean value 
of profits are stabilized in a limited bound.  

To show the performance of proposed method and to 
compare it with the scenario regeneration technique, both 
methods are implemented to the first stage scenarios of the 
problem from hour 1 to hour 24 of scheduling horizon to 
reduce 100 scenarios to 10. Then two sets of reduced scenarios 
are obtained, considering the Kontorovich distance showing the 
performance used to find the distance of new sets and the 
original scenario set. These distances for each 24 hour study 
are compared with each other by dividing the distance of the 
set which is obtained from proposed method to the distance of 
the set which is obtained from corresponding scenario 
reduction technique. These results are shown in Table III.  

Moreover, the study on the percentage of reduction is 
presented. Note that the proposed method in this work is not 
the scenario reduction but it regenerates the new set which has 
a lower number of scenarios. For each percent of reduction, the 
main problem is solved using new scenario set and the total 
profit of problem is calculated. More Illustration is shown in 
Fig. 3. The results of the main problem and the problem with 
new scenario set are shown in Table IV. Finally, studies on 
spot market decisions considering aforementioned risks are 
carried out.  

In this study, based on spot market prices at the time of 
operation, Genco decides to produce the contracted power by 
its own generators or buy the maximum power of contracts 
from the spot market and sell it to the buyer.  



 

This results a considerable increment in the optimum value 
of the objective as indicated in Table V, β=0, i.e., no risk is 
taken. Studies on risk with changes in risk coefficient ߚ have 
been represented and the results are indicated in Table VI. 

TABLE III.  RATIO OF DISTANCES FROM THE ORIGINAL SCENARIO 

Ratio of 
distances  

hour  
Ratio of 
distances  

hour  
Ratio of 
distances  

hour 

0.8439  17  0.8972  9  0.8548  1  

0.8863  18  0.9372  10  0.8548  2  

0.8693  19  0.8153  11  0.9301  3  

0.8517  20  0.9030  12  0.8745  4  

0.8011  21  0.8186  13  0.8518  5  

0.8604  22  0.8919  14  0.8316  6  

0.9053  23  0.8492  15  0.9382  7  

0.8181  24  0.8514  16  0.7944  8  

TABLE IV.  RESULTS FOR MAIN & REDUCED PROBLEM 

Profit for the main problem Profit for reduced problem 

€ 8,889,019 € 8,814,563 

TABLE V.  COMPARISON BETWEEN PROFITS IN TWO CASES 

Percentage  
of increment 

Absolute  
increment 

Profit for 
new problem 

Profit for 
First problem 

2.06% € 182,274 € 8,996,837 € 8,814,563 

TABLE VI.  TOTAL PROFIT AND STANDARD DEVIATION OF PROFITS 
FOR DIFFERENT RISK COEFFICIENTS ࢼ ߚ Expected profit (€) Standard deviation of profit 

0 8,996,837.0 3.49 

0.1 8,987,840.0 3.49 

0.2 8,969,846.0 3.48 

0.3 8,951,853.0 3.47 

0.4 8,942,856.0 3.47 

0.5 8,924,862.0 3.46 

0.6 8,915,865.0 3.46 

0.9 8,906,869.0 3.46 

1 8,897,872.0 3.43 
 

 

Fig. 2. Standard deviation and mean value of profit versus the number of 
scenarios 

 

Fig. 3. Total profit for problems with different reduction percentage 

V. CONCLUSIONS 

In this work, a self-scheduling problem was presented for a 
Genco who played in a deregulated market. The proposed 
model improved the accurate results by considering a 
stochastic programming approach that employed the required 
number of scenarios due to a generation and reduction process. 
Finally, a new procedure was developed to determine how to 
purchase the contracted power based on spot market prices and 
a considerable increase in the expected profit was obtained. 
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