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Abstract—The stochastic nature of wind power generators 

and their possible outage are crucial issues which make them 

difficult to participate in electricity markets. However, 

demand side as a decent balancing resource can be used to 

compensate the challenges of lack of supply-demand balance 

or state of outage for wind generators. This paper firstly 

models the outage of wind generators. Then an offering 

strategy with a three-stage stochastic programming is 

presented for a hybrid power plant which includes a wind 

power producer and a demand response provider. Three 

electricity markets are considered including day-ahead, 

adjustment and balancing market. The conditional value-at-

risk is also added to the offering strategy to control the profit 

risk. The offering strategy is tested in a wind farm and 

electricity market located in Spain. The result shows that the 

hybrid power plant offering strategy can effectively assist 

with the balancing and outage problem of the wind power 

producer and increase the overall profit of the joint 

operation. 

 
Index Terms-- Hybrid power plant, Wind power producer, 

Demand response provider, Conditional value-at-risk, 

Stochastic programming.  

 

I. INTRODUCTION 

A. Aims and Scope 

Due to the stochastic, unstable and undispatchable 

nature of wind generations and their possible outage, it is 

usually very difficult for these kinds of producers to take 

part in electricity markets and rival other producers such as 

conventional power plants. Accordingly, it is vital to 

propose a new strategy for wind power producers to assist 

them to tackle these problems [1].  

Recently, using demand response programs as a rapid 

resource generator has been rapidly growing for different 

purposes [2, 3]. The ability to rapidly respond makes 

demand response resources as a flexible resource to 

manage the unstable nature or even possible outage of wind 

power generators [4, 5].  

B. Literature Review and Approach 

Many studies provide an offering strategy for wind 

power producers to participate in electricity markets [6-8]. 

For example, Ref. [9] offers a procedure to develop an 

offering strategy for a wind power producer including 

different types of electricity markets and considering the 

uncertainty related to stochastic nature of wind and prices 

of different markets. Ref. [10] recommends an offering 

strategy by considering a wind power producer as a price-

maker in the day-ahead (DA) market. In this paper, the 

uncertainties related to stochastic nature of wind and prices 

of different markets are also considered. Ref. [11] studies 

an offering strategy of a wind power producer as a price-

taker in the DA market and a price-maker in the balancing 

market. Ref. [12] considers two different offering 

strategies for cooperative contribution of a wind power 

generator in two electricity markets including energy and 

primary reserve markets. 

Also, some studies provide offering strategies for wind 

power producers along with other producers [13-15]. For 

example, Ref. [16] studies the joint operation of a wind 

power producer and a pumped-storage facility by 

considering the uncertainty related to stochastic nature of 

wind and market prices.  The impact of stochastic nature of 

wind on the amount of pumped-hydro stored energy in a 

future U.K. system is evaluated in [17]. Ref. [18] offers a 

bidding strategies for a wind power producer and hydro 

facility to be able to participate in a DA market using 

conditional value-at-risk model to control the financial risk. 

Ref. [19] evaluates two models including a wind power 

producer supported with a gas turbine, and a wind power 

producer supported with a compressed air energy storage. 

Recently, many studies offer demand response resources 

as a more flexible resource to manage the unstable nature 

of wind power generators [20-22]. For example, Ref. [23] 

specifies the optimized value of load as a demand response 

for congestion management and improving the use of wind 

power generations. An offering strategy for a wind power 

producer and a flexible load which is able to cover the wind 

power imbalances is suggested in [24] for participation in 

a DA electricity market. In order to minimize the total 

operational cost including imbalance fines because of wind 

energy over- and under-commitments, an optimal 

scheduling of critical peak pricing events is evaluated in 

[25] from the perspective of an demand response facility 

which has wind energy to properly trade into the DA 

market. Ref. [26] offers a new offering strategy for a wind 

power producer to participate in three electricity markets 

including DA, intraday and balancing markets with the 

help of a demand response resource which is allowed to 

contribute to the intraday market. Ref. [27] offers a novel 

method considering the uncertainty related to the amount 

of wind power generation and the load for corrective  

voltage control to cope with situation that a power system  
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Fig. 1 Electricity markets structure. 

meets voltage instability due to severe contingencies.  

This paper proposes an approach for the joint operation 

of a wind power producer and a demand response provider 

as a hybrid power plant in which the wind power producer 

utilizes the demand response provider as a storage facility. 

The hybrid power plant participates in the DA, intraday 

(adjustment), and balancing markets. The uncertainties of 

wind generator production, their outage, and market prices 

of three markets are considered. In order to find the best 

offering strategy, the stochastic programming method is 

used, and then the conditional value-at-risk is added to 

control the financial risk. 

C. Paper Organization 

The rest of the paper is organized as follows. Section II 

formulates the offering strategy of the hybrid power plant. 

Section III provides the results and discuses about the 

outcomes for the hybrid strategy. Finally, Section IV 

reviews the results of this study and draws conclusions. 

II. PROBLEM FORMULATION 

In this section, the offering strategy of the hybrid power 

plant is modeled. Three electricity markets are considered 

in this paper as shown in Fig. 1. The model of the hybrid 

power plant including these three electricity markets can 

be formulated as a maximization problem which is 

composed of maximization of the revenue of the hybrid 

power plant minus its total cost. Therefore, the objective 

function can be written as follows [20]: 

∑ ∑ 𝜌𝜔 [𝜐𝑡𝜔
𝐷 . 𝑃𝑡𝜔

𝐷,𝐻𝑝𝑝
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In equation (1), t and 𝑁𝑇 are the index for hourly periods 

and the total period of time, respectively. 𝑁𝛺 is the total 

number of scenarios. 𝜐𝑡𝜔
𝐷  and 𝜐𝑡𝜔

𝐼  are the DA and intra-day 

market prices, respectively. 𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

 and 𝑃𝑡𝜔
𝐼,𝐻𝑝𝑝

 are DA and 

intra-day offers of the hybrid power plant (superscript Hpp 

stands for hybrid power plant). 𝜎 is a factor that defines the 

relationship between elasticity and price. 𝐷0𝑡 is the normal 

level of demand in period t. 𝐿𝑡𝜔
𝑠𝑐ℎ  is the scheduled power of 

the demand side. 𝑅𝑡𝜔
+  and 𝑅𝑡𝜔

−  are the positive and negative 

imbalance price ratios. 𝛿𝑡𝜔
+,𝐻𝑝𝑝

 and 𝛿𝑡𝜔
−,𝐻𝑝𝑝

 are the positive 

and negative deviations of the hybrid power plant from the 

scheduled power. The last term of the equation (1) is 

related to modeling of the conditional value-at-risk. In this 

term, 𝛽 is the risk-aversion factor. By increasing the value 

of 𝛽 , the financial risk will be decreased. λ and 𝑧𝜔  are 

supplementary variables to calculate the conditional value-

at-risk. 𝛼  is the confidence level. Also, 𝜌𝜔  is the 

probability of occurrence of scenario 𝜔. 

 The objective function defined in equation (1) is subject 

to some constraints which include some combined 

constraints related to both wind power producer and 

demand response provider and some constraints related to 

modelling the flexible load only.  

The offer limitation of the hybrid power plant to the DA 

market can be written as follows: 

0 ≤ 𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

≤ 𝑊𝑚𝑎𝑥 + 𝜂1𝐷0𝑡      ∀𝑡, ∀𝜔      (2) 

where 𝑊𝑚𝑎𝑥  is the wind producer capacity and 𝜂1𝐷0𝑡  is 

the demand response provider capacity. The reason that 

minimum of the constraint (2) is equal to zero is that the 

hybrid power plant is considered to be a generation 

company.  

 The constraint on the total scheduled power of DA and 

intra-day offers can be formulated as follows: 

𝑃𝑡𝜔
𝑠𝑐ℎ,𝐻𝑝𝑝

= 𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

+ 𝑃𝑡𝜔
𝐼,𝐻𝑝𝑝

     ∀𝑡, ∀𝜔       (3) 

where 𝑃𝑡𝜔
𝑠𝑐ℎ,𝐻𝑝𝑝

 is the scheduled power of hybrid power 

plant aggregator.  

 The scheduled power limitation of the hybrid power 

plant can be written as follows: 

0 ≤ 𝑃𝑡𝜔
𝑠𝑐ℎ,𝐻𝑝𝑝

≤ 𝑊𝑚𝑎𝑥 + 𝜂1𝐷0𝑡      ∀𝑡, ∀𝜔     (4) 

The total, negative, and positive imbalances of the 

hybrid power plant based on the wind power production, 

scheduled power and the values of demand response can be 

characterized as the following constraints: 

𝛿𝑡𝜔
𝐻𝑝𝑝

= 𝑊𝑡𝜔 + 𝐿𝑡𝜔 − 𝑃𝑡𝜔
𝑠𝑐ℎ,𝐻𝑝𝑝

     ∀𝑡, ∀𝜔    (5) 

𝛿𝑡𝜔
𝐻𝑝𝑝

= 𝛿𝑡𝜔
+,𝐻𝑝𝑝

− 𝛿𝑡𝜔
−,𝐻𝑝𝑝

     ∀𝑡, ∀𝜔       (6) 

0 ≤ 𝛿𝑡𝜔
+,𝐻𝑝𝑝

≤ 𝑊𝑡𝜔 + 𝐿𝑡𝜔     ∀𝑡, ∀𝜔      (7) 

0 ≤ 𝛿𝑡𝜔
−,𝐻𝑝𝑝

≤ 𝑊𝑚𝑎𝑥 + 𝜂1𝐷0𝑡      ∀𝑡, ∀𝜔     (8) 

where 𝑊𝑡𝜔 and 𝐿𝑡𝜔 are the active wind power production 

and demand response provider power that will be finally 

delivered. In this paper, it is assumed that active power of 

demand response provider and its scheduled value are 

equal, that is, there is no uncertainty in the case of demand 

response provider production. The intra-day offer 

limitation with respect to the DA offer can be defined as 

follows: 

−𝛾. 𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

≤ 𝑃𝑡𝜔
𝐼,𝐻𝑝𝑝

≤ 𝛾. 𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

     ∀𝑡, ∀𝜔    (9) 

where 𝛾  is a factor for limiting offers to the intra-day 

market. 

 For calculation of risk, the following constraints are 

required. 

− ∑ [𝜐𝑡𝜔
𝐷 . 𝑃𝑡𝜔

𝐷,𝐻𝑝𝑝
+ 𝜐𝑡𝜔

𝐼  𝑃𝑡𝜔
𝐼,𝐻𝑝𝑝

+
1

2
.

1

𝜎.𝐷0𝑡
. (𝐿𝑡𝜔

𝑠𝑐ℎ)2 +
𝑁𝑇
𝑡=1

𝜐𝑡𝜔
𝐷 . 𝑅𝑡𝜔

+ . 𝛿𝑡𝜔
+,𝐻𝑝𝑝

− 𝜐𝑡𝜔
𝐷 . 𝑅𝑡𝜔
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Fig. 2    Three different configurations: demand respond provider only, 

wind power producer only, and hybrid power plant. 

The constraints related to modeling flexible load can be 

defined as following constraints: 

𝐿𝑡𝜔
𝑠𝑐ℎ = 𝐿𝑡

𝐷 + 𝐿𝑡𝜔
𝐼      ∀𝑡, ∀𝜔           (12) 

𝜂2𝐷0𝑡 ≤ 𝐿𝑡
𝐷 ≤ 𝜂1𝐷0𝑡      ∀𝑡, ∀𝜔         (13) 

𝜂2𝐷0𝑡 ≤ 𝐿𝑡𝜔
𝑠𝑐ℎ ≤ 𝜂1𝐷0𝑡      ∀𝑡, ∀𝜔         (14) 

∑ 𝐿𝑡𝜔
𝑠𝑐ℎ𝑁𝑇

𝑡=1 ≤ 𝜇 .  ∑ 𝐷0𝑡
𝑁𝑇
𝑡=1     ∀𝜔         (15) 

𝐿𝑡𝜔
𝑠𝑐ℎ = 𝐿𝑡𝜔,

𝑠𝑐ℎ      ∀𝑡, ∀𝜔, ∀𝜔 , ∶  𝜐𝑡𝜔
𝐷 =  𝜐𝑡𝜔,

𝐷       (16) 

𝐿𝑡𝜔
𝐼 = 𝐿𝑡𝜔,

𝐼      ∀𝑡, ∀𝜔, ∀𝜔 , ∶  𝜐𝑡𝜔
𝐷 =  𝜐𝑡𝜔,

𝐷       (17) 

where 𝐿𝑡
𝐷 is the amount of the load reduction to offer to DA 

market in period t. 𝐿𝑡𝜔
𝐼  is the amount of the load reduction 

to offer to the intra-day market in period t and scenario 𝜔. 
𝜇  is the maximum percentage of the load which is not 

required to be recovered. Constraints (16) and (17) express 

the non-anticipativity of the decision in the intra-day 

market. The lower limits of constraints (13)–(14) is 

decreased from zero to 𝜂2𝐷0𝑡 (𝜂2 < 0) because of the fact 

that demand response can exploit wind energy and 

increases its load in the joint operation.  

 
Fig. 3     Optimal offering bids in the DA market. 

TABLE I 

PROBABILITY DISTRIBUTIONS OF THE OUTAGE TIME OF THE WIND 

GENERATION 

Parameters 
Probability Distribution Characteristics 

Mean St. Dev. Min. Max. 

TStart 13.5 1 11 16 

TStop 20 1 17 23 

For proposing non-decreasing offering curves to DA 

market, the following constraints can be defined: 

(𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

− 𝑃𝑡𝜔,
𝐷,𝐻𝑝𝑝

). (𝜐𝑡𝜔
𝐷 −  𝜐𝑡𝜔,

𝐷 ) ≥ 0     ∀𝑡, ∀𝜔, ∀𝜔 , (18) 

𝑃𝑡𝜔
𝐷,𝐻𝑝𝑝

= 𝑃𝑡𝜔,
𝐷,𝐻𝑝𝑝

     ∀𝑡, ∀𝜔, ∀𝜔 , ∶  𝜐𝑡𝜔
𝐷 =  𝜐𝑡𝜔,

𝐷     (19) 

III. RESULTS AND DISCUSSIONS 

The proposed methodology aims to coordinate a wind 

power producer and a demand response provider in order 

to tackle the uncertainties related to electricity markets 

prices, wind power and its outage. Three different 

configurations are simulated including demand respond 

provider only, wind power producer only, and hybrid 

power plant as shown in Fig. 2. 

Wind power and market price uncertainties are modelled 

and generated with a set of scenarios using an adapted 

hybrid neural network and improved particle swarm 

optimization. The scenarios related to severe outages of the 

wind generators are generated according to the statistical 

analysis.  

The suggested method is applied on a real case study in 

the Sotavento wind farm with 17.56 MW capacity in Spain 

[28]. The stochastic input of the wind power generation is 

modelled with a process presented in [20]. In order to train 

the artificial neural network, the historical data of 2010 are 

used. The scenarios related to market prices are derived by 

a three-step process as presented in [29]. The historical data 

of demand and market prices are also derived based on the 

Iberian Peninsula electricity market [30]. The uncertainties 

of the problem are modelled through a scenario tree with 

3000 scenarios (10 × 5 × 10 × 6) including ten, five, ten 

and, six scenarios for DA, intra-day, balancing market 

prices and the wind generation, respectively. The outage 

time of the wind generation is randomly generated. The 

probability distributions of the outage time of the wind 

generation are specified in Table I. In this table, TStart stands 

for the beginning time of the wind generation outage time 

and TStop stands for the ending time of the wind generation 

outage time. These outage times are added to the 

previously produced wind power stochastic profile as a 

zero power replacement. 

The simulation results are presented for 12th of March, 

2010. It is presumed that 0.067 percent of the total loads of 

the Spanish electricity market are combined to participate 

in the market through a demand response provider. 

The proposed model is firstly implemented in MATLAB 

for the scenario generation and reduction, and then these 

data are brought in GAMS by means of GAMS/MATLAB 

interface to solve the optimization  



 

Fig. 4      Hybrid power plant optimal energy bids in DA market in two 

different conditions: normal operation and wind outage. 

 

Fig. 5       Independent wind power producer optimal energy bids in DA 

market in two different conditions: normal operation and wind outage. 

problem. Note that the problem is solved using CPLEX 

under GAMS, and the simulations are done in 120.756 

seconds on a 2.3 GHz Intel® CORETM i5 laptop with 8 GB 

of RAM.  

Fig. 3 shows the comparison of energy hourly bids into 

the DA market in wind outage condition for scenario 

number 5 among three different configurations: wind 

power producer only, demand response provider only, and 

hybrid power plant. As can be seen, the demand response 

provider stores more energy during off-peak hours in the 

joint operation with the help of the wind power producer, 

but the demand response provider releases the stored 

energy to the market in the peak hours in the independent 

operation. Moreover, the joint operation strategy achieves 

€ 96.171 extra profits in comparison with the independent 

operation of wind power producer and demand response 

provider.  

 

Fig. 6     Optimal variations in the behaviour of the demand response 

provider for each scenario in the joint operation. 

 

Fig. 7     Optimal offering bids of demand response provider in DA 

market in two conditions: Joint operation and independent operation. 

 

Fig. 8     Comparison of hourly expected profit under the three 

configurations: demand respond provider only, wind power producer 

only, and hybrid power plant. 

Also, Fig. 4 and Fig. 5 show optimal energy bids for 

scenario number 5 in DA market of the hybrid power plant 

and independent wind power producer in two different 

conditions: normal operation and wind outage. As it can be 

seen from these figures, in the wind outage condition, the 

independent wind power has no offering in most hours 

including hours 9-12 and hours 14-23. On the other hand, 

the hybrid power plant has slightly less offering energy to 

DA market in the wind outage condition in comparison of 

the normal condition. 

Fig. 6 shows the optimal variations in the behaviour of 

the demand response provider for each scenario in the joint 

operation for DA market. As it can be seen from this figure, 

the demand response provider has different responses 

corresponding to different DA market scenarios. Also, 

optimal offering bids of demand response 

 
Fig. 9    Hybrid power plant hourly expected profit in two different 

conditions: normal operation and wind outage. 



 

 

Fig. 10 Independent wind power producer hourly expected profit in 

two different conditions: normal operation and wind outage. 

provider in DA market in two conditions: joint operation 

and independent operation is shown in Fig. 7. As it can be 

seen from this figure, by coordinating with wind power 

producer, the demand response provider can be fully used 

and engaged in the system. 

Fig. 8 shows the comparison of hourly expected profit 

under the three configurations in the wind outage 

condition.  

Also, Fig. 9 and Fig. 10 show hourly expected profit of 

the hybrid power plant and independent wind power 

producer in two different conditions: normal operation and 

wind outage.  

Fig. 11 and Fig. 12 show the changing pattern of 

independent wind power producer and hybrid power plant  

 
Fig. 11 Comparison of hybrid power plant profit and independent wind 

power producer profit for different values of 𝛽 in the normal operation 

condition. 

 
Fig. 12 Comparison of hybrid power plant profit and independent wind 

power producer profit for different values of 𝛽 in the wind outage 

condition. 

 

Fig. 13 Comparison of hybrid power plant extra profit for different 

values of 𝛽 in two conditions: normal operation and wind outage. 

profits versus different values of the risk factor 𝛽. As it can 

be seen in these figures, by increasing the risk factor 𝛽, the 

profits related to independent wind power producer and 

hybrid power plant in both conditions: normal operation 

and wind outage are decreased. However, these decreases 

of the profits are reasonable because the financial risk in 

the system will be decreased as well. The extra profit of 

using hybrid power plant over independent operation for 

different values of of the risk factor 𝛽 is shown in Fig. 13. 

As it can be seen in this figure, the extra profit tends to 

decrease with the increasing β. Note that, the maximum 

extra profit (i.e. equal to 124.056) is achieved at risk factor 

β = 0.1 in the normal operation condition, and the 

minimum extra profit (i.e. equal to 74.986) is achieved at β 

=0.9 in the wind outage condition.  

IV. CONCLUSION 

In this study, a wind power producer and a demand 

response provider have been coordinated as a hybrid power 

plant to participate in three electricity markets including 

DA, intra-day and balancing markets. The uncertainties 

related to electricity market prices, the wind power and its 

outage have been considered in the paper.  

The uncertainty related to the wind outage has been 

randomly produced and added to the wind uncertainties in 

the normal operation. The problem has been formulated as 

a three-stage stochastic programming which includes DA 

market as the first stage, intraday market as the second 

stage and finally balancing market as the third stage. In 

order to control the financial risk, the conditional value-at-

risk has been added to the formulation.  
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