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Distributed Energy Resources (DER) are small-scale power generation and storage technologies 
located close to the customer side. One of the DER is wind power generation which is a 
valuable supplement for the conventional energy sources. The integration of intermittent wind 
generation in power system requires the inclusion of more inventive and sophisticated methods 
for the planning of power system operation. At a high penetration level, additional reserve 
capacity intervention is necessary to cover the shortage in generation when a sudden variation 
of wind occurs. One of the strategies that can be offered to solve this problem is the use of 
electrical energy storage. A new technology of electric energy storage is Natrium sulfur (NaS) 
battery system. Lately, this technology is intensely considered because of its sufficient 
technological maturity and less environmental impact. This work focuses on the economic 
operation of generation company (Genco) consisting of wind power plant (WPP) and NaS 
battery plant (NaSP) in a competitive electricity market and the WPP intermittent coverage. 
The researcher in this paper uses Self-Scheduling (SS) method to derive maximum expected 
profit from the Energy and Spinning Reserve Markets. The self-scheduling problem of the Genco 
is formulated and solved as a mixed integer nonlinear programming (MINLP) problem. The 
numerical results for a case study are presented in this paper. 

Keywords: Distributed energy resources (DER) , Wind power plant(WPP), Natrium sulfur plant 
(NaSP), Power market, Self-scheduling(SS). 

 

1. Introduction 

 

DER are normally referred as small-scale generation and storage technologies. Because 

the active demand can make the same contribution to help the power system operation as 

the generation/storage technologies do, it is also included in the category of DER. Although 

the common problem for the most DER is their high costs, they still show very obvious 

benefits over conventional generation technologies. Thus, they have drawn many attentions 

from different parties. These benefits include high efficiency and flexibility of fuel usage, 

short construction lead time and relatively low emission, high power quality and energy 

independence [1].One of the choices of a sustainable energy system is DER which leads to 

more diversified energy sources, enhanced energy efficiency and less environmental 

pollution [2]. On the other hand, high penetrations of intermittent generation from 

renewable resources are not completely predictable, which causes problems for generation 

company operation scheduling and expected profit from the energy market. Wind power 

generation is more proven technology in comparison with the other renewable energy 

resources by power capacity and energy costs. Unlike other types of renewable resources, 

wind technology as a result of development of wind generators is comparable in cost and 

capacity ratings with conventional generators[3],[4],[5].One of the strategies that can be 

offered to optimize operation scheduling and obtain expected profit is the use of electrical 
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energy storage. A new technology of electrical energy storage is Natrium sulfur (NaS) 

battery system. Lately, this technology is intensely considered because of its sufficient 

technological maturity and less environmental impact. The rest of this paper is prepared in 

the next order. The notation is introduced in Section 2.Section 3 presents the problem 

description. Section 4 presents the mathematical formulation of offering models for WPP, 

NaSP and join both of these. Section 5 provides a numerical study of the suggested 

framework. Finally, the last section is dedicated to a conclusion.  
 

2.  Notation 
 

The notation used throughout the paper is stated below. 

 

( )P v  Wind turbine power output in wind speed v  

rP  Wind turbine rated Power ( )kw   

v  Wind speed (m/s)  

cv  Wind turbine cut-in speed (m/s) 

cov  Wind turbine cut-out speed
 
(m/s) 

rv  Wind turbine rated wind speed
 
(m/s) 

WPPPROFIT  WPP Expected profit($/Mwh) 

NaSPPROFIT  NaSP Expected profit ($/Mwh) 

ggregatorAPROFIT  Aggregator Expected profit($/Mwh) 

tλ
 

price on hour t ($/Mwh) 

call
P  

The probability of called to generate 

tsπ
 

occurrence probability of scenario S 

tP  Amount of power bids on hour t (Mw) 

max
WPP

P
 

The capacity of WPP (Mw) 

max
NaSP

P
 

The capacity of NaSP (Mw) 

WPP
tsP  Offered power by the WPP in the day-ahead energy market(Mw) 

Forecasted
tsP  Forecasted  WPP generation (Mw) 

ts∆  power deviation of the WPP with respect to its schedule at time t and  
scenario s (Mw) 

pulse
tN  NaS pulse factor of NaS battery on hour t 

exp
tP  The expected amount of generated power on hour  t (Mw) 

loss
tP

 
Power loss which is related to the NaS   pulse factor on hour t (Mw) 

nη
 

NaSP efficiency 

E  Amount of  energy stored in the NaSP (Mwh) 
0

E  Energy value reserved for the initial concerned time period in the  
NaS battery (Mwh) 

endE  Energy value reserved for the last concerned  time period in the 
 NaS battery (Mwh) 
 

d  Discharge period depended on the NaS  pulse factor on hour t (hr) 

u  A binary value, depicts whether NaS battery plant takes in the market or not 
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1k  The invariant term of O&M cost 

2k
 

The factor of variant term in O&M cost 

Indices 

energy Energy market 
Spot Spot price 
sp Spinning reserve 
S Selling mode 
P Purchasing mode 
s Scenario number 

 

3. Problem Description 

 
3.1. Day Ahead  Energy and Spinning Reserve Markets 

In day ahead (DA) energy markets both suppliers and consumers make hourly 

submissions to the market manager / operator. Through conjunction of the supply and 

demand functions/curves, the market clearing price (MCP) is obtained for each hour. The 

imbalances can be compensated in a subsequent balancing market near the real-time 

operation. The settlement procedure includes paying the suppliers on the basis of their 

actual generations. The power imbalances caused by the suppliers are penalized [6]. In this 

paper, the imbalance prices are considered as given equal to the spot price. The imbalance 

can be negative or positive. Operating reserve is needed to cover generation uncertainty, 

outages of generating units and load forecast error. Operating reserve can be classified into 

two categories such as non-spinning reserve and spinning reserve (SR). NERC defines SR 

as: “the provision of generation capacity synchronized to the system that is unloaded in 

addition to the quantity required to serve current and anticipated demand. Furthermore, it is 

able to respond immediately to serve load, and is fully available within ten minutes” [7]. 
 

 
 

Figure 1. Infrastructure of the coordinated operations of WPP and NaSP 

 
3.2. WPP in Electricity Market 
 

The WPP has to submit its supply offer for each hour of the next day, several hours in 

advance. Thus, the offered electric energy has a degree of uncertainty because of the 

unpredictable nature of wind. It should be noted that the WPP cannot manage its output 

power like other conventional generating companies. Therefore the WPP’s main challenge 

is to derive the best offers for the DA energy market based on the market price and wind 

speed prediction. In addition, as it gets closer to the real time and the WPP’s output power 

becomes more reliable, the WPP may have a chance to update its market offers. In this 

situation, the WPP could compensate its imbalances via participating in the balance market 
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(e.g. the intraday markets in Spanish system). The final difference between the real and 

scheduled production is considered as imbalance, which should be penalized [8]. 

 
3.3. NaSP  in Electricity Market 

 

Energy storage battery is one of the best technical option for intermittent renewable 

electricity generation management. In the last decade, sodium-sulfur (NaS) battery-based 

installations have grown exponentially from 10 MW in 1998 to 305 MW at the end of year 

2008[9]. NaS batteries are a very attractive emerging technology for variable renewable 

electricity generation management, such as wind power, because they can be cycled 2500 

times, have high power density (150–240W/kg), are efficient (75–90%), and have a 600% 

rated pulse power capability that can last 30s [10].Purchasing, selling and off-line are three 

operating modes that NaS battery plant (NaSP) can operate in. In Table 1 contributing 

status of the NaSP in typical markets in contrast to its operating modes is exposed 

 

. Table1.Contribution status of NaSP versus operation [11] 

Operating Mode Energy 

Market 

Spinning Reserve 

Market 

Regulation 

Market 

Selling 

Purchasing 

Off-line 

+ 

+ 

- 

       + 

       + 

      + 

                + 

                - 

                 - 

+:participation             -: No participation 

 

4. Mathematical Formulation 

 

4.1. Modeling Uncertainty of Wind Power Prediction 

The various models for predicting the wind speed and the output power of wind turbines 

are as follows: time series models, Kalman filters, neural networks, adaptive neuro-fuzzy 

predictors etc. The autoregressive moving average (ARMA) model, as in [12] is used in this 

paper to characterize the wind power intermittence because it provides an acceptable 

accuracy for wind speed prediction. The ARMA is the combination of autoregressive (AR) 

model and the moving average model (MA).ARMA model is used to predict. Then 

predicted wind power determined using the following power curve of a wind 

turbine[13],[14]: 
2 2

2 2

( )

0

ifc
r c r

r c

if
r r co

if

v v
P v v v

v v

P v P v v v

otherwise

 −
• → ≤ ≤

−


= → ≤ ≤


→



 

(1) 

Hourly error is determined by comparing the real wind power with the predicted wind 

power. Distribution scenarios of probability of frequency of error occurrence are considered 

model wind power uncertainty. 

4.2. WPP Offering Model 



M.Tahmasebi  et al: Self-Scheduling of Joint Wind Power and NaS Battery Plants ... 
 

 160 

The suggested WPP offering model in this paper is similar to the one suggested in 

[15].But in suggesting model in this paper energy price is divided to ,Energy Spot
t tλ λ and 

develop a model by considering positive and negative imbalances price. In fact, this 

optimization problem seeks to maximize the expected profit of WPP in DA market based 

on the wind power scenarios and market situations. Owing to the stochastic nature of wind 

power, wind power prediction may have some errors. Since the WPP participates in the DA 

energy market based on wind power predicted scenarios, it has to consider imbalance 

penalties in its optimization model. The proposed WPP offering model in[16]has 

decomposed the imbalances of WPP in DA electricity market into the sum of positive and 

negative imbalances, ts
+∆  (excess of energy) and ts

−∆   (deficit of energy), respectively. In 

the optimal vector solution, one of these imbalances is always zero for a given total 

deviation ts ts ts
+ −∆ = ∆ − ∆   in (2) as follows: 

Maximize: 

1 1

t sn n

energy Forecasted im im
WPP t ts t t ts ts t ts ts

t s

PROFIT Pλ π λ π λ π+ + + − − −

= =

= • • + • • ∆ − • • ∆∑∑

 

(2) 

 

    Equation (2) has three parts; the first part is the expected profit of supply offering to 

the DA energy market, the second part defines the income of producing more than the 

offered value and third part presents the penalty of producing deficit of energy the offered 

value.  Equation (2) is maximized subject to various constraints (3–9) as follows: 
 

0 WPP WPP
ts tsP P≤ ≤

                                      
(3) 

 
WPP Forecasted
ts tsP P∆ = −

                                                         
(4) 

ts ts ts
+ −∆ = ∆ − ∆

                                                                    
(5) 

max
Forecasted WPP

ts tsP P
+≤ ∆ ≤

                                                      
(6) 

WPP Forecasted
ts ts tsP P

−≤ ∆ ≤
                                                      

(7) 

 

Equation (3) limits the amount of wind power that could be offered to the DA energy 

market. Equation (4) defines the imbalance of WPP for each scenario at each hour. The 

deviation cap is set for positive and negative imbalances by (5 – 7).Regulation mechanism 

of countries determines positive and negative imbalance price and this may be equal to 

certain proportion of the market clearing price  [17],[18]. For example Spain uses following 

positive and negative imbalance prices [16]:  
 

(1 )im energy
t tλ ξ λ+ = − •

 
(8) 

(1 )im energy
t tλ ξ λ− = + •

 
(9) 

We used these constrain (8),(9) for modeling wind power imbalance price. Assume ξ  

equal to 0.1 in this paper. 

 

4.3. NaSP Offering Model 
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The suggested NaSP offering model in this paper is similar to the one suggested in [11], 

but the model in this paper considers DA and spinning reserve markets and exclude 

regulation market. One of the important issues which results more uncertainty in NaSP 

profit in power market is the probabilistic nature of calling NaSP to operate in the SR. The 

hourly revenue of power producer when contributes in the SR markets, are hourly spinning 

reserve price and also hourly spot price in the case of operation. Offer hourly energy and 

ancillary services to profit maximization is a self-scheduling goal, whereas satisfied all the 

operating constraints. The self-scheduling objective function and constraints in a time 

interval represents by (10 - 24).  

, ,

1 1

, ,

1

, ,
1 2

1

( ) ( )

( )

( ( ))

t t

t

t

n n

energy S P sp sp s sp p
NaSP t t t t t t

t t

n

spot call sp s sp s
t t t

t

n

S P call sp s sp p
t t t t

t

PROFIT P P P P

P P P

k k P P P P P

λ λ

λ

= =

=

=

= • − + • +

+ • • +

− + • + + • −

∑ ∑

∑

∑

 

(10) 

 

St.  

2.6s pulse s
t tNµ µ≤ ≤ •  (11) 

 
max0 P P

t tP Pµ≤ ≤ •  (12) 

 
max0 S pulse

t tP N P≤ ≤ •
 

(13) 

 
, max0 sp s pulse

t tP N P≤ ≤ •
 

(14) 

 
,0 sp p P P

t t tP Pµ≤ ≤ •
 

(15) 

 
, maxS sp s pulse

t t tP P N P+ ≤ •
 

(16) 

 
exp ,S call sp s

t t tP P P P= + •  (17) 

 
3 2

3.4497 21.5962 45.7961 34.7117pulse pulse pulse
t t t td N N N= − • + • − • +  (18) 

 

7 ( )pulse t
loss St

t tt

N d
P

d
µ

− •
= •

 

(19) 

 

1S P
t tµ µ+ ≤

 

(20) 

 
exp , exp

1
call sp p P loss

t t t n t n t t tE E P P P P P Pη η−= − − • • + • − •

 

(21) 

 
min max
t t tE E E≤ ≤

 
(22) 
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, ,
min 1 1

1

sp S sp P
t t

t pulse
t

P P
E

N

+ +

+

+
=  

(23) 

 

0endE Eτ= •  
(24) 

 

The NASP income of (10) represents trading on energy and spinning reserve markets by 

first and second terms respectively. The third term of (10) represents NaSP income, when it 

is called to generate in the spinning reserve market. Also the fourth term of (10) represents 

operation and maintenance (O&M) costs which include fixed and variable costs. In day-

ahead market, it is compulsory that the NaSP would be able to operate at minimum for an 

hour, in order to achieve this, the NaS pulse factor should be less than 2.6 according to the 

NaS pulse trend versus discharge duration of NaS battery[18].This constraint is given by 

(11). The purchasing and selling upper and lower limitations are given by (12) and (13), 

respectively. In addition, the lower and upper limits of spinning reserve power in selling 

and purchasing modes are represented by (14) and (15), respectively. In selling mode for 

any specific hour the max
P  must be bigger than sum of energy and spinning reserve and 

this constraint is represented by (16). When NaSP operates in its selling mode, the expected 

power in the energy and spinning reserve markets is given by (17). By using a third order 

polynomial NaS pulse trend is modeled [18]and is given by (18). Also, the power loss is 

calculated by (19) for different NaS pulse factors. Equation (20) illustrates the contrast 

between two different modes in a specific hour. Also, the NaSP energy stored on hour τ  is 

given by (21). The amount of energy storage has upper and lower limitations which are 

represented in (22), where 
min
tE  is obtained by (23). Further, equation (24) should be 

applied in order to reserve sufficient stored energy to get consumed in the subsequent 

concerned time period. From energy stored level point of view the minimum limitation of 

stored energy in each time should be adjusted for the NaSP to respond to the worst 

condition. When spinning reserve is required the worst condition may occur. The value of 

τ is used to adjust the amount of energy that is going to be stored for the next week. The 

owner of the NaSP will set the τ to a low value while forecasting lower prices for the 

subsequent week. This parameter can be differed alternatively, but energy storage 

constraints should be satisfied. The problem of NaSP profit maximization is an optimal 

operation scheduling problem, which can be expressed as a MINLP problem and can be 

solved by using GAMS software. 

 

4.4. Aggregator Offering Model 

 

 To formulate the joint offering of the WPP and NaSP in a DA and SR energy markets, 

the wind offering model should be expanded. The integration of energy storage with the 

Wind power would change the profit of both the WPP and NaSP and compensate some of 

the error cussed by WPP offering model in DA energy market. The Aggregator offering 

model to maximize its market profits is formulated by (25). The aggregator self-scheduling 

provides hourly energy and ancillary services to maximize profit, while all operating 

constraints are satisfied for the WPP and NaSP. The optimization will be done 

simultaneously taking into account spinning reserves and energy markets. 
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ggregator

1 1

, , , ,

1 1 1

,

1 1

( ) ( ) ( )

( )

t s

t t t

n n

energy Forecasted im im
A t t t ts ts t ts ts

t s

n n n

energy S P sp sp s sp p spot call sp s sp p
t t t t t t t t t

t t t

n ns
spot sp s

t ts t

t s

PROFIT P

P P P P P P P

P

λ λ π λ π

λ λ λ

λ π

+ + + − − −

= =

= = =

−

= =

= • + • • ∆ − • • ∆

+ • − + • + + • • +

+ • •

∑∑

∑ ∑ ∑

∑ , ,
1 2

1

( ( ))
t tn

S P call sp s sp p
t t t t

t

k k P P P P P

=

− + • + + • −∑ ∑

 

(25) 

5. Numerical Case Study 
 

In this section, the joint operation of WPP and NaSP as Aggregator, and disjoint market 

operations of WPP and NaSP are simulated and investigated to show the benefits of joint 

operation of the two technologies. 

. 
5.1. Input data 
 

In this section, the accuracy of the proposed model is shown through numerical case 

studies. A 50 MW wind farm, which consists of twenty 2.5 MW commercial wind turbines 

and 20 MW NaSP which consists of two 10 MW commercial NaS battery packages are 

considered. The wind speed and power data considered using the Sotavento wind farm, in 

Spain [19]. The wind speed to wind power conversion is based on the power curve of 

Nordex N80/2500, which can be found in [20].The case studies are simulated for one 

sample week and distribution function of prediction error which is show in Fig.2 and Fig.3. 

The marginal clearing price (MCP), spinning reserve price and  spot price of the Spanish 

electricity market is used in this section, which can be found in[21] . call
P  is the parameter 

to show the probability of calling plants in order  to generate energy in the SR market and is 

assumed to be 5%, also the adjusting constant, τ is equal to 1[22],[23]. The parameters of 

NaSP are shown in Table2. The proposed optimization model is solved using MINLP in 

GAMS software package. 

 
5.2. Disjoint and Joint WPP and NaSP Comparison 
 
5.2.1. Disjoint WPP and NaSP Operation Scenario 
 

In this scenario WPP and NaSP are separately contributing to energy and spinning 

reserve power markets. The profit maximization of both the plants is based on self-

scheduling method. In this scenario WPP maximizes profit by contributing to energy 

market and pays penalty or get revenue in negative and positive imbalance, based on wind 

power forecast error and imbalance price. On the other hand NaSP maximizes profit by 

contributing to energy and spinning reserve power markets. Expected profit objective 

function of WPP and NaSP are optimized separately by MINLP in Gams software and 

weekly total expected profit is shown in Table 3. The amounts of wind and NaSP power 

generations are shown in Fig.3 and Fig.4 
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Figure 2. Probability distribution function of  case study 

 
Figure 3. Hourly WPP to bid selling amount of energy in the energy market 
 
Table  2. Parameters of NASP 

 

       Parameters      

maxP (Mw)=10
           

maxE (Mwh)=70
    

h ( % ) = 9 0
 

1k ($/h)=179.8
         

2k ($/h)=8.48
 

( )Life times years  =15
 

U tilizationFactor(% )=95
 

  

 
5.2.2. Joint WPP and NaSP Scenario: 

 

In this scenario both WPP and NaSP are managed by one generation company (Genco). 

This yields better expected profit in power market, compensates wind power uncertainty 

and improves technical aspects of power grid. Expected profit objective function of both 

WPP and NaSP are optimized together by MINLP in Gams software and weekly total 

expected profit is shown in Table3. With reference to Table3, it is observed that joint 

operation of WPP and NaSP gives more profit compared to disjoint operation. With 

reference to Fig.5 and Fig.6, it is observed that how increasing amount of contributing 

NaSP in spinning reserve power market for support uncertainty of wind power generation. 
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Figure 4. Hourly NaSP  single mode to bid selling amount of energy  in the SR market 

Figure 5. Hourly NaSP  in joint mode to bid selling amount of energy in the SR market 

Figure 6. Comparison of hourly NaSP  single mode  and joint mode to bid  selling 
amount of energy in the SR market 
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Figure 7.Comparision of  weekly expected profit  single mode  and joint mode 
 

Table 3.Joint and disjoint operation weekly profit 
 

Case WPP NaSP Aggregator 

Operation Profit($) 147,269.4 138,908.5 310,773.9 

Added Value($) - - 24,595.98 

 

6. Conclusion 

 

This paper focused on joint and disjoint operation of WPP and NaSP with reference to 

expected profit maximization and WPP forecasting error compensation by NaSP. Self-

scheduling method is used to derive maximum expected profit from the Energy and 

Spinning Reserve Markets. Expected profit objective function of joint and disjoint 

operations of WPP and NaSP are optimized by MINLP in Gams software. The expected 

profits for disjoint and joint scenarios are $286,177.9 and $310,773.9 respectively. Hence it 

is concluded that joint operation of WPP and NaSP yields better expected profit. It is also 

observed that some of the forecasted error of WPP is compensated by NaSP under joint 

operation scenario. 
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