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Abstract— Wind spill occurs due to the non-correlation between 
load and wind profiles, and also wind power forecast errors. 
Scheduling energy storage units to reduce wind spillage gets 
complicated considering the difference between day-ahead wind 
power forecast range, hour-ahead wind power forecast, and 
actual wind power. This paper presents an algorithm that 
optimally schedules energy storage to address both applications - 
minimizing wind spillage and mitigating wind power forecast 
errors. First, energy storage is scheduled to minimize wind 
spillage by a mixed integer linear programming, given day-ahead 
wind power forecast range. Then, day-ahead energy storage 
operation is updated to mitigate the error between day-ahead 
wind power forecast and hour-ahead wind power forecast, using 
Discrete Wavelet Transform (DWT). Finally, energy storage 
operation is updated by DWT to mitigate the error between 
actual wind power and hour-ahead wind power forecast.  Wind 
spillage and required back-up generation is calculated for 
different scenarios of day-ahead wind power forecast, energy 
storage technologies (e.g. compressed air energy storage, and 
sodium sulfur battery), and state of charge values. To showcase 
the applicability of the proposed approach, a case study based on 
the real world wind and load data obtained from the Bonneville 
Power Administration in 2013 is presented. 
  
Index Terms—Wind spillage, wind power forecast errors, 
compressed air energy storage, sodium sulfur battery, energy 
storage operation, mixed integer linear programming, Discrete 
Wavelet Transform. 

I.  INTRODUCTION 

ind spillage occurs due to the non-correlation between 
wind and load profiles at high wind energy penetration 

levels. When wind power exceeds load minus must-run 
generation (e.g. nuclear and thermal power plants), the 
unusable wind generation has no option but curtailment. 
Large-scale energy storage units can be operated to minimize 
this wind spillage. This problem gets complicated because the 
day-ahead wind power is forecasted in a range identified by 
maximum, average, and minimum quantities. On the other 
hand, there is always some error between day-ahead wind 
power forecast range, hour-ahead wind power forecast, and 
actual wind generation. 

In the literature, sizing of energy storage units is solved in 
[3]-[8] to maximize the revenue or smooth the output power. 
Energy storage sizing to allow the combined wind and storage 
output to meet the predicted power output has been addressed 

in [9]-[12]. Variety of heuristic methods [13]-[14] and Game 
Theory approaches [15]-[16] have been used to solve energy 
storage sizing problem in a system with high wind penetration. 
Sizing energy storage based on pre-compensation and post-
compensation to minimize hourly wind forecast error energy 
is studied in [17]. Sizing batteries is studied in [18] by 
statistical analysis of wind forecast error.   

Energy storage sizing and operation is also solved by signal 
processing techniques because efficient operation of energy 
storage or conventional units depends on their cycling. This 
concept was proposed in [19] to mitigate wind power forecast 
error. Signal processing techniques were used in planning 
energy storage and diesel generator to supply load in [20] and 
to smooth out wind fluctuation in [21]. 

Authors proposed a method using signal processing 
techniques (e.g. Discrete Wavelet Transform (DWT)), to 
mitigate errors between hour-ahead wind power forecast and 
actual wind power by scheduling Sodium Sulfur (NaS) battery 
and compressed air energy storage (CAES) [22]. Detailed 
modeling of NaS battery and CAES to maximize wind energy 
penetration level was presented by authors in a mixed integer 
linear programming (MILP) using actual wind power [3].  

This paper is upgraded and expanded version of [22] and [3] 
by presenting a combined algorithm. Contributions and 
novelties of this paper are summarized as follows.  
• Present an algorithm for optimal operation of energy 

storage that addresses both applications – minimizing 
wind spillage and mitigating wind forecast errors, in 
three steps. First, schedule energy storage day-ahead to 
minimize wind spillage due to non-correlation between 
load profile and day-ahead wind power forecast range 
by MILP. Then, update energy storage operation by 
DWT to mitigate errors between day-ahead wind power 
forecast, hour-ahead wind power forecast, and actual 
wind power in two steps. 

• Compare final wind spillage and back-up generation 
for different energy storage units when their operation 
is not updated, with the case that their operation is 
updated based on the proposed algorithm. 

• Compare final wind spillage and back-up generation 
when different day-ahead wind power forecast 
scenarios (e.g. maximum, average, and minimum 
values) are used to schedule energy storage units for 
day-ahead operation. 

• Compare the impact of refilling energy storage units to 
different final state of charge values on reducing wind 
spillage and back-up generation. 
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The rest of the paper is organized as follows. Section II 
describes the scheduling algorithm. Case studies and 
discussions are presented in section III. 

II.  ENERGY STORAGE SCHEDULING ALGORITHM 

This paper presents an algorithm to schedule energy 
storage units in three steps as shown in Fig.1. The algorithm 
runs for each day, first energy storage units are scheduled 
based on day-ahead wind power forecast by MILP to 
minimize wind spillage. Then, their scheduling is updated in 
two steps using DWT based on the error between day-ahead, 
and hour-ahead wind power forecast, and actual wind power. 
The input for each step besides related wind power is the 
energy storage operation and initial state of charge from 
previous step. In this algorithm, final state of charge (SoCf) is 
given as initial state of charge (SoCn-1) for next day. Ntotal, 
SoCi, and n represent total number of days, initial state of 
charge for first day, and day number, respectively. Three steps 
of this algorithm are defined as follows. 

 
Fig. 1. Energy storage scheduling algorithm 
 
Step 1) Day-ahead scheduling:  

The mixed integer linear programming (MILP) defined in 
[22] to model CAES, NaS battery, and gas-fired generation is 
used in this paper with following four differences. 
1) The objective function is to minimize wind spillage: 

                        Min   ∑
=

T

t
twsp

1
,

                                   (1) 

Where, 

twsp ,
 : Wind spill power at time t 

T : Simulation time horizon (for a day) 
t : Time interval index (every 5-minute) 

2) Day-ahead wind power forecast ( tdwfp , ) is used instead 

of actual wind power in the power balance constraint. 
This constraint ensures that the total generation, equals to 
total load, at each time interval. 

3) Energy capacity constraint: This constraint is modified 
from [22], because energy storage units are scheduled 
day-ahead, then updated in hour-ahead, and real-time to 
mitigate wind power forecast. Hence, the initial state of 
charge at the beginning of next day equals to the previous 
day final state of charge after updating, which is not 
constant anymore. 
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Where, 

tdchgp ,
 : Discharge power at time t 

tchgp ,
 : Charge power at time t 

η  : Efficiency 
tΔ  : Time interval 

1−nSoC  : Initial state of charge 

E  : Rated energy capacity of energy storage 
N  : Number of energy storage units 

4) Refill constraint: This is modified from [22] and implies 
that energy storage state of charge is back to desired state 
of charge at the end of each simulation time horizon, 
rather than be the same as initial state of charge. 
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Where, 
dfSoC  : Desired final state of charge 

Step 2) Hour-ahead updating: 
DWT method proposed in [23] is used to decompose the 

error between day-ahead and hour-ahead wind forecast powers 
for scheduling CAES, and NaS battery. First, the error signal 
is derived as shown in (4). 

tppp thwftdwftfe ∀−= ,,,,1
                       (4) 

Where, 

tfep ,1
 : Error between day-ahead and hour-ahead 

wind forecast powers at time t 

tdwfp ,
 : Day-ahead wind power forecast at time t 

thwfp ,
 : Hour-ahead wind power forecast at time t 

Then, high, medium, and low frequency components are 
derived by using DWT method. The difference between this 
paper and method proposed in [23] are defined below. 

First, energy storage units are prescheduled by day-ahead 
wind power forecast, rather than only be used for mitigating 
forecast error. This modifies the control signal of energy 
storage units which are shown in (5) and (6) for CAES and 
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NaS battery, respectively. As shown in (5), CAES control 
signal is CAES day-ahead scheduling plus medium frequency 
component of the error signal derived in (4). 

tpppp tmftCchgtCdchgtC ∀+−= ,)( ,,,,           (5) 

Where, 

tCp ,
 : CAES control signal at time t in MW. 

tmfp ,
 : Medium frequency component at time t 

tCchgp ,
 : CAES charge power derived from step1 

tCdchgp ,
 : CAES discharge power derived from step1 

Then this control signal (5) is the new input to the 
algorithm proposed in [23] that applies CAES properties such 
as power and energy limits, ramp rate, and required idle time 
at each time interval. The output is CAES operation (

tCAESp ,
). 

Then, NaS battery control signal is the summation of its day-
ahead scheduling plus high frequency component and also the 
difference between CAES operation and its initial control 
signal as shown in (6). 

tpppppp tCtCAESthftNchgtNdchgtN ∀−++−= ),()( ,,,,,,  (6) 

Where, 

tNp ,
 : NaS control signal at time t in MW. 

thfp ,
 : High frequency component at time t 

tNchgp ,

 

: NaS charge power derived from step1 

tNdchgp ,
 : NaS discharge power derived from step1 

Then this control signal (6) is the new input to the 
algorithm proposed in [23] that applies NaS battery properties 
such as power limit, energy capacity limit, and state of charge 
limit. The output is NaS operation (

tNaSp ,
). 

Step 3) Real-time updating: 
This step is the same as step 2, with following differences. 

First, the error signal is the difference between hour-ahead 
wind power forecast and actual wind power as (7). 

tppp tawthwftfe ∀−= ,,,,2                        (7) 

Where, 

tfep ,2  : Error between hour-ahead and actual wind 
power at time t 

tawp ,  : Actual wind power at time t 

Second, the energy storage control signal is the summation of 
energy storage scheduling derived from step 2 and the related 
decomposed component of error signal in (7) by DWT. Finally 
the last state of charge for energy storage units is extracted 
from this third step and given as the input for the next day. 
Step 4) calculating final wind spillage and back-up generation 

The residual power is calculated as shown in (8), which 
equals to the total generation (inflexible generation, thermal 
units, energy storage discharging power, wind power, and 
low-frequency component) minus total load (load, and energy 
storage charging power) at each time interval. 

tpp

ppppPp

tltlf

tchgtdchgtgftawigtresidual

∀−+

−+++=

,,,

,,,,,  (8) 

Where, 

tresidualp ,
 : Residual power at time t 

igP  : Inflexible (must-run) generation 

tgfp ,
 : Gas-fired generation at time t 

tlfp ,
 : Low frequency components derived from 

DWT of step 2 and step 3 

tlp ,
 : Load at time t 

Wind spillage and back-up generation are the positive and 
negative quantities of this residual signal, respectively.  

III.  CASE STUDIES AND DISCUSSIONS 

To showcase the applicability of the proposed approach, 
different case studies based on wind and load data with 5-
minute interval, obtained from the Bonneville Power 
Administration (BPA) in 2013 [24] are investigated. BPA day-
ahead wind power is forecasted in a range identified by 
maximum, average, and minimum values as shown Fig. 2. The 
hour-ahead wind power forecast and actual wind power are 
also depicted in Fig. 2 for the same day. This figure show the 
problem addressed by the proposed algorithm that mitigates 
errors between day-ahead forecast, hour-ahead forecast and 
actual wind power while energy storage units are scheduled 
based on day-ahead wind power forecast at its first step. 
 

 
Fig. 2. A day in BPA 2013 showing actual wind generation, hour-ahead wind 
power forecast, and day-ahead wind power forecast range. 
 

BPA peak load in 2013 is 10.6 GW, and installed wind 
capacity is 4.5 GW. Wind energy penetration is 20% in BPA, 
while neglecting net interchange. Nuclear generation and gas-
fired generation are considered in this paper to be able to 
provide 100% of annual peak load to guarantee system 
reliability. Nuclear generation is considered to be a must-run 
generation providing 20% of peak load with 95% availability. 
Hence, nuclear must-run power is 2 GW. Gas-fired generation 
parameters are shown in Table I. Modeling parameters for 
energy storage technologies including CAES and NaS battery 
are presented in Table II. 

 
TABLE I 

GAS-FIRED GENERATION PARAMETERS[25] 
Capacity (GW) 9 
Min Stable Generation (%) 20 
Ramp up/down (% of installed capacity per min) 8 
Min up/down Time (hours) 2 
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TABLE II 

LARGE-SCALE ENERGY STORAGE PARAMETERS [26], [27] 
Energy Storage Technology CAES NaS 
Power Capacity (MW) 300 50 
Energy Capacity (MWh) 6000 300 
Ramp Rate (MW/min) 18 --- 
Efficiency (%) 70 75 
Required Idle Time to Switch Modes (min) 20 --- 
Max and Min State of Charge 1,0 0.9,0.1 

 
Different case studies are investigated by simulating BPA 

data for one month (April) in 2013 with 5-minute time 
interval. Characteristics of errors between maximum, average, 
minimum day-ahead wind power forecasts, and hour-ahead 
wind power forecast with actual (real-time) wind power is 
extracted and shown in Table III. As shown, if energy storage 
units are only used for day-ahead scheduling, extra energy 
storage units are required to be installed for mitigating this 
error. 

 
TABLE IIII 

WIND POWER FORECAST ERRORS 
 Mean 

(MW) 
Sigma 
(MW) 

Max 
(MW) 

Min 
(MW) 

Actual wind minus maximum 
day-ahead wind forecast -317 1131 3782 -3836 

Actual wind minus average 
day-ahead wind forecast -12 1121 3891 -3609 

Actual wind minus minimum 
day-ahead wind forecast 310 1130 3974 -3374 
Actual wind minus hour-

ahead wind forecast 34 236 1225 -1316 

 
Proposed algorthm updates day-ahead energy storage 

operation to be able to mitigate wind power forecast errors. 
The results of this algorithm for final wind spillage and back-
up generation for different energy storage technologies, and 
different day-ahead wind power forecast ranges are shown in 
Fig.3 and Fig.4, respectively.  As shown, CAES operation 
based on maximum day-ahead wind forecast results in 250 
GWh more wind spillage and 140 GWh less back-up 
generation as compared to energy storage operation based on 
average one. This is a tradeoff between scheduling based on 
different scenarios of day-ahead wind power forecasts that 
higher day-ahead wind power forecast results in more wind 
spillage but less required back-up generation. 

As shown in Fig. 3 and Fig.4, three different desired final 
state of charges (SoC)   for refilling energy storage units at the 
end of each day are also simulated. Updating CAES based on 
refillig to 20% SoC results in 16 GWh and 75 GWh less wind 
spillage as compared to 50% and 80% state of charge 
scenarios, respectively. On the other hand, case study based on 
20% SoC results in 33 GWh and 9 GWh more back-up 
generation as compared to 50% and 80% state of charge 
scenarios, respectively based on maximum day-ahead wind 
power forecast scheduling. 

The differences between updating energy storage 
scheduling for different scenarios of day-ahead wind power 
forecast values, desired final SoC quantities, and energy 
storage technologies, with the base case scenario, which is not 
updating day-ahead energy storage operation are shown in 
Table IV.  

 
Fig. 3. Final wind spillage based on different scenarios 
 

 
Fig. 4. Final back-up generation based on different scenarios 

 
TABLE IV 

REDUCTION IN WIND SPILLAGE AND BACK-UP GENERATION AS COMPARED TO 
BASE CASE SCENARIO 

SoC 20% 50% 80% 
Wind 
spill 

reducti
on 

Back-
up 

reduct
ion 

Wind 
spill 

reduct
ion 

Back-
up 

reduct
ion 

Wind 
spill 

reduct
ion 

Back-
up 

reduct
ion 

NaS Max -1.5 3.1 -3.4 3.7 -5.4 4.6 
Avg 0.4 4.9 -0.8 6.1 -2.9 6.7 
Min 0.2 4.4 -1.3 5.4 -3.2 6.4 

CAES Max -37.6 92.5 -52.6 59.5 -112.5 83.6 
Avg 17.9 108.2 -10.9 103.2 -56.7 126.7 
Min 26.6 152.2 -3.5 104.5 -50.0 140.0 

NaS + 
CAES 

Max -34.4 95.0 -54.8 64.6 -119.7 87.4 
Avg 20.5 116.4 -11.1 109.9 -59.2 136.5 
Min 32.5 157.6 -1.0 114.3 -53.5 147.9 

 
Negative and positive values shown in Table IV presents 

increase and decrease as compared to base case (no updating 
scenario), respectively. As shown, all back-up generation 
values are positive, stating the fact that updating based on 
proposed algorithm reduces the amount of required back-up 
generation for mitigating wind power forecats errors. But, 
wind spillage has both positive and negative values. Fore 
example, if CAES operation is updated, it reduces wind 
spillage by 26GWh and back-up generation by 152 GWh for 
scheduling based on minimum day-ahead wind forecast with 
20% SoC refill. But, when CAES is refilled to 80% SoC for 
the same scenario, wind spillage is increased by 50 GWh and 
back-up generation is reduced by 140 GWh. On the other 
hand, if maximum day-ahead wind power forecast values are 
used to schedule CAES for 20% SoC refill, then wind spillage 
is increased by 37.6 GWh and back-up generation is decreased 
by 92.5 GWh.  
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IV.  CONCLUSION 

This paper presents an algorithm to optimally operate 
energy storage units based on the day-ahead wind power 
forecast and then update it to mitigate wind forecast errors. 
This scheduling addresses both high wind energy penetration 
challenges - wind spillage and wind power forecast error. 

Tradeoffs between different case studies such as energy 
storage technologies, using maximum, average, and minimum 
day-ahead wind power forecast values, refilling to various 
states of charge amounts, are investigated on final wind 
spillage and back-up generation required. Refilling to lower 
state of charge, more energy storage technologies, and using 
minimum day-ahead wind power forecast have a better overall 
results in terms of lower wind spillage and back-up generation 
as compared to the case when energy storage is not updated. 
This algorithm reduces the need to install more energy storage 
units by updating energy storage operation based on wind 
forecast error signals. 
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