
 
Abstract—Due to its intermittent nature, high wind penetration 
requires more flexibility in the electric power grid to provide the 
balance. Large scale energy storage is one such option that allows 
the intermittency to be absorbed in real time. Two types of large 
scale energy storage technologies including Sodium Sulpher 
(NaS) battery and compressed air energy storage (CAES) are 
studied in this paper. In this paper CAES is modeled and 
evaluated as a large-scale mechanical energy storage unit 
highlighting its various operational characteristics. This paper 
focuses on how to maximize the wind energy penetration level 
while satisfying all the system constraints including wind spill 
energy constraint and power balance equations. This problem is 
solved considering different combinations of CAES and NaS 
battery scenarios. The problem is formulated as a mixed integer 
linear programming (MILP) solved by CPLEX. To showcase the 
applicability of the proposed approach, a simulation case study 
based on a real-world 15-minute interval wind data from 
Bonneville Power Administration (BPA) in 2013 is presented.  
  
Index Terms—wind power, large scale energy storage, Sodium 
Sulpher (NaS) battery, Compressed air energy storage (CAES), 
maximum wind penetration level, mixed integer linear 
programming (MILP). 

NOMENCLATURE 

A.  Indices 

t  : Index of time intervals, 15 minutes an interval. 

B.  Variables 

tCchgp ,

 

: Continuous variable denoting the quantity of 
charging power for CAES at time t . 

tCdchgp ,

 

: Continuous variable denoting the quantity of 
discharging power for CAES at time t . 

tC ,α  : Binary variable denoting whether CAES is 
charged at time t ; 1 if charged, 0 otherwise. 

tC ,β  : Binary variable denoting whether CAES is 
discharged at time t ; 1 if discharged, 0 
otherwise. 

tC ,γ  : Binary variable denoting whether CAES is idle 
at time t ; 1 if idle, 0 otherwise. 

tC ,ρ  : Binary variable denoting the starting indicator 
of idle modes at time t ; if ߛே,௧ = 1  and ߛே,௧ିଵ = 0, then ߩ,௧ = 1, 

tC ,ϕ  : Binary variable denoting the stopping indicator 
of Idle at time t  ; if ߛே,௧ = 0  and ߛே,௧ିଵ =1, then ߮,௧ = 1, 

tNchgp ,

 

: Continuous variable denoting the quantity of 
charging power for NaS at time t . 

tNdchgp ,

 

: Continuous variable denoting the quantity of 
discharging power for NaS at time t . 

tthp ,  : Continuous variable denoting the quantity of 
thermal unit generation at time t . 

tthu ,  : Binary variable denoting whether thermal unit 
is on or off at time t ; 1 if on, 0 otherwise. 

tthy ,  : Binary variable denoting the starting indicator 
of thermal unit start up at time t ; if ݑ௧,௧ = 1  
and ݑ௧,௧ିଵ = 0,	then ݕ௧,௧ = 1, 

tthz ,  : Binary variable denoting the stopping indicator 
of thermal unit shutdown at time t ; if ݑ௧,௧ = 0 
and ݑ௧,௧ିଵ = 1,	then ݖ௧,௧ = 1, 

twp ,  : Continuous variable denoting the quantity of 
wind generation at time t . 

tlp ,  : Continuous variable denoting the quantity of 
load at time t . 

twsp ,  : Continuous variable denoting the quantity of 
Wind spill power at time t . 

wμ  : Wind power scaling factor 

C.  Parameters 

CP  : Rated power capacity for CAES 

CE  : Rated energy capacity for CAES 

i
CSoC

 

: Initial state of charge for CAES 

Cη  : Roundtrip efficiency for CAES 

CdP  : Energy storage ramp rates for CAES 
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min
CT  : Minimum duration of idle modes for CAES 

CN   Number of CAES units 

NP  : Rated power capacity for NaS 

NE  : Rated energy capacity for NaS 

max
NSoC

 

: Maximum state of charge for NaS 

min
NSoC

 

: Minimum state of charge for NaS 

i
NSoC

 

: Initial state of charge for NaS 

Nη  : Roundtrip efficiency for NaS 

NdP  : Energy storage ramp rates for NaS 

NN  : Number of NaS battery units 

thdP  : Thermal unit ramp rates 

min
thP  : Thermal unit minimum stable generation 

max
thP

 

: Thermal unit maximum generation 

wsλ  : Maximum allowable wind spillage energy 
percentage in the system (weekly) 

igP  : Inflexible generation in the system 

tΔ  : Duration of each time interval 

T  : Number of total time intervals 

I.  INTRODUCTION 

IGH wind penetration is a key feature of future energy 
systems, driven by various energy and environmental 

policies. Denmark, Portugal and Spain are the top three 
countries, which have the highest percentage of annual wind 
generation with respect to their total electricity consumption 
[1]. In Denmark wind penetration level was about 30% of its 
annual electricity consumption in 2012 [1] and is expected to 
reach 50% by 2020 [2]. In the United Sates, five states with 
the highest installed wind capacity are Texas, California, 
Iowa, Illinois and Oregon [3]. Wind power contributed 3.5% 
of U.S. annual generation in 2012 [1].  

High wind penetration results in two major challenges due 
to its variable and uncertain nature. These characteristics result 
in wind power forecast error and high ramp rates. Wind power 
variability requires more flexible generation in the system to 
increase power output when wind is not available or decrease 
power output when the wind output is higher than what the 
system can absorb. These challenges can be addressed by 
deploying large-scale energy storage systems.  

Large-scale energy storage systems have high ramp rates 
and can be used to shift the excess wind energy from off-peak 
periods to peak periods. Energy storage sizing considering the 
total investment and operating costs as an objective function 

has been studied in [4]-[5]. This optimization problem has also 
been considered to smooth out the combined power output of 
wind farms and energy storage in [6]-[9]. The impact of 
energy storage to improve the availability and reliability of 
renewable energy resources have been studied in [10]-[11]. 
The Electric Power Research Institute (EPRI) has published a 
report on Energy Storage Valuation Tool (ESVT) discussing 
costs and benefits of using energy storage in electric power 
systems [12]. The sizing of energy storage to mitigate the 
challenge of inflexible generation by base load power plants as 
coal and nuclear in a system with high wind generation has 
been proposed in [13]. A variety of heuristic methods and 
game theory approach have also been used to solve this 
optimization problem [14]-[17]. While utilizing the energy 
storage to mitigate the wind integration challenge has been 
extensively studied, there is still a need for an in-depth study. 

The hybrid configuration of Compressed air energy storage 
(CAES) and Sodium Sulpher (NaS) battery is modeled in this 
paper. This paper presents a model for Compressed air energy 
storage (CAES) which takes into account its particular 
characteristic that requires minimum 20 minutes of idle time 
to switch between charging/discharging modes [19]. Other 
energy storage properties such as efficiency, ramp rates, 
power and energy capacity limits are also modeled for CAES 
and NaS battery. 

The objective function in this paper is formulated to 
maximize the wind penetration level by changing the number 
of CAES and NaS battery units while taking into account the 
inflexible generation from existing thermal power plants (e.g., 
nuclear and large coal). These results may be of interest to 
those interested in developing large-scale storage facilities. 
This problem is formulated as a mixed integer linear 
programming (MILP) in CPLEX with time horizon of one 
year and 15-minute resolution.  

Rest of the paper is organized as follows. Section II 
describes the system modeling. The case study and discussion 
are presented in section III. Section IV contains the conclusion. 

II.  SYSTEM MODELING 

The entire system topology including the CAES, NaS 
battery, thermal unit, wind farm and load is presented in Fig. 
1. The energy storage and thermal unit are modeled in details. 
The wind generation is considered as a negative load. In 
addition, the system operator also has a choice to curtail the 
wind while satisfying the weekly allowable maximum wind 
spill constraint. Transmission congestion is not considered in 
this paper. 

 
Fig. 1. The system topology 

H



3 

A.  Objective Function 

The objective function is to maximize the wind power 
scaling factor as presented in (1). 

)max( wμ            (1) 

The objective function is simplified by considering the 
scaling factor as an unknown parameter to be multiplied by 
the historical wind power time series. Therefore, the intrinsic 
sequential characteristics of wind power can be considered. 
This objective function is beneficial for investors in wind 
power parks and energy storage sectors. The results give a 
limit of wind power absorption given the existing flexible and 
inflexible generation. Results also indicate the level of wind 
power that can be absorbed by increasing the number of 
energy storage units.  

B.  Constraints 

The equality and inequality constraints to model the overall 
system are presented as follows. All constraints are applied for 
each 15-min time interval with weekly time horizon for the 
whole year.  

Power balance constraint (2), which ensures that the total 
generation including the inflexible generation, thermal units, 
discharging power of energy storage units and wind power 
minus the wind spill power equal to the total load plus 
charging power of energy storage units at each time interval. 

tppp

ppppPp

twstNchgtNdchg

tCchgtCdchgtthtwwigtl

∀−−+

−+++=

,,,

,,,,, μ
     (2) 

Constraints to model CAES and NaS battery, thermal units 
and allowable maximum wind spill energy are formulated as 
follows. 

NaS battery is large-scale chemical energy storage and 
CAES is large-scale mechanical energy storage. Hence, they 
have different and sometimes mutually exclusive 
characteristics. The operation of both technologies has 
constraints as power and energy capacity, efficiency and 
maximum ramp up/down rates. NaS battery has 80% depth of 
discharge, meaning it can be charged till 90% full and 
discharged till 10% of the energy remains. On the other hand, 
CAES requires minimum 20 minutes idle time to switch 
between charging/discharging modes [20]. 
    1)  Compressed air energy storage modeling (CAES): 

Refill constraint (3): This ensures that the final state of 
charge equals to the initial state of charge on a weekly cycle. 

∑ =Δ−
weekly

t
tCdchgCtCchg tpp

'
',', 0)( η     (3)  

Operation mode constraint (4): CAES can operate at one 
mode at a time only as charging, discharging and idle. 

ttCtCtC ∀=++ ,1,,, γβα        (4)  

Charging/discharging power constraints (5)-(6): limits the 
operational power to the rated power of energy storage. 

tNPp tCCCtCchg ∀≤≤ ,0 ,, α                       (5)    

tNPp tCCCtCdchg ∀≤≤ ,0 ,, β        (6)  

The relationship among start and stop indicators of idle 

modes are represented as (7)-(8). 

1,1,,,, >−=− − ttCtCtCtC γγϕρ       (7)   

ttCtC ∀≤+ ,1,, ϕρ         (8)    

Required idle time constraint (9)-(11): The relationships 
between binary variables ensuring that if the mode of 

operation changes the CAES remain idle for 
min

CT . 

1),()( ,1,,1,,, >−+−=− −− ttCtCtCtCtCtC ββααϕρ      (9)  

 

1,1)()(1 ,1,,1, >≤−+−≤− −− ttCtCtCtC ββαα      (10)    

tT tCC

Tt

tt
tC

C

∀≥∑
−+

=

,,
min

1

'
',

min

ργ                    (11) 

Energy capacity constraint (12): State of charge at each time 
interval is limited to the energy capacity of CAES. 

TkSOC
NE

tpp
i
C

CC

k

t
tCdchgCtCchg

L1,1
)(

0 1'
',',

=≤+
Δ−

≤
∑

=

η
 (12)    

Ramp rate constraint (13): Rate of change of storage output 
is limited to the storage ramp rate. 

1,

)()( 1,1,,,

>≤
Δ

−−−
≤− −−

tNdP
t

pppp
NdP

CC

tCdchgtCchgtCdchgtCchg
CC   (13) 

    2)  NaS battery modeling: 
Refill constraint (14): This ensures that the final state of 

charge equals to the initial state of charge on a daily cycle. 

∑ =Δ−
Daily

t
tNdchgNtNchg tpp

'
',', 0)( η         (14)    

 Charging/discharging power constraints (15)-(16): limits 
the operational power to the rated power of energy storage. 

tNPp NNtNchg ∀≤≤ ,0 ,          (15)    

tNPp NNtNdchg ∀≤≤ ,0 ,        (16)  

Depth of discharge constraint (17): State of charge at each 
time interval is limited to the maximum and minimum state of 
charge. 

TkSOC

SOC
NE

tpp
SOC

N

i
N

NN

k

t
tNdchgNtNchg

N

:1,

)(

max

1'
',',

min

=≤

+
Δ−

≤
∑

=
η

  (17)    

Ramp rate constraint (18): Rate of change of storage output 
is limited to the storage ramp rate. 

1,

)()( 1,1,,,

>≤
Δ

−−−
≤− −−

tNdP
t

pppp
NdP

NN

tNdchgtNchgtNdchgtNchg
NN (18)    

    3)  Thermal unit modeling: 
Thermal unit is modeled by the following constraints. 
Power constraint (19): operational power is limited to the 

maximum and minimum thermal unit power. 
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tuPpuP tththtthtthth ∀≤≤ ,,
max

,,
min

      (19) 

Ramp rate constraint (20):  

tdP
t

pp
dP th

tthtth
th ∀≤

Δ
−

≤− − ,
)( 1,,

    (20) 

The relationships among binary variables for thermal unit 
are presented in (21)-(22), to show the indicator of shutdown 
and startup of thermal units. 

1,1,,,, >−=− − tuuzy tthtthtthtth        (21) 

tzy tthtth ∀≤+ ,1,,            (22) 

Thermal unit minimum up time constraint (23): 

tyTu tthupth

Tt

tt
tth

C

∀≥∑
−+

=
,

min
,

1

'
',

min

         (23) 

Thermal unit minimum down time constraint (24): 

tzTu tthdnth

Tt

tt
tth

C

∀≥−∑
−+

=
,

min
,

1

'
',

min

)1(         (24) 

    4)  Other constraint: 
The system operator has the choice to curtail the wind 

power. This constraint is presented by a maximum wind spill 
energy percentage for the time horizon of the simulation as in 
(25). 

∑∑
==

≤
T

t
twws

T

t
tws pp

1'
',

1'
', λ         (25) 

III.  CASE STUDY AND DISCUSSION 

The case study is based on the historical data from BPA in 
2013 [18]. The peak load during the year is 10.64 GW. The 
installed wind capacity is 4.5 GW. The load, wind and net 
load (load minus wind) characteristics are summarized in 
Table I. The very small difference between the peak load and 
net load signifies that peak wind generation does not happen 
when the load peaks. 

TABLE I. 
BPA DATA CHARACTERISTICS 

Unit Max 
(GW) 

Min 
(GW) 

Max ramp 
up/down 

(GW/5min) 

Mean 
(GW) 

Sigma 
(GW) 

Load 10.64 3.22 2.51/-2.48 6.28 0.93 

Wind 4.5 0 0.80/-0.96 1.26 1.28 

Net Load 10.20 0.87 2.48/-2.49 5.02 1.65 
 

The optimization problem is independent for each week 
according to the daily and weekly refill of NaS battery and 
CAES. Hence, solving the problem for a week that has the 
maximum wind penetration is sufficient to find the maximum 
wind power scaling factor. According to the historical BPA 
data in 2013, last week of September has 37% wind energy 
penetration. Wind energy penetration is defined as the total 
wind energy produced during the whole week compared to the 
total energy consumed during that week. 

The characteristics of each energy storage unit are shown in 
Table II. The initial state of charge for both CAES and NaS 
battery is assumed to be 0.5, meaning they can charge or 
discharge at the beginning. The inflexible generation in the 

system is assumed to be 870 MW as the minimum net load 
presented in Table I. Thermal unit details are presented in 
Table III. The maximum capacity of the thermal unit is 10 
GW to balance the maximum net load in the system. 

TABLE II. 
LARGE SCALE ENERGY STORAGE CHARACTERISTICS [19],[20] 

Unit Power 
(MW) 

Energy 
(MWh) 

Ramp rate 
(MW/min) 

Efficiency 
(%) 

DoD 
(%) 

Idle 
Time 
(min) 

NAS 50 300 50 70-90  80 -- 

CAES 300 6000 18 60-70 -- 20 
 

TABLE III 
THERMAL UNIT CHARACTERISTICS 

Unit  Max power 
(MW) 

Min power 
(MW) 

Ramp rate 
(MW/min) 

Min 
up/down 
time (hours) 

THERMAL 10000 150 100 3  
 

 
Fig.2. CAES operation for a week with 15 minute time interval 

The CAES operation for 5 units of 300MW each derived 
from the linear programming results is depicted in Fig. 2. As 
one can observe, the required idle time constraint for transition 
between charging/discharging modes is satisfied. The wind 
power scaling factor results for different maximum allowable 
wind spill energy percentages are shown in Table IV and 
Table V, respectively. 

TABLE IV 
OPTIMIZATION RESULTS FOR SCALING FACTOR FOR %0=wsλ  

        CAES 
NAS 

0 1 2 3 4 5 

0 1.00 1.12 1.20 1.27 1.35 1.42 

1 1.01 1.14 1.21 1.28 1.36 1.43 

2 1.04 1.15 1.22 1.30 1.37 1.44 

3 1.08 1.16 1.23 1.31 1.38 1.46 

4 1.09 1.17 1.25 1.32 1.39 1.47 

 
TABLE V 

OPTIMIZATION RESULTS FOR SCALING FACTOR FOR %5=wsλ  

       CAES 
NAS 

0 1 2 3 4 5 

0 1.40 1.49 1.57 1.65 1.72 1.77 

1 1.42 1.50 1.58 1.66 1.73 1.78 

2 1.43 1.51 1.59 1.67 1.74 1.78 

3 1.44 1.52 1.60 1.68 1.75 1.79 

4 1.45 1.53 1.61 1.69 1.75 1.80 
 

These results indicate that by increasing the number of 
CAES and NaS battery units, the wind power scaling factor 
increases. As shown in Table IV, by considering 0% wind 
spill percentage, the scaling factor for no energy storage unit is 
one since the inflexible generation is assumed to be minimum 
of the net load. 

Table IV indicates that by increasing the CAES unit to 5 
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(equal to 1500MW CAES with 20 hours capacity) and 4 NaS 
battery units (200MW with 6 hours capacity) the scaling factor 
increases to 1.47. On the other hand, Table V, which allows 
5% wind energy curtailment, shows 40% more wind power 
can be absorbed without any energy storage units. By 
installing 5 CAES unit and 4 NaS battery units, this number 
increases to 1.8 meaning that 80% more wind power can be 
absorbed while allowing 5% wind spillage. 

Since the main problem to accept more wind power is the 
inflexible generation in the system, bulk energy storage is 
required to absorb the wind power rather than making the net 
load to be less than the inflexible generation. CAES and NaS 
battery are good candidates in large-scale energy storage units 
that can mitigate this problem due to its high capacity [19]. 

IV.  CONCLUSION 

High wind penetration requires more flexibility in electric 
power systems. This paper presents a detailed modeling for 
two types of large-scale energy storage units as flexible 
resources to increase wind energy penetration levels. The 
hybrid configuration of CAES and NaS battery is modeled in 
this paper. The CAES model presented in this paper considers 
the required idle time for charging/discharging mode transition 
in addition to efficiency, ramp rates, power rating and energy 
capacity. 

The objective function presented in this paper is the scaling 
factor of wind power time series. Results indicate that by 
increasing the flexibility in the system as number of energy 
storage units, more wind power can be absorbed and extra 
wind farms can be planned. 

Analyses in this paper are based on technical issues of 
power system and energy storage units. The economic 
evaluations are beyond the scope of this paper.  
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