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Abstract—The integration of increasingly available renewable 
energy sources, such as wind energy, into the power grid will 
have the potential to reduce dependence on fossil fuels and 
minimize greenhouse gas emission. However, due to the 
stochastic nature of renewable generation, balancing of 
generation and load becomes difficult. Energy storage is 
expected to play a major role in promoting the development of 
renewable energy by intermittent power source balancing, 
storing surplus generation, and providing electricity during high 
demands. One of the various emerging energy storage 
technologies is Compressed Air Energy Storage (CAES). In this 
paper, we model a wind generation-CAES system which can 
generate, store, and sell electricity to the grid. In addition, two 
optimization methodologies based on particle swarm 
optimization (PSO) are used to optimize the short-term 
operation and long-term planning of the wind generation-CAES 
system. The goal is to determine the optimum capacities of these 
resources as well as the optimum day-to-day operation strategy 
in order to maximize profit. The variables considered in this 
study include electricity market price, wind speed, gas price, 
etc., from a local electric utility. A number of sensitivity analyses 
are performed to evaluate the profitability of the wind 
generation-CAES system and the impact of different factors on 
the results. 

I. INTRODUCTION 
The major technical impediment to using renewable 

energy systems (such as wind and solar power) is the 
intermittent nature of these sources and their inability to 
provide a continuous supply of power. Advanced storage 
systems can reduce the volatility of renewable deliveries from 
remote sites. 

Indeed, energy storage is expected to play a major role in 
promoting the development of renewable energy, intermittent 
power source balancing, reducing carbon emissions, managing 
peak power, and reducing transmission congestion [1]. Large-
scale storage technologies that can rapidly respond to 
variations in generation and load are vital. There are various 
emerging energy storage technologies, some with significant 
rates of maturity [2]. Energy storage technologies can be 

categorized as mechanical (i.e., Compressed Air Energy 
Storage (CAES), pumped hydro energy storage (PHES), 
flywheels), thermal (i.e., ice storage, molten salts, geothermal, 
hot water), electromechanical (i.e., batteries, fuel cells, 
hydrogen), and direct (i.e., capacitors, ultracapacitors, 
superconducting magnetic energy storage) [3]. Among these 
technologies, CAES, PHES, batteries, flywheels, and 
ultracapacitors can be used to support renewable energy 
integration into the grid [4]. 

There are currently two established large-scale energy 
storage technologies which have been developed and tested 
and can be used for wind power applications: PHES and 
CAES. Pumped hydro energy storage has been utilized for 
many years; and in the U.S., there are 40 PHES stations with a 
capacity of 20 GW [5]. However, in comparison, CAES has a 
smaller footprint, can be built in more places, has no 
requirement for obtaining water rights, and is cheaper [2, 6]. 

The first CAES power station, located in Germany, has 
been operational since 1978 [7]. This unit was designed to 
provide startup for nuclear power plants during a complete 
outage and to provide inexpensive peak power. The first large-
scale CAES in the U.S. is located in Alabama and has been 
operational since 1991 [8]. This is a 110 MW plant which can 
provide full output power for 26 hours. 

Recently, there have been a number of research studies on 
modeling and economic analysis of CAES [9-14]. The authors 
in [11], for example, provide a model for CAES considering 
the mass and energy balance inside the reservoir. Some of 
these studies include the intermittency of wind generation in 
their models as well [12-14]. In addition, many studies have 
been conducted on the efficient operation and optimization of 
CAES [15-17]. Lund et al. studied the optimal operation of 
CAES without considering renewable generation [15]. The 
study provided by [16] shows how the amount of energy 
dispatched and the profit may be improved by adding CAES 
to wind generation. The authors in [17] have incorporated 
CAES to enhance the operation of grid-integrated wind 
generation, considering the electricity market price. 
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In this paper, we provide a co-optimization approach to 
determine the optimum operation and planning of a wind 
generation-CAES system using particle swarm optimization 
(PSO). In the first step, the goal is to determine the optimum 
operation strategy for a wind generation-CAES system in 
order to maximize the short-term profit; and in the second 
step, the goal is to calculate the optimum capacities of wind 
generation and CAES such that the long-term profit can be 
maximized. None of the previous research studies have 
addressed the optimization of both CAES operation and 
planning. The advantage of this co-optimization method is that 
the optimum capacities of wind generation and CAES are 
determined as best suited to their optimum operational 
scheme.      

The model is developed using the MATLAB software, and 
different cases have been studied. In addition, different 
sensitivity analyses have been performed to determine the 
impact of power system parameters, such as electricity rates 
and power transmission limit, on the optimization results.   

II. WIND GENERATION-CAES MODEL 
The general process for operation of wind generation-

CAES can be explained as follows. When the electricity price 
is low, the power generated from wind turbines is used by 
electric-motor-driven compressors in order to trap the massive 
volume of high pressure air into an underground geologic 
formation during off-peak hours. Then, when electricity 
demand is high or the electricity price is expensive, the 
precompressed air can be used to drive special combustion 
turbines which, in turn, drive electrical generators to generate 
electricity. Natural gas or other fuels are still required to run 
the turbines, but the process is more efficient. This method 
uses up to 50% less natural gas than standard electricity 
production [18]. 

Based on the description of the process provided, the 
model of the wind generation-CAES system has been 
developed and is shown in Figure 1. 

 
Figure 1.  Model of wind generation-CAES system. 

The main components of this model are a wind generator 
(which can also be a representative of a wind farm), 

compressor, CAES container, and a gas generator. The wind 
generation-CAES system is modeled from the perspective of a 
generation company which can sell the output power from its 
wind generators directly to the grid or can store it as 
compressed air to be used with a gas generator to generate 
electricity at a different time. The input variables of this 
system are wind speed, electricity rate, and gas rate, which are 
used at each time step by the control center to make 
operational decisions. The time step for this study is assumed 
to be one hour. A decision/control system in this model is in 
charge of the optimum operation of the system. Each hour, 
there are three decision options to choose from:  1) use the 
power generated to compress the air and store it in CAES; 2) 
sell the wind generation to the grid and keep the stored 
compressed air; or 3) sell electricity from both the wind 
generation and CAES to the grid. We denote the 
aforementioned decisions as Decision 1, Decision 2, and 
Decision 3, respectively. 

The profit of the wind generation-CAES owner depends 
on the aforementioned input variables, and some system 
parameters, such as heat rate, energy ratio, power line 
capacity, wind generation, and CAES sizes, and their costs. 
Equation (1) is used to define this profit at each hour ݄. ܲݐ݂݅݋ݎሺ݄ሻ ൌ ൫ ௐܲሺ݄ሻ ൅ ܲீ ሺ݄ሻ൯. ܴ௘௟௘௖ሺ݄ሻ െ .ௐܥ ௐܲሺ݄ሻെ .஼ܥ ௌܲሺ݄ሻ െ ܴ௚௔௦ሺ݄ሻ. .ܴܪ ܲீ ሺ݄ሻെ .஼஺ாௌܥ ஼஺ாௌ݌ܽܥ െ .ீܥ ܲீ ሺ݄ሻ                  ሺ1ሻ 

where ௉ೄሺ௛ሻ௉ಸሺ௛ሻ ൌ  are heat rate (amount of ܴܧ and ܴܪ ;ܴܧ
natural gas energy used to generate each kilowatt hour of 
electricity) and energy ratio (amount of electrical energy input 
per unit of electrical energy output), of the wind generation-
CAES system, respectively. ݌ܽܥ஼஺ாௌ represents the capacity 
of the CAES. ܥ஼ and ீܥ are the operation and maintenance 
costs of the air compressor and gas generation. In addition, the 
costs associated with wind generation (ܥௐሻ and CAES 
 ஼஺ாௌሻ are assumed to be the levelized costs per unit of windܥ)
power generation and CAES capacity, respectively. 

The wind-generated power is calculated using a simple 
model representing a typical wind generator power curve [19].  

ௐܲሺhሻ
ൌ ൞݌ܽܥW. ൬ ௪ܸ௜௡ௗሺhሻ െ ௖ܸ௜௥ܸ െ ௖ܸ௜ ൰ ௖ܸ௜  ݎ݋݂   ൑ ௪ܸ௜௡ௗሺhሻ ൑  ௥ܸ   ݌ܽܥW                                 ݂ݎ݋  ௥ܸ ൑ ௪ܸ௜௡ௗሺhሻ ൑  ௖ܸ௢ 0                                                    ݁ݏ݅ݓݎ݄݁ݐ݋       ሺ2ሻ 

where ௖ܸ௜, ௖ܸ௢, and ௥ܸ  are cut-in, cut-out, and the rated wind 
speed of the wind turbines; and ݌ܽܥW is the capacity of the 
wind generation .   

The objective function to be maximized can be represented 
by (3). 

ܨ ൌ ෍ ሺ݄ሻுݐ݂݅݋ݎܲ
௛ୀଵ                                                                       ሺ3ሻ 

subject to considering the components’ capacities and a total 
power transfer limit ௦ܲ௘௟௟,௠௔௫  to the grid.   



is the total number of hours in the hor ܪ
which is short-term for the operation optimi
term for the planning optimization study.  

III. OPERATION OPTIMIZATION M

The goal of this study is to determi
operational decisions from the short-term p
this regard, three decision variables are de
determine which one of the decisions define
section is optimum at each hour. In particul
variables are:  low threshold rate (ܴ௟ି௧௛), h
(ܴ௛ି௧௛), and CAES discharge factor ( ஽݂
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energy in the CAES will be discharged wh
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rates defined are used to differentiate the 
Here, the operation optimization is intended
one day. Therefore, at the beginning o
forecasted data for wind speed, electricity ra
are acquired by the PSO program. This prog
the optimum set of the decision variables s
profit suggested by (3) is maximized. The
repeated for the next day.  

IV. PLANNING OPTIMIZATION M
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term operational decisions and the long-term
and CAES capacity calculation. The overall 
in Figure 2.  
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rizon of the study 
ization, and long-

METHOD 
ine the optimum 
predicted data. In 
efined which can 
ed in the previous 
lar, these decision 
igh threshold rate ஽). The mapping 
sion options from 3 ݊݋2 ݊݋1 ݊݋                  ሺ4ሻ 

e available stored 
hen 3 ݊݋݅ݏ݅ܿ݁ܦ is 

1. The threshold 
decision options. 

d for a duration of 
f each day, the 

ates, and gas rates 
gram searches for 
such that the total 
e same process is 

METHOD 
ation of the short-

m wind generation 
process is shown 

 
generation-CAES 

The first step is to obtain th
parameters of the model components
data are used by short-term and lo
whose output will be used by 
optimization programs, respectively
layers of process. The first layer is
explained in Section III. The operat
incorporates the daily plan to deter
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section. This paper does not aim to propose any forecasting 
methods; and, therefore, it is assumed that the data obtained 
has been calculated using forecasting tools. Explanations of 
the PSO method and its parameters can be found in [20]. 

VI. RESULTS AND DISCUSSIONS 
This section provides the results for both operation and 

planning optimization methods as well as the sensitivity 
analysis. 

A. Operation Optimization Results 
As discussed before, this operation strategy optimizes day-

to-day operations. Here, a ten-day period has been chosen to 
demonstrate the results. The wind speed, electricity rates, and 
gas rates for this period are shown in Figures 3 and 4, 
respectively. 

 
Figure 3.  Ten-day wind speed data used for the operation optimization.  

 
Figure 4.  Ten-day gas and electricity rates used for the operation 

optimization.  

While the wind speed and electricity rates are dynamically 
changing during this period, the gas rate is usually not volatile; 
and it is considered to be approximately constant throughout a 
month. As a result of the simulation, the following figures 
show the optimum decision variables. Figure 5 shows the 
optimum low and high threshold rates, and Figure 6 represents 
the optimum discharge factor for each day.  

 
Figure 5.  Optimum high and low threshold rates. 

The standpoint of the hourly electricity rate within the 
thresholds of Figure 5 determines the willingness of the 
system to store or sell the electricity generated to the grid. 

 
Figure 6.  Optimum CAES discharge factor. 

The profit calculated for all of the days is shown in Figure 
7. In fact, this figure represents the objective function of the 
PSO maximized separately for each operation day. Figure 8 
indicates the total amount of electricity sold daily to the grid. 

 
Figure 7.  Daily maximized profit with operation optimization method. 

 

Figure 8.  Daily electricity sold to grid with operation optimization method. 

In general, the profit on the days with higher wind speeds 
and higher electricity rates is relatively higher than the other 
days. In addition, a comparison between Figures 8 and 3 
shows a correlation between the wind speed and the amount of 
power sold to the grid on different days. 

B. Planning Optimization Results 
The goal is to determine the optimum wind generation and 

CAES capacities. Figures 9 and 10 show the wind speed, 
electricity rates, and gas rates for a duration of one year. A 
longer duration of study for planning purposes can be selected 
without loss of generality. 

 
Figure 9.  Wind speed data during a year.  



Figure 10.  Gas and electricty rates during
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Figure 11 shows the maximum daily
optimum capacities calculated. Since the cos
wind generation and CAES have also been
objective function, there are some days in 
those costs are higher than the revenue; an
shows a negative value. Specifically, it can
on some of those days, the wind speed is hi
which is the cut-out wind speed. Therefore
outage contributes to the negative profit on
also observed that as expected, the profit cu
has a good correlation with the electricity rate

Figure 11.  Daily maximized profit with optimum wind 
capacities. 

C. Sensitivity Analysis 
The first sensitivity analysis was conduct
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