
Extensible Modeling of Compressed Air 

Energy Storage Systems 

 

 

 

by 

 

 

Siddharth Atul Kakodkar 

 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Master of Applied Science 

in 

Mechanical Engineering 

 

 

 

Waterloo, Ontario, Canada, 2018 

 

 

©Siddharth Atul Kakodkar 2018 

 



 

 ii 

AUTHOR'S DECLARATION 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including any 

required final revisions, as accepted by my examiners. 

 

I understand that my thesis may be made electronically available to the public. 

 



 

 iii 

Abstract 

There is a growing number of renewable energy sources that can supply power to the electrical grid. 

These renewable sources of energy are intermittent in nature and therefore the transition from using 

fossil fuels to green renewables requires the use of energy storage technologies to maintain and 

regulate a reliable supply of electricity. Energy storage technologies play a key role in allowing 

energy providers to provide a steady supply of electricity by balancing the fluctuations caused by 

sources of renewable energy. Compressed Air Energy Storage (CAES) is a promising utility scale 

energy storage technology that is suitable for long-duration energy storage and can be used to 

integrate renewable energy (such as Wind energy) to the electrical grid. CAES technologies can be 

broadly classified into 3 types: Diabatic-CAES (D-CAES), Adiabatic-CAES (A-CAES) and 

Isothermal-CAES (I-CAES). 

The author first performs a review on the different types of energy storage available today and a 

literature review on of CAES system level models, Turbomachinery models, and cavern models. 

After the gaps in literature are identified, the author then develops a flexible and extensible model of 

an A-CAES system, which can be used a CAES plant designer to obtain a first order thermodynamic 

evaluation of a particular plant configuration. The developed model is scalable, modular and can be 

connected to a control strategy. The model is able to capture time dependent losses and part load 

behavior of turbomachinery. The modeling methodology is focused around keeping the model 

extensible, i.e. components and their fidelity can be easily altered for the model’s future growth. The 

components modeled are the compressor, the turbine, the induction motor, the generator, and a 

thermal energy storage device to the make the CAES plant adiabatic. The model is created using the 

Matlab/Simulink® software, which is commonly used tool for modeling.  

The A-CAES plant model was simulated for 23.3 hours comprising of 12.47 hours of charging 

using a mass flow rate of 107.5 kg/s, 8 hours of storage and 2.83 hours of discharge using a mass 

flow rate of 400 kg/s. The maximum and minimum cavern pressures were 72 bar and 42 bar 

respectively. The obtained round trip efficiency is 76.24%. Additionally, the turbine start-up time was 

found to be 760 seconds. The compressor train average efficiency was calculated as 70%, the 

expansion train average efficiency was calculated as 81% and the TES efficiency was calculated as 

91%. The models simulated the behavior of an A-CAES plant accurately with the compressor and 

turbine showing a close resemblance to their performance maps. The results indicate that Adiabatic-
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CAES is a promising and emerging technology. However, further research and development is 

required beyond this thesis; specifically, in the area of thermal energy storage and management. 

Finally, the author makes recommendations on how to further improve upon the achieved objectives 

in this work.  
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Chapter 1 

Introduction  

In this chapter, the intermittency of renewables to the electrical will be discussed and why there is a 

need for low carbon energy storage. The different types energy storage technologies available today 

will also be discussed along with Compressed Air Energy Storage (CAES), its different 

configurations (diabatic, adiabatic, and isothermal), and why it is worth considering. Furthermore, the 

Macintosh and Huntorf plants will be reviewed. CAES technology in its current state will be 

compared with the existing energy storage alternatives. Finally, the thesis objectives and its 

constituent chapters are stated. 

With an increasing human population and demand for higher quality of life, the global electricity 

consumption is on the rise. The global production of electricity in 2013 reached 23,000TWh per year. 

Of this, natural gas and other fossil fuels accounted for 68% whereas renewable sources contributed 

less than 6% [1]. Since the usage of fossil fuels for electricity production comes with associated 

environmental costs such as climate change, there is an added emphasis for renewables and green 

technologies to contribute a greater amount to energy production. The main difficulty associated with 

integrating renewable technologies to the grid is their inherit intermittency. An intermittent energy 

source can be defined as a source of energy that is not continuously and easily available for 

conversion into electricity. The intermittency for renewables is mainly caused because of the 

unavailability of the natural phenomena that causes the generation of energy for that particular 

renewable source. Table 1 below summarizes the causes for intermittency for various different 

renewable energy sources.  Today, in order to ensure power plants produce the right amount of 

electricity at the right time to consistently and reliably meet the demand, grid operators utilize a three 

phase planning process. The amount of electricity supply available is scheduled one day prior, and 

then balanced with demand on an hour-by-hour and second-by-second basis. Due to the grid having 

very little storage capacity, a balance must always be maintained between the electricity demanded 

and supplied. If this balance is not maintained properly, problems such as grid blackout, grid 

instability, and loss of quality of supplied power may occur [2]. Short term and long term energy 

storage is considered as one of the prominent solutions to these problems. Energy storage and they 

can interact with the grid in different ways is discussed in the next subsection. 
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Table 1 - Intermittency Causes for various Renewable Energy Sources [3] 

Number Name of Renewable Energy Source Cause of Intermittency 

1 Wind 

 Wind availability 

 Wind current concentration 

 Wind speed 

 Temperature of Air 

2 Hydro 

 Water current 

 Seasonal variations 

 Precipitation levels 

3 Solar 

 Amount of diffuse solar 

radiation 

 Seasonal variations 

 Weather conditions 

 Sun’s energy concentration 

4 Geothermal 

 Uncontrolled drop of 

temperature 

 Steam and heat levels 

 

1.1 Energy Storage 

Energy storage (ES) technologies play a key role in overcoming the issue of intermittency without a 

significant carbon footprint. This is accomplished by converting electricity into stored energy in some 

medium through a conversion device or process. Then, through the same or different conversion 

device or process, the stored energy is converted back into electricity, losing some energy in the 

round trip due to process irreversibilities. The goal is capture energy produced at one time, for use at 

a later time. This is illustrated on the next page on Figure 1. 
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Figure 1 - Energy Storage Concept [12] 

The lack of wide scale adoption of energy storage can be commonly attributed to high costs for 

energy storage. Whether or not a particular energy storage technology is feasible depends, in part, on 

if the adoption of the energy storage technology can economically justify the costs and produce an 

adequate profit [4]. Questions such as “What are the costs?”, “What is the expected equipment 

efficiency?”, “How much storage is required to match a given intermittent source?”, “How will the 

energy storage system interact with the grid (load following, peak shaving, arbitrage, spinning 

reserve, etc.)?”; are to be answered. Factors such as the local regulatory framework, and the time 

structure of power to be supplied must be taken into account. A full economic model is, however, is 

beyond the scope of this work. From [5,6, and 18], efficient energy storage solutions provide the 

following benefits to power utilities: 

 Efficient use of renewable energy 

 Voltage profile reduction 

 Distribution losses reduction 

 Renewable energy contribution is maximized 

 Improved demand and generation match 

 Transmission losses reduction 

 Reduction of greenhouse gas emissions 

 Improved reliability in the power system 

 Reduced stress on the generating system to provide for peak loads 

In addition to the above mentioned benefits, an energy storage technology can also provide 

ancillary services. Ancillary services are defined as “Those services necessary to support the 

transmission of electric power from seller to purchaser, given the obligations of control areas and 

transmitting utilities within those control areas, to maintain reliable operations of the interconnected 
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transmission system.” [7]. Table 2, on the next page, defines and summarizes the various different 

ancillary services that can be provided by an energy storage system to the electrical grid. 

 

Table 2 - Ancillary services and their description 

Number Name of Ancillary Service Description 

1 Frequency regulation 

Frequency regulation control refers to the need to ensure that the 

grid frequency stays within a specific range of the nominal 

frequency. [8] 

2 Load following 

Load following refers to balancing the power supplied as the 

demand for electricity fluctuates through the day (15 minutes to 1 

day) [9] 

3 Black start 
Capability of restarting without consuming electricity from the 

grid [12] 

4 Spinning reserve 
The reserve capacity to compensate for unexpected loss in power 

generation (typically less than 15 minutes) [18] 

5 Non-spinning reserve 
The reserve capacity to compensate for unexpected loss in power 

generation (typically greater than 15 minutes) [18] 

6 Time shifting/Arbitrage 
Store energy when its price is low and discharge energy when its 

price is high [18] 

7 Peak Shaving 

Peak shaving is a technique that is used to reduce electrical power 

consumption during periods of maximum demand on the power 

utility [10]. 

 

By acquiring the capability of storing energy over time, energy providers would need to build 

power plants with the capacity to meet the average demand for electricity, and not peak demand [27]. 

This is illustrated on the next page on Figure 2. In the subsequent sections, the various different kinds 

of energy storage technologies adopted around the world will be discussed along with their 

advantages and disadvantages.  
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Figure 2 - Load profile of electricity provider showing role of energy storage [18] 

1.2 Mechanical Energy Storage  

Mechanical energy storage is a means of storing energy in the form of kinetic or potential energy by 

using a mechanical practice such as compression or rotation [11]. Compressed Air Energy Storage, 

presented in section 1.6 is also considered as a form of mechanical energy storage. It is worth noting 

that Adiabatic-CAES (ACAES) utilizes a Thermal Energy Storage (TES) component, while Diabatic-

CAES (DCAES) utilizes chemical energy in the form of fuel. The different forms of a CAES system 

are discussed in section 1.6. The approaches discussed in this section are Flywheel Energy storage 

and Pumped Hydro Storage. 

1.2.1 Flywheel Energy Storage 

A flywheel can be described as a rotating disk or wheel, of high mass that can store electrical energy 

in the form of kinetic energy (rotational mechanical energy). Depending on the speed of rotation, 

flywheels can be broadly classified into low speed and high speed flywheels. Low speed flywheels 

operate at speeds lower than 10,000 revolutions per minute (rpm) and provide a shorter energy 

storage period with high power capacities; while high speed flywheels operate at speeds above 10,000 
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rpm and provide a longer energy storage period with lower power capacities [13, 14]. Figure 3 below 

illustrates the cross-sectional view of a flywheel. An electric motor consumes power, and is used to 

accelerate the flywheel via a shaft when charging. The rotation of the shaft is responsible for 

transferring angular momentum to the rotor, which is the energy storage component. When 

discharging, the same electric motor acts as a generator and a deceleration of the rotor is translated 

into electrical energy. The stored electrical energy is proportional to the mass of the flywheel 

multiplied by the square of its angular velocity [16].  

 

Figure 3 - Flywheel cross section [15] 

As an energy storage device, the flywheel was designed to improve power quality by regulating 

short voltage disturbances, due to its fast response time of less than one second [17,18]. Some of the 

other key advantages of flywheels are: long lifetime, high number of discharge cycles, environmental 

friendliness, high round trip efficiency (80-85%), and low life cycle cost [13,14,19]. The main 

disadvantage associated with flywheels is the incurred energy losses due to bearing friction and 

windage when attempting long term energy storage. Flywheels typically produce power in the range 

of a few kW for a couple of hours to 1200 kW for a few seconds [16]. The typical investment cost for 

a flywheel is 130-500 USD/kW [20]. 
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1.2.2 Pumped Hydro Energy Storage 

Pumped hydro energy storage is a commercially proven and mature long term energy storage 

technology, providing over 95% of the world’s current energy storage capacity [16]. There are over 

300 pumped hydro plants operating globally [19].   

A Pumped hydro plant consists of two water reservoirs located at different elevations, a pump unit 

to move water from the lower reservoir to the upper reservoir, and a turbine to produce electricity. 

Energy is stored at Pumped Hydro plant by making use of off-peak electricity to pump water from a 

lower reservoir to one located at higher elevation. While discharging, water from upper reservoir is 

allowed to flow downhill while driving a generator in order to produce electricity. In this way, 

electrical energy can be stored in the form of hydraulic potential energy; and is depicted on the next 

page in Figure 4. The power produced is proportional to the mass flow rate of water and head of the 

system. Pumped Hydro plants can be classified into three main categories [24]: 

 Closed Loop: comprises of two reservoirs separated by geographic elevation, neither of 

which are connected to another water body 

 Semi-open Loop: comprises of one artificial reservoir and one modified natural water body, 

such as a lake or a river impoundment, with continuous through flow 

 Open System: comprises of two reservoirs where there is continuous flow of water between 

the upper and lower reservoirs 

 

Figure 4 - Pumped Hydro Energy Storage [21] 

Pumped hydro plants have severable notable advantages and disadvantages. They have a round trip 

efficiency range of 70-85% [13,22] and can typically provide power in the range of 100 – 3000 MW 
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[18]. They also have a relatively short start up time of a few seconds, when on standby; and 10 

minutes when completely shut down [22].  Pumped Hydro plants have a flexible operating range, 

have low operation and maintenance costs, and can be utilized for frequency control, non-spinning 

reserve, load following and time shifting [23]. 

Among their disadvantages, Pumped Hydro plants require a long lead time for construction 

(typically around 10 years) [18], a long construction time, and have a high investment cost of 500-

4600 USD/kW [20]. Additionally, the geographical locations that are favorable for Pumped Hydro 

Storage are scarce, attributing to the fact that Pumped Hydro Energy Storage is an old and desirable 

energy storage practice. Another limiting factor in the adoption of Pumped Hydro Storage is the 

environmental damage (large amount of deforestation, acquiring an adequate supply of water, etc.) 

associated with the construction and operation of a plant.    

1.3 Electro-chemical Energy Storage (Batteries) 

In Electro-chemical energy storage systems, electrical energy is stored in the form of chemical 

energy, through either a reversible or non-reversible chemical reaction. The system typically 

comprises of a large battery that is made up of smaller modules containing repeating units called 

cells, as shown on  Figure 5 below. Its main components are: an anode, a cathode, the electrolyte and 

an enclosure. During discharge, chemical reactions occur at the cathode and anode that create a flow 

of electrons through an electric circuit. Electro-chemical energy storage can be classified into four 

categories namely: primary cell or battery, secondary cell or battery, reserve cell and fuel cell [25,26]. 

 

Figure 5 - Battery made up of cells [28] 
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 A primary battery is non-rechargeable, contains a cathode and anode, and make use of an 

electrolyte, which is either aqueous or non-aqueous, and enclosed inside a separator or 

absorbent material.  

 Secondary batteries contain the same constituent building blocks as primary batteries, but 

fundamentally differ because they are rechargeable. To allow for charging, a current can be 

passed through the circuit that is opposite to the direction of the current during discharge. 

Secondary batteries use both aqueous and non-aqueous electrolytes.  

 Reserve batteries are a type of primary battery used for long term energy storage. They are 

made without an electrolyte and can be reliably stored under a large variety of conditions. 

The electrolyte is added just prior to battery discharge  

 A fuel cell can produce electricity by using an external supply of a fuel (such as hydrogen) 

from the anode and an oxidizing agent from the cathode, which react in the presence of an 

electrolyte. As long as the supply of fuel and oxidizing agent are not exhausted, a fuel cell 

can continue to operate for a very long period of time. A fuel cell is designed to consume 

“chemical 1”, and produce electricity and “chemical 2”; and can be reversed to consume 

electricity and “chemical 2”, to produce “chemical 1” [18,25,26] 

 

In the subsequent sub-sections, three types of secondary battery energy storage technologies are 

discussed namely: Sodium-sulfur batteries, Lithium-ion batteries, and Lead acid batteries.  

1.3.1 Sodium-sulfur (NaS) battery 

A sodium sulfur (NaS) battery consists of molten sulfur at the anode (positive electrode) and molten 

sodium at the cathode (negative electrode), separated by a solid beta alumina ceramic electrolyte [16]. 

This is shown on the next page on Figure 6. NaS batteries have a round trip efficiency of 75% and can 

be used for about 2500-4500 charge cycles before disposal. The typical charge time is about 6-7 

hours, with no self-discharge [19].  NaS batteries can provide a power output of 1 to 10 MW for 4-6 

hours [28,29]. The typical investment cost of NaS battery is 1420-2500 EUR/kW [18] 

NaS batteries are used in commercial electrical energy storage, primarily for grid stabilization and 

power quality management, because they have a fast (a few milliseconds) response time [19]. One 

constraint to overcome when using NaS batteries is their operating temperature, of 300-350°C. This 

requires an initial heat supply, however, once the operating temperature is reached, the heat produced 

from the chemical reaction during discharge is sufficient to keep the process running [34]. 
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Figure 6 - NaS Battery [28] 

1.3.2 Lithium-ion battery 

Lithium ion batteries were first proposed in the 1960s, and then commercially produced by Sony in 

1990 after Bell Labs developed a workable graphite anode as an alternative to the lithium metal [18]. 

The cathode is made of a lithiated metal oxide (LiCoO2, LiMO2, etc.), the anode is made of graphitic 

carbon, and the electrolyte is made of lithium salts [18,30].  

Although Lithium ion batteries dominate the market for portable electronics and medical devices 

[31], they can be used in smaller energy storage applications. They have a very high round trip 

efficiency of 85-98% [19] and have a high energy density range of 90-190 Wh/Kg [32]. This 

property, combined with a low self-discharge rate, makes Lithium-ion batteries a very attractive 

energy storage option for electric vehicles [33]. Lithium-ion batteries can be used for 1000-10000 

charge cycles [19] and its power output is 1kW-1MW for a discharge time of 1-4 hours [16]. Lithium-

ion batteries have several disadvantages that prevent their usage in large scale energy storage 

applications [16]. They require additional safety circuits to protect against overcharging, which are 

expensive [19, 34], and their lifetime is significantly reduced when operating at high temperatures or 

when discharged beyond a certain extent [16]. 

1.3.3    Lead acid battery 

Lead Acid batteries were invented in 1859 and are the oldest and most widely used secondary 

batteries for household, as well as industrial applications. A lead acid battery is made up of lead-
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dioxide, which acts as the positive electrode; and metallic lead, which acts as the negative electrode. 

The electrolyte made of 37% (5.99 Molar) sulfuric acid [18]. The round trip efficiency of a lead acid 

battery is 70-90% and its investment cost is 300-600 USD/kWh. This makes lead acid batteries a 

popular choice in some automotive, power quality, and spinning reserve applications [18]. They can 

also achieve a power output of 0-30 MW [25].  However, there are certain disadvantages associated 

with using Lead acid batteries, such as their low energy density of 30Wh/Kg [32]; and low cycle life 

of 500-1000 charge cycles [18]. They also require a thermal management system because they cannot 

perform well at low temperatures [18].    

1.4 Chemical Energy Storage 

Chemical energy is stored in the form of chemical bonds within and between atoms and molecules of 

substances. This energy can be released when the substance undergoes a chemical reaction, often 

resulting in the substance changing forms, or transforming into an entirely new substance.  Chemical 

fuels such as coal, gasoline, hydrogen, butane, ethanol, etc. are responsible for carrying chemical 

energy [25]. Alternatively, chemical energy can be released by electron transfer reactions for the 

direct electricity generation [35].  The Electro-chemical technologies discussed in section 1.3 also fall 

under a category of chemical energy storage, however, the following subsections will discuss 

chemical energy storage from the perspective of fuels, specifically hydrogen and methane. Chemicals 

such as Butanol and Ethanol are also considered for energy storage however since they are produced 

through techniques such as fermentation of biomass, they are not considered as electrical energy 

storage. Methane is discussed because it is 3 times cheaper to store relative to hydrogen [37]. 

1.4.1    Hydrogen 

Hydrogen is an abundant, transportable, non-toxic and versatile energy carrier, with an energy density 

of 142 kJ/Kg, which is higher than other hydrocarbon based fuels [36].  Hydrogen can be produced by 

a process known as electrolysis using off-peak electricity. It can also be produced from coal, 

biological materials, natural gas and heavy oils [37]. Figure 7 on the next page illustrates the 

electrolysis process, which is the process by which water breaks down into hydrogen and oxygen gas 

with the help of an electric current. 

The hydrogen produced through the above mentioned methods can be stored physically, in gas or 

liquid phase, or by using material based storage. In the gas phase, hydrogen can be stored in high 

pressure vessels or salt caverns at pressures of 300-700 bar. Hydrogen storage in the liquid phase 
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requires cryogenic cooling because of its low boiling point of -252°C. Material based hydrogen 

storage is done on metal hydrides or sorbent materials [25,38]. 

 

 

Figure 7 - Electrolysis of Water [38] 

Stored hydrogen can be used to generate electricity by being burnt in an internal combustion engine 

or a turbine. It can also be used in fuel cells, which have a higher efficiency [25]. The typical round 

trip efficiency of hydrogen storage is about 20-45% [19]. The typical power output is 1-500 MW [16] 

and the typical investment cost is high, about 1000-2000 USD/kW [39].     

1.4.2 Methane 

Methane is one of the chemical compounds that is considered for energy storage applications. When 

liquefied, methane is easy to store and transport. Since methane has a higher energy density and 

higher boiling point relative to hydrogen, it becomes 3 times cheaper to store than hydrogen [37].  

Methane is typically produced by Sabatier’s reaction, which is a two-step reaction involving 

hydrogen gas and carbon dioxide. In the first step, carbon dioxide reacts with hydrogen to produce 

carbon monoxide and water. In the second step, carbon monoxide reacts with hydrogen to produce 

methane and more water. The reaction requires a supply of carbon dioxide, making the reaction 

expensive, and a temperature range of 200 -750°C. The efficiency of the reaction is 70-85% [16] and 

the round trip efficiency from hydrogen production is 20-30% [37]. 
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1.5 Electrical Energy Storage 

In this section, methods to store energy in the form of electrical energy will be discussed. They can 

largely be classified into two categories: electrostatic (capacitors and supercapacitors) and magnetic 

(or current) energy storage [25]. The technologies in particular that are discussed in this section are 

Superconducting magnetic energy storage (SMES) and Supercapacitors.  

1.5.1 Superconducting magnetic energy storage (SMES) 

Superconducting magnetic energy storage (SMES) systems store energy in the form of an electric 

current that is passed through a coil made from superconducting material. The energy is stored in the 

circulating electrical current with almost zero loss [18]. A superconducting material exhibits zero 

electrical resistance when cooled below a critical temperature [40].  The coil must be immersed in 

liquid helium inside a vacuum insulated cryostat in order to remain in a superconducting state. The 

key components of a SMES system are: the superconducting coil, a cryogenic refrigerator system, a 

vacuum insulated vessel, and an AC/DC converter; as shown below in figure 8. The conducting coil 

is typically made of niobium-titanium, and the coolant can be liquid helium at 4.2 K, or super fluid 

helium at 1.8 K [18]. 

 

Figure 8 - Components of a Superconducting magnetic energy storage system[41] 

SMES systems have a high round trip efficiency of up to 95% and can produce a power output of 

1-10MW. They also have a fast response time and long lifetime (30 years); making them an ideal 

option to improve the power quality in the gird [16,23].   

Some of the disadvantages associated with SMES systems are their high capital investment (about 

7200 USD/kW) and high self-discharge rate of about 10-15% per day [23]. Furthermore, there are 

negative environmental consequences of having such strong electromagnetic fields generated [16]. 
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1.5.2 Supercapacitors 

Supercapacitors and capacitors are the most direct and literal approach to storing electrical energy 

[25]. In its simplest form, a capacitor is made of two metallic plates separated by a non-conducting 

layer, known as the dielectric. When charging, one of the plates is charged using electricity from a 

direct current source. An opposite sign charge is then induced on the second plate [18]. In a 

supercapacitor, the dielectric is replaced with an electrolyte solution in between the two conducting 

plates, usually about 1 molecule thick; and is the means by which supercapacitors store energy. The 

electrodes are made from porous carbon and have a high surface area of up to 2000 m2 per gram of 

carbon. Due to this, supercapacitors are able to have very high capacitances (relative to conventional 

capacitors) and store large quantities of energy [18,25]. Figure 9 on the next page illustrates the 

structure of a supercapacitor. 

 

Figure 9 - Structure of a supercapacitor[42] 

When compared to traditional batteries, Supercapacitors have a lower energy density but have a 

higher power density; and operate with round trip efficiency of 80-95% with about 5% daily self-

discharge [19,43]. This means the stored energy must be used quickly in order to not accumulate 

large losses, making supercapacitors not ideal for long term energy storage. However, they have a fast 

response time, and can produce a power output of 100-250 kW, making them an ideal option for 

frequency regulation [16]. Additionally, supercapacitors have a long lifetime, being able to operate 

for over 100000 charge cycles [16]. The investment cost for supercapacitors is 6000 USD/kWh [23]. 
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1.6 Compressed Air Energy Storage (CAES) 

Compressed Air Energy Storage (CAES) is a form of mechanical energy storage. Apart from Pumped 

Hydro Energy Storage, CAES is one of the few desirable energy storage options that has a power 

output on a similar scale (100-1000 MW) [12]. In this section, Compressed Air Energy Storage, a 

brief history, and its different variations will be covered. 

1.6.1 A Brief History 

Compressed air, as an energy carrier, has been used in the manufacturing industry for many years. It 

is used for purposes such as drilling, carving, cleaning, etc. Fundamentally, the idea to store electrical 

energy in the form of compressed air dates back to the early 1940s [44]. However, at the time, the 

need to store the energy in the electrical grid was lacking. In the 1960s, the introduction of baseload 

power generation in the form of nuclear power and lignite coal fired power, lead to the formation of 

an economic case for storing off-peak power [45]. It was realized that inexpensive off-peak power 

could be stored and used later during the hours of peak load; and the stored power would be generated 

using the same baseload power plants. Where applicable, this gap was bridged using pumped hydro 

energy storage [45]. 

In 1969, the decision to develop and build the first CAES plant in northern Germany was taken. 

The plant would be named “Huntorf”. The suitable geology for underground salt caverns and the need 

for grid energy storage were the driving factors. Additionally, this CAES plant would be capable of 

providing black start for the German electrical grid [45,46]. 

After the inception of the Huntorf plant in Germany, there was a rise in the interest levels for 

CAES in the mid-1970s [44]. The US Department of Energy initiated an R&D and pre-demonstration 

program for CAES in the late 1970s, at the end of which, Diabatic-CAES (D-CAES) was considered 

technically feasible [47]. In 1991, the first CAES plant in the US was built in Alabama at the 

McIntosh site [48]. A detailed review of both the McIntosh and Huntorf plants is presented in sections 

1.6.4 and 1.6.5 of this work respectively.   

Despite the rising interests and initiatives for CAES, there have not been any large scale CAES 

plants that have been constructed after the McIntosh plant. A few decades ago, the driving factors 

behind the development and deployment of CAES were black start capability and the economic 

optimization of transferring baseload power to peak hours. Today, the main driving factor are the 
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balancing of intermittency from renewable energy sources, and providing different ancillary services 

[45]. Figure 10 below shows the timeline of CAES inception and development through the years.  

 

Figure 10 - CAES Development timeline [45] 

1.6.2 Basic Principles of CAES 

A CAES plant comprises of the following components: 

 Electric motor and generator 

 Multi-stage compressor train 

 Above ground or underground compressed air storage (CAS) 

 Expander train 

 Piping and fittings 

 Control system 

At a conceptual level, the basic principles of CAES are simple. Electricity from the grid is used to 

drive an electric motor, which in turn, drives a compressor to pressurize ambient air. This pressurized 

air is then stored in a container of large volume; and can be released when needed. Electrical energy 

is stored in the form of potential energy of pressurized air.  Power is generated by the expansion of 

the compressed air through an air turbine, which is connected to a generator. Figure 11 on the next 

page illustrates this.  
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Figure 11 - Generic Compressed Air Energy Storage Diagram [49] 

There are a variety of CAES concepts that exist today. These are at different stages of development, 

have different strengths and weaknesses, and are aimed at different applications. Broadly speaking, 

CAES technologies can be classified into 3 types: Diabatic-CAES (D-CAES), Adiabatic-CAES (A-

CAES) and Isothermal-CAES (I-CAES). Figure 12 shows the different CAES technologies. 

 

Figure 12 - Classification of CAES technologies [45] 

The main principle used to distinguish between the different CAES types is how the heat is handled 

during compression and before the expansion of air. In the subsequent paragraphs, these technologies 

are discussed along with how the heat is handled in each configuration. 
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1.6.1 Diabatic-CAES 

D-CAES is the only type of CAES that has been realized on a large scale [45]. Figure 13 below 

shows the schematic of a D-CAES plant. When a D-CAES plant is in charging mode, ambient air is 

compressed by a compressor that is electrically driven. The air is cooled using intercoolers in between 

compression stages. After the air exits the compressor it is cooled further before it enters the 

compressed air storage (CAS) device. The removed heat is not re-used in the process further and can 

be considered waste. The heat removed enables the safe operation of the CAS and reduces the 

specific work of higher order compressor stages. When in discharge mode, air is removed from the 

CAS and heated in a combustion chamber with the help of burning a fuel such as natural gas. After 

being heated, the air is allowed to expand and drive a turbine that is connected to a generator and can 

produce electricity [50].   

 

Figure 13 - Diabatic-CAES [50] 

1.6.2 Adiabatic-CAES 

A-CAES is similar to D-CAES in this operation. However, in an A-CAES plant, after the air is 

compressed, the heat from compression is not wasted, but is stored. In one type of A-CAES, the heat 

is stored in a thermal energy storage (TES) device. The same heat is then used to reheat the air before 

expansion in the turbine. In this way, the need for combustion and the usage of fuel in the process is 

completely eliminated. There is also a second type of A-CAES that does not use a TES. Here, the 

compressed air is used for both, potential energy storage as well as thermal energy storage. Again, no 

fuel is used in the entire process. However, the imposed requirement of the CAS to be able to sustain 

large temperatures and pressures leads to large initial costs and safety considerations. Thus far, no A-

CAES systems have been realized on a commercial scale [50]. Only laboratory scale A-CAES 
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systems exist currently [51]. Figure 14 below, shows the schematic of A-CAES plants with and 

without a TES. There is a type of CAES system which combines the use of a combustion chamber 

and TES, called hybrid CAES [52]. 

 

1.6.3 Isothermal-CAES 

I-CAES plants attempt to prevent the rise in temperature during the compression or charging process 

and the drop in temperature during the expansion or discharge process. All I-CAES concepts 

developed thus far are based on piston machinery. This is because piston machinery can perform a 

relatively slow compression or expansion process, which provides more time to facilitate heat transfer 

within the machinery itself. All I-CAES concepts, such as Closed Cycle Hydro Pneumatic Energy 

Storage (C-HyPES) and Open Cycle Hydro Pneumatic Energy Storage (O-HyPES) are currently only 

developed at a laboratory scale [45]. Table 3 below provides a comparison of technical parameters for 

the three types of CAES systems discussed in the previous subsections.  

Table 3 - Comparison of technical parameters of different CAES types [45,50] 

Parameter Diabatic Adiabatic Isothermal 

Round trip efficiency (%) 0.54 0.7 0.38 

Energy density (kWh/m3) 2-15 0.5-20 1-25 

Startup time (min) 10-15 5-15 <1 

Power output range  5MW-1GW 1MW-1GW 5kW-1GW 

Development Status Application/Demonstration Research/Demonstration Research 

Figure 14 - A-CAES with and without TES [50] 
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1.6.4 Huntorf 

The Huntorf plant began operating in 1978 and was the first CAES plant in the world and is a D-

CAES system. When charging, ambient air is compressed to a pressure of 72 bar using two turbo-

compressor units with intercooling between them. The CAS devices are two solution mined salt 

caverns, with a cumulative volume of 310,000 m3. Having two caverns allows for continued plant 

operation, even when maintenance work is to be performed on one of the caverns. For safety reasons, 

the caverns are cycled between 46 and 72 bar. When discharging, the air leaving the cavern is first 

throttled down to 42 bar with the help of valves before entering the high pressure combustion 

chamber and high pressure turbine. Throttling the air pressure results in a loss of energy but allows 

for the constant pressure efficient operating of the turbine. Air is expanded to about 10 bar after the 

high pressure turbine. After this, the air is heated again in a low pressure combustion chamber and 

made to expand further in a low pressure turbine [45]. Figure 15 below shows an aerial view of the 

Huntorf plant. 

After 28 years of operation, in 2008, the expansion train of the Huntorf plant was retrofitted. The 

retrofits allowed for the inlet temperature of the high pressure turbine to be lowered from 550°C to 

490°C. Furthermore, the temperature and pressure of the low pressure combustion chamber were 

increased from 10 bar to 13 bar, and from 825°C to 945°C respectively. This allowed the power 

output to be increased from 290 MW to 321 MW [53]. Being the first of its kind, the Huntorf plant 

had implemented within it, some unique features for the first time [53]: 

 Compressed air storage in solution mined caverns 

 High pressure combustion chamber 

 High pressure expansion turbine and gas turbine with fast start up capability 

 Power ratio in the motor/generator being one to five 

 

Figure 15 - Huntorf CAES plant [54] 
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1.6.5 McIntosh 

The McIntosh plant was constructed in 1991 in Alabama, USA, 13 years after the construction of the 

Huntorf plant. It was the second commercial D-CAES plant in the world. The basic arrangement of 

components is similar to that of Huntorf, however, only one salt cavern, of size 538,000 m3, is used as 

the CAS device. The McIntosh plant has multi-stage compression with intercooling and no TES 

(Thermal Energy Storage) device for heat storage. The plant also uses an exhaust-heat recuperator, 

which uses the heat from the air exiting the low pressure expander, which is at about 370°C, to 

preheat the air coming out of the cavern [45]. The overall round trip efficiency of the McIntosh plant 

is 54%, higher than the Huntorf plant, which has a round trip efficiency of 42%. This can be 

attributed to the recuperator installed at the McIntosh plant as well as the advancement in the 

technology of the turbomachinery and other components used [45]. Table 4below compares the key 

parameters between the Huntorf and McIntosh plant. 

Table 4 - Comparison between Huntrof and McIntosh [45] 

Parameter Huntorf McIntosh 

Round trip efficiency (%) 0.42 0.54 

Energy content (MWh) 642 2640 

Planning – construction – commissioning  1969-1978 1988-1991 

Compressor manufacturer MAN Turbo Dresser-Rand 

Max input power (MW) 60 50 

Max charging air flow rate (Kg/s) 108 90 

Number of compressor units 2 4 

Charging time at full load (hours) 8 38 

Cavern pressure range (bar) 42-72 46-75 

Cavern volume (m3) 310,000 538,000 

Turbine manufacturer  Alstorm Dresser-Rand 

Max output power (MW) 321 110 

Output control range (MW)  100-321 10-110 

Startup time – normal/emergency (min) 14/8 12/7 

Max mass flow rate (Kg/s) 455 154 
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1.7  Summary of energy storage technologies 

Table 5 below summarizes the various different energy storage technologies covered in this chapter. 

From the table it can be seen that CAES is a promising long term energy storage technology. Two of 

the most common drawbacks associated with CAES technology is its low round trip efficiency and 

the requirement of a suitable site for an underground cavern. However, with the emergence of A-

CAES technologies having higher round trip efficiencies and the development of above-ground air 

storage technologies, these barriers can be overcome in the near future. 

Table 5 - Summary of different energy storage technologies [13,14,16-20,22-29,37,39,43] 

Technology Investment 

cost 

Round trip 

efficiency 

Scale Storage 

Periods 

Usage 

Flywheel 

Energy Storage 

130-500 

USD/kW 

80-85% Small 

scale 

Short Frequency regulation, black start 

Pumped Hydro 

Storage 

500-4600 

USD/kW 

70-85% Large 

scale 

Long Load following, frequency regulation, 

non-spinning reserve, load following, 

time shifting, peak shaving 

Compressed Air 

Energy Storage 

500-1500 

USD/kW 

42-54% Large 

scale 

Long Load following, frequency and voltage 

regulation, spinning reserve, time 

shifting, peak shaving, black start 

Sodium-Sulfur 

Battery 

1420-2500 

EUR/kW 

75% Small 

scale 

Short Grid stabilization, load following, black 

start 

Lithium-ion 

Battery 

- 80-98% Small 

scale 

Short/ 

long 

Frequency regulation 

Lead acid 

Battery 

300-600 

USD/kW 

70-90% Small 

scale 

Short Grid stabilization, spinning reserve 

Hydrogen 1000-2000 

USD/kW 

20-45% Large 

scale 

Long Load following, time shifting, fuel, 

heating 

Methane - 20-30% Large 

scale 

Long Load following, time shifting, heating 

Superconducting 

Magnetic 

Energy Storage  

7200 

USD/kW 

95% Small 

scale 

Short Grid stabilization, load following 

Supercapacitors 6000 

USD/kW 

70-80% Small 

scale 

Short Frequency regulation 
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1.8 Objective 

The main objective of this thesis is to develop a flexible and extensible model of a CAES system for 

bulk applications, that is dynamic and modular. The model must be capable of capturing time 

dependent losses and part load behavior of turbomachinery. The model can be used a CAES plant 

designer to obtain an accurate first order thermodynamic evaluation of a proposed CAES plant. For 

the purposes of this work, the CAS chosen to be modeled is an underground cavern, since it is a 

proven CAES component for bulk applications. The designer can configure the turbomachinery and 

cavern as desired, without the need to develop a system of equations to describe the underlying 

physics. The developed models are scalable, modular and can be connected to a control strategy. The 

modeling methodology is focused around keeping the model extensible, i.e. components and their 

fidelity can be easily altered for the model’s future growth. The models should be able to accurately 

simulate the behavior of a CAES plant, or any of its constituent components, for a variety of 

scenarios. 

1.9 Thesis Outline 

This thesis is divided into six different chapters.  

Chapter 1 provides a motivation for energy storage by discussing the intermittency of renewables to 

the grid. Furthermore, different energy storage options for the grid discussed, compared and 

contrasted with CAES.  

Chapter 2 comprises of a review of published literature of CAES system level models, 

Turbomachinery models, and cavern models  as well as the methodology incorporated. 

Chapter 3 contains the details of the methodology of how the different components of a CAES system 

are modeled. The solving sequence for each component is also presented.  

Chapter 4 details how the different components presented in chapter 3 are connected together in a 

modular and extensible system-level CAES model. 

Chapter 5 presents the results obtained from simulating the models presented in Chapters 3 and 4. 

Results are obtained for 23.3 hours of simulation comprising a of a charging period followed by a 

storage and discharge period.  

Chapter 6 discusses the main conclusions obtained from this work and makes recommendations for 

future work.  
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Chapter 2 

Literature Review 

In this chapter, the various different CAES models published in literature will be reviewed. Since one 

aim of this work is to capture transient effects within the system components, dynamic models of 

turbomachinery and the cavern, which form integral parts of a CAES system, published in literature 

will also be discussed.  

2.1 CAES Modeling 

The first CAES program found in literature by the author is from [55], published in 1982. An overall 

plant model is developed in FORTRAN in order to predict the cycle efficiencies of various CAES 

plant layouts. One year later, the same author published a paper on the thermodynamic analysis of 

five different CAES cycles including one A-CAES cycle [56]. The program being stationary in 

nature, are not able to capture the dynamics effects within the system such as varying turbomachinery 

efficiencies and storage losses.  

 The authors in [57] propose a model of a CAES plant for transient stability studies. The 

components modeled include a compressor, a turbine and an induction machine which acts as the 

motor and generator. The turbine is modeled as a linear function of the fuel and rotor speed and the 

compressor is modeled as a reciprocating cylinder with a moving piston. The model is tested on 

simplified single load machine for a variety of contingency scenarios such as load shedding and load 

change. In the simulation, rotor shaft dynamics are captured when the plant is charging, and power 

delivered to the grid is captured when the plant is discharging. The authors conclude that the models 

can be used for steady state and dynamic analysis. However, pressure and temperature changes in the 

cavern and their effect on the system are not modeled and included. Furthermore, the models do not 

account for the masses within the turbomachinery and limit the capability of the CAES plant to only 

perform voltage control. 

In [58], a CAES system connected to a wind farm is modeled using Matlab/Simulink®. The 

compressor and wind turbine are modeled as steady state machines and an induction motor is 

dynamically modeled and is mechanically connected by a shaft to the wind turbine. Studies are 

performed where different torques are applied on the induction motor at different times by the wind 

farm; and the dynamic response of the induction motor is studied. The results note that the proposed 

arrangement is applicable to CAES because the electrical torque in the induction motor can be 
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controlled for positive or negative step changes in the mechanical torque; for charging as well as 

discharging. There are certain limitations in this work, the key limitation being the absence of a 

turbine model. Additionally, the thermodynamics of the turbomachinery and their effect on torque is 

not considered.  

In [59], a CAES system is modeled to smoothen the power delivered by a 2MW wind turbine to the 

grid. The components modeled are the motor, compressor, heat exchanger, turbine and synchronous 

generator. The overall system is setup such that the wind turbine is connected to the grid through an 

ac/dc converter, a dc link, and a dc/ac inverter. The CAES system, through the dc link, acts as a 

buffer for the captured wind energy. The CAES components are modeled using thermodynamic 

relations, including the air storage. It is found in the results that the power delivered by the hybrid 

system is greater than the power delivered by the wind turbine by itself. That being said, the motor 

and generator models were not presented as part of the work and hence their fidelity cannot be 

determined. Furthermore, the effect of rotating masses in turbomachinery and the charging state of 

CAES system was not modeled. The interaction between the generator and the ac/dc converter as well 

as the dc/ac inverter are ignored. 

In [60], a dynamic model for a CAES plant and supercapacitor is presented to absorb power from 

the grid. The methodology for the modeling of the air storage, permanent magnet, synchronous 

generator, compressor, supercapacitor, converters and control system are presented. The operation is 

such that the supercapacitor absorbs the difference in power between what is output by the CAES 

system and the demanded power. An additional algorithm is introduced to enhance the compressor 

operation by regulating the available pressure in the air storage device. Although the results can be 

considered reasonable, the simulation is only useful for studying hybrid CAES systems involving 

supercapacitors. Furthermore, again, the models do not account for the rotating masses within the 

turbomachinery and their drivers.     

In [61], a thermodynamic analysis of a CAES system is presented. Modeling, on the basis of steady 

state equations, for compressor, air expander, heat recuperator, burner is discussed. The system is 

setup such that the air expander is in series with the gas turbine. A sensitivity analysis is performed 

for the system at nominal and off-nominal values. Results show that when the air mass flow rate is at 

nominal values, and there is partial loading, the efficiency of the air expander and gas turbine drops. 

Additionally, the efficiency of the air expander and gas turbine remain relatively constant when the 

input air temperature of the gas turbine is fixed to the nominal value. Lastly, the results show that the 
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efficiency of the gas turbine shows higher values at nominal conditions as compared to off-nominal 

conditions.  Although the conclusions drawn are reasonable, the proposed system is different from 

typical CAES systems for bulk applications. Furthermore, the authors did not model an air storage 

device.  

The research performed in [62] shows a dynamic thermodynamic analysis for an A-CAES system. 

Transient models for the low and high pressure compressor, low and high pressure turbine, packed 

bed TES, and heat exchangers is presented. Equations to evaluate component level performance and 

system level performance is presented. It is shown that the thermal front degradation within the TES 

has an influence on the overall plant efficiency. The model simulates the dynamic performance of a 

CAES plant for both design and off-design conditions for a number of charge cycles. Absent from 

this work is the models for the motor and generator. Inertias present in these machines will have an 

influence on the overall results.  

[63], [64], [65], [66] present low fidelity modeling of CAES systems for a number of situations. 

However, these models are either not dynamic, or make a number of assumptions that reduce the 

confidence in the conclusions drawn and are hence not incorporated in this work. [67], [68], [69] 

present CAES modeling for small scale applications. However, the turbomachinery, storage 

equipment, and electrical equipment used are not feasible for bulk CAES applications and are 

therefore also not incorporated in this work.   

2.2 Turbomachinery Modeling 

Modeling turbomachinery components within a CAES system accurately is an important objective in 

this work. It is important that the models take into account the inertias of rotating masses within the 

machines and are not developed on the basis of thermodynamic relationships alone. In literature, there 

is an abundance of models published for modeling gas turbine turbomachinery. These models can be 

broadly classified into two types: models based on the frequency domain and control theory [70], 

[71]; and models based on time domain [72], [73], [74].  The models that are created in the time 

domain use the time-differential versions of momentum, mass and energy conservation as the basis 

for the model. In order to solve the equations, performance data specific to the turbomachine needs to 

be obtained. This data is obtained from one of two sources: directly from the manufacturer, or by 

using compressor and turbine performance maps. These maps are discussed in more detail in section 

2.2.1 of this work.  
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All the available literature on turbomachinery modeling requires that the compressor and turbine are 

connected by a common shaft. This connection is also built into the developed models of the turbine 

and compressor and the performance of one of these components has a significant influence on the 

other. This is not the case for CAES systems, where the turbine and compressor operate 

independently of each other. Therefore, the turbomachinery models have to be modified slightly in 

order to better represent CAES operation. This modification is better achieved when working with 

time domain models in contrast to frequency domain models.  

The research presented in [75] models turbomachinery components using performance maps for 

CAES applications. The models for the compressor, turbine, and generator are presented. The models 

also make use of a regulating system, which ensures the compressor and turbine operate on a safe 

region on the performance map without risk of surge or stall. The beta lines approach is used for 

reading data from the performance maps. The author aims to simulate a charge and discharge cycle of 

the Huntorf plant and the results are considered reasonable. The models capture the real performance 

of the turbomachines well for CAES purposes but lack a connection to an air storage device.  

2.2.1 Turbomachinery Maps  

Turbomachinery maps are a representation of the phenomenon occurring in a turbomachine. They 

contain all information pertaining to the real operation of the machine and can be used to model its 

behaviour. They are created typically by the manufacturer of the machine by conducting expensive 

tests in laboratories. It is for this reason, that these maps are sometimes difficult to acquire, given that 

they contain information that is considered confidential by the manufacturer. A typical map contains 

performance data of the turbomachine at different conditions of angular speed, pressure ratio, mass 

flow rate and its consequence on machine efficiency [75].  

Compressor maps are of two types: maps containing information regarding pressure ratio and mass 

flow rate; and maps containing information regarding mass flow rate and efficiency. Both types of 

maps contain information for machine angular speed. Figure 16, on the next page, shows a typical 

compressor map. The first map contains mass flow rate on its x-axis and pressure ratio on its y-axis. 

The second map contains mass flow rate on its x-axis and isentropic efficiency on its y-axis. Both 

maps contain curves which represent constant angular speeds that the compressor can operate at. On 

the first map, the lines of constant angular speed are limited by the stall line on the right hand side, 

and by the surge line on the left hand side. The surge and stall concepts are explained in section 2.2.2 

of this work. It can be noted that the presented compressor maps do not contain information for 
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speeds below 50% of its nominal speed. This is because the operation of the compressor becomes 

unstable at these low speeds and it is difficult to obtain useful data. Compressors are designed to 

operate at speeds higher than 50% of their nominal speed [76]. In literature, compressor maps are also 

found where all the above mentioned information is represented on one plot. On such a map, the 

pressure ratio is on the x-axis, mass flow rate is on the y-axis, and lines of constant speed are present. 

The isentropic efficiency is represented as contours on the map.  Figure 17 below provides an 

example of such a map. 

 

Figure 16 - Typical Compressor Map [77] 

 

Figure 17 - Compressor map with efficiency contours [78] 
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Turbine maps, similar to compressor maps, also are of two types: maps containing information 

regarding pressure ratio and mass flow rate; and maps containing information regarding mass flow 

rate and efficiency. Turbine maps contain pressure ratio on the x-axis, and mass flow rate and 

isentropic efficiency on the respective y-axes. Curves of constant speed are also present on the map. 

Typical turbine maps are shown below in Figure 18. It is important to note that in the turbine map, all 

the lines of constant speed converge after a certain pressure ratio is attained. This happens because the 

stator in the turbine gets choked, and therefore, no additional mass flow rate can be added despite an 

increase in angular speed. The concept of turbine choking is explained later on in section 2.2.2. 

 

 

Figure 18 - Typical Turbine Map [79] 
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2.2.2 Surge, Stall, and Choking 

Surge, stall, and choking are phenomena that impose a limitation on compressor operation. Stall can 

be described as the point where the angle between the compressor’s rotor blade and the inlet air 

becomes too high. This causes the flow of air to separate from the form the surface of the rotor blade 

due to boundary layer separation; creating turbulent flow in the blade passage. A region of stalled 

flow moves from blade to blade in the compressor in the same direction as the rotor. This region may 

grow exponentially with time until a certain size is reached. The rate of growth is determined by the 

slope of the pressure ratio and mass flow characteristic, for a given constant speed on the compressor 

map [75,80].  

Surge occurs when the surrounding conditions force an increase in compressor pressure ratio for 

given constant rotor speed.  At this point, the stalled compressor blades cannot support the high 

pressure gradient resulting in an instantaneous breakdown of airflow and a decrease in compressor 

outlet pressure. Surges can be mild or strong, can cause flow reversal, and are often accompanied by a 

loud bang. Bleed valves within the compressor must be opened in order to prevent surge from 

occurring since it can potentially cause severe damage to the machine [75,80].  

Choking occurs when the flow passes through the smallest area in the passage, referred to 

commonly as the throat region. At the throat, when the Mach number becomes sonic, the mass flow 

rate cannot be increased any further unless the area of the throat region is increased. This condition is 

referred to as choking and the maximum possible flow rate has been attained [75].  

2.3 Cavern Modeling 

When reviewing CAES modeling literature, it can be said the modeling of the air storage caverns can 

be divided into three categories: Models that directly ignore the effect of caverns [56, 57, 61,62], 

models that assume the temperature in the cavern is constant [60,63], and models that assume the 

cavern is adiabatic [64,66]. Meaning that there is no heat exchange between the cavern and the 

surrounding geology. All three assumptions do not take into account the correct heat transfer, and can 

cause errors in the thermodynamic analysis.  

[81] presents a model for a cavern to calculate temperature and pressure variations on the basis of 

mass and energy conservation equations. The heat transfer by conduction to the surrounding rock is 

also accounted for. There are two analytical solutions presented: the one that assumes the cavern is 

isothermal and the average density approximation. The average density approximate solution assumes 
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that the density of air in the cavern does not vary a lot and can be represented by a constant average 

value. The model is validated against operational data taken from the Huntorf plant.  

2.4 Identified gaps in literature 

There is a wide variety of CAES models available in literature. Lacking in the literature are studies 

into the application of CAES to specific electricity grids each of which have their own consideration 

in terms of CAES locating, grid infrastructure, and grid management. Also lacking are high-fidelity 

CAES models capable of capturing system transients such as variable turbine speed-load efficiency, 

turbomachinery inertia as well the inertias present in their drivers, and of capturing detailed cavern 

dynamics and heat transfer. It is in the latter area, that the author seeks to make a relevant and novel 

contribution. 

As per the thesis objective, this work aims to model a dynamic and modular A-CAES system. The 

novelty associated with is work is that the turbomachinery is modeled using performance maps and is 

connected to a cavern model that can capture pressure and temperature variations. The cavern will be 

modeled on the basis of mass and energy conservation equations as well as the heat transfer to the 

surrounding rock, without assuming a constant air density. Also modeled is an induction motor 

driving the compressor, a generator, and a TES. Each component is modeled as module, giving the 

overall model a modular nature. Within each module, parameters and fidelity can be easily altered. 

These models are presented in Chapter 3. 
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Chapter 3 

Modeling a CAES Plant - Modular 

This chapter contains the models of components that form an A-CAES system developed as part of 

this work. Models for the compressor, turbine module, cavern, TES (Thermal Energy Storage), 

induction motor, and generator are presented. The software used to create the models is 

Matlab/Simulink®. In the next chapter, further details are provided on how these components are 

connected together to form the system.  

3.1 Compressor Model 

The goal of the compressor model is to describe the operational behaviour of a modern axial and 

centrifugal with variable inlet guide vanes with sufficient fidelity to capture compression, heat 

transfer, irreversibilities, friction and inertia. The pressure ratio dependency on the air mass flow rate, 

together with the ability to influence compressor guide vanes, has been taken into account. The model 

uses maps, as described in section 2.2.1, that capture the real operation of a compressor in terms of 

efficiency, air mass flow rate, and pressure ratio. The maps used for this model are shown below in 

Figure 19. The map is scaled to fit CAES applications as described by [75]. A description of the 

scaling methodology can be found in Appendix A. 

 

Figure 19 - Scaled NASA 37 Compressor Map 

There is an additional valve that regulates the backpressure within the compressor in order to keep 

the operating point within the surge and stall limits on the map. This valve is not incorporated as part 

of the model for the sake of model simplicity and to save simulation time. This assumption does not 
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affect the compressor’s operating range on the map, and will not influence its steady state operation. 

During start up and shutdown, for a very short period, when the compressor is operated below its 

minimum load, the consumed power and air outlet temperature may vary slightly. Hence, the impact 

of this assumption on the overall A-CAES model is considered minimal.   

In order to connect the thermodynamics of a compressor to its rotational dynamics, equation (1) 

derived from Newton’s second law, as described by [77] is used. 

𝑑𝜔

𝑑𝑡
=

𝑀𝑜𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟 − 𝐿𝑜𝑎𝑑 − 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟

𝐼 ∗ 𝜔
 

(1) 

Where I is the moment of inertia of the compressor and ω is its angular speed. The motor power is 

the electrical power consumed to the compressor that is supplied by the induction motor. The load is 

the power required by the motor for the compression process; and can be understood as the force that 

the air exerts on the compressor blades, which is normal to the force exerted on the air by the rotor.  

The friction power is the power lost due to mechanical friction created by the impeller, the bearings 

and other solid components within the compressor. From equation (1) it can be inferred that the net 

power in the system, divided by the product of angular speed and moment of inertia, will either 

accelerate or decelerate the compressor. Equations (2), (3) and (4) below show how motor power, 

load, and friction power are calculated respectively [75,83].  

𝑀𝑜𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟 = 𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ∗ 𝜂𝑀𝑜𝑡𝑜𝑟 (2) 

𝐿𝑜𝑎𝑑 = �̇� ∗ ∆ℎ (3) 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 = 𝐹 ∗ 𝜔2 (4) 

Where 𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 is the power consumed by the induction motor. 𝜂𝑀𝑜𝑡𝑜𝑟 is the efficiency of the 

induction motor. �̇� is the mass flow rate of air in the compressor and is assumed to be uniform along 

the machine. Its value is obtained from the compressor map. ∆ℎ is the change in enthalpy as a result 

of compression and 𝐹 is the friction factor, provided by the compressor manufacturer. Equations (2), 

(3) and (4) can be substituted into equation (1) to obtain equation (5) below. 

𝑑𝜔

𝑑𝑡
=

(𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ∗∈𝑀𝑜𝑡𝑜𝑟) − (�̇� ∗ ∆ℎ)  − (𝐹 ∗ 𝜔2)

𝐼 ∗ 𝜔
 

(5) 

In order the calculate the ∆ℎ term, the temperature at the outlet of the compressor must be 

calculated. This is done with the help of equation (6) on the next page [83]. Once temperature is 
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determined, the corresponding enthalpy is calculated using lookup tables containing the property 

models of air. For this work, air is assumed to behave like an ideal gas.  

𝑇2 = 𝑇1 + 𝑇1 [ (
𝑃2

𝑃1

)

𝑘−1
𝑘

− 1]
1

𝜂𝑖𝑠𝑒𝑛

 

(6) 

Where 𝑇1and 𝑃1 are the ambient temperature and pressure respectively. 𝜂𝑖𝑠𝑒𝑛 is the isentropic 

efficiency of the compressor and is obtained from the compressor performance map. 𝑃2is the pressure 

of the air after compression. k is the polytropic index. The model is solved numerically, the required 

initial conditions and inputs are the ambient temperature and pressure, the compressor friction factor, 

cavern volume, initial cavern pressure, and a speed setpoint, after which the compressor speed is 

increased and mass is allowed to enter the machine. For the purposes of this work, the setpoint value 

is at 1% of the compressors nominal speed.  

After the initial conditions have been provided, equation (5) is solved at every time step. The load 

is zero until the speed setpoint has been reached. Once mass is allowed to flow through the machine, 

the mass flow rate is determined using the compressor map by taking into account the angular speed 

of the rotor and the required pressure ratio. Once the mass flow rate has been determined, the 

isentropic efficiency is calculated using the efficiency map. After this, the compressor outlet 

temperature is calculated using equation (6). The model operates such that the pressure in the system 

volume after the compressor and before the TES is first increased to the cavern maximum pressure, 

before allowing air to enter the TES and the cavern. This is done using a valve. The compressor outlet 

temperature and angular speed of the current time step is then used to calculate the angular speed of 

the next time step using equation (5). Figure 20 on the next page provides a flowchart for the 

compressor model. Once the desirable operating point on the map is reached, mass is allowed to enter 

the TES and cavern; and the compressor operates there until the cavern reaches its maximum allowed 

pressure. It is important to note here that the compressor model can be run independently, or as part 

of the CAES system. The inputs shown in the dotted boxes can be removed and replaced with 

representative signals from other components of the system. 
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Figure 20 - Compressor model flowchart 

3.1.1 Reading maps using beta lines 

In literature, there are several methods published for reading data from turbomachinery maps. [84,85] 

outline methods using artificial neural networks to read and extrapolate turbomachinery map data.  

[86] published a method for reading data using two variable functions. However, the approach chosen 

for reading data from maps in this work is the beta lines method. There are two reasons for this, the 

first being the ease of implementation in Simulink®; and second reason being that it has been 

demonstrated in [75] to accurately read data from turbomachinery maps for CAES applications.  

The beta lines method was created by [87]. In the method, equally spaced parabolic or straight 

lines, that are parallel to the surge line, are created and made to cover the operating region on the 

map. Since their equation is known, they can be used to create lookup tables with corresponding map 
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data [76]. When machine’s angular speed and pressure ratio are known, a beta line value is guessed 

and corrected until it matches both parameters. With the correct beta line value, the corresponding 

mass flow rate and efficiency is found using interpolation within lookup tables. An illustration of this 

process can be seen below in Figure 21 and on the next page on Figure 22.  

 

Figure 21 - Parabolic and straight Beta lines on map [76,87] 
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Figure 22 - Lookup tables from Beta lines [76] 

 

In order to create beta lines on the compressor map selected for this work, a parabolic line starting 

from the origin and intersecting the highest point of each constant speed line is created. The line is 

created using a polynomial fit for the data points created by the highest points of each constant speed 

line. Since the line obeys the equation  𝑦 = 𝐴𝑥2 + 𝐵𝑥 + C, the value of the coefficient B can be 

increased to create lines that are equally spaced and occupy the operating region on the map. The 

result is shown on the next page on Figure 23.  
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Figure 23 - Beta lines for NASA-37 Compressor 

Once the operating region on the map is covered with beta lines, tables containing the data on the map 

can be formed. Each table contains either pressure values, mass flow rate values, or efficiency values 

for a corresponding beta line and speed. These tables can then be used as lookup tables in the model. 

Table 6 and Table 7 below show the tabulated data for the beta lines created on Figure 23. 

Table 6 - Pressure ratio Beta lines data for scaled NASA-37 Compressor 

 

 

Table 7 - Mass flow rate Beta lines data for scaled NASA-37 Compressor 
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3.1.2 Regulating System 

In order to make the simulation more representative of a real compressor’s operation, a simple 

regulating system as described by [75] is connected to the compressor. The goal of the regulating 

system is to ensure the safe operation of the compressor and prevent it from operating in the surge 

and stall regions of its map. To achieve this, the map uses two parabolic lines to identify the safe 

operating region. These lines are then interpreted as equations and compared to the values of the 

operating point. If the operating point is above the upper limit, the mass flow rate is increased until 

the operating point is back within specified limits. If the operating point is below the lower limit, the 

mass flow rate is decreased until the operating point is back within specified limits. The rotational 

speed of the compressor is adjusted after the mass has been regulated. Figure 24 below illustrates the 

limits set on the used compressor map.  

 

 

Figure 24 - Compressor map regulating system limits 
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3.2 Turbine Model 

The expansion train of CAES plants is commonly equipped with axial turbines. The turbine model is 

similar to the compressor model, the governing equations derived from the same conservation laws 

and the model makes use of maps to describe the real operation of a turbine. However, the expansion 

is modelled as a semi-steady process: the pressure at the inlet and outlet of the turbine is kept 

constant. The turbine outlet temperature is determined by its isentropic efficiency. The maps used to 

simulate the turbine are shown below in Figure 25. The map has been scaled to fit CAES applications 

as described by [75]. A description of the scaling methodology can be found in Appendix A.  

 

Figure 25 - Turbine map [75] 

Using Newton’s second law, equation (7) can be derived to connect the thermodynamics of the 

turbine to its rotational dynamics [83].  

𝑑𝜔

𝑑𝑡
=

𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 − 𝐿𝑜𝑎𝑑 − 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑤𝑒𝑟

𝐼 ∗ 𝜔
 

(7) 

Where I is the moment of inertia of the turbine and ω is its angular speed. The turbine power is the 

rotational mechanical power produced by the turbine. The load is the electrical power needed to be 

met by the turbine, and can be understood as the demanded power. The friction power is the power 

lost due to mechanical friction created by the bearings and other solid components within the turbine. 

Like the compressor, the turbine will accelerate or decelerate proportional to the net power within the 

system divided by the by the product of angular speed and moment of inertia. Equation (8) on the 

next page shows how the turbine power can be calculated, friction power is calculated using equation 

(4) and the friction factor is provided by the manufacturer, and the load is signal received by the 

turbine which contains the demanded power.   
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𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟 = �̇� ∗ ∆ℎ (8) 

Where. �̇� is the mass flow rate of air in the turbine and like the compressor, is assumed to be 

uniform along the machine. Its value is obtained using the turbine map. ∆ℎ is the change in enthalpy 

as a result of expansion. Equations (4) and (8) can be substituted into equation (7) to obtain equation 

(9) below. 

𝑑𝜔

𝑑𝑡
=

(�̇� ∗ ∆ℎ) − 𝐿𝑜𝑎𝑑 − (𝐹 ∗ 𝜔2)

𝐼 ∗ 𝜔
 

(9) 

The turbine exit temperature is calculated using equation (10) below, and is required in order to 

obtain the air exit enthalpy [83].  

𝑇6 = 𝑇5 − 𝑇5 ∗ 𝜂𝑖𝑠𝑒𝑛 ∗ [1 −  (
𝑃5

𝑃6

)

𝑘−1
𝑘

 ] 

(10) 

Where 𝑇5and 𝑃5 are the turbine inlet temperature and pressure respectively. These values are 

provided by the cavern and TES model. 𝑃6 is the ambient pressure. 𝜂𝑖𝑠𝑒𝑛 is the isentropic efficiency of 

the turbine and is obtained from the turbine performance map. k is polytropic index. The model is 

solved numerically, the required inputs are ambient pressure, initial non-zero speed, operating 

pressure ratio, the turbine friction factor, and the load. 

First an initial non-zero value for speed and pressure ratio is used and increased until the operating 

pressure ratio is reached. For every speed and pressure ratio value, a corresponding mass flow rate 

and isentropic efficiency value is obtained using the turbine maps. The turbine outlet pressure and 

friction power is then calculated using equation (4) and (10) respectively. After this equation (9) is 

solved to find the angular speed of the next time step. Figure 26 on the next page provides a flowchart 

for the turbine model. Similar to the compressor, it is important to note here that the turbine model 

can be run independently, or as part of the CAES system. The inputs shown in the dotted boxes can 

be removed and replaced with representative signals from the other components of the system. 
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Figure 26 - Turbine model flowchart 

3.3 Cavern Model 

The air storage is modeled as a cavern and is considered as the control volume and is assumed to be 

cylindrical in shape. The goal of the model is to capture the thermodynamic response from charging 

and discharging the cavern. The cavern’s walls, and input and output ports are the system boundaries. 

During charging and discharging, the air flows cyclically in and out of the cavern via the ports. For 

the purposes of this model, air leakage is ignored; this is a reasonable assumption when the 

surrounding rock is salt or low-permeability rock. Equation (11) below and equation (12) on the next 

page are formed based on the mass and energy conservation laws respectively as described by [81].  

𝑉
𝑑𝜌

𝑑𝑡
= 𝑚𝑖̇ + �̇�𝑒 

(11) 
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𝑉 ∗ 𝜌 ∗ 𝐶𝑣 ∗
𝑑𝑇

𝑑𝑡
= 𝑚𝑖̇ (ℎ𝑖 − ℎ + 𝑍𝑅𝑇 − 𝜌

𝑑𝑢

𝑑𝜌
| 𝑇) + �̇�𝑒 (𝑍𝑅𝑇 − 𝜌

𝑑𝑢

𝑑𝜌
| 𝑇) +  �̇� 

(12) 

Where 𝑉 is the volume of the cavern. 𝜌 is the density of air. 𝑚𝑖̇  and �̇�𝑒 are the mass flow rates of 

air entering and exiting the cavern respectively. 𝐶𝑣 is the constant volume specific heat of air, and for 

this work, is assumed to be a constant value. 𝑇 is the temperature of the air in the cavern. ℎ is the 

enthalpy of the air. Z is the air compressibility factor. R is the universal gas constant. 𝑢 is the internal 

energy of the air and �̇� is the heat transfer by convection at the cavern wall. Equations (13) and (14) 

below show how this heat convection can be calculated, and the generalized gas state law, 

respectively.  

�̇� =  ℎ𝑐 ∗ 𝐴𝑐 ∗ (𝑇𝑅𝑊 − 𝑇) (13) 

𝑃 = 𝑍𝜌𝑅𝑇 (14) 

Where ℎ𝑐 is the convective heat transfer coefficient. 𝐴𝑐 is the cavern wall surface area. 𝑇𝑅𝑊 is the 

cavern wall surface temperature. If the variation of air temperature in the cavern is small, it is 

reasonable to assume that cavern wall temperature remains constant. Hence in the simulation, the heat 

lost is modeled as a heat loss to the cavern walls, and not subsequently to the surrounding rock. 

Equation (15) below along with boundary conditions shown in equations (16) and (17) below can 

used to calculate the heat condition to the surrounding rock.  

𝜌𝑅 ∗ 𝐶𝑃,𝑅 ∗
𝑑𝑇𝑅

𝑑𝑡
=

1

𝑟

𝑑

𝑑𝑟
(𝑘𝑅 ∗ 𝑟 ∗

𝑑𝑇𝑅

𝑑𝑟
) 

(15) 

Boundary conditions: 

𝑟 = 𝑅𝑅𝑊 ,        −𝑘𝑅  
𝑑𝑇𝑅

𝑑𝑟
= ℎ𝑐(𝑇 − 𝑇𝑅𝑊) 

(16) 

𝑟 → ∞,            𝑇𝑅 = 𝑇0        (17) 

Where 𝜌𝑅 is the density of the surrounding rock. 𝐶𝑃,𝑅 is the constant pressure specific heat of the 

rock. 𝑇𝑅 is the temperature of the rock. 𝑘𝑅 is the thermal conductivity of the rock. 𝑅𝑅𝑊 is the radius of 

cavern. 

Upon substituting equation (13) and (14) in equation (12) and making the assumption that air is an 

ideal gas, equation (18) on the next page is obtained. When air is treated as an ideal gas, the change of 

internal energy with respect to density is zero,  
𝑑𝑢

𝑑𝜌
| 𝑇 = 0; Furthermore, the value of the air 

compressibility factor is 1, Z=1. 
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𝑉 ∗ 𝜌 ∗ 𝐶𝑣 ∗
𝑑𝑇

𝑑𝑡
= 𝑚𝑖̇ (ℎ𝑖 − ℎ + 𝑅𝑇) + �̇�𝑒(𝑅𝑇) + ℎ𝑐 ∗ 𝐴𝑐 ∗ (𝑇𝑅𝑊 − 𝑇) 

(18) 

The cavern model, like the compressor and turbine model, is solved numerically. The 

required inputs and initial conditions are cavern radius and depth, cavern initial pressure and 

temperature, convective heat transfer coefficient, the mass flow rate and temperature of air 

entering the cavern, and the mass flow rate of the air leaving the cavern.  The mass flow rate 

and temperature of the air entering the cavern is provided by the compressor and TES model 

respectively. Mass is allowed to enter the cavern once the compressor reaches the desired 

operating point on its map. When a mass flow rate input is provided for charging or 

discharging the cavern, each term within equation (18) is calculated. The instantaneous air 

density in the cavern is calculated using equation (11). Equation (18) is solved for every time 

step in order to calculate temperature changes in the cavern with time. The corresponding 

pressures are calculated using equation (14). Figure 27 below shows the flowchart for the 

turbine model.  

 

Figure 27 - Cavern Model Flowchart 
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It is important to note here that the cavern model can be run independently, or as part of 

the CAES system. The inputs shown in the dotted boxes can be removed and replaced with 

representative signals from other components of the system. 

3.4 Thermal Energy Storage (TES) Model 

The Thermal Energy Storage (TES) component is what distinguishes A-CAES from gas fired CAES 

plants. The TES module cools the air after compression before it enters the cavern. The heat from 

compression is stored in the TES. During discharging, the air passes through the TES and the air is 

heated before expansion. For this work, the TES is modeled as a simple and ideal module. The stored 

thermal energy after compression is calculated according to equation (19) below. The thermal energy 

that is injected back into the air before expansion is given by equation (20) below[88].  

𝑄𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =  ∫ �̇�𝑑𝑡 = ∫ �̇�𝐶𝑝(𝑇3 − 𝑇2)𝑑𝑡 
(19) 

𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =  ∫ �̇�𝑑𝑡 = ∫ �̇�𝐶𝑝(𝑇5 − 𝑇4)𝑑𝑡 
(20) 

Where 𝑇2 refers to the temperature of the air before entering the TES, after compression. 𝑇3 refers 

to the temperature of the air before entering the cavern, after it has been cooled. This value can be set 

by the model user. 𝑇4 refers to the temperature of the air exiting the cavern and entering the TES, 

during discharge. 𝑇5 refers to the temperature of the air exiting the TES during discharge. This value 

can be set by the model user. 𝐶𝑃 is the constant pressure specific heat of the air. Equation (21) below 

shows how the efficiency of the TES is calculated. 

𝜂𝑇𝐸𝑆 = ( 
𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑄𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔

) ∗ 100 
(21) 

The required inputs for the model are the desired temperature of the air entering the cavern and 

turbine respectively, and the constant pressure specific heat of air. Figure 28 on the next page shows 

the flowchart for the TES model. It is important to note here that the TES model can be run 

independently, or as part of the CAES system. The inputs shown in the dotted boxes can be removed 

and replaced with representative signals from the other components of the system. 
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Figure 28 - TES Model flowchart 

3.5 Induction Motor & Generator Model 

An asynchronous machine consists of a rotor, stator, stator core, stator windings, shaft, bearings and 

an enclosure. When operating as a motor, an electrical current is sent to the machine and torque is 

produced by electromagnetic induction from the magnetic field of the stator windings. When 

operating as a generator, torque is supplied to the machine via the shaft from an external source, and 

an electrical current is generated [89]. In this work, the induction motor that drives the compressor, 

and the generator that gets driven by the turbine, are modeled as a three phase asynchronous machine. 

In order to model the machine, an “Asynchronous Machine” block from the Simulink® library is 
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chosen. This machine can be used to simulate the behaviour of a generator or motor, depending on 

what torque input is provided [90]. Figure 29 below shows electrical circuit for the motor.  

 

Figure 29 - Asynchronous Machine Circuit [90] 

The required inputs are the rated power, voltage, frequency, rotor resistance and inductance, stator 

resistance and inductance, mutual inductance, moment of inertia, friction factor and number of poles. 

The characteristic equations, (22) - (32), taken from MATLAB® literature are described below.  

Equations (22) and (23) below describe the stator. 

𝑉𝑞𝑠 =  𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜙𝑞𝑠

𝑑𝑡
+  𝜔𝜙𝑑𝑠 

(22) 

𝑉𝑑𝑠 =  𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜙𝑑𝑠

𝑑𝑡
+  𝜔𝜙𝑞𝑠 

(23) 

Where 𝑉𝑞𝑠 is the stator voltage from the q-axis. 𝑅𝑠 is the stator resistance. 𝑖𝑞𝑠 is the stator current 

from the q-axis. 
𝑑𝜙𝑞𝑠

𝑑𝑡
 is the back electromotive force from the q-axis. 𝜔 is the angular speed and 𝜙𝑑𝑠is 

the stator flux from the d-axis. Equation (23) is analogous to equation (22). Terms in equation (23) 

correspond to the d-axis, as opposed to the q-axis. Equations (24) and (25) below describe the rotor. 

𝑉′𝑞𝑟 =  𝑅′𝑟𝑖′𝑞𝑟 +
𝑑𝜙′𝑞𝑟

𝑑𝑡
+ (𝜔 − 𝜔𝑟) 𝜙′𝑑𝑟  

(24) 

𝑉′𝑑𝑟 =  𝑅′𝑟𝑖′𝑑𝑟 +
𝑑𝜙′𝑑𝑟

𝑑𝑡
+ (𝜔 − 𝜔𝑟) 𝜙′𝑞𝑟  

(25) 

Where 𝑉′𝑞𝑟 is the rotor voltage from the q-axis. 𝑅′𝑟 is the rotor resistance. 𝑖′𝑞𝑟 is the rotor current 

from the q-axis. 
𝑑𝜙′𝑞𝑟

𝑑𝑡
 is the back electromotive force from the q-axis. 𝜔 is the angular speed, 𝜔𝑟 is 

the reference angular speed, and 𝜙′𝑑𝑟is the rotor flux from the d-axis. Equation (25) is analogous to 

equation (24). Terms in equation (25) correspond to the d-axis, as opposed to the q-axis. Equation 

(26) below shows the calculation of the electromagnetic torque. 

𝑇𝑒 =  1.5𝑝( 𝜙𝑑𝑠𝑖𝑞𝑠 − 𝜙𝑞𝑠𝑖𝑑𝑠) (26) 
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Where 𝑇𝑒 is the electromagnetic torque. p is the number of poles. 𝜙𝑑𝑠is the stator flux from the d-

axis. 𝑖𝑞𝑠 is the stator current from the q-axis. 𝜙𝑞𝑠is the stator flux from the q-axis. 𝑖𝑑𝑠 is the stator 

current from the d-axis. Equations (27) and (28) below describe how the stators electromagnetic flux 

is calculated; and equations (29) and (30) describe how the rotors electromagnetic flux is calculated. 

 𝜙𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 +  𝐿𝑚𝑖′𝑞𝑟  (27) 

 𝜙𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 +  𝐿𝑚𝑖′𝑑𝑟  (28) 

𝜙′𝑞𝑟 = 𝐿′𝑟𝑖′𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠 (29) 

𝜙′𝑑𝑟 = 𝐿′𝑟𝑖′𝑑𝑟 +  𝐿𝑚𝑖𝑑𝑠 (30) 

Where 𝐿𝑠 is the total stator inductance and 𝐿𝑚 is the total magnetizing inductance. 𝐿′𝑟 is the rotor 

total inductance. Equation (28) and (30), which correspond to the d-axis, are analogous to equations 

(27) and (29), which correspond to the q-axis. Equation (31) and (32) below describe how the stator 

and rotor total inductance is calculated, respectively.  

𝐿𝑠 = 𝐿𝑙𝑠 + 𝐿𝑚 (31) 

𝐿′𝑟 = 𝐿′𝑙𝑟 + 𝐿𝑚 (32) 

Where 𝐿𝑠 is the stator total inductance. 𝐿′𝑟 is the rotor total inductance. 𝐿𝑙𝑠 is the stators leakage 

inductance and 𝐿𝑙𝑟 is the rotors leakage inductance.   
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Chapter 4 

Modeling a CAES Plant – Connected Model 

In this chapter, it will be presented how the different individual component models from chapter 3 

will be connected together to form an A-CAES system. Figure 30 below shows the schematic of the 

system that is being modeled. 

 

Figure 30 - CAES Schematic 

 

Each component is modeled such that it can be simulated independently, or as part of the overall 

connected model. This is evident when observing the model flowcharts in Figure 20, Figure 26, and 

Figure 27. Each component can be easily modified or removed from the system entirely. In this way, 

the overall model has a modular nature and can facilitate further CAES research. For example, the 

user of the model can isolate and simulate certain parts of the system in order to study them. The 

compression train or the expansion train can be studied individually. The user can also change the 
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fidelity of components within the model, or change the overall system configuration, i.e. simulate D-

CAES or I-CAES plants. The connected model is made keeping in mind its future growth to enable 

further research. Component and system level behaviour during start-up and transient operation can 

be studied. Furthermore, the model can easily connect to an external control strategy, or be connected 

to an economic model to study the scope of different CAES plants in different energy markets. The 

model uses the equations discussed in Chapter 3 in order to represent the behaviour of an  A-CAES 

system. Figure 30 below shows how the different subsystems in the model and the equations 

governing their behaviour during charge and discharge.  

 

Figure 31 - CAES block diagram with equations 

 

Depending on whether the system is in charge mode, or discharge mode, a different set of 

equations is to be solved. Figure 30 above shows which components, and consequently which 

equations will be solved during when the system is in charge or discharge mode. Each of these blocks 

exchange information in the form of signals, such as mass flow rate, temperature, etc. between them. 

For the connected model depicted above, the following assumptions are made: 

 Air is treated as in ideal gas 

 The flow of air is uniform along the compressor and turbine 

 Cavern is cylindrical in shape and is underground 

 Constant volume specific heat and constant pressure specific heat of air are constant 

 Variation of temperature within the cavern is small 
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 Compressor valve avoiding surge has little to no effect on the overall system 

 All the friction within the turbomachinery is proportional to its angular speed and can be 

represented by the friction factor 

 The cavern is underground and heat transfer losses in cavern are lost to cavern wall 

 There are no air leakages in the cavern 

 When no mass is flowing through the compressor during start-up, it behaves according to the 

rotor dynamics of the induction motor that is driving it 

 The system piping volume after the compressor is 1500 m3 

 Ambient conditions remain constant 

 The TES is an ideal device 

 Air leaving the cavern during expansion is throttled by a regulator valve so that the turbine 

can operate at a constant pressure ratio 

 

In the next chapter, the models presented in Chapter 3 and Chapter 4 will be simulated and the 

results from simulation will be discussed. 
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Chapter 5 

Results 

In this chapter, the models presented in Chapter 3 and Chapter 4 are simulated and their key results 

are presented and discussed. This chapter is divided into three subsections: charging results, storage 

results, discharging results, and overall system results The results aim to verify that the models 

behave as expected with regards to start-up behavior, steady-state behaviour, and limits imposed to 

turbomachinery operation by the surge and stall phenomenon. Since there are no A-CAES plants that 

are currently operational in the world, the design and simulation of the model was based on adiabatic 

version of the Huntrof plant. Additionally, there is limited measured data to validate the model 

against. Therefore, this chapter focuses on ensuring the transient results from each component in the 

system, and the overall CAES plant model, are reasonable when compared to the Huntorf Plant.  

A period of approximately 24 hours is simulated starting with a charging period to fill the cavern to 

its maximum pressure; followed by a storage and discharge period, which can be considered a typical 

cycle for a CAES plant [81]. Table 8 below presents the simulation parameters from each period.  

Table 8 - Simulation parameters 

Period Parameter Value & Units Comments 

All 

Total time 23.3 hours - 

Ambient air pressure 101 KPa - 

Ambient air temperature 25°C - 

Cavern volume 150,000 m3 Data from reference [45] 

Cavern surface area 25,000 m2 Data from reference [45] 

Cavern wall temperature 40°C Data from reference [88] 

Grid voltage 460V Data from reference [91] 

Grid frequency 60 Hz Data from reference [91] 

Heat transfer coefficient 30 Wm-2K-1 Data from reference [88] 

Specific air constant 286.7 J/(kg K) Data from reference [88] 

Constant pressure specific heat  of air 1000.4 J/(kg K) Data from reference [88] 

Constant volume specific heat of air 717.0 J/(kg K) Data from reference [88] 
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Charging 

Time 12.47 hours - 

Mass flow rate 107.5 kg/s Data from reference [45] 

Compressor inertia 2400 kg m2 Data from reference [83] 

Compressor friction factor 3.94 Data from reference [83] 

Initial cavern pressure 41.9 Bar - 

Final cavern pressure  72 Bar - 

Cavern inlet air temperature 55°C Data from reference [88] 

Initial cavern temperature 35°C Data from reference [75] 

Nominal motor power 50 MW Data from reference [75] 

Motor inertia 1200 kg m2 Data from reference [83] 

Motor friction factor 0.054 Data from reference [83] 

Storage Time 8 hours - 

Discharging 

Time 2.83 hours - 

Mass flow rate 400 kg/s Data from reference [45] 

Turbine pressure ratio 10 Data from reference [75] 

Turbine inertia 1560 kg m2 Data from reference [83] 

Turbine friction factor 0.02 Data from reference [83] 

Turbine inlet temperature 1300°C Data from reference [75] 

Turbine nominal angular velocity 17000 rpm Data from reference [83] 

Initial cavern pressure 72 Bar - 

Final cavern pressure  42 Bar - 

Initial cavern temperature 40.9°C - 

Nominal generator power 167 MW Data from reference [75] 

Generator inertia 3510 kg m2 Data from reference [83] 

Generator friction factor 0.054 Data from reference [83] 

 

In the subsequent subsections, results from the charging, storage and discharge periods will be 

presented and discussed; followed by results from the overall cycle operation.   
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5.1 Charging 

In the simulation, the cavern is first charged from 42 bar to 72 bar. The components from the system 

that are active during charging are the compressor, the induction motor, the TES and the cavern. The 

following subsections present the results pertaining to each component.  

5.1.1 Compressor 

The compressor operates by receiving power via a rotating shaft from the induction motor. Initially, 

the power from the induction motor is used to speed up the compressor to 50% of its nominal speed. 

After this, a valve is opened and air is allowed to flow inside the machine while the pressure ratio is 

gradually increased until the desired pressure ratio and mass flow rate. For this simulation, the 

pressure after compression was chosen to be slightly higher than the maximum allowable cavern 

pressure. Once the compressor speeds up, it operates at the desired operating point with respect to 

mass flow rate and pressure ratio until the pressure in the cavern is 72 bar. Figure 33 below shows the 

compressor’s operating line on its performance map.  

 

Figure 32 - Compressor operating line on performance map  

From the figure it can be observed that the compressor operates as expected within the surge and stall 

limits imposed by the regulating system. At point C1, the compressor begins to allow the mass to 
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flow inside it. The initial pressure ratio is 42 and it is increased gradually until 72. At point C2, the 

compressor has reached its desired operating point with respect to mass flow rate and pressure ratio. 

The compressor operates at this point until the cavern is fully charged.  

 

Figure 33 - Compressor mass flow rate during charging 

Figure 33 above shows the variation of mass flow rate in the compressor for the charging period. 

From the figure it can be observed that the mass flow rate initially increases, and then remains 

constant for the charging period. For the first 2.4 seconds, there is no mass flowing inside the 

compressor. During this time the compressor is being sped up by the induction motor. The mass flow 

rate then begins then to increase from 50 kg/s, shown by point C1, to 107.5 kg/s, shown by point C2 

and is the desired mass flow rate for charging. The startup of the compressor takes about 619 seconds. 

The compressor operates at the desired mass flow rate until the cavern is fully charged. It is important 

to note here that points C1 and C2 in all the compressor figures correspond to the same phenomenon 

respectively. 

Figure 34 on the next page shows the change of compressor angular speed for the charging period. 

The angular speed of the rotor of the compressor is governed by the induction motor. Initially, the 

compressor is sped up to 50% of its nominal speed, before opening the valve and allowing mass to 

enter the machine. The opening of the valve is illustrated at point C1 on the figure. It takes about 2.4 

seconds for the compressor to reach 50% of its nominal speed. After this, the compressors speed is 

increased to about 96% of its nominal speed, illustrated by point C2. As expected, the rate of increase 
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in compressor speed is lowered after mass is allowed to enter the machine. The compressor operates 

at about 96% of its nominal speed until the cavern is fully charged.  

 

Figure 34 - Compressor angular speed during charging 

Figure 35 below shows the change in compressor efficiency during the charging period The 

efficiency of the compressor is influenced by its operating mass flow rate, speed and pressure ratio. 

The initial efficiency of the compressor is 70%. During startup, the efficiency reduces with time, to 

66.1%. This is because no mass is allowed to enter the machine. At point C1, the value opens and 

mass enters the machine. The compressor efficiency then rises to 72.6%, illustrated by point C2 and 

remains constant for the remainder of the charging period.  

 

Figure 35 - Compressor efficiency during charging 
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The average efficiency of the compressor during the charging period is 69.4% However, it operates 

above 70% for most of the charging period with a peak efficiency of 72.6%. The total variation in 

compressor efficiency during charging is about 8%, with a less than 1% change during steady state 

operation showing that the compressor operates in a stable manner.  

5.1.2 Induction motor 

During charging, the induction motor consumes power from the grid and drives the compressor. 

Figure 36 below shows the power consumed by the induction motor during the charging period. From 

the figure it can be observed that there is a large initial power consumed, after which the power 

stabilizes to about 50 MW. This large power can be attributed to an excessively large current drawn 

by induction motors during startup, and is a common occurrence [92]. The voltage induced in the 

motor during startup is at its maximum value because of maximum slip. Due to the low rotor 

impedance, a very high current is drawn for a short period, and does not damage the motor. This 

current, and consequently power, can be nearly 6 to 8 times the full load value [92]. The total power 

consumed by the motor during charging is 615.41 MWh.     

 

Figure 36 - Motor power consumed during charging 
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5.1.3 Thermal Energy Storage (TES) 

The role of TES during charging is to cool the air after compression before entering the cavern. The 

desired TES outlet temperature during charging is 55°C. Figure 37 below shows the cumulative 

energy stored during the charging period. As expected, the plot shows no energy stored for the first 

619 seconds followed by a linear increase in stored energy with time. There is no energy stored in the 

TES during the first 619 seconds because mass is not allowed to enter the device until the compressor 

has reached the desired operating point on its map, shown by point C2. This is to ensure the pressure 

at the outlet of the compressor is greater than the pressure in the cavern. The energy stored at the end 

of the charging period is 4.54 x 1012 J, and is used to heat the air entering the turbine during 

discharging. 

 

Figure 37 - TES energy stored during charging 

5.1.4 Cavern 

The cavern is the part of the CAES system that acts as the air storage reservoir. During the charging 

period, it receives pressurized air from the compressor after it has been cooled by the TES. The 

cavern is injected with pressurized air until the pressure in the cavern reaches its maximum allowable 

value. Figure 38 on the next page illustrates the change in cavern pressure during the charging period. 

From the figure it can be observed that cavern pressure decreases slightly, for the first 619 seconds, 

and then increases at a constant rate until it reaches 72 bar. The initial reduction in pressure can be 

attributed to a temperature reduction caused by heat lost to the cavern walls during compressor 

startup. The pressure at the beginning and end of the charging period is 42 and 72 bar respectively. 
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Figure 38 - Cavern pressure variation during charging 

Figure 39 below illustrates the change in cavern temperature during the charging period. The initial 

cavern temperature is 35°C, after which the temperature rises to 53°C. Point C2 on the plot shows the 

point where the compressor has reached its desired operating point on its map. After this, mass is 

allowed to enter the cavern and this changes the rate of temperature increase. For the fist 619 seconds, 

heat is added from the cavern walls to the air in the cavern. At point C2, after passing through the 

TES, air enters the cavern at 55°C causing the rate of temperature increase to change within the 

cavern. The highest temperature encountered in cavern during charging is 53°C. 

 

Figure 39 - Cavern temperature variation during charging 



 

 60 

5.2 Storage 

In the simulation, air is stored in the cavern for a period of 8 hours. The cavern is assumed to be leak 

proof and therefore, no mass of air is lost during the storage period. Figure 40 below illustrates the 

change in cavern pressure during the storage period. From the figure it can be observed that the 

cavern pressure reduces from 72 bar to 69.3 bar during the 8-hour storage period. This pressure loss is 

a direct consequence of the heat lost during the storage period since no mass is lost.  

 

Figure 40 - Cavern pressure variation during storage 

Figure 41 below illustrates the change in cavern temperature during the storage period. From the 

figure it can be observed that the cavern temperature reduces from 53°C to 40.9°C during the 8-hour 

storage period. The change in temperature can be attributed to the heat lost to the cavern wall, which 

is at 40°C, during the storage period. The cavern temperature is close to the cavern wall temperature 

at the end of the storage period. 

 

Figure 41 - Cavern temperature variation during storage 
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5.3 Discharging 

After 8 hours of storage, the CAES system operates in discharge mode to produce power. The cavern 

pressure is decreased to 42 bar while a turbine simultaneously, produces power. The components of 

the system active during the discharge period are the turbine, the generator, the TES and the cavern. 

The following subsections present the results pertaining to each component.  

5.3.1  Turbine 

The turbine is used to convert the potential energy from compressed air in the cavern to rotational 

mechanical energy by expansion. The generator can then use this rotational mechanical energy to 

produce electricity for the grid. As described in [75], a turbine for CAES systems operates at a 

constant pressure ratio and does not require a starter motor. For this simulation, the turbine is 

operated until the pressure in the cavern reaches its minimum allowable value. Additionally, the load 

on the turbine is connected after 10 seconds, when the rotor is spinning at about 60% of its nominal 

speed. Figure 42 below illustrates the change in turbine mass flow rate during the discharge period.  

 

Figure 42 - Turbine mass flow rate during discharging 

From the figure above it can be observed that the mass flow rate in the turbine initially begins at 

400 kg/s, which is its nominal value. This happens because a large amount of power is required to 

start moving the turbine from rest. As the turbine speeds up, the mass flow rate then decreases and 

reaches a steady value of 376.45 kg/s in 760 seconds, which is about 94% of its nominal value. Point 

T1 represents the instance when the load is connected to the turbine. The turbine’s operation with 
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respect to mass flow rate is as expected because, as per its performance map, an operating pressure 

ratio of 10 has a corresponding per unit mass flow rate of 94%.  

Figure 43 below shows the change in the angular velocity of the turbine rotor during the discharge 

period. The turbine, has a nominal angular speed of 1780 rpm. From the figure it can be observed that 

the turbine first begins to spin from rest, after about 10 seconds the turbine reaches 60% of its 

nominal speed when the load is connected to it. This phenomenon is represented by point T1, and the 

rate of increase of angular speed is reduced when this happens. After about 760 seconds, the turbine 

angular speed reaches 100% of its nominal value. This is taken to be the startup time of the turbine. 

The turbine will accelerate or decelerate based on the difference between the load and its output shaft 

power. 

 

Figure 43 - Turbine angular speed during discharging 

Figure 44 on the next page shows the change in efficiency of the turbine during the discharge 

period. From the figure it can be observed that the turbine efficiency starts at about 70%, peaks to 

approximately 87% during startup, and stabilizes to around 83% for the remainder of the discharge 

period. This happens because the turbine has high efficiencies for low angular speeds and high mass 

flow rates, as verified by the turbine performance maps. Initially, the turbine efficiency increases with 

increasing angular speed and high mass flow rate. However, after 10 seconds when the load is 

connected, the turbine efficiency stabilizes as dictated by the decrease in mass flow rate and increase 

in angular speed. An average efficiency of 81% is obtained during the simulation.  
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Figure 44 - Turbine efficiency during discharging 

5.3.2 Generator 

During discharging, the generator receives energy in the form of rotational mechanical energy from 

the turbine and sends energy to the grid in the form of electricity. Figure 45 below shows the power 

delivered to the grid during the discharge period by the generator. From the figure it can be observed 

that delivered power begins from zero, and stabilizes to about 167 MW, and remains constant for the 

duration of the discharge period. The total electrical power delivered by generator during the 

discharge period is 469.24 MWh. 

 

Figure 45 - Power delivered by generator during discharging 
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5.3.3 Thermal Energy Storage (TES) 

During discharging, the role of the TES is opposite to what it was during charging.  The TES heats 

the air after it leaves the cavern, before entering the turbine. The desired TES outlet temperature 

during discharging is 1300°C. Figure 46 below shows the cumulative energy used in raising the 

temperature of the air during the discharge period. As expected, the plot shows a linear increase in 

energy used with time. The total energy used at the end of the discharge period is 4.12 x 1012 J.  

 

Figure 46 - TES energy used during discharging 

5.3.4 Cavern 

As previously discussed, the cavern is the part of the CAES system that acts as the air storage 

reservoir. During the discharging period, it sends pressurized air to the turbine for expansion so that 

the power produced from the expansion process can be sent to the grid. The cavern discharges 

pressurized air until its pressure reaches 42 bar. Figure 47 on the next page illustrates the change in 

cavern pressure during the discharge period. From the figure it can be observed that that the rate of 

pressure decrease is linear and nearly constant with respect to time. This can be attributed to the fact 

that after speeding up, the turbine discharges the cavern at a fairly constant rate. The pressure at the 

beginning and end of the discharging period is 69.3 and 42 bar respectively. 
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Figure 47 - Cavern pressure variation during discharge 

Figure 48 below illustrates the change in cavern temperature during the discharging period. From 

the figure it can be observed that that the rate of temperature decrease is linear and nearly constant 

with respect to time. The temperature at the beginning and end of the discharge period is 40°C and 

11°C respectively. These temperatures are similar to those observed at the Huntorf plant [53,54]. This 

low temperature in the cavern at the end of the discharge period is encountered because the rate of 

heat addition to cavern from its wall and its surroundings, is slower than the rate of heat removal due 

to discharging. Provided the next charge cycle does not happen immediately, the temperature of the 

cavern will increase with time. A study of what the ideal wait is before the next charge cycle is not in 

the scope of this work, however, it is a factor that must be taken into consideration by a CAES plant 

designer.  

 

Figure 48 - Cavern temperature variation during discharge 
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5.4 Overall system results 

In this section, the overall key results from the simulation will be presented and discussed. An A-

CAES plant was simulated for 23.3 hours comprising of 12.47 hours of charging, 8 hours of storage 

and 2.83 hours of discharge. Figure 49 and Figure 50 below show the variation of cavern pressure and 

temperature for the cycle. Since the state of charge (SOC) of a CAES system is indicated by the 

pressure in the storage reservoir, Figure 49 can also be interpreted as the variation of system state of 

charge with time.  

 

Figure 49 - Cavern pressure variation  

 

Figure 50 - Cavern temperature variation 
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Table 9 below summarizes the key results for the simulation. The obtained round trip efficiency of 

76.24%, is similar to values published in literature [45, 50], and is higher than the Huntorf plant, 

which has a round trip efficiency of 42%. The charging and discharge mass flow rates simulated are 

within 1% of those found at the Huntorf plant.  

Table 9 - Summary of results 

Result Value 

Total power consumed 615.45 MWh 

Total power produced 469.24 MWh 

Round trip efficiency 76.24% 

Compressor train average efficiency 70% 

Turbine average efficiency 81% 

TES efficiency 91% 

Turbine start-up time 760 seconds 

Charging mass flow rate 107.5 kg/s 

Discharging mass flow rate 400 kg/s 

 

Since there is no published information regarding the efficiencies of the turbines and compressors 

at the Huntorf plant, these values cannot be compared and commented on. However, they are found to 

be reasonable for the simulated conditions. In the next chapter, the key conclusions and outcomes 

from this work are discussed along with recommendations for future work. 
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Chapter 6 

Conclusion and Recommendations 

In this work, a technical review of energy storage systems is performed, a literature review on CAES 

and turbomachinery modeling is performed, and an A-CAES plant is modeled and simulated. The 

components of the CAES plant that are modeled are the compressor, the turbine, the TES, the cavern, 

the induction motor and the generator. The models use turbomachinery maps to model the behavior of 

the compressor and turbine, capturing the complex fluid mechanic phenomena that come about during 

machine operation. The rotational dynamics of the turbomachines are connected to the 

aforementioned map-based operation. Additionally, the compressor is connected to the induction 

motor driving it, and the turbine is connected to the generator.  The inertias and friction losses present 

within each of these components, and their overall connected effect on the system, are captured. The 

novelty associated with this work is that the aforementioned operation of the compression and 

expansion train; is connected to cavern thermodynamics and a simple TES. Additionally, the models 

are made flexible, modular, and extensible; and will aid a CAES plant designer to obtain an accurate 

first order thermodynamic evaluation of a proposed CAES plant. In the following subsections, the key 

outcomes from the simulation results are discussed along with recommendations for model 

development and future work. 

6.1 Conclusions 

The main objective of this work is to develop a flexible and extensible model of a CAES system for 

bulk applications, that is dynamic and modular. Since no operational A-CAES plant exists today, the 

design and simulation of the model was based on adiabatic version of the Huntorf plant. From the 

simulated results, the following points summarize the main conclusions. 

 The results show that an A-CAES plant with a TES can achieve a round trip efficiency of 

over 70% 

 The models simulate the behavior of an A-CAES plant accurately capturing time dependent 

storage losses as well as start-up and part load behavior of turbomachinery; and the 

simulation can be run in a relatively short time 

 The compressor and turbine models show a behavior that closely resembles their performance 

maps, therefore, their operation can be considered accurate 
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 It takes 12.47 hours to increase the pressure of a 150,000 m3 underground cavern from 42 bar 

to 72 bar using an axial compressor having a nominal mass flow rate of 107.5 kg/s 

 During the charging process, the average efficiency of the compressor train is 70% 

 It takes 2.8 hours to decrease the pressure of a 150,000 m3 underground cavern from 72 bar to 

42 bar using a turbine having a nominal mass flow rate of 400 kg/s 

 During the discharging process, the average efficiency of the expander train is 81% 

 The consumed power by the A-CAES system is 615.45 MWh, and after storage, the produced 

power is 469.24 MWh leading to a system round trip efficiency of 76.24% 

 For a 200 MW turbine with a design speed of 17000 rpm and nominal mass flow rate of 400 

kg/s, the start-up time is 760 seconds 

 The TES device operates with an efficiency of 91% and absorbs 4.54 x 1012 J of heat during 

the charging process and dispatches 4.12 x 1012 J of heat during the discharge process 

 Although the current simulated scenario is that of the Huntorf plant, the model is flexible 

enough to simulate and study other charge and discharge scenarios using different 

turbomachinery, air storage, and TES devices 

 The compressor and turbine models can simulate other turbomachines, provided there exists 

an operation or performance map associated with it  

6.2 Limitations 

To go with its benefits, the developed model also has limitations. They are outlined below. 

Eliminating these limitations can lead to an improved model fidelity and provide results that are 

closer to real world behavior.   

 The compressor train currently uses a regulating system that ensures its safe operation, i.e. it 

does not operate in the surge or stall regions of its performance map. This system is currently 

not optimized to maximize efficiency, however, when optimized, an increase in round trip 

efficiency is expected 

 The TES device in the model is a simple and ideal device, and does not take into account the 

specific losses that may influence the system when using a particular type of heat storage (for 

example, packed bed) 

 The cavern pressure and temperature are represented by single values, meaning that the 

fluctuations of temperature and pressure within the geometry of the cavern is not captured 
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 The heat transfer between the cavern walls and surrounding rock is currently not calculated 

since specific information about the heat transfer coefficients of the rock surrounding of the 

Huntorf plant’s cavern was not found in literature. However, the model can easily capture this 

phenomenon given the heat transfer coefficients 

 The model assumes air behaves as an ideal gas however, since in the CAES operational cycle 

high pressures and low temperatures are encountered, certain deviations from ideal gas 

behavior can be expected 

 The model uses the beta lines method to read axial turbomachinery operation maps with good 

accuracy. However, if a compressor with variable inlet guide vanes and constant speed is 

desired to be modeled, an operation map would be required that contains a relation between 

the compressor angular speed changes with the inlet guide vane angle. Such maps are 

difficult to obtain and an alternate modeling methodology may have to be considered 

 

6.3 Recommendations for future work 

In this thesis, an A-CAES plant was modeled and simulated. The intended use of this model is to 

assist with the design process of future A-CAES plants. Keeping in mind the existing limitations in 

this work as mentioned in the previous subsection, the following recommendations can be made for 

future work. 

 An economic model that captures the change in electricity price and demand can be 

connected to the developed models so that future CAES plants are thermo-economically 

optimized. Furthermore, this addition will facilitate the study of CAES plants in various 

energy markets and justify their initial capital investment. 

 It is recommended to study how to make best use of the waste heat from the expansion 

process. This heat can be potentially utilized by domestic homes for space heating or be used 

by an industrial process 

 Property models of air can be added to the current CAES model to increase the overall model 

fidelity and accurately estimate temperatures and pressures within the system. It is 

recommended to incorporate the Soave-Redlich-Kwong-Kabadi-Danner (SRK-KD) model 

for the thermodynamic properties of humid air, the Lucas model to calculate dynamic 

viscosity, and the Stiel-Thodos model for calculating thermal conductivity 
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 Integration with other renewable energy technologies such as solar thermal power plants or 

polygeneration plants can be studied. In such models, a shared heat storage can be 

incorporated for 

 An exergy destruction analysis of the system can be added to the model functionality. This 

can possibly reveal which components within the system can be considered the weak links 

leading to focused optimization of those components  

 It is recommended to replace the current TES device in the model with a specific high fidelity 

model of a particular type of heat storage (such as packed bed heat storage) to better capture 

its interaction with the rest of the system  

 To add the effects of variable turbomachinery geometry for performance, as well as operation 

of the system 

 Incorporate overall control strategy to the model in order to maximize component level and 

system level efficiency  

 Use of different turbomachinery and their respective drivers for the study of CAES for short 

term services such a frequency regulation and spinning reserve  

 The cavern model can be expanded to capture the fluctuations in air temperature and pressure 

with cavern depth 

 Within the model, it is recommended to conduct experimental simulations using different 

kinds of air storage devices (underground, above ground, etc.), different types of 

turbomachinery (axial, centrifugal, etc.), as well as different types of motors and generators 

(synchronous, asynchronous, etc.) in order to understand which combination of components 

under what configuration suits a particular energy storage scenario best  

 Since no A-CAES plants have been realized in the world today, it is recommended to develop 

a laboratory scale A-CAES plant so that results from simulations can be compared with 

results from performed experiments  

 Since the models are easily scalable, its recommended to study the application of CAES for 

micro grid purposes and de-centralized grid management  

 It is recommended to study the suitability of diesel and reciprocating engines in the expansion 

train for CAES 
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Appendix – Map scaling 

Turbomachinery maps are a representation of the phenomenon occurring in a turbomachine. Each 

turbomachinery map is created for a particular machine, created typically by the manufacturer of the 

machine by conducting expensive tests in laboratories. Therefore, for the purposes of modeling the 

behavior of a turbomachine, it becomes difficult to find a turbomachinery map that fits the required 

system parameters in terms of mass flow rates, pressure ratios, etc.  

The scaling of turbomachinery maps is a practice that has existed for several years and shown good 

results [76]. In literature, a variety of turbomachinery scaling methods can be found ranging from 

linear scaling methods, which are simple in nature [93,94], to complex methods that require a number 

of iterations or neural networks [95,96]. Since this work does not focus on the accurate scaling of 

maps, a relatively simple method, as described by Kong et al. [97] is selected. This method has an 

accuracy of 6% or less, and has been used successfully for scaling turbomachinery maps for CAES 

applications by [75]. Turbomachinery maps contain within them information pertaining the machines 

pressure ratio, mass flow rate and efficiency. When using the scaling method, the factors described by 

equations (32), (33) and (34) below must first be obtained. Once the map is scaled, so does its 

corresponding data associated with its beta lines.  

𝑃𝑅𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑅𝐷 − 1

𝑃𝑅𝑀𝐷 − 1
 (𝑃𝑅𝑀 − 1) + 1 

(32) 

�̇�𝐹𝑎𝑐𝑡𝑜𝑟 =
�̇�𝐷

�̇�𝑀𝐷

�̇�𝑀 
(33) 

𝜂𝐹𝑎𝑐𝑡𝑜𝑟 =
𝜂𝐷

𝜂𝑀𝐷

𝜂𝑀 
(34) 

Where 𝑃𝑅𝐹𝑎𝑐𝑡𝑜𝑟 is the pressure ratio factor that relates the original map and the scaled map. 𝑃𝑅𝐷 is 

the desired pressure ratio of the scaled map. 𝑃𝑅𝑀𝐷 is the pressure ratio at the design point of the 

original map. 𝑃𝑅𝑀is an arbitrarily selected pressure ratio from the original map. �̇�𝐹𝑎𝑐𝑡𝑜𝑟 is the mass 

flow rate factor that relates the original map and the scaled map. �̇�𝐷 is the desired mass flow rate of 

the scaled map. �̇�𝑀𝐷 is the mass flow rate at the design point of the original map. �̇�𝑀 is an arbitrarily 

selected mass flow rate from the original map. 𝜂𝐹𝑎𝑐𝑡𝑜𝑟 is the efficiency factor that relates the original 

map and the scaled map. 𝜂𝐷 is the desired efficiency of the scaled map. 𝜂𝑀𝐷 is the efficiency at the 

design point of the original map. 𝜂𝑀 is an arbitrarily selected efficiency from the original map. Table 

10 on the next page shows the data used to scale the compressor maps in this work.  
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Table 10 - Data for map scaling 

Scaling Factor Value 

𝑃𝑅𝐷 69 

𝑃𝑅𝑀 2.12 

𝑃𝑅𝑀𝐷 1.5632 

�̇�𝐷 6.6 

�̇�𝑀 20.8234 

�̇�𝑀𝐷 17.2907 

𝜂𝐷 85% 

𝜂𝑀 84.12% 

𝜂𝑀𝐷 85.19% 

 

Once these factors have been determined, each beta line obtained from the map is multiplied by its 

respective factor to obtain a new set of scaled beta lines. Figure 51 below and Figure 52 on the next 

page show the original map and scaled map respectively. 

 

 

Figure 51 - NASA 37 Original compressor map [82] 
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Figure 52 - NASA 37 Compressor map after scaling 


