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ABSTRACT 
 

 

The advanced adiabatic compressed air energy storage (AA-CAES) technology naturally has 

the flexibility of multi-energy storage and supply, which is discussed in this doctoral study as 

a demand for the current power system to provide more flexibility under the high proportion 

of sustainable consumption of renewable energy. The clean energy router (CER) can be 

suggested as a scheme based on the properties of AA-CAES. This thesis systematically studies 

the design, modelling, and operation methods of AA-CAES typical application forms, 

providing technical support for the operation control optimization planning of modern power 

systems (MPSs).  

An overall architecture scheme of the CER based on AA-CAES is constructed to store and 

convert abandoned wind and solar energy to heating, cooling, and electricity, it offered a crucial 

technical solution for coordinating and fully utilizing a variety of clean energy sources. The 

thermodynamic model of AA-CAES can also be used to examine the CER scheme efficiency 

and transformation mechanism. 

Based on the CER with high-temperature medium thermal storage and high-speed turbine 

power generation, a solar thermal collection and storage (STC) can be integrated to use the 

natural solar energy to further improve the overall efficiency. Combining the STC technology 

with AA-CAES, it can improve the capacity of multi-energy storage and supply. From the 

aspect of system design, it can ensure the flexible multi-energy storage joint supply capacity 

and high energy conversion efficiency of the system. Exergy efficiency can be applied to reflect 

the efficiency of the system to further analyze the performance of each subsystem and the 

overall system. For the economy of the system, an artificial intelligence algorithm – particle 

swarm optimization algorithm (PSO) is applied to obtain the minimum cost of the system 

through multi-objective optimization of heat and power supply units. 
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CHAPTER 1 INTRODUCTION 

1.1 Research Background and Motivation 

The most fundamental way to ensure energy security and facilitate sustainable development of 

new energy in the current context of global warming is through the scientific and effective use 

of renewable energy. As representative renewable energy sources such as wind and solar power 

have matured, their installed scale has grown over the last ten years. According to the World 

Wind Energy Association survey [1], since the beginning of the twentieth century, the installed 

capacity of wind power worldwide has increased at a rate of more than 10% per year. As shown 

in Figure 1.1, total installed capacity will have increased to 955.84GW by the end of 2022. 

 
Figure 1.1. Statistics of world installed wind power capacity, 2010-2022 

However, while renewable energy capacity continues to increase, renewable energy 

consumption also does as well, which presents a significant obstacle to the sustainable long-
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term expansion of renewable energy [2]. The development of MPSs with a high percentage of 

renewable energy penetration has met certain challenges, mainly manifested as the lack of 

flexible resources for MPSs, resulting in the difficult consumption of clean energy. The 

efficient absorption of renewable energy requires not only the absorption of its electricity form 

but also the absorption of its heat form and other forms of energy [3]. It can realize the 

absorption of heat, electricity, and other multi-energy forms, which brings opportunities for the 

realization of efficient consumption of renewable energy. Therefore, it is necessary to seek new 

renewable energy absorption ideas from the perspective of the integrated energy system (IES). 

1.11  Fluctuating Renewable Energy Sources 

In the future, the use of fossil fuels and the release of carbon dioxide will be two of the biggest 

problems that people will have to deal with. The use of renewable energy sources creates 

significant problems for the long-term growth and health of renewable energy sources which 

are the characteristics of renewable energy (fluctuation and intermittence). The trend toward 

developing renewable energy like wind power generation will grow because it is better for 

development without carbon emissions [4]. However, the problem of how to utilize the wind 

power will become more and more significant, and the serious problem of wind curtailment 

will not only waste a lot of resources, but it will also affect the long-term development of a 

healthy power system in the wind power industry and in MPSs. 

Numerous challenges must be overcome to create MPSs that have a high penetration of 

renewable energy. Because MPSs lack flexible resources, these difficulties are primarily 

manifested in the difficulty of clean energy use [5]. To be more precise, due to the high output 

instability and erratic fluctuations of wind energy, it is necessary to absorb both the thermal 
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and electric forms of renewable energy to fully utilize them. The primary focus of renewable 

energy absorption at this moment is on electric energy, which to some extent restricts the ability 

of renewable resources such as the absorption of energy [6]. For example, thermal power 

heating units are powered by combustion heat during the winter heating season. Due to the 

influence of the heating season with strong wind season and low load, and other factors, most 

of the abandoned wind power grid occurs in the winter heating season [7]. The IES in the MPEs 

can effectively absorb renewable energy not only in the form of electricity, but also in the form 

of heat and other multi-energy sources which brings the possibility of effectively absorbing 

renewable energy. Therefore, it is equally vital to seek for new scheme for using renewable 

energy from the viewpoint of an IES. 

On the one hand, the growing popularity of variable renewable energy sources, as well as the 

resulting injection of variable power into the grid, creates several challenges that must be 

addressed [8]. Furthermore, the grid must account for this fluctuating power. In order to 

overcome the technical barriers that are impeding the growth of variable renewable energy 

sources, energy storage system (ESS) technologies are receiving increased attention in the form 

of research and application. The findings of these studies are currently insufficient to solve the 

complex energy fluctuation scenarios, and implementation is still in its early stages. 

On the other hand, although renewable energy has great potential in solving problems such as 

sustainable development and environmental protection, most renewable energy has limitations 

such as scattered distribution and poor controllability, which makes it hard to develop and 

utilize in a large-scale and centralized manner under the dispatching and control mode of the 

traditional power grid [9]. Energy Internet (EI), a hybrid of Internet technology and renewable 
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energy, provides a feasible strategy for optimizing renewable energy use in consideration of 

Internet technology rapid development and renewable energy potential for widespread 

deployment [10]. EI can be conceptualized as a novel type of power network node that 

integrates progressive power electronics technology with information technology, intelligent 

control technology, distributed energy collecting and storage devices, and a wide variety of 

loads to establish a system of mutually beneficial energy sharing and exchange. The term 

“energy exchange and sharing network” is used to describe this type of power grid node. 

1.1.2 Large-scale Energy Storage Systems 

The method of storing energy is a crucial component of the smart grid and a key enabler for 

renewable energy sources. Improving the adaptability, economic feasibility, and security of 

conventional electricity distribution networks is a crucial responsibility. A crucial task is to 

increase the adaptability and affordability of the traditional power systems. It can 

simultaneously provide support for demand response, frequency modulation, and other services 

for power grid operation. Energy storage systems (ESSs) are a foundational technology that 

expedite the efficiency of using and storing renewable energy sources like wind and solar [11]. 

The utilization of ESSs also facilitate the transition from fossil fuels to renewable energy 

sources. Its adaptability and aptitude for sharing mean it might help build an EI premised on 

the expansion of renewable energy sources by drastically reducing the energy wasted during 

the generation of that energy.  
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Table 1.1 The characteristics of electrical energy storage technologies 

Technolog
y 

Battery 
(Lead-
acid) 

Flywheel PHS CAES SMES Superca
pacitor 

Chemical 
storage 

(Hydrogen 
fuel cell) 

Storage 
capacity 
(MW h) 

0.001-40 
[12], more 
than 0.005 

[13] 

0.0052 [22], 
0.75 [20], 

up to 5 [23] 

500-
8000 

[14], 180 
Oki-
nawa 

PHS [24, 
77] 

~<1000 [10], 
580 & 2860 

[26, 27] 

0.0008 
[20], 
0.015 
[29], 
0.001 
[30] 

0.0005 
[20] 

0.312 
[25], 

developin
g 39 [33] 

Power 
rating 
(MW) 

0-20 [14], 
0-40 [15], 
0.05-10 

<0.25 [14], 
3.6 [22], 
0.1-20 

[13,177] 

100-
5000 

[14], 30 
[24], 

<4000 
[18] 

Up to 300 
[14], 110 & 
290 [28], 
1000 [20] 

0.1-10 
[4, 14], 
~1-10 
[20] 

0-0.3 
[14], 
~0.3+ 
[26], 

~0.001-
0.1 [20] 

<50, <10, 
58.8 

Daily self-
discharge 

(%) 

0.1-0.3 
[14], <0.1 
[16], 0.2 

[17] 

100 
[14], >29% 

per hour 
[16] 

Very 
small 

[14, 25] 

Small [14], 
almost zero 

[25] 

10-15 
[14] 

20-45 
[14], 5 

[10], 10-
20 [31] 

Almost 
zero [15, 

25] 

Dischargi
ng 

efficiency 
(%) 

85 [18] 90-93 [18] ~87 [18] ~70-79 [18] 95 [18] 
95 [18], 
up to~98 

[32] 
59 [18] 

Response 
time 

Millisecon
ds, <0.25 
cycle [15] 

<1 cycle 
[18], 

seconds 
[21] 

Minutes 
[18], not 

rapid 
discharg

e [21] 

Minutes [18] 

Millisec
onds, 
<0.25 
cycle 
[18] 

Millisec
onds, 
<0.25 
cycle 
[18] 

Seconds, 
<0.25 

cycle [18] 

Maintenan
ce and 

operating 
cost 

~50 
$/kW/year 

[19] 

~0.004$/kW
h [20], 

~20$/kW/ye
ar [19] 

0.004$/k
Wh [20], 
~3$/kW/
year [19] 

0.003$/kWh[
20], 19-25 
$/kW/year 

[19] 

0.001$/k
Wh [20], 
18.5$/k
W/year 

[19] 

0.005$/k
Wh [20], 
~6$/Kw/
year [18] 

0.0019-
0.00153$/
kW [34] 

Commerci
al 

Maturity 

Commerci
alized 

Early 
commerciali

zed 
Mature Commercializ

ed 

Demo/ea
rly 

commer
cialized 

Developi
ng/demo 

Developin
g/demo 

 



 6  

The three categories that can be used to classify ESSs are mechanical energy storage, 

electromagnetic energy storage, and chemical energy storage. The pumped-hydro energy 

storage (PHS), the compressed air energy storage (CAES), and the flywheel energy storage are 

examples of mechanical energy storage [35]. The term “chemical energy storage” is most 

frequently used to refer to battery energy storage system (BESS), which can refer to a range of 

battery types including lead-acid battery, flow battery, sodium-sulfur battery, and lithium 

battery. In this chapter, lead-acid battery is selected as the representative of BESS and hydrogen 

fuel cell as one of the chemical energy storage technologies to describe the charatersitics. 

Superconducting magnetic energy storage (SMES) and supercapacitor energy storage are 

examples of electromagnetic energy storage. The power system cannot be fully served by any 

one energy storage technology. Therefore, the characteristics of each technology should be 

fully considered while choosing the optimal choice. Table 1.1 demonstrates the capabilities 

and traits of several energy storage methods [36]. This chapter focused on the features and 

details of large-scale ESSs. 

The PHS power station is equipped with two reservoirs, upper and lower reaches. When the 

off-peak power is surplus, the water from the lower reaches of the reservoir is pumped to the 

upper reaches of the reservoir for preservation. The water that is kept in the upstream reservoir 

can be used to produce electricity when there is a peak load gap. The PHS is the most developed 

and cost-effective way to store energy on a large-scale ESS technology. In addition, it is part 

of a group of technologies that are widely used to store large amounts of energy [37]. The total 

installed capacity in the world has surpassed 150,000 MW. The drawback is that it has a slow 

response time, is poorly able to handle load fluctuations, and is significantly constrained by 

geographical factors, transformation efficiency and other factors. PHS plants can be used to 
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black start, control grid frequency, provide reserve capacity and enhance the operational 

efficiency of thermal and nuclear power plants. 

CAES is a kind of ESS technologic which use residual electric to store compressed air into 

storage tank at the off-peak time and release the high-pressure air to actuate the turbine to 

generate electricity when the power is needed. While the air consumption of CAES is 40% less 

than that of traditional air turbines with good safety factors and extended service lives, the fuel 

consumption can be reduced by half compared to peak-regulating air turbine units [38]. Since 

its creation is constrained by unique topographical circumstances like caves and mines, CAES 

is more suitable for large-scale systems [39]. However, with the development of CAES air 

storage device technology, air storage tank and steel pipe tank (SPT) for small and medium-

sized CAES can be used, which will no longer affect the use and development of CAES by 

geographical location. Compared with PHS, CAES is not limited by geographical location and 

does not have an ecological impact to match the current goal of zero carbon emission. Therefore, 

large-scale CAES technology with clean performance can be selected as the core of the CER. 

1.1.3 The Consumption of Fluctuating Renewable Energy Sources through 

EESs 

Intermittency, fluctuation, and randomness are all characteristics of renewable energy 

generation that can lead to some problems for the reliability of the power grid. Grid-connected 

facilities that generate a high share of renewable energy provide a challenge to the transmission 

capacity of the power system on the generating side of the grid [39]. The proportion of reserve 

capacity provided by existing conventional units is insufficient due to the rapidly rising 

installed capacity of renewable energy, making it impossible to account for the capacity of 
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renewable energy and the system stability, which necessitates the use of numerous renewable 

energies. Under the huge challenge of peak regulation, if only the intervention of renewable 

energy is limited, the utilization rate of clean energy will be decreased, and the absorption 

capacity of renewable energy cannot be improved.  

The contradiction between the peak regulating pressure which cannot be ignored and the power 

supply structure which cannot be adjusted in a short time, it is one of the biggest limitations of 

renewable energy at present. If the system power structure is improved, the impact of 

renewable energy on treatment can be improved, and the grid restrictions on renewable energy 

that is connected to the grid can be settled [3]. At the same time, the structure of the grid, the 

location of the power source, the grid capacity, and how the demand is distributed all affect 

how much power can be sent through it. In the past, the addition of a transmission line and an 

active/reactive power supply were the main ways to increase the amount of data sent. These 

two additions were both provided but it is not a very flexible solution. However, ESSs have 

features of high energy, flexible installation, fast charging and discharging speeds, which allow 

it to smooth out the fluctuations of renewable energy, improve the peak regulating capacity of 

generating units, and increase the amount of renewable energy used without changing the 

structure of the power grid. In the existing studies, the energy storage device is different from 

other devices in that it can consider both charging and discharging functions and can timely 

respond to the volatility of new energy. When the system needs power, it can respond more 

quickly than conventional units, not only responding to grid demands but also allowing 

conventional units enough buffer time. When the compound in the system cannot absorb the 

power in the grid, it can be stored in real-time and wait for the appropriate processing time. 
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At present, the research on ESS configuration is mainly focused on two aspects of energy 

storage planning which consider only the factors of the ESS and comprehensively consider the 

overall system operation. When considering only one aspect of the ESS, the power and capacity 

design of the ESS based on power quality is the preferred configuration [40]. In the meantime, 

a significant amount of renewable energy is being integrated into the grid and made fast 

response for usage. As a result, to enhance the regular and steady functioning of the grid, the 

majority of power plants should increase the flexibility of their traditional units. The emergency 

response equipment must be able to provide several supplemental services to promote the usage 

of renewable energy sources. When relying only on power-generating machinery that is 

powered by renewable energy sources, it is difficult to ensure the stability of the operation of 

the power grid. On the other hand, ESSs offer greater adaptability than more traditional power 

plants. It has the capacity to increase the system’s overall peak-regulating capacity, assist 

conventional units in peak-regulating, and achieve peak loading shift on its own to better 

promote the promotion of renewable energy consumption.  

In this thesis, the traditional CAES technology has shortcomings such as energy input and 

absorption forms (only electric energy), low thermal storage temperature (water is the general 

thermal storage medium), and the need for supplementary combustion of fossil fuels and 

environmental pollution caused by carbon emissions. On the basis of the AA-CAES system 

with a seven-stage expansion and a two-stage compression system, the research and 

development of integrated molten salt thermal storage (MSTS) and compression heat recovery 

technology is conducive to the improvement of its comprehensive energy utilization efficiency. 

Based on this, the system integrates the STC technology which can absorb and integrate solar 
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energy into thermal energy to improve the intake air temperature on the power generation side, 

to further promote the comprehensive energy utilization rate. 

1.2 Research Objectives 

1.2.1 Objectives 

Based on the literature review in Chapter 2, research gaps and research directions have been 

identified in Section 2.4. And based on these gaps and research directions, the following 

research objectives are proposed: 

• From the design concept of the router on the Internet and the concept of no emission, the 

concept and scheme of the energy router in the EI are proposed, and then the CER based 

on AA-CAES is designed. 

• To deal with the problem of sustainable consumption of the high proportion of renewable 

energy, application of AA-CAES with conventional flexibility of power storage, multi-

energy supply and multi-energy storage can be applied to the CER is investigated. 

• To deal with the function conversion of internal components and multi-energy coupling 

mechanism of the CER based on the AA-CAES system, the mathematical model of AA-

CAES is established, which will be the theoretical basis of this thesis.  

• To further improve the overall performance of the CER, ST-AA-CAES with occasional 

external heat sources are proposed to further improve the comprehensive energy efficiency 

of the system and the mathematical model of its core STC is studied. 
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• To efficiently verify the economy of the CER, application of artificial intelligent 

algorithms the CER is investigated. 

1.2.2 Scientific Contributions of the Thesis 

The main contributions of the work shown in this thesis are summarized as follows: 

• A new concept of the CER based on the AA-CAES system is proposed. The modelling 

and analysis of the AA-CAES system with 7-stage compression and 2-stage expansion is 

achieved. 

• The efficiency of the CER’s IES with a combination of cooling, heat and electricity are 

analysed. 

• A new system of solar-thermal assisted the CER is proposed. The thermodynamics 

analysis and exergy analysis of this system are achieved. 

• The utilization of PSO to analyse the economic characteristics of the CER is achieved. 

1.3 Thesis Outlines 

The outline of the thesis is described as follows: 

Chapter 2 illustrates the literature review of existing different types of CAES system and their 

development. The corresponding reviews on CAES system of different storage and air storage 

methods are presented in detail. The literature on existing conventional CAES power station is 

also presented. 



 12  

Chapter 3 proposes the concept and framework of the CER, which draws inspiration from the 

design concept of the processor on the internet and the concept of the energy hub (EH), and 

then designs the architecture of the CER based on AA-CAES. To verify the characteristic of 

the CER in Chapter 4 and the improved CER in Chapter 5, the mathematic model of its core 

AA-CAES should be presented. 

Chapter 4 aiming at AA-CAES, the core problem of the CER, a thermodynamic simulation 

system based on AA-CAES is established, the heat exchange and adiabatic conditions of the 

AA-CAES system is analyzed. Combined with the proposed simulation model, the internal 

thermodynamic characteristics, and overall functional characteristics of the typical AA-CAES 

system under different operating conditions are analyzed based on the mathematic model of 

the AA-CAES system in Chapter 3. On the basis, the CER coupled with the STC will be 

presented in Chapter 5. 

Chapter 5 aiming at the core problem of energy efficiency improvement of the STC. Based on 

the CER presented in Chapter 4, the design of the STC process combined with the external heat 

source is established. There are four aspects of the system that can be described, heat collection 

approach, heat storage medium, multi-energy storage and supply and thermodynamic 

simulation and exergy analysis are used to verify the performance of the system. 

Chapter 6 focuses on the analysis of the improved CER in Chapter 5 and using PSO to solve 

the economic problem of this system.  

Chapter 7 concludes this research, highlights the innovative contributions and discusses 

possible future works. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

ESSs can make the energy system more effective, safe, and cost-effective [36][41]. It does this 

by storing electric energy in a certain medium and then using that energy to produce electricity 

when it is needed. ESS is one of the main elements for the renewable energy consumption 

because more and more renewable energy will be used. It is also a key technology for making 

conventional power systems, distributed energy systems, and the smart grid more efficient, safe, 

and cost-effective [36]. Based on this, ESS technologies are well-known area for research and 

investment in the energy and power industries. The creation of an electric energy storage 

system is essential for the widespread use of renewable energy sources, as well as a practical 

means of enhancing the effectiveness, security, and economics of the conventional power 

system. Currently, electricity storage technologies include flywheel, supercapacitor, secondary 

battery, flow battery, SMES, PHS, and CAES [35]. 

However, based on factors of capacity, energy storage cycle, energy density, charge and 

discharge efficiency, life span, operation cost and environmental protection, there are two kinds 

of ESSs that have been operated in large-scale commercial systems: PHS and CAES 

[42][43]. For PHS, it is strongly dependent on the geographical environment and natural 

resources, and will destroy the ecological environment, such as water evaporation and water 

freezing. For CAES, it releases high-pressure air to generate power through the turbine by 

releasing compressed air that has been used to store excess electric energy. It has a wide range 
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of applications in the generation, transportation, and consumption of electric energy and is 

currently a popular large-scale ESS technology for research and development. 

CAES is a form of ESS that is derived from the technology of gas turbines. After the 

compressor squeezes the air, it is burned with the fuel in the combustor to heat it up. The heated 

high-pressure air then goes into the turbine to produce electricity [44]. Figure 2.1 shows the 

operation details of gas turbine. The gas turbine works on the idea that after the air is 

compressed, it is burned with the fuel in the combustor to heat up. Since about two thirds of 

the work done by the turbine is used by the compressor, therefore, the net amount of work done 

by the gas turbine is much less than that done by the turbine. 

 
Figure 2.1. The operation of gas turbine 

In Figure 2.2, the CAES system’s compressor and turbine are not operating simultaneously. 

The CAES system uses electric energy during energy storage to compress and store air in the 

air storage tank. The storage compressed air from the air storage tank is discharged during 

energy release and enters the gas turbine combustor where it burns with fuel to drive a turbine 

and produce electricity [45]. Compressor will not use the output work of the turbine during the 

energy release period because energy storage and release are not occurred at the same time. As 
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a result, the CAES system may produce more than twice as much power as a gas turbine system 

using the same amount of fuel [46]. 

 
Figure 2.2. The working principle of CAES 

The above is the origin and principle of traditional CAES technology. This chapter will 

introduce and review the principles of different types of CAES technologies for demonstration 

projects. Meanwhile, the application and function of CAES technology will also be reviewed. 

2.2 The Technology and Current Research of the CAES System 

As a physical energy storage method, CAES has the characteristics of large capacity, low cost, 

long life and abundant energy interface types. Since the 1940s, when the American Gay Frazer 

W proposed the CAES technological process [47][48], relevant research institutions and 

scholars have successively developed diabatic compressed air energy storage system (D-

CAES), liquid air energy storage (LAES) and AA-CAES focusing on the key issue of 

improving energy storage efficiency. 
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2.2.1 Diabatic CAES System 

The principle of the D-CAES works is shown in Figure 2.3 [49]. The compression heat that is 

lost when compressed air is stored cannot obtain used again. As part of the process of expansion, 

fuel is added to high-pressure air to make it full again so that the system can continue to work. 

D-CAES usually has a power range between 100 and 300 megawatts, and its energy storage 

efficiency ranges from 40% to 60% and make it suitable for large-scale energy storage [50]. 

 
Figure 2.3. The working principle of D-CAES 

D-CAES is mainly composed of compressors, coolers, air storage tank (underground cave or 

air storage tank), turbine and combustion chamber. Energy storage and energy release 

modalities constitute its fundamental operation. D-CAES operates in the energy storage mode 

when there is an off-peak period. The high-pressure air output is currently held in the air storage 

tank while D-CAES drives the compressor using off-peak period power. D-CAES runs in the 

energy release mode when the power demand is needed. In the combustion tank, natural air 

and high-pressure air are combined after being released from the air storage tank. High enthalpy 
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air heat flow enters the multi-stage turbine and drives the generator to produce electricity. Air 

compressor is generally selected with intercooler multi-stage compressor, as far as possible to 

reduce the intake temperature into all levels of the compressor and the power loss of the 

compressor. However, due to the low energy storage density of air, D-CAES require huge air 

storage space. In the 1940s, Stal Laval proposed the technical scheme of using underground 

caves to store high-pressure air [50]. Only with the support of geographical conditions such as 

natural air mines or salt caves, it can make CAES have more application advantages. 

Table 1.2 Comparison of technical parameters of commercial CAES power station 

CAES 
Power 
Station 

System 
efficien

cy 

Output 
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MW 
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Air 

Storage 
Tank MPa 
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Depth 

m 

Volume 
𝒎𝟑 

Charging
/Dischar
ging h 
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Time 
min 

Natural Gas 
Consumptio

n 𝒎𝟑 

Huntorf 
McIntosh 

42% 
54% 

32 
110 

4.3~7 
4.5~6.6 

600 
450 

310000 
560000 

12/3 
41/26 

6 
9 

100000 
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Currently, Huntorf Power Station in Germany and McIntosh Power Station in the United States 

are the two largest D-CAES power stations in commercial operation. The main technical 

parameters are shown in Table 1.2. Compared with Huntorf power station, McIntosh Power 

Station adds a regenerator in the expansion power generation unit, which uses the flue air waste 

heat discharged from the low-pressure expansion machine to preheat the air released from the 

salt storage hole, and then enters the high-pressure combustor for combustion. McIntosh power 

station, which adopts this regenerative technology, saves 22% to 25% fuel compared with 

Huntorf power station when generating the same amount of electricity, and the efficiency 

increases from 42% to 54% [49]. The design and operation experience of McIntosh power 
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station show that increasing the inlet air temperature of the expansion generator is one of the 

effective means to improve energy storage efficiency. 

America announced the Norton Energy Storage demonstration project in 2009. It consisted of 

9 × 300MW units the CAES demonstration power station, which has a total installed power of 

2700 MW [50]. The abandoned limestone mine is used for the air storage tank, the air storage 

volume is 9.57× 10L	𝑚I, the design unit power generation heat consumption is 4558 kJ, the 

compressed air power consumption is 0.7 kWh. However, Norton’s CAES station has not been 

commercialized yet. 

Bethel Energy Storage Center is currently building a CAES power station. The power station 

plans to use underground rock salt layers to build air storage caves to store compressed air and 

reduce emissions through advanced exhaust emission control technology [48]. The designed 

power of the system is 317 MW, and the startup time from the cooling standby state to full 

power is 0.16 h, which can quickly respond to the peak regulating demand of the grid. 

It should be noted that the output power of the above D-CAES power stations, which have been 

built and are under construction, is usually MW level is mainly used to adjust the peak-shaving 

difference of the power grid, and there is a dependence on natural gas and geological conditions, 

which is contrary to the current zero carbon emission. 

2.2.2 Liquid Air Energy Storage System 

Scientists from the United States and other countries have written about the technological path 

of the LAES is depicted in Figure 2.4 [50]. The proposal of this system makes this technology 

less reliant on mines and salt caverns by increasing the density of air energy storage. During 
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the energy storage process, the progress of the compression and cooled, and then heated liquid 

air is stored in the liquid air storage tank that has been liquefied. The compression creates heat, 

which is stored in a tank made for high-temperature thermal storage mediums. When energy is 

released, the high-temperature thermal storage medium heats and vaporizes liquid air, which 

causes its volume to rapidly expand and power the turbine expansion generator that produces 

electric energy. In addition, the low-temperature thermal storage medium tank stores the 

cooling energy capacity produced by the expansion process, which is required to cool the high-

pressure air produced by the compressor. In order to guarantee the steady and dependable 

performance of the device, the system energy consumption is decreased [51] [52]. 

 
Figure 2.4. The working principle of LAES 

On the other hand, the LAES technology uses liquid air at a low temperature to store energy. 

Liquid air has the following properties, which help to increase the amount of energy storage. 

1) The energy density is high (between 60 and 120 Wh/L), it has a low storage pressure 
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(between 0.5 and 1 MPa), and it makes the size of storage tank smaller. The single power 

generation amount is between 10 MW and 200 MW, the power generation startup time is 15 

minutes, and the power generation regulation time is 3 minutes. This can be used for secondary 

frequency modulation of the power grid; 2) To enhance the efficiency of preheating, the 

technology of recycling waste heat during the storage process and waste cooling energy during 

the generation process is used; 3) The technology of recycling waste heat in the storage process 

and waste cooling energy in the generation process is adopted to improve the power generation 

efficiency, and the expected operation efficiency can reach 50 to 60%. 

LAES mainly includes four subsystems: compressed liquefaction, thermal storage system, 

cooling storage and expansion power generation, and key equipment that will directly 

determine the operational efficiency of the LAES system [53]. The main function of the 

compression and liquefaction subsystem is to compress and purify the air, cool it through the 

cooling tank and the expansion refrigerator, and liquefy the high-pressure air. The compression 

heat is stored by heat exchange and the cooling energy of the cooling storage subsystem is fully 

utilized to enhance the efficiency of the liquefaction progress. 

The thermal storage subsystem is required to recover the heat of compression produced by 

compressed air and then meet the thermal energy demand for expanding liquid air. When 

releasing heat, it is necessary to maintain the original heat energy grade (the heat release 

temperature should be as similar to the heat storage temperature as feasible), and the 

temperature fluctuations of the heat release process are minimal. The thermal storage requires 

the storage medium to store high-quality heat energy. Therefore, the initial heat energy grade 

must be maintained to the greatest extent possible while releasing heat. 
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The cooling storage subsystem should meet the cooling capacity needs of the air liquefaction 

process. It also helps to recover and store the cooling energy from liquid air is turned into air 

during the power production process. For the progress of cooling storage, the medium that can 

be used to store the cooling energy must be able to meet the needs of low-temperature 

operations. At the same time, the stored cooling capacity should keep the original grade (the 

temperature during the release of cooling should be approximated by storage temperature), and 

the temperature fluctuation during the release of cooling should be stable. The flow of the 

thermal/cooling storage subsystem is shown in Figure 2.5. The expansion power generation 

subsystem uses high-pressure air to perform adiabatic expansion in the turbine, and the work 

capacity of unit mass air is improved by heating air between stages. 

 
Figure 2.5. Diagram flow of cooling /heat subsystem 
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There have been two LAES demonstration projects in the world. One is the LAES 

demonstration project in London, UK, built in 2010, with a capacity of 350 kW×7 h [54]. The 

second is the CAES demonstration project in Manchester, UK, which is currently under 

construction. The capacity of the project is 5MW×3h, and the design overall efficiency is 55%. 

LAES technology integrated air liquefaction and gasification units, therefore, the energy 

release response rate of the LAES is lower than that of the conventional CAES system. 

2.2.3 Advanced Adiabatic CAES System 

 
Figure 2.6. Diagram of AA-CAES 

M. J. Hobson proposed AA-CAES for the first time in 1972 [55][56] in view of the 

shortcomings of the D-CAES system, such as its dependence on fossil fuels, lack of 

compression heat collection, carbon emission and low energy utilization. Its structure is shown 
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in Figure 2.6. Ideally, AA-CAES does not exchange heat with the environment, and the energy 

input and output are only electricity. 

When compared to D-CAES technology, AA-CAES is distinguished by the addition of a heat 

regenerative mechanism. The heat recovery system is employed during compressed energy 

storage to gather and store the compression heat produced during the operation. The 

regenerative system will use the stored heat energy to storage compressed air, actuate the 

turbine to generate power, and it can also supply heat to local customers when the energy is 

released through expansion. Because AA-CAES realizes efficient conversion and exploitation 

of diverse energy forms of air-heat-power, AA-CAES does not require the use of fossil fuels 

during the entire cycle process. 

The main elements influencing the energy storage efficiency of the system are thermal storage 

capacity, thermal storage temperature, and heat exchange efficiency of AA-CAES. Its energy 

storage efficiency is anticipated to reach 70% if a high-temperature compressor is utilized to 

increase the thermal storage temperature [57]. However, limited by the high-pressure ratio, the 

production process of the high-temperature compressor, efficient heat exchange and thermal 

storage technology of low exergy loss is not mature. Hence, there are difficulties of great 

technical difficulty and high realization cost. The technical scheme of high-temperature 

compressor has not achieved the industrial application. 

In 2013, RWE Technology International GmbH started to construct a large-scale cave-type D-

CAES power station with a design capacity of 90MW×4h and a design overall efficiency of 

70%, which is scheduled to be put into operation by the end of 2016 [57]. However, the design 
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is limited by the design and manufacturing level of the high-temperature compressor and the 

high efficiency of heat storage and heat transfer, so the project is at a standstill at present. 

AA-CAES use salt cave as air storage medium, as a good and natural large-scale air storage 

method, and it can be combined with CAES technology and an effective approach to figure out 

the issue of large-capacity air storage in large-scale CAES power stations [59][60]. The 

underground salt cavern has the advantages of low construction cost (the investment is only 

equivalent to 1/10 of the surface pressure vessel), small land occupation, good leak proofness, 

high air storage pressure, mature technology, safety and stability [61-64]. 

 
 

Figure 2.7. Diagram of Jintan Salt carven AA-CAES power station [65] 

In May 2017, AA-CAES power station project based on salt cavern air storage was officially 

approved by the China National Energy Administration [65], becoming the first national 

demonstration project of CAES in China. The capacity of AA-CAES power station based on 

salt cavern air storage is 60 MW×5 h and the future construction capacity is 1000 MW. The 
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primary purpose of the power plant is to reduce the local power grid peak-shaving difference 

and smooth out the resulting lack of power supply. It is the world first non-supplementary 

combustion CAES power station in Jintan district, Changzhou, China, which was operated 

commercially on 26th May 2022, as shown in Figure. 2.7 [65]. The energy storage power and 

generator of the phase I project already in operation are 60 MW, and the energy storage 

capacity is up to 300 MWh, which can continuously compress air for 8h and generate power 

for 5h. The future construction capacity is 1000 MW, and its underground air storage cave is 

about 1000 m deep with a total capacity of 2.2× 10M	𝑚I and a compressed air pressure of 14 

MPa. It is worth mentioning that different from the previous two commercial power stations, 

this power station adopts two ways of thermal storage, namely compression heat recovery and 

electric heating of molten salt, to improve the power generation efficiency. It is the only 

commercial power station with zero carbon emissions. 

To sum up, the currently has been built and under construction of AA-CAES demonstration 

plants depend on ascending temperatures for storing heat to improve the power capability of 

compressed air, but its thermal storage temperature by multi-stage compressor structure, 

material, adiabatic efficiency and the limitation of multi-stage compression side heat transfer 

efficiency. If the collection of large capacity high compression heat, it must cause the increase 

of the power consumption of the compressor. Thus, it becomes a technical restricting the 

improvement of energy storage efficiency of AA-CAES power station [65]. With the maturity 

of high-grade thermal storage technology and the continuous reduction of cost, AA-CAES 

technology coupled with external heat source can get rid of the dependence on high-

temperature adiabatic compressor and enrich the consumption form of renewable energy. 
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2.3 The Application and Function of the CAES System 

This section will focus on the application and function of CAES technology from four aspects, 

including the research status of thermodynamic characteristics modelling of CAES, the 

modelling characteristics of AA-CAES, and the research of AA-CAES modelling on renewable 

energy sources, the research of multi-energy joint supply characteristics of AA-CAES and the 

challenges of AA-CAES. 

2.3.1 Modelling of Thermodynamic Characteristics of the CAES System 

AA-CAES can be used for integrated heat and power supply systems, distributed energy 

systems in addition to power system peak shaving, frequency control, spinning reserve, reactive 

power support, black start, and application scenarios [66]. In the above typical application 

scenarios, AA-CAES may frequently operate under off-design conditions, resulting in the 

change of coupling state of internal compressor, heat exchanger (HEX), turbine and other 

components, thus causing changes in the overall operating performance of AA-CAES. At the 

same time, the thermodynamic characteristics of the compressor, HEX, turbine, thermal storage 

tank, air storage tank and other components are highly coupled, and each of them will affect 

the operating characteristics and efficiency of the system. In this context, it is of great 

significance to establish the coupling thermodynamic simulation model for each component to 

analyze the internal thermodynamic characteristics and overall performance of AA-CAES. 

At the present, in terms of modelling and simulation analysis of thermodynamic characteristics 

of AA-CAES, most of them adopt a fixed efficiency model to describe the power conversion 

relationship of internal components, and some literatures also study the simulation model of 
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the impact of subsystem operating characteristics on the overall performance. In the literature, 

it is investigated how the major HEX parameters impress the performance of the AA-CAES 

system [67]. The analytical relationship between the compression ratio, expansion ratio, and 

isentropic entropy efficiency with the air mass flow rate is given in the literature. Based on the 

compressor and turbine cogeneration properties, the rated operating conditions are assessed. 

However, the analysis does not consider the thermodynamic characteristics of other 

components, like the compressor, the turbine, and the HEX. It was used in the article analysis 

of the energy and exergy characteristics of a micro CAES system under specified operating 

conditions [68]. Through using the first law of thermodynamics and the second law of 

thermodynamics, this thesis created a thermodynamic model of air storage subsystem and 

calculated how much exergy it could store. In this study, the operation parameters of a typical 

AA-CAES system are analyzed and will be impact on changes in temperature and pressure 

have on the performance of the system is considered. On the other hand, it does not consider 

the operating characteristics of air storage heat transfer and adiabatic. 

To simplify, the current research on the modelling and simulation of the thermodynamic 

characteristics of air storage tank under heat transfer and adiabatic conditions is not sufficient. 

Without comprehensive consideration of the coupling relationship between components, it is 

difficult to effectively support the modelling analysis and operation of AA-CAES in various 

flexible application scenarios for modern energy and power system applications. 

2.3.2 Research of the CAES System for Renewable Energy Sources 

AA-CAES is similar to D-CAES power station to some extent, but the AA-CAES thermal 

storage system replaces the supplementary combustion subsystem of D-CAES, resulting in a 



 28  

certain coupling between the air pressure release energy and the compressed heat energy in the 

system during the storage process and expansion energy release, which achieves the modelling 

analysis of AA-CAES. 

In the system of the combined the wind power consumption and storage, the unit combination 

problem of the power system with the D-CAES power station is researched [69]. The operation 

characteristics of the D-CAES power station are presented based on the corresponding battery 

model. The influence of power system performance is systematically studied. The unit 

combination problem is also addressed and the economic dispatch (ED) problem of the D-

CAES power station in the combined operation system with wind power storage. Literature 

[70] shows that the equivalent battery model and combined with the thermodynamic model of 

D-CAES, which considers the influence of dynamic characteristics of air storage on the 

operation characteristics of compressors and turbines and evaluates the specific influence of 

wind power consumption before and after the use of D-CAES power station in Ireland new 

energy power system. The results are optimistic using the equivalent battery model. In addition, 

for the CAES system, literature [71] proposed a new bilinear model of air storage based on two 

parameters: air temperature and air pressure in air storage. The advantages of this model are 

not only in high accuracy, but also in low computational complexity. Based on the literature 

[72], the bilinear model was used in [73] to study the unit combination problems caused by 

operating CAES power stations in the MPSs, and the consumption of wind power after the 

introduction of CAES was discussed. However, the model used in this paper is more 

complicated, which is not conducive to the popularization of scheduling operation research in 

the future. In addition, in view of the characteristics of CAES that can alleviate the fluctuations 

of renewable energy output, [74] proposed a two-layer programming method for islanding 
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microgrids in a pioneering way. Specifically, the upper and lower layers of CAES are fixed 

capacity problems and unit combination problems based on the requirement of spinning reserve 

respectively. However, in [74], in this literature, there is little investigation on the specific 

impact of the operation characteristics of the CAES power station with consideration of heat 

transfer of air storage tank. Hence the research conclusions in this paper are too optimistic. [75] 

pointed out that the CAES system has the ability of phase regulation and can support the stable 

operation of the power system more flexibly on the power supply side. On this basis, [76] 

discusses the phase regulation operation mode of the AA-CAES system, which provides a 

preliminary basis for constructing the optimal dispatching model of modern energy and power 

system considering the reactive power support capacity of AA-CAES. 

For the current stage, the CAES operation characteristics is mainly realized through the 

equivalent battery model, and the significant influence of heat transfer of air storage tank has 

not been fully investigated. Therefore, the power system operation with AA-CAES is too 

optimistic. Moreover, these studies only focus on the traditional CAES power stations, but do 

not adequately research on the system performance related to AA-CAES power stations, which 

is not conducive to the conventional flexibility of AA-CAES. 

2.3.3 Research of the CAES System as an EH 

AA-CAES uses the thermal storage system to recover and reuse the heat energy from the air 

compression. The remaining heat in the thermal storage system can be used to heat the 

compressed air in the turbine and it can be further heated by temperature cascade utilization, 

and the turbine can also provide cooling energy after low temperature exhaust, thus improving 

the comprehensive utilization efficiency of energy. The combined heat and power (CHP) 
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storage and supply capacity of AA-CAES power station enable it to be applied in the CHP 

energy system. 

At present, cogeneration units are regarded as the main research objective in the dispatching 

and operation of the IES. The following first introduces the modeling of cogeneration units, 

and then introduces the scheduling and operation of cogeneration units in the IES. If the 

modelling is based on CHP units, CHP units mainly include two types [77]: one is the CHP 

units that mainly generate steam, and the other is the CHP units that match the heating load 

demand. In the modelling of steam-generating CHP units, it is assumed that the steam 

generated by CHP units can be directly used in other production, so the production capacity of 

steam flow can be defined as thermal load boundary conditions. In the modelling of 

cogeneration units that match the heating load demand, unit thermal power rating can be 

defined as unit thermal load boundary conditions. For the second type of cogeneration unit, the 

modelling principles usually consider the following two points: First, the modelling is based 

on the definition of an EH [78-80]. The cogeneration unit can be regarded as an EH connecting 

fuel and power and heat output. However, an EH has not fully realized the function of combined 

cooling, heat and electricity. Therefore, the CER with the function of combined cooling, heat 

and electricity will be introduced in detail in Chapter 3. 

Literature [81] establishes the relationship between input energy and output energy based on 

the efficiency matrix, and this method can be chosen for the analysis of multi-energy systems. 

However, for the CHP unit model based on the EH, the coupling of electric heating output is 

usually not considered. Secondly, based on the investigation of thermal output and electric 

output, the relationship between them is modelled. Generally, it can be divided into two types 
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of turbine structure as the standard: first, it is the back pressure type unit; second, the suction 

type unit. The former model is mainly based on the linear relationship between power and 

thermal output, while the latter model is based on the operational feasible region (convex and 

non-convex) [82]. Literature [83] points out that the convex feasible region can be described 

and Linearized by a group of linear inequalities or a convex combination of fixed points of the 

feasible region. Literature [84] points out that the non-convex feasible region can be composed 

of multiple convex feasible regions, and the mixed integer programming model of the 

extraction unit is established by introducing 0-1 variables. 

In summary, the existing modelling and optimal operation models of cogeneration units are 

constructed only from the perspective of energy conservation constraints, but the heat transfer 

process constraints have not been investigated. If the heat transfer capacity is insufficient, it is 

difficult to be consistent with the energy conservation constraints. 

While cogeneration units are frequently employed in MPSs from a power system perspective, 

research on the ED of the power system of cogeneration units has been significantly increased. 

In particular, the given cogeneration units should meet the heat load demand, the target of 

system scheduling is primarily to reduce the total cost of operations. Literature [85] 

systematically studies the process of efficiently solving a single cogeneration heat load balance 

equation. [86] is efficient to solve multiple cogeneration system studied heat load balance 

equation. [87] based on the perspective of cogeneration climbing rate on the efficient solution 

of the heat load balance equation in-depth study. The large-scale access of wind power 

cogeneration units to rolling scheduling situation is discussed in literature [88]. However, in 

the process of dispatching, the use of the rule of “determining power by heat” restricts the 
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flexibility of the power system. Therefore, there are more and more studies on the rational use 

of thermal system components to promote the significant improvement of the regulating 

capacity of cogeneration units and effectively solve the consumption problem. To significantly 

improve the peak-shaving capacity of cogeneration units, literature [89] uses the combination 

of a thermal storage device and a cogeneration unit to convert excess electric energy into heat 

energy for storage. In reference [90], the surplus wind power resources are utilized by means 

of electric heating boilers to meet the demand of heat load. Literature [91] promotes the 

enhancement of regulation capacity using thermal storage devices. Moreover, no matter which 

form, the goal of scheduling is always to meet the given heat load to find the thermal power of 

each component as the form of presentation. Literature [92][93] study the utilization of the heat 

storage capacity of the heating pipe network of the thermal system and the thermal storage 

capacity of the heat user building envelope to facilitate the coordinated operation of the IES of 

wind power consumption. Literature [94][95] proposes a solution strategy of decomposition 

coordination to settle the scheduling problem of the IES. In reference [96], the flexibility of the 

thermal system can be as the research perspective, and the coordination of different heat 

sources is deeply discussed. Therefore, the current coordinated operation research only focuses 

on the power system, but the thermal system is simplified, and the coordinated operation 

analysis of the IES is deficient. 

For the heating supply system, its coordinated operation is mainly based on the heat source of 

the heating supply system and achieves the maximization of economic benefit in the 

dispatching process [97]. The coordinated operation optimization of heating supply system has 

local characteristics and does not involve the coordination among CHP. Literature [98] has 

conducted research on the specific influence of temperature and flow rate and other parameters 
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in the heating supply system and discussed the specific influence of pump coordination mode 

and other factors in the heating supply system. References [99][100] discuss the use of 

renewable energy sources as heat sources to achieve the operational demand for thermal system. 

The above studies basically do not consider the impact of the power system, it has not achieved 

the purpose of integrated heat and power energy system operation coordination. 

In addition, the IES can be regarded as the CER, are in the process of IES modelling, can be 

on any form of power and energy storage (cogeneration units, heat pump and thermal storage 

devices) in direct modelling, it can consult the EH concept in IES application [86][101]. 

However, the economic performance of the system will be analyzed by using the artificial 

intelligence algorithm with good convergence and accuracy based on the system demand for 

heat and power energy in Chapter 6. 

2.3.4 Research of the CAES System for Power Grid 

By conducting research on the flexibility of both the power side and the load side of AA-CAES, 

it is possible to promote the operating reliability and efficiency of MPSs. In contrast, the 

availability of clean energy will bring a significant amount of operational uncertainty into the 

current energy and power system. This will result in a considerable change in the power flow 

condition and operation mode of the power grid, necessitating new requirements for the 

upgrading and expansion of the transmission system. The production simulation of the power 

system is an integral part of the power systems overall planning [36]. The production 

simulation seeks to identify the issue in power transmission and assess the impact of this issue 

on the operational efficiency of the power network by simulating the operational condition of 

the power network for an appropriate period. This is performed by identifying the issue that 
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have the most detrimental effect on operational efficiency. At the same time, production 

simulation can also be used to verify the feasibility of power grid upgrade schemes and evaluate 

the economy of these schemes from the perspective of operation [102]. Production simulation 

has emerged as a crucial tool for examining the effects of clean energy fluctuation on power 

grid operation and assessing the capacity of the power grid for clean energy, particularly in the 

case of widespread access to clean energy. 

The application of deterministic production simulation in power system includes the following 

two fields: the first is the simulation study of daily operation, and the second is the simulation 

study of medium and long-term operation. The main goal of the deterministic production 

simulation is to investigate the peak regulating capacity restriction of the system power 

structures. In this thesis, the 24-hour operation of AA-CAES will be simulated. AA-CAES can 

reduce transmission line traffic, increase the rate at which transmission lines are loaded, and 

delay the expansion of transmission and distribution lines, which is expected to reduce the 

limitation of flexible resources in the high-proportion MPSs [103]. Meanwhile, the thermal 

storage system enables the AA-CAES to supply heat and power simultaneously. In other words, 

this enables the power grid to be flexible and provides heat energy to meet the need for heating. 

On the other hand, different from BESS and PHS, thermal storage system enables AA-CAES 

to provide CHP supply and storage. However, there is a lack of research on the comprehensive 

energy utilization capacity and principal analysis of AA-CAES in these studies. Therefore, the 

concept of the CER based on the AA-CAES will be described in detail to provide the flexibility 

of power grid in Chapter 3 and the economic performance analysis of the system will be 

performed in Chapter 6. 
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2.4 Research Gaps and Directions 

Based on the literature review in Section 2.1 – 2.3, the following research gaps and directions 

can be identified: 

1) The research on the internal energy conversion mechanism and energy efficiency 

improvement strategy of the AA-CAES system is needed for the development of AA-

CAES technology and achieving the goal of efficient consumption of renewable energy. 

2) More research is needed on the modelling and simulation of heat exchange and adiabatic 

conditions of AA-CAES components and the thermodynamic characteristics of the system 

under off-design condition. It is challenging to support AA-CAES in a variety of variable 

application scenarios, such as modelling analysis without sufficient considering the 

coupling relationship between components in its whole. 

3) Although there has been the concept and design of the EH, zero emission and no pollution 

have not been fully considered. Therefore, the concept of the CER with no emission and 

no pollution should be proposed and applied. 

4) The current research is lacking the mutual restriction relationship between different energy 

flows in the AA-CAES system which is not conducive to exploring the supporting role of 

AA-CAES in achieving the sustainable high proportion renewable energy supply with 

multi-energy storage and multi-energy supply as the core energy supply flexibility. 

These research gaps and directions lead to the research objectives in Chapter 1. 
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CHAPTER 3 THE CLEAN ENERGY 

ROUTER CONCEPTIONAL DESIGN 

3.1 Introduction 

With the development of science and technology, the single energy network cannot meet the 

higher requirements for the power system. Different energy networks and different energy 

forms begin to combine with each other gradually, making the results of the whole network 

more and more complex [104]. This situation makes the EI and the traditional energy network 

have a great change. Therefore, the concept of the EH is proposed. However, the EH cannot 

fully realize the function of combined cooling, heat and electricity with zero carbon emissions. 

As a result, this chapter proposes a CER based on the AA-CAES. Energy is a crucial resource 

for the global economic development and society will lose the ability to advance if there is no 

energy supply in the world. Progress and the amount of energy available are closely related 

concepts in the development of humans and the remarkable economic development of human 

society all started with the great development of energy [105]. With the development of the 

economy, society needs more and more energy, so the use of fossil energy on Earth is much 

more than the natural abundant energy. In addition, due to the exploitation and waste of exotic 

energy in the world, the gas produced when fossil energy is burned usually violates the zero 

carbon emission in various indicators. In this process, unqualified gas is directly released into 

the atmosphere, thus causing serious damage to the environment. From the perspective of 

sustainable development of human beings, the renewable energy usage and its replacement of 
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traditional energy is the way to adjust the energy structure of the whole society and ensure 

sustainable development [3]. The United States, China, and India are the three largest energy 

consumers in the world, so the three countries have a significant influence on how the world 

consumes energy. Recently, due to the rapid development of the entire planet and human 

science and technology, our method of energy consumption has undergone significant change. 

In terms of renewable energy, nuclear power plant capacity grows yearly. Until 2021, there are 

440 nuclear power plants installed globally, with a combined amount of 390 GW. The capacity 

of wind power plants throughout all EU member states has surpassed 236 GW, including 207 

GW onshore and 28 GW offshore facilities. The UK installed the most wind power capacity is 

2.6 GW in 2021 (88% of that was offshore wind) [106]. In recent years, due to the gradual 

decline of traditional energy and the increasingly serious pollution, various countries have paid 

more and more research on renewable energy, and the development of renewable energy has 

been supported by the world. Until 2022, renewable energy will account for 8% of the total 

energy consumption worldwide. Because of the combustion of fossil energy and serious 

pollution, it is against the goal of zero carbon emission in the world. 

Although renewable energy has tremendous potential in addressing issues such as sustainable 

energy development and environmental protection, it often faces limitations such as distributed 

and intermittent, and poor controllability. Under the traditional dispatch and control mode of 

the power grid, it is difficult to achieve large-scale centralized development and utilization. 

With the rapid development of information technology, the integration of information 

technology and renewable energy has provided a feasible technological approach - EI for the 

efficient utilization of renewable energy. EI can be seen as the integration of advanced power 
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electronic technology, information technology, and intelligent control technology, connecting 

many power network nodes consisting of distributed energy harvesting devices, distributed 

energy storage devices, and various types of loads. It enables energy flow in both directions 

and facilitates energy exchange and sharing within the network. 

The generation, transmission, and consumption of electricity use in the current power system 

are independent of one another, and plug-and-play support for distributed energy is insufficient. 

Renewable energy sources including solar and photovoltaic power generation are used as the 

primary energy sources in the EI, which integrates the production, transmission, and 

consumption of energy. At the same time, the consistency of the energy supply is inconsistent 

with the variety of energy demand (power, heat, and cooling) on the user side (power). One of 

the main issues to be resolved in EI is how to actualize the positive consumption and thorough 

exploitation of renewable energy [107]. 

The Internet integrates a variety of communication modes and provides great convenience for 

the enrichment and utilization of information. It is quietly changing the way people 

communicate with each other, overturning the business models of more and more traditional 

industries, and providing reference and information support for the construction of the EI [108]. 

The router is the main node device of the Internet, also known as the gateway device, which 

plays the role of connecting the local area network and the wide area network on the Internet. 

Referring to [109] the design concept of switching equipment on the Internet and AA-CAES, 

the architecture of the CER is designed. To realize the wide area network with the large power 

grid as the backbone and the local area network composed of distributed energy (or micro grid) 

and other units of two-way energy flow and information flow connection. At the same time, 
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the Internet has many terminals as producers and consumers of information, the core 

component of which is the processor. In this chapter, the concept and scheme of “energy 

processor” in the EI are proposed, and then the CER architecture based on AA-CAES is 

designed. 

3.2 The Design Scheme of the CER 

In the 1940s, Turing proposed the “universal computer”, and Von Neumann proposed the logic 

framework of stored programs as shown in Figure 3.1a. They respectively built the computing 

experimental platform for both scientific and engineering research purposes, which laid the 

theoretical foundation of the modern computer or information processing unit. Currently, 

various information processing units on the Internet such as large computing servers, personal 

computer, mobile terminals are the continuation and development of the experimental platform 

built by Turing and von Neumann. The idea of energy processors should be present in the EI 

by referring to the advancement of information processor and network technology, as indicated, 

it can realize active consumption and IES in the future EI as shown in Figure 3.1b. 

 

a) Information router                                        b) Energy router 
Figure 3.1. Information router and energy router schematic 
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In the information Internet, the information processor can realize much repeated complex 

acceptance, conversion, computation, storage, and output, which is one of the key technologies 

that constitute the Internet. Similar to the information router, the CER in the EI should also 

have similar functions, mainly including the following four aspects: 

1) Through the energy input unit, it can realize the absorption of fluctuating wind and solar 

energy, and through the energy processing unit, the input electric energy can be converted 

into the smooth power required by the user for output. 

2) The energy storage unit can be utilized for energy storage, reducing wind and solar energy 

fluctuations, and enabling the safe usage of electricity, depending on the system 

operational status. 

3) The CER can implement arbitrary energy conversions between power, heat, and cooling 

energy, as well as input efficient combined cooling, heat, and power supply, depending on 

the demand for various energy types on the user side. This can help to increase the overall 

efficiency of energy utilization. 

4) The energy router input unit is connected to a sizable power grid, and the device can 

transfer power to or withdraw power from the grid based on the energy status on both the 

source and the user's side, maintaining the stability of the users’ power supply. 

Compared with the single energy conversion function electric-to-electric of the general system, 

the CER can absorb, convert, store and output various forms of energy from heat, cooling and 

power, which emphasizes the energy consumption of IES. Additionally, the capacity of the 
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CER for large-scale energy storage and energy conversion can promote the absorbing 

additional energy and at regulating energy on both the source and user sides. 

3.3 The Importance of AA-CAES for the CER 

One of the core goals of the EI is to achieve clean production and utilization of energy. 

Specifically, this involves researching the characteristics and principles of intermittent and 

low-energy-density renewable energy sources during the processes of conversion, storage, and 

reuse. The objective is to transform low-controllability and fluctuating renewable energy (such 

as wind energy and solar energy) into controllable and conventional energy forms (such as 

thermal energy, electrical energy). At the same time, the aim is to minimize and avoid the 

emissions of various pollutants to the greatest extent possible during the transformation process 

[110]. Analogous to information processing units on the Internet, the CER is also a typical 

example of an information-physical coupling system. it encompasses information system 

components such as network communication, state, measurement, data conversion, and 

analysis, as well as core functional modules of the energy network that involve energy input, 

storage, conversion and transmission. 

Another significant component of the future EI should be the clean energy. Therefore, the 

energy supply comes from renewable sources like the solar and wind with the characteristics 

of intermittent and fluctuation. However, the large-scale integration of renewable energy 

sources into the grid can maintain the stable operation of the power grid. ESS technologies can 

enhance the capability of the power system to accommodate large-scale wind and solar power 

generation, enabling smooth, reliable, secure, and stable power supply from wind and solar 

power systems to the users, to further improve the safety, economy, and flexibility of grid 
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operation. As a crucial component of the EI for energy consumption and conversion, efficient 

and clean high-capacity energy storage technologies are indispensable. 

Due to limitation of PHS are complex geographical conditions and a single energy conversion 

function (only electric-to-electric energy conversion), PHS cannot fully achieve the energy 

storage demands for the future EI. Compared with PHS, AA-CAES also has the merits of large 

capacity, high efficiency, clean and environmental protection [38]. It not only can use the 

underground salt cavity, mines, caves and other special geological conditions for air storage, 

but it also can use SPT and air storage tanks as air storage medium. Therefore, less restricted 

by geographical conditions and system adaptability is greatly increased. In addition, through 

compression heat recycling, AA-CAES abandoned the conventional CAES of fuel through 

compression heat recycling. As a clean large-scale energy storage technology, it executes a 

system operation process with the features of non-combusting and zero carbon emission. In the 

interim, AA-CAES can obtain the decoupling of power energy storage and high-pressure air 

heat energy storage, and can combine cooling, heat, and electricity which can effectively fulfil 

the demands of multiple energy storage and conversion output of energy routers in the future. 

3.4 Coupling Architecture and Working Mode 

Based on the above analysis, the architecture of the CER proposed in this chapter is shown in 

Figure 3.2. The system is built based on AA-CAES technology and consists of an energy input 

unit, a conversion unit, a storage unit, an output unit and control unit. It is worth mentioning 

that pressurized water's role is to ensure that the water flow during compression heat transfer 

reaches a preset value, thus functioning as heat transfer and storage. From the general 
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modelling theory of information physical coupling system, the CER should follow the 

following three principles. 

 
Figure 3.2. Initial concept diagram of the CER from information router 

 



 44  

First, the CER network simultaneously interfaces with the information and energy which the 

information network’s input interface includes energy supply, demand and market price. The 

CER can collect the information of environment changes, market fluctuation and network 

control dynamic of the energy router to support response analysis of data, model change and 

control process. In the meantime, the CER also continuously outputs information to outside, 

including its status, control, protection information, data reflecting its mode, function and 

capability. It can achieve comprehensive utilization and active matching by users and 

regulators in the EI. 

Second, a neural network-like information gathering and processing system is required in CER 

to accomplish real-time sensing and management of various energy processing mitigation. This 

will enable flexible and high-quality information and energy application functions. 

In addition, considering that energy routers have different operation modes and can provide 

customizable energy supply forms, it is necessary to configure an embedded high-performance 

information processing unit. The unit can analyze and make decisions based on real-time 

information on process changes from information and energy network. On the premise of 

maintaining efficient, safe and reliable energy transformation, it can adjust all kinds of 

parameter for the system operation and realize the comprehensive optimization decision-

making and control process supported by multiple clean energy sources and information. 

The CER can connect the energy supply and demand, and then transfer a steady and distant 

energy supply on the demand side. Furthermore, by connecting the information network and 

energy network through a control unit, it becomes possible to perceive and analyze information 

such as energy price fluctuations, energy demand signals, and energy prediction at both the 
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supply and demand. The control unit can integrate and optimize this information to provide 

control instructions for system operations. The CER can also effectively adapt to demand and 

supply requirements in the energy network and increase the overall efficiency of energy use 

through the factual transmission of information and the quick adjustment and transformation 

of the system operation mode. 

As a result, Figure 3.3 depicts the following overview of the core operational principle of the 

CER based on AA-CAES: The control unit of the CER can realize the bidirectional flow of 

energy and the real-time measurement of the energy situation at both ends of the process by 

connecting to the information network, and then balance the energy fluctuation at both ends of 

the source and use [112]. Among these, the bidirectional energy flow of the CER has clean 

energy input and clean energy output, it can realize the function of the absorption of energy 

and the supply of energy. Off-peak electricity, wind and solar power, and other clean energy 

sources can be input into the energy processing unit. In the energy conversion unit, these energy 

sources can drive the operation of an air compressor. The obtained high-pressure air and 

compression heat can be stored separately in the air storage tank and the cascade thermal 

storage system (CTS). During the storage progress, the compressors divide the electric energy 

into thermal and other forms of energy (potential energy). The thermal energy is subsequently 

stored in the CTS using a thermal storage medium, while other forms of energy (potential 

energy) is stored in the air storage tank using compressed air instead. When energy is output, 

air turbine of the energy storage unit can produce electricity, and the output unit generates 

electric energy to meet the demand for the power grid and users. The compressed heat stored 

in the heat storage system is transmitted to the intake air of each stage of the turbine due to 

increase the thermal efficiency of the system circulation during operation. To jointly operate 
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the turbine and supply the regional energy network (REN) during peak shaving, the CTS 

provides high grade thermal energy coupled to the compressed air in the air storage tank for 

power generation. Additionally, the industrial user and residential can achieve cooling energy 

from the low-temperature air produced during the air expansion process. 

 
Figure 3.3. The concept diagram of the CER 

The CER has an energy storage mode that can be turned on during off-peak hours, it can store 

the electricity through high pressure and store the thermal energy through the CTS for eight 

hours. CTS primary function is to offer better-quality thermal energy during high demand 

periods and to provide REN with industrial steam and hot water on a constant basis. Electric 

heating transforms the low-grade heat generated during the storage of electric energy into high-

grade heat energy, which is then transferred through CTS. When peak regulation is required on 

the power grid, high-grade heat energy can be applied to preheat the input air of turbines and 

then generates high-grade electric energy. When the moderate heat energy of AA-CAES is 

returned to CTS, it still has sufficient heat energy. For the entire CTS system, it can apply low 
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grade heat to continuously deliver hot water at 80℃ for 24 hours and medium grade heat to 

continuously supply steam at 210℃ for 16 hours. 

  Summary 

This chapter describes the origin of the CER. The main inspiration comes from the multiple 

communication modes of information routers, which provide a great convenience for enriching 

and utilizing information. The main function of the router is to absorb fluctuating renewable 

energy such as wind and solar through the input unit and use its core ESS technology as the 

medium – the CER for storage. The CER can implement the arbitrary conversion of various 

types of energy, including power, heat, and cooling energy, depending on the needs of various 

forms of energy on the user side. Additionally, the AA-CAES with large-scale energy storage 

features is chosen for the CER to provide the clean and effective operation of the system. 
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CHAPTER 4 MODEL OF CER AND 

IMPLEMENTATION 

4.1 Introduction 

In the application background of the power system and IES with the high proportion of 

renewable energy, the internal components of AA-CAES will work in the non-rated condition 

to varying degrees in response to the changing demand for renewable energy and electric 

heating load. The AA-CAES power plant will operate off-design in response to the frequent 

fluctuations in heating load demand if it is integrated into a complete energy system with 

several complimentary energies. Therefore, it is essential to thoroughly analyze the operating 

characteristics of each fundamental component and establish the corresponding quasi-steady-

state thermodynamic simulation model to obtain the requirements of the external environment 

for the operation of AA-CAES under off-design conditions and study the heat transfer and 

adiabatic operation of internal components on the overall operating characteristics of AA-

CAES.  

The flow of this chapter is arranged as follows. In Section 4.2, the core of the CER including 

various conventional components is introduced to provide a basis for studying the 

thermodynamic simulation model of system off-design conditions. In section 4.3, based on the 

first law of thermodynamics, the simulation models of heat exchange and adiabatic conditions 

of AA-CAES components are established. In Section 4.4, a thermodynamics analysis model of 

CAES based on exergy equilibrium was established. In Section 4.5, based on the 
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thermodynamic simulation model constructed in the previous two sections, the internal 

thermodynamic characteristics and external energy supply characteristics of the CER are 

analyzed.  

4.2 The Core of the CER 

Most current studies use a fixed efficiency model to describe the functional transformation 

relationship of internal components, and some literatures also establish simulation models 

based on the rated conditions. This is in terms of modelling and simulation analysis of the 

thermodynamic characteristics of AA-CAES. AA-CAES is a form of physical energy based on 

a CAES system that produces no combustion or carbon emissions with advantages of AA-

CAES include its large-scale, good performance, and cleanliness. This chapter proposes a 7-

stage compression and 2-stage expansion of the AA-CAES system to obtain the optimal 

performance. It is worth mentioning that first five stages of the compressor unit are centrifugal 

compressors with separator shafts, and the last two stages are single-shaft piston compressors. 

In addition, the thermal energy storage system consists of three parts, which are low 

temperature thermal energy storage, medium temperature thermal energy storage and high 

temperature thermal energy storage. The system is designed based on the industrial and 

residential energy needs of Yangzhong district, Zhenjiang city, Jiangsu province, China.  

Figure 4.1 shows how to complete the energy storage by decoupling the power into thermal 

and other forms of energy (potential energy) using a compressor and HEX, then coupling the 

thermal and air potential energy into power using a turbine to achieve the generation of the 

energy [113][114]. When the grid connection is insufficient, the power in storage progress can 

employ both wind and solar power plants in addition to power from the grid during off-peak 
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hours. There is a main supporting like grid peak shaving, the electric energy produced during 

the energy release process might be used.  

 

Figure 4.1. AA-CAES detailed schematic diagram 

In contrast to existing ESS technologies like PHS and BES, AA-CAES not only offers clean 

energy storage without making the pollution of the environment (no pollution or carbon 

emissions), but it also acts as a source of numerous energy reserves. In addition to improving 

the sustained high-proportion acceptance capacity of renewable energy, it may also become a 

strategy for the consumption of wind and solar energy while exerting the synergistic effect of 

multi-energy complementarity. For convenience of analysis, the realization form of the 

thermodynamic properties of AA-CAES analysis, modeling, and operation problems in using 

the following assumptions: 
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1) Assume air as an ideal gas and it satisfies the ideal air equation of state. 

2) The specific heat capacity of air and heat transfer medium and heat storage medium 

is constant. 

3) Energy loss between compressor and motor, turbine and generator are not considered. 

4) The HEX is a counter-current type HEX, and the heat leakage loss is ignored. 

5) The compressor flow and turbine flow in the energy storage process is constant. 

6) Ignoring the power consumption of the heat storage medium and heat-carrying fluid 

booster pump in the compression heat collection and heat recovery system. 

7) The air throttling process at the inlet and outlet of the air storage tank is an adiabatic 

process. 

8) Ignore the heat dissipation and pressure loss of relevant pipelines. 

4.3 Thermodynamic Model of Off-design conditions based on 

Heat Balance 

Under the specified operating conditions, a thermodynamic simulation model of AA-CAES is 

suggested in this section. Based on the AA-CAES process, the compressor, HEX, thermal 

storage, air storage tank, and turbine modules are presented in the quasi-steady-state 

thermodynamic simulation of the AA-CAES system. 
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4.3.1 Compressor Module 

(1) Rated Condition Model 

The i-th stage compressor's isentropic outlet temperature is 

𝑇$,2
E87,2: = 𝑇$,223^𝛽$,2_

$%&
$                                                (4.1) 

where k: the adiabatic index (1.4), 𝑇$,223: the compressor's inlet air temperature at the i-th stage, 

𝛽$,2 is the pressure ratio at the i-th stage, and 𝜂$,2  is the compressor isentropic efficiency at the 

i-th stage. 

The compressor's isentropic efficiency at the i-th stage is 

𝜂$,2 =
'',!
()*,!+<'',!

!#

'',!
()*<'',!

!#                                                         (4.2) 

The i-th stage compressor’s outlet temperature at the is 

𝑇$,2E87 =
-
N',!
𝑇$,223 `^𝛽$,2_

$%&
$ + 𝜂$,2 − 1c                                  (4.3) 

The compressor's actual output temperature at the i-th stage is 

𝑝$,2E87 = 𝑝$,223𝛽$,2                                                        (4.4) 

where 𝑝$,223 : the compressor inlet air pressure at the i-th stage, 𝑝$,2E87: the compressor outlet air 

pressure at the i-th stage, the compressor’s power consumption at the i-th stage is 

𝑊$,2 = 𝑚̇$𝑐.!^𝑇$,2E87 − 𝑇$,223_                                            (4.5) 
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where 𝑚̇$: the compressor mass flow rate, and 𝑐.!: the constant pressure-specific heat of the air. 

The total power consumption of compressor is 

𝑊$ = ∑ 𝑊$,2
B'
2O-                                                (4.6) 

where 𝑁$: the stage of the compressor, and 𝑊$,2: the compressor’ actual power at the i-th stage.  

When back-pressure becomes stable, Formula (4.5) can be used to calculate the compressor 

power consumption. When back pressure is continuously rising, however, Formula (4.5) 

should be integrated by the full unstable storage progress. 

𝑊P = ∫ -
N'

&Q,-.1̇'
&<-

'!#
''/0

gh.()*
.!#
i
$%&
$ − 1j𝑑𝑝?)'

.1
.&

                              (4.7) 

where 𝑝?)' is the pressure of the air storage tank, 𝑉?)' is the volume of the air storage tank, 

and 𝑝- and 𝑝# are the lower and upper limits of pressure, respectively. 

Part of the load characteristics of the compressor are excluded in the following study, quasi-

steady-state heat at rated working condition can be equated by (4.3) - (4.5). 

(2) Off-design Model 

In the off-design operating mode caused by some internal components, the compressor 

efficiency changes most obviously. The operation efficiency (isentropic efficiency) of the 

compressor at the rated design point can reach 87%-90%, while the compression efficiency 

drops to 65%-70% at 50% load and even less than 50% at 30% load [115]. To explain how the 



 54  

compressor's isentropic efficiency changes, which are often brought on by air mass flow rate 

and compressor speed deviations from rated settings. 

𝜂$,2 = (𝜂$,2), − 𝛼$^(𝛽$,2), − 𝛽$,2_
#                                   (4.8) 

where 𝛼$  is a constant, and (∙),  is the parameter of the compressor under the off-design 

condition, which is the same as the following. It can be seen from Equation (3.8) that this 

approach can only express the relationship between isentropic efficiency and the change of 

ratio, but it is difficult to reveal the physical nature of pressure ratio and isentropic efficiency 

change caused by non-rated mass flow of compressed air. Literature [116] provides a typical 

regression method for compressor characteristic parameters, which can be used for the 

construction of the air turbine thermodynamic simulation model. The analytical expressions of 

the characteristic curves of the compressor and turbine are given in this chapter, which provides 

a basis for studying the characteristic of the compressor. This section introduces the analytical 

expression of the compressor characteristic [117]. 

where the actual pressure ratio and isentropic efficiency of the compressor can be expressed, 

respectively. 

S',!
(S',!)2

= 𝑎-,2(𝐺̇$,2)# + 𝑎#,2𝐺̇$,2 + 𝑎I,2                                   (4.9) 

N',!
(N',!)2

= n1 − 𝑐^1 − 𝑛̇$,2_
#o ^𝑛̇$,2/𝐺̇$,2_ h2 − ^𝑛̇$,2/𝐺̇$,2_i                   (4.10) 

where ^𝑎-,2 , 𝑎#,2 , 𝑎I,2_ are effect factors of rotational speed on pressure ratio, it can be expressed 

as actual pressure ratio and isentropic efficiency of the compressor can be expressed, 

respectively. 
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𝑎,,2 = g𝑏- s1 −
"1
3̇',!
t
#
+ 𝑛̇$,2^𝑛̇$,2 − 𝑏#_

#j                           (4.11) 

𝑎-,2 =
3̇',!
!2,!

                                         (4.12) 

𝑎#,2 =
V"&<#"13̇',!

1 W

!2,!
                            (4.13) 

𝑎I,2 =
"113̇',!

1 <"&"13̇',!
!2,!

                               (4.14) 

where 𝑏-, 𝑏#, 𝑏I are constant coefficient and can be valued as 𝑏- = 1.8, 𝑏# = 1.4, 𝑐 = 0.3 or 

𝑏- = 3.6, 𝑏# = 1.06, 𝑐 = 0.3. The actual compressor can be fitted by its characteristic diagram 

effect factor of rotational speed on pressure ratio, but it needs to meet z𝑏-
3 ≤ #"1

I
. Meanwhile, 

dimensionless reduced order flow rate and reduced order speed can be defined as  

𝐺̇$,2 = |𝑚̇$
X'',!

!#Y
2.5

.',!
!# } / |𝑚̇$

X'',!
!#Y

2.5

.',!
!# }

,

                           (4.15) 

𝑛̇$,2 = n𝑛$^𝑇$,223_
<,.Mo /[𝑛$^𝑇$,223_

<,.M],	                                 (4.16) 

where 𝑛$ is the rotational speed of the compressor, it can be defined as 𝑛$(𝑡) = (𝑛$),. The 

actual pressure ratio and the actual isentropic efficiency can be achieved through the equations 

(4.8) - (4.16). The actual power consumption, actual outlet temperature and outlet pressure of 

1st stage compressor can be obtained under the conditions of given actual inlet temperature 

and actual inlet pressure. 
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4.3.2 HEX Module 

In these circumstances, the heat transfer coefficient has a simple impact on the HEX heat 

transfer coefficient. Therefore, this section constructed the design model of the HEX charging 

process under changeable conditions from the heat transfer equation in reference [118]. 

(1) HEX on the Compression Side 

Calculations can be made to determine the heat transfer fluid’s (HTF) and the HEX’s outlet air 

temperatures, respectively. 

𝑇$,/0,2
!,E87 = 𝑇$,/0,2

!,23 − [',!
67

V$8/1̇',!
/ W

                          (4.17) 

𝑇$,/0,2
/'*,E87 = 𝑇$,/0,2

/'*,23 + [',!
67

V$86.91̇',!
6.9W

                                   (4.18) 

where 𝑇$,/0,2
!,23  is the HEX’s inlet temperature on the compression side at the i-th stage, 𝑇$,/0,2

/'*,23 

is the HTF’ inlet temperature on the compression side at the i-th stage, 𝑚̇$,2
!  is the compressor’s 

mass flow at the i-th stage, 𝑐./'*: the constant pressure-specific heat for the HTF, and 𝜙$,2/0：

the actual heat capacity for the HTF during the storage progress. 

𝜙$,2/0 = 𝜀$,2 ∙ 𝐶$,2123(𝑡)^𝑇$,/0,2
!,23 − 𝑇$,/0,2

/'*,23_                                 (4.19) 

where 𝜀$,2: the HEX’s heat transfer coefficient during the storage progress. 

𝜀$,2 =
-<94.\<B']',!V-<^',!

67W_

-<^',!
6794.\<B']',!V-<^',!

67W_
                                 (4.20) 
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where 𝑁𝑇𝑈$,2 and 𝐶$,2/0: the heat transfer unit and the heat capacity ratio of the HEX during the 

storage progress [119], respectively. 

𝑁𝑇𝑈$,2 =
]?
^',!
:!#                                        (4.21) 

𝐶$,2/0 =
^',!
:!#

^',!
:/;                                 (4.22) 

where 𝐶$,2123 and 𝐶$,21!4: the maximum and minimum heat capacities of the HEX during the 

storage progress, respectively, and 𝑈 and 𝐴: the heat exchange coefficient and the size of heat 

exchange, respectively. 

𝐶$,2123 = ^𝑚̇$𝑐.! , 𝑚̇$,2
/'*𝑐./'*_123                                     (4.23) 

𝐶$,21!4(𝑡) = ^𝑚̇$(𝑡)𝑐.! , 𝑚̇$,2
/'*(𝑡)𝑐./'*_1!4                            (4.24) 

where 𝑚̇$,2
/'*: the HTF’s mass flow at i-th stage and can be defined as 

𝑚̇$,2
/'* =

1̇'$8/X'',67,!
/,!# <'',67,!

/,()*Y

$86.9X'',67,!
6.9,()*<'',67,!

6.9,!#Y
                             (4.25) 

In practice, the HEX operates when large amounts of compressed air are considered to flow 

through the HEX [111]. The majority of the present models, on the other hand, presume that 

the HEX efficiency is constant without pressure loss. Since the HEX is one of the essential 

elements of AA-CAES, pressure loss has a direct impact on the system overall effectiveness. 

On the compression side, the HEX’s pressure retention coefficient is represented as 

𝜂$,/0,2
. = 1 − ,.,,`Ia',!

-<a',!
                          (4.26) 
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During the storage progress, the HEX’s outlet pressure is 

𝑝$,/0,2E87 = 𝜂$,/0,2
. 𝑝$,/0,223                               (4.27) 

where 𝑝$,/0,223 : the HEX’s inlet air pressure at the i-th stage during the storage progress. 

(2) HEX on the Expansion Side 

The outlet temperature of the HEX and the HTF during the generation progress can be 

formulated similarly to the HEX on the compression side. 

𝑇9,/0,2
!,E87 = 𝑇9,/0,2

!,23 + [<,!
67

V$8/1̇<
/W

                               (4.28) 

𝑇9,/0,2
/'*,E87 = 𝑇9,/0,2

/'*,23 − [<,!
67

V$86.91̇<,!
6.9W

                       (4.29) 

where 𝑇9,/0,2
!,23 : the HEX’s inlet temperature at the i-th stage on the expansion side, 𝑇9,/0,2

/'*,23: the 

the HTF’s inlet temperature at the i-th stage during the generation progress, 𝑚̇9
! is the i-th stage 

of the turbine’s mass flow, 𝑚̇9,2
/'* is the HTF’s mass flow during the generation progress, and 

𝜙9,2/0 is the HTF’s actual heat capacity during the generation progress. 

𝜙9,2/0 = 𝜀9,2 ∙ 𝐶9,2123(𝑡)^𝑇9,/0,2
!,23 − 𝑇9,/0,2

/'*,23_                     (4.30) 

where 𝜀9,2: the HEX’s heat transfer coefficient during the generation progress. 

𝜀9,2 =
-<94.\<B']<,!V-<^<,!

67W_

-<^<,!
6794.\<B']<,!V-<^<,!

67W_
                            (4.31) 
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where 𝑁𝑇𝑈9,2 and 𝐶9,2/0: the heat transfer unit and the heat capacity ratio at the i-th stage of 

HEX during the generation progress, respectively. 

𝑁𝑇𝑈9,2 =
]?
^<,!
:!#                          (4.32) 

𝐶9,2/0 =
^<,!
:!#

^<,!
:/;                      (4.33) 

where 𝐶9,21!4  and 𝐶9,2123: the maximum and minimum heat capacities of the HEX during the 

generation progress, respectively. 

𝐶9,2123 = ^𝑚̇9𝑐.! , 𝑚̇9,2
/'*𝑐./'*_123                   (4.34) 

𝐶9,21!4(𝑡) = ^𝑚̇9𝑐.! , 𝑚̇9,2
/'*𝑐./'*_1!4                  (4.35) 

where 𝑚̇9,2
/'*: the HTF’s mass flow at the i-th stage and it can be calculated by  

𝑚̇9,2
/'* =

1̇<$8/X'<,67,!
/,!# <'<,67,!

/,()*Y

$86.9X'<,67,!
6.9,()*<'<,67,!

6.9,!#Y
                  (4.36) 

The pressure retention coefficient of the HEX during the generation progress while considering 

the pressure loss characteristics of the HEX can be written as 

𝜂9,/0,2
. = 1 − ,.,,`Ia<,!

-<a<,!
	                  (4.37) 

The HEX’s outlet pressure during the generation progress is 

𝑝9,/0,2E87 = 𝜂9,/0,2
. 𝑝9,/0,223 	                  (4.38) 



 60  

where 𝑝9,/0,223 : the HEX’s inlet air pressure at the i-th stage during the generation progress. 

The mass flow rate and temperature of the HTF which using the equation of conservation of 

mass can be determined, respectively. 

𝑚̇/'* = ∑ 𝑚̇2
/'*B

2O-                      (4.39) 

𝑇/0
@9;%9 =

∑ 1̇67,!
6.9=

!>& '67,!
6.9,()*

∑ 1̇67,!
6.9=

!>&
− 𝑇/0,2

/'*,23         (4.40) 

Overall, the equations of the HEX on compression and expansion side (4.17) - (4.40), the inlet 

temperature and pressure of each stage depend on the parameters of each stage of compressor 

and turbine. At the same time, the mass flow on the air side is the same as the air mass flow of 

the corresponding compressor and turbine. 

4.3.3 Thermal Storage System Module 

The types of thermal storage system can be classified as high-temperature [120], medium-

temperature [121], and low-temperature thermal storage tanks [122] according to the 

compressor grade change and compressor outlet compressed air temperature change. Thermal 

storage technology is consisted of four categories: MSTS [123], double-tank liquid thermal 

storage [124], concrete thermal storage [115], and phase-change material thermal storage [121]. 

These classifications are based on the heat storage device heat storage medium. The thermal 

storage medium’s temperature can be described as 

^𝜌'()𝑉'()𝑐.'()_
𝑑𝑇'()
𝑑𝑡 = 𝑚̇$

/'*𝑐./'*^𝑇$
'(),23 − 𝑇'()_ 
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−𝑚̇9
/'*𝑐./'*^𝑇'() − 𝑇9

'(),23_ − 𝑄         (4.41) 

where 𝜌'() : the density of the heat storage medium density, 𝑉'() : the volume of the heat 

storage medium volume, 𝑐.'(): the constant pressure-specific heat of the thermal energy storage, 

𝑇$
'(),23: the heat storage medium inlet temperature during the storage progress, 𝑇9

'(),23: the 

heat storage medium’s inlet temperature ring the generation progress, and 𝑄 is the heat transfer 

with the surrounding air, which can be formulated by 

𝑄 = 𝑈'()𝐴'()(𝑇'() − 𝑇936)           (4.42) 

where 𝑈'()  and 𝐴'() : the heat transfer coefficients between the heat storage tank and the 

environment and the heat storage tank external surface area (𝑈'() is 0 when the heat transfer 

loss is not considered), and 𝑇936: the environment temperature. 

4.3.4 Air Storage Tank Module 

In the AA-CAES system, the air storage tank is the main equipment to realize the transfer of 

power across time and space. The air storage approaches to the air storage tank mainly involve 

constant pressure air storage tank [125] and constant capacity air storage tank [128]. This 

chapter focused on the fixed-volume air storage tank which is common and less dependent on 

geographical conditions. This type of the air storage tank includes pressure vessels including 

pressure vessels, salt cavern air storage, SPT etc. In figure 4.1, the pressure vessel is used as 

the air storage tank in the pressure vessel. To accurately replicate the instantaneous 

temperature and pressure of the air storage tank, the authors of this study chose to use an air 

storage tank with a constant volume and less dependence on the geography around it. Both the 

generalized air state equation and the conservation of air mass are terms that can be defined. 
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For constant volume air storage, most studies assume constant temperature air storage. In fact, 

when the CAES power plant is running, the constant exchange of heat between the air inside 

and outside the building causes both the temperature and the pressure in the air storage tank to 

change all the time. This has an effect on thermodynamic parameters, such as the back-pressure 

of the final stage compressor, when compressed energy is stored. When compressed energy is 

released, it changes the temperature and pressure of the air that comes into the turbine. If the 

effect of heat exchange is not taken into account correctly in the thermodynamic analysis of 

the CAES system, there will be some errors. In the literature, there are two analytical solutions 

to the problem of the change in temperature and pressure in the air storage tank of CAES. The 

isothermal solution and the approximate solution of average density are examples of these 

solutions. These two analytical solutions are derived from the mass conservation equation, 

energy conservation equation and surrounding rock conduction equation. Then, the 

approximate solution is obtained by Laplace transform, but it is difficult to calculate the integral 

because of the large amount of calculation. Therefore, assume some condition such as 

temperature to a constant value simplifies the calculation process. Based on the temperature 

and pressure dynamic models [101][115], a general thermodynamic simulation is established 

in this chapter. 

(1) Consider Air Storage for HEX 

First, the air storage tank of CAES can be regarded as a control volume system, and the air 

storage tank’s walls and ports serve as the system’s borders. Air leakage is disregarded when 

the air storage tank’s surrounding rock is salt rock or limited permeability rock. Based on the 
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CAES system’s operational condition, the air storage tank air mass flow model is created. The 

air storage tank air mass flow model is 

𝑎𝑚̇$(𝑡) = 𝑚̇23(𝑡) + 𝑚̇E87(𝑡)          (4.43) 

where 𝑎𝑚̇$ for import and export air mass flow rate, 𝑚̇23 is inlet air mass of the air storage 

tank, 𝑚̇E87 is outlet air mass of the air storage tank, air mass flow rate of air accumulator 𝑎 as 

the running state of the CAES system. a = 1, a = 0, a= -1 represent the charge compression 

process, storage and power generation (static) process, as shown in figure 4.2. 

 

Figure 4.2. The change diagram of air mass flow in air storage tank of AA-CAES 

The air mass conservation model and energy conservation model of air storage room are 

established based on the aerodynamic principle of the air storage tank. The air mass 

conservation model and energy conservation model are respectively specified as 

𝑉 =c
=7
= 𝑎𝑚̇$           (4.44) 

Time t

a=-1

a=0

a=1

0

min

mout

Ai
r M

as
s 

Fl
ow

 (k
g/

s)

min(t)

mout(t)



 64  

𝑉$!6𝜌𝑐6
='
=7
= 𝑚̇23 hℎ2 − ℎ + 𝑍𝑅𝑇 − 𝜌

d8
dc
|'i + 𝑚̇E87 h𝑍𝑅𝑇 − 𝜌

d8
dc
|'i + 𝑄̇      (4.45) 

where 𝑉: he capacity of the air storage tank, 𝜌: the air density,  𝑐6: the constant volume heat 

capacity for air, 𝑇: the temperature of the air storage tank, ℎ2: the enthalpy for injection of air 

from the storage tank in 𝑡 time, ℎ  is the enthalpy for injection of current air from storage tank 

at 𝑡 time, 𝑍: the air’s compressibility factor,  𝑅: the air constant, 𝑢: the internal energy for air, 

𝑄: the heat transfer efficiency between the air storage tank and environment. The generalized 

air state equation is 

𝑝 = 𝑍𝜌𝑅𝑇            (4.46) 

Furthermore, the first heat conduction model is established based on the thermal coupling effect 

between the air in the air storage tank and the surrounding rock of the air storage tank, and the 

second heat conduction model is established based on the thermal coupling effect inside the 

surrounding rock of the air storage tank. The first and second heat conduction model are 

𝑄̇ = ℎ$𝐴$(𝑇5H − 𝑇)            (4.47) 

𝜌5𝑐5
. ='?

=7
= -

;
d
d;
h𝑘5𝑟

d'?
d;
i               (4.48) 

The heat conducting conditions of surface of the air storage tank 

 𝑟 = 𝑅F                       (4.49) 

−𝐾5𝑟
d'?
d;

= ℎ$(𝑇 − 𝑇5H)                           (4.50) 

𝑟 → ∞                        (4.51) 
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𝑇5 = 𝑇,                       (4.52) 

where ℎ$: the air storage tank’s average heat transfer coefficient,  𝐴$: the air storage tank’s 

surface area of the of the surrounding rock, 𝑇5H: the surrounding rock’s surface temperature, 

𝜌5: the air storage tank’s surrounding rock density, 𝑐5
.: the specific heat at constant pressure of 

the air storage tank surrounding rock, 𝑇5: the air storage tank’ surface internal temperature, 𝑘5: 

the thermal conductivity of the air storage tank of the surrounding rock and 𝑟 is the radius of 

the air storage tank. 

It is difficult to figure out the temperature and pressure of the air in the air storage tank because 

the equations should be solved at the same time. It is reasonable to assume that the temperature 

of the cave wall stays the same to avoid figuring out the heat conduction equation for the rock 

around the cave if the air temperature change in the air storage tank is small or if the heat 

transfer coefficient and thermal transfer efficiency of the rock, as defined by Kushnir [127]. 

Due to the cave wall’s temperature will not change (mean that heat will be transferred quickly 

to distant rocks). Assumed that the air around us is a perfect gas, the compression factor 𝑍 = 1 

and 𝜌 d8
dc

 = 0, formula (3.45) can be expressed as 

𝑉$!6𝜌𝑐6
='
=7
= 𝑚̇23(ℎ2 − ℎ + 𝑅𝑇) + 𝑚̇E87(𝑅𝑇) + ℎ$𝐴$(𝑇5H − 𝑇)        (4.53) 

The air mass flow during AA-CAES operation can be described as constant. Consequently, in 

the air storage tank, the air temperature’s ordinary differential equation for is 
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𝑇 =
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       (4.54)  

where 𝑇f : the air storage tank’s inlet temperature at the i-th stage, 𝑇, : the beginning air 

temperature, and 𝜌!6: the average air density for the operation period. The air temperature at 

the conclusion of the preceding phase must be utilized as the beginning temperature for 

succeeding phases to determine the air temperature for the whole operating cycle. For instance, 

the temperature solution for the following storage cycle can be defined as follows when the air 

temperature at the conclusion of the charging cycle is 𝑇-. 
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       (4.54)  

Overall, the air pressure can be achieved by equation (3.46) when it gets the air temperature. 

Therefore, air temperature and pressure can be simplified to define separately. 

(2) Isothermal Air Storage Tank 

For the underground salt cave air storage and other small air storage methods, the heat loss 

between storage tanks and the surface of the tank is not obvious, it can be easily controlled 

implementation way of heat preservation and heat insulation. Therefore, to further simplify the 

constant volume and capacity adiabatic model is based on the constant capacity model. The 
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constant volume isothermal model assumes that the air temperature in the air storage does not 

change with time, and can be expressed as 

𝑎𝑚̇$(𝑡) = 𝑚̇23(𝑡) + 𝑚̇E87(𝑡)           (4.56) 

𝑃 = �
𝑃$!6,, +

1!(7)5G'2
Q

, 𝑎 = 1	

𝑃$!6,, +
1<(7)5G'2

Q
, 𝑎 = −1

                   (4.57) 

𝑇 = 𝑇,                   (4.58) 

(3) Adiabatic Air Storage Tank 

𝑎𝑚̇$(𝑡) = 𝑚̇23(𝑡) + 𝑚̇E87(𝑡)          (4.59) 
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         (4.60)  

𝑝 = 𝑍𝜌𝑅𝑇              (4.61) 

4.3.5 Throttle Valve Module 

For ideal air, throttle valve (TV) throttle air mass flow rate before and after the same 

temperature and pressure, only so can be treated as isenthalpic, flow through the inlet side TV 

of the air storage tank can be satisfied as 

𝑚̇$,'Q
23 = 𝑚̇$,'Q

E87 	          (4.62) 

𝑇$,'Q23 = 𝑇$,'QE87           (4.63) 
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Similarity to flow through the inlet side TV of the gas storage tank, flow through the outlet side 

TV of the air storage tank 

𝑚̇9,'Q
23 = 𝑚̇9,'Q

E87   	          (4.64) 

𝑇9,'Q23 = 𝑇9,'QE87         (4.65) 

4.3.6 Air Turbine Module 

(1) Rated Condition Model 

The turbine’ isentropic outlet temperature at the i-th stage is 

𝑇9,2
E87,2: = 𝑇9,223/^𝛽9,2_

&%$
$                                                (4.66) 

where 𝑇9,2
E87,2:: the turbine isentropic outlet temperature at the i-th stage during the generation 

progress, 𝑇9,223: the turbine’s inlet temperature at the i-th stage during the generation progress, 

𝛽9,2: the turbine’s pressure ratio the i-th stage during the generation progress. 

The i-th stage of the turbine’s isentropic efficiency is 

𝜂9,2 =
'<,!
!#<'<,!

()*

'<,!
!#<'<,!

()*,!+                                                        (4.67) 

where 𝜂9,2: the turbine’s isentropic efficiency, thus the turbine’s actual outlet temperature at 

the i-th stage is 

𝑇9,2E87 = 𝑇9,223 `1 − 𝜂9,2 + 𝜂9,2^𝛽9,2_
&%$
$ c                                  (4.68) 
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The turbine’s actual power generation at the i-th stage is 

𝑊9,2 = 𝑚̇9𝑐.!^𝑇9,223 − 𝑇9,2E87_                                         (4.69) 

The total power generation of turbine is 

𝑊9 = ∑ 𝑊9,2
B<
2O-                                          (4.70) 

where 𝑚̇9: the turbine mass flow rate, 𝑐.!: the constant pressure-specific heat of the air and 𝑁9 

is the stage of turbine. 

The turbine’s actual outlet temperature at the i-th stage is 

𝑝9,2E87 =
.<,!
!#

S<,!
                                              (4.71) 

where 𝑝9,223 , 𝑝9,2E87 are the inlet and outlet air pressure of turbine, respectively. 

Similarity to the compressor, the quasi-steady-state thermodynamic model of the rated 

condition can be used to demonstrate it from equations (4.68) – (4.71). 

(2) Off-design Model 

The isentropic efficiency of the air turbine fluctuates with the operating state under the off-

design situation, much like the operation characteristics of the compressor. The isentropic 

efficiency of the turbine can reach 85% to 90% under the rated condition, while the isentropic 

efficiency drops to 65% to 75% under the 50% load condition [111]. As the air storage pressure 

drops during the expansion energy release, the air temperature and pressure at the air storage 

tank’s outlet will change as well. For this reason, the analytical expression of the turbine under 
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the off-design condition proposed in [67] is used to establish the complete module of turbine 

expansion. 

The characteristic of isentropic efficiency should be satisfied as [116][125] 

N<,!
VN<,!W2

= n1 − 𝑏,^1 − 𝜂̇9,2_
#o ^𝜂̇9,2/𝐺̇9,2_ h2 − ^𝜂̇9,2/𝐺̇9,2_i                   (4.72) 

where 𝑏, is a constant and typical value is 0.3 [96].  

The dimensionless order reduction flow rate and order reduction speed are 

𝐺̇9,2 = |𝑚̇9
X'<,!

!#Y
2.5

.',!
!# } / |𝑚̇9

X'<,!
!#Y

2.5
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!# }

,

                            (4.73) 

𝑛̇9,2 = n𝑛9,2^𝑇9,223_
<,.Mo /[𝑛9,2^𝑇9,223_

<,.M],                           (4.74) 

The actual turbine expansion ration can be expressed by [125] 

1̇<
(1̇<)2

= 𝛼2�
V'<,!

!#W
2

'<,!
!# � S<,!

1<-
VS<,!

1W2<-
                            (4.75) 

where 𝛼2 is the impact factor that characterized the influence of the change of rotation speed 

on the expansion ratio, it should be formulated by 

𝛼2 = �1.4 − 0.4
3<,!

V3<,!W2
                           (4.76) 
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The actual expansion ratio and isentropic efficiency can be obtained by the equations (4.72) – 

(4.76). at the same time, the actual outlet temperature and pressure of the turbine at the i-th 

stage should be achieved under the conditions of the actual inlet temperature and pressure. 

4.4 Thermodynamic Model based on Exergy Balance 

AA-CAES has typical multi-energy flow coupling characteristics, mainly manifested as the 

coupling between the internal air compression thermal energy and pressure potential energy 

double energy flow and the external cooling, heat and electricity multi-energy flow 

coupling. Exergy theory could provide a new perspective for analyzing the characteristics of 

the exergy flow of AA-CAES. Although the thermodynamic simulation model based on the 

exergy balance in this section is difficult to give the difference between exergy flow, exergy 

theory could provide a new perspective for analyzing the characteristics of the exergy flow of 

AA-CAES.  

4.4.1 Compressor Module 

Exergy input into the i-stage compressor is the power consumption and can be demonstrated 

by 

𝐸𝑥$,723 (𝑡) = 𝑊$,2(𝑡)                           (4.77) 

The output exergy of the compressor at the i-th stage is 

𝐸𝑥$,7E87(𝑡) = 𝑚̇$(𝑡) n𝑐.! h𝑇$,2E87(𝑡) − 𝑇$,223(𝑡)io − 𝑇, s𝑐.! ln
'',!
()*(7)

'',!
!# − 𝑅% ln

g',!
()*(7)

g',!
!# t    (4.78) 

The exergy destruction of the i-th stage compressor is 
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𝐿𝑥$,2(𝑡) = 𝐸𝑥$,723 (𝑡) − 𝐸𝑥$,7E87(𝑡)       (4.79) 

4.4.2 HEX Module 

(1) HEX Exchanger on the Compression Side 

The input exergy of the stage of compression supply by high-temperature air and the output 

exergy was carried away by heat carrier fluid. Therefore, the exergy of the i-th stage HEX is 

𝐸𝑥/0,7
$,23 (𝑡) = 𝑚̇$(𝑡) �𝑐.! h𝑇/0,2

!,23(𝑡) − 𝑇/0,2
!,E87(𝑡)i − 𝑇,𝑐.! ln

'67,!
/,!#(7)

'67,!
/,()*(7)

�     (4.80) 

The output exergy of the i-th stage HEX was carried away by heat carrying fluid, it can be 

expressed by 

𝐸𝑥/0,7
$,E87(𝑡) = 𝑚̇$,2

/'*(𝑡)�^ℎ/0,2
/'*,E87(𝑡) − ℎ,/'*_ − 𝑇,^𝑠/0,h

/'*,E87(𝑡) − 𝑠,/'*_�

− 𝑚̇$,2
/'*(𝑡)�^ℎ/0,2

/'*,23(𝑡) − ℎ,/'*_ − 𝑇,^𝑠/0,2
/'*,23(𝑡) − 𝑠,/'*_�

= 𝑚̇$,2
/'*(𝑡) nhℎ/0,2

/'*,E87(𝑡) − ℎ/0,2
/'*,23(𝑡)i − 𝑇, h𝑠/0,2

/'*,E87(𝑡) − 𝑠/0,2
/'*,23(𝑡)io 

 (4.81) 

The exergy destruction of the i-th stage HEX is 

𝐿𝑥/0,2$ (𝑡) = 𝐸𝑥$,723(𝑡) − 𝐸𝑥$,7E87(𝑡)        (4.82) 

(2) HEX on the Expansion Side 

The input exergy of the stage of compression supply by high-temperature heat exchange fluid 

and the output exergy was carried away by air. Therefore, the exergy of the i-th stage HEX is 
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𝐸𝑥/0,7
9,23 (𝑡) = 𝑚̇9,2
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(4.83) 

The output exergy of the i-th stage HEX was carried away by air, it can be demonstrated by 

𝐸𝑥/0,7
9,E87(𝑡) = 𝑚̇9,2(𝑡) �𝑐.! h𝑇/0,2

!,9,E87(𝑡)i − 𝑇/0,2
!,9,23(𝑡) − 𝑇,𝑐.! ln

'67,!
/,<,()*(7)

'67,!
/,<,!#(7)

�        (4.84) 

The exergy destruction of the i-th stage HEX is 

𝐿𝑥/0,2$ (𝑡) = 𝐸𝑥$,723(𝑡) − 𝐸𝑥$,7E87(𝑡)        (4.85) 

4.4.3 Throttle Valve Module 

The input exergy of TV is exergy of inlet air and the output exergy is exergy of outlet air, the 

equation is  

𝐿𝑥'Q$ = 𝐸𝑥$,'Q,723 − 𝐸𝑥$,'Q,2E87         (4.86) 

For the inlet of TV, the input exergy of TV is output exergy of last stage HEX air and the 

expression is  

𝐿𝑥'Q9 = 𝐸𝑥9,'Q,723 − 𝐸𝑥9,'Q,2E87         (4.87) 
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4.4.4 Air Turbine Module 

Exergy of turbine is provided by air and the output exergy is output work. As a result, the inlet 

exergy of the i-th stage turbine is  

𝐸𝑥9,723 (𝑡) = 𝑚̇9(𝑡) �𝑐.! h𝑇9,223(𝑡)i − 𝑇9,2E87(𝑡) − 𝑇, s𝑐.! ln
'<,!
!#(7)

'<,!
()*(7)

−t�      (4.88) 

The output exergy of the i-th stage turbine is 

𝐸𝑥9,7E87(𝑡) = 𝑊9,2(𝑡)        (4.78) 

The exergy destruction of the i-th stage turbine is 

𝐿𝑥9,2(𝑡) = 𝐸𝑥9,223(𝑡) − 𝐸𝑥9,2E87(𝑡)       (4.79) 

4.5 The Experiment and Validation of the CER 

At present, there is feasible AA-CAES thermodynamic simulation software, most of them 

which can only analyze the performance of the system at a specific operating point Simulation 

is difficult to give the dynamic characteristics of the whole system during operation (heat 

storage system, air storage, so it is not convenient to analyze the coupling relationship between 

the internal thermodynamic parameters of AA-CAES within a cycle, and it is also difficult to 

match the real operating situation of AA-CAES. Based on the AA-CAES off-design 

thermodynamic simulation model given above, this section focuses on heat exchange and 

adiabatic of the system, discusses the necessity of the off-design operating model research, and 

verifies the accuracy of the proposed model combined with the overall operation process of the 

AA-CAES system. 
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4.5.1 The Design Parameters of the CER 

A typical AA-CAES system operational characteristics are now analyzed in this part using the 

developed thermodynamic quasi-steady-state simulation model. In Figure 4.1, the system 

diagram is displayed. Tables 4.1 to 4.6 display the thermodynamic design parameters for the 

compressor, turbine, HEX, and other system components. 

Table 4.1 The parameters of each stage compressor 

Stage Pressure [MPa] 
Inlet       Outlet 

Temperature [℃] 
Inlet       Outlet 

Adiabatic 
efficiency % 

Mass flow 
[kg/s] 

1 
2 
3 
4 
5 
6 
7 

0.0995 
0.2182 
0.411 
0.7747 
1.459 
2.771 
5.306 

0.24 
0.4315 
0.8134 
1.532 
2.882 
5.465 
10.2 

20 
40 
40 
40 
40 
40 
40 

120 
120 
120 

120.1 
120 
120 
121 

83.85 
84.2 
84.3 
84.19 
84.04 
83.82 
79.3 

7.389 
7.389 
7.38 
7.341 
7.319 
7.308 
7.303 

 
Table 4.2 The parameters of each stage turbine 

Stage Pressure [MPa] 
Inlet       Outlet 

Temperature [℃] 
Inlet       Outlet 

Adiabatic 
efficiency % 

Mass flow 
[kg/s] 

1 
2 

3.846 
0.8204 

0.8614 
0.1025 

300 
200 

124.8 
9.997 

87.87 
89.83 

14.458 
14.458 

 
Table 4.3 The parameters of each stage intercooler 

Stage Air Temperature [℃] 
Inlet            Outlet 

Water temperature [℃] 
Inlet            Outlet 

Mass flow 
[kg/s] 

1 
2 
3 
4 
5 
6 
7 

120 
120 
120 

120.1 
120 
120 
121 

40 
40 
40 
40 
40 
40 
40 

15.01 
15.01 
15.01 
15.01 
15.01 
15.01 
15.01 

80 
80 
80 
80 
80 
80 
80   

2.178 
2.267 
2.524 
2.352 
2.274 
2.259 
2.327 
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Table 4.4 The parameters of air storage tank 

Air storage volume, 𝒎𝟑 36×86.6 
Pressure range of air storage, MPa 4-10 

 
Table 4.5 The parameters of each stage preheater 

Stage Air temperature [℃] 
Inlet            Outlet 

TSS temperature [℃] 
Inlet            Outlet 

Mass flow 
[kg/s] 

1 
2 

22.23 
124.8 

300 
200 

540.1 
464.8 

464.8 
444.7 

36.97 
36.97 

 
Table 4.6 The parameters of each thermal storage system 

 Temperature [℃] Pressure [MPa] Medium 
Low-temperature thermal energy 

storage 
290 0.1014 Molten-salt 

Medium-temperature thermal energy 
storage 

434.7 0.1014 Molten-salt 

High-temperature thermal energy 
storage 

550 0.1014 Molten-salt 

Water Tank 80 0.4 Water 
 

The system adopts the compression process of multi-stage compression, inter-stage cooling 

with heat recovery, the heat storage system includes thermal storage medium tanks, the thermal 

storage medium is water and molten salt, the air storage tank adopts SPT, the regulating valve 

is located between the air storage tank and the expansion system to guarantee the air pressure 

entering the expansion system reaches the design value for molten. The expansion process of 

multi-stage expansion and inter-stage heating is adopted. The high-speed turbine drives the 

low-speed generator through the compressed air to output electric energy. 

4.5.2 The Process of Compression Energy Storage 

When the compression process started, the beginning pressure in the air storage tank was 2.82 

MPa, and the system’s ambient temperature was 293 K. Under the premise that the rated 

parameters were being used, a comparison was made between the compression process and the 
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air storage tank’s the adiabatic and heat exchange. Figures 4.3 and 4.4 show how the output 

pressure of all levels of the compressors alter by time as they worked in the different modes of 

adiabatic and heat transfer of the ATS. This shows that an eight-hour simulation of the air 

storage method was carried out. During the process, the first 5-stage compressor units ran 

continuously, the sixth compressor stabilized under changing back-pressure conditions, and the 

7th compressor ran continuously under changing back-pressure conditions. Because there were 

so many stages of compression, the system was able to work better while using less energy. 

When the heat exchange of the air storage tank was considered, it took the sixth stage 

compressor 3.4 h to reach stable pressure. However, it only took 2.5 h when the air storage 

tank was in an adiabatic state. Because adiabatic heat and pressure losses were not considered, 

the sixth stage attained stable pressure more quickly than it did under heat exchange conditions. 

When comparing the air storage tank’s adiabatic conditions to actual system data, the air 

storage tank’s conditions were more representative of the actual situation. 

 

Figure 4.3. Changes in each stage compressor outlet pressure during compression in an 

adiabatic situation 
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Figure 4.4. Changes in each stage compressor outlet pressure during compression in a heat 

exchange situation 

Each stage’s power consumption for the two modes of adiabatic and heat exchange of the air 

storage tank during the storage progress is shown in Figures 4.5 and 4.6 which a) is original 

and b) details of each stage. The varying back-pressure times of the 6th and 7th phases, which 

are identical to the pressure change curves in figures 4.3 and 4.5, are the key indicators of the 

altering power consumption characteristics. 

 

a) Original                                        b) details 
Figure 4.5. Under adiabatic conditions, the power consumption of the compressors at all levels 
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a) Original                                        b) details 
Figure 4.6. Under heat exchange conditions, the power consumption of the compressors at all 

levels 

Figure 4.7 depicts the heat exchange on the HEX’s compression side. Through the heat 

exchange between the water and the HEX, the system produced 80 °C hot water after storing 

air for 8 h. Electric heating utilized the 80 °C hot water that was left after 16 h. Electric heating 

might supply 16 h of 210 ℃ industrial steam at once to meet local industrial demand. When 

the power generator is running, the cooling energy that remains after powering the generator 

can be used to meet the region’s cooling needs (air conditioners, refrigerators, etc.). The 

aggregate effectiveness of the electric, heating, and cooling systems was 93.6%. This not only 

assures a clean and secure energy supply, but it also shows how effectively and economically 

the system is operating. The optimal distribution of a range of energy resources may be 

achieved, user demand can be met, and user energy efficiency can be increased by 

comprehensive utilization of the CER. 
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Figure 4.7. The heat exchange amount of the HEX in the compression process 

4.5.3 The Process of Expansion Energy Release 

Figure 4.8 illustrates the evolution of the expansion process through the fluctuation in output 

pressure that happens across all turbine stages. The adiabatic and heat exchange conditions of 

the air storage tank had no effect on the outlet pressure on the expansion side as the inlet 

pressure of the turbine expansion generator was controlled by the TV to meet the required 

pressure value. Both the output pressure of the first-stage turbine and the outlet pressure of the 

second-stage turbine are within the system’s design parameters. The 1st stage expansion 

generator’s outlet pressure was immediately transferred to the 2nd stage expansion generator’s 

input pressure, resulting in the 2nd stage expansion generator commencing to generate power. 

As illustrated in Figure 4.9, the temperature of the medium-temperature MSTS device has 

grown following the completion of heat recovery from the expansion generator. When the 4 h 

generating procedure, the rate of change in temperature of the adiabatic heat exchange and the 

external heat exchange of the air storage tank are both displayed. In order for the model to be 
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accurate, the heat exchange that occurs within the medium-temperature thermal storage unit 

must be precise. 

 

Figure 4.8. Changes in each stage turbine outlet pressure during the expansion process 

 

Figure 4.9. Variation in temperature of the thermal storage unit for molten salt at medium 

temperatures 
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4.5.4 The Whole System Operation Process 

By simulating the compressed air storage tank’s temperature and pressure variations over a 

period of 24 h as shown in figure 4.10, the system integrity was checked. With a shift in time, 

the pressure grew to 8.92 MPa with eight hours. After two hours of idle time, the pressure 

remained essentially constant. The pressure in the air storage tank dropped to 2.82 MPa after 

four hours of power production and stayed there for the next 10 hours of inactivity. After the 

temperature changed to 42.8 °C in 8 h, then it stabilized. After two hours, the temperature 

during idle time steadily decreased to 40.5 °C. After the power generation, the temperature fell 

once again to 36.8 °C; ultimately, it steadily increased to 40.5 °C in the last 2 h. 

 

Figure 4.10. Under adiabatic conditions, the power consumption of the compressors at all levels 

Two scenarios allow for the analysis of the system’s overall efficiency: the first is the electric-

to-electric efficiency (EXE), and another one is the round-trip efficiency (RTE), which 

combines cooling, heating, and electricity. As illustrated in figure 4.11, the system employed 
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compressed air as the medium to store power for eight hours, followed by two hours of idle 

time. It then used heated high-pressure air from a HEX to power the generator to provide 

electricity for 4 hours when it needed. The ratio between power generation and consumption 

was used to calculate the efficiency of the power exchange, which was found to be 56.5%. 

 

Figure 4.11. The compression and expansion processes use and produce energy 

  Summary 

This chapter analyzes a CER based on AA-CAES as a solution for the consumption and storage 

of abandoned renewable energy such as wind and solar power, and off-peak electricity. The 

CER combines cooling, heating and electric energy which can transform stored electric energy 

into various types of clean energy such as high-grade electric energy, cooling energy, and 

different cascade thermal energy. The effectiveness of the simulation and verification of the 

system were demonstrated, with results showing the impact of the adiabatic and heat exchange 

conditions of the air storage tank on the outlet pressure change of the compressor. Under heat 
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exchange conditions, the sixth sage of the compressor reached stable pressure in 3.4 h 

compared to 2.5 h under adiabatic conditions. However, the heat exchange conditions of the 

air storage tank were closer to the actual situation, as confirmed by comparison with actual 

system data. The adiabatic and heat exchange conditions of the air storage tank did not affect 

the outlet pressure of the turbine for the design requirements during the discharging process. 

The model’s accuracy depends on considering the heat exchange of the medium-temperature 

thermal storage unit. Finally, the overall performance was analyzed based on the power 

exchange efficiency (56.5%) and the overall efficiency (93.6%) with the consideration of the 

comprehensive energy utilization rate of the combination of cooling, heat, and electric energy.  
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CHAPTER 5 SOLAR ENERGY 

INTERGRATION OF CER   

5.1 Introduction 

Based on AA-CAES described in chapter 4, this chapter integrates the basis of efficient solar 

energy heat collection to propose the design process of a solar-thermal assisted AA-CAES (ST-

AA-CAES). Under the premise of ensuring the flexible and reliable operation of the system, 

the comprehensive energy utilization efficiency should be improved as much as possible. The 

safe, reliable, clean, efficient, and flexible regulation as its core, optimized AA-CAES from 

four aspects: heat collection, heat storage, air storage and power generation control. 

5.2 Process Optimization Objectives 

To cope with the problems such as low energy utilization rate and poor energy supply reliability 

due to high proportion and intermittent renewable energy access to the distributed energy 

system, this section proposes the process optimization objective of the ST-AA-CAES system 

with reliability, efficiency, flexibility, and versatility as the core. 

(1) Reliability: When the wind and solar power supply are interrupted or faulty, it can ensure 

the reliable and continuous supply of regional users’ energy demand, the cooling, heat, and 

power generation control subsystem of ST-AA-CAES should have the ability to respond 

reliably to the change of terminal energy demand. At the same time, ST-AA-CAES also 
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need to have the function of “buffer storage” of cooling, heat, and power energy to 

constitute for the lack of reliability of distributed clean power supply. 

(2) High efficiency: Efficiency is the basic guarantee for the feasibility and operation economy 

of ST-AA-CAES. ST-AA-CAES has the input attribute of multi-type and multi-grade 

energy carriers, so it needs to have the modulation and storage ability of multi-energy flow 

carriers such as cooling, heat and power. When measuring its efficiency, we should not 

only pay attention to the electricity-to-electricity conversion efficiency, but also focus on 

the utilization efficiency of comprehensive energy (cooling, heat and electricity). To 

improve the energy efficiency of ST-AA-CAES, joint optimization should be carried out 

in the overall process, component structure configuration, component parameters and other 

aspects. As far as the process optimization objective concerned in this chapter is concerned, 

achieving “temperature matching and cascade utilization” is an effective measure to 

improve the energy efficiency of ST-CAES. For example, in the conventional AA-CAES 

process, high-grade solar thermal source is introduced, high-temperature thermal energy is 

used for coupled power generation with air, medium-temperature thermal energy is used 

for heating and industrial steam, and low-temperature compression heat is used for user 

heating and hot water supply. 

(3) Flexibility: Similarity with the AA-CAES system, the users’ demand for comprehensive 

energy is complementary in time, so ST-AA-CAES needs to have the ability to flexibly 

adjust the comprehensive output power. ST-AA-CAES should meet the energy demand of 

users for comprehensive energy in different seasons. A typical way is to adjust the heating 
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ratio of heat storage materials in the heat tank to realize the flexible supply and deployment 

of different forms of energy. 

(4) Cleanliness: Based on the CER with AA-CAES as the core, ST-AA-CAES should maintain 

its cleanliness characteristics while improving the overall efficiency. Therefore, during the 

process optimization, renewable energy (such as wind, solar, geothermal) should be 

introduced into the input of ST-AA-CAES as much as possible, and zero emission should 

be achieved in the internal energy conversion and storage (such as pressure potential energy 

and compressive heat energy). 

 

Figure 5.1. The overall structure of ST-AA-CAES 
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Moreover, the overall process optimization of ST-AA-CAES should have the following 

characteristics: If multiple clean energy sources such as wind energy and solar energy are 

accepted at the input end, multi-energy supply such as cooling, heat and electricity is provided 

at the output end, and energy conversion and storage can be realized internally, so as to realize 

multi-energy supply and multi-energy storage, the overall structure of ST-AA-CAES is shown 

in Figure 5.1. It consists of a seven-stage air compressor and a two-stage air turbine to achieve 

the performance of the system. There are five main subsystems for the system, a compression 

system, a turbine system, a SPT, a MSTS and a solar and thermal collection and storage (STC). 

5.3 The Core Design Process of the System 

 

Figure 5.2. The design process of ST-AA-CAES 
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The system flow is composed of the high-pressure air storage system, air compression 

subsystem, expansion power generation subsystem, MSTS subsystem and STC subsystem. The 

flow is shown in Figure 5.2. Compared with AA-CAES described in chapter 4, its main 

difference is the addition of a STC and this section focuses on the operating principle of STC 

and how to integrate with the AA-CAES system. 

 

Figure 5.3. The diagram schematic of energy flow conversion of ST-AA-CAES 

Based on the AA-CAES process, ST-AA-CAES coupled solar energy heat harvesting and low 

exergy loss heat storage technology, and its design concept is coupled with the technical trend 

of the multi-energy coordination and multi-technology coupling of the CER. It can not only 

realize the absorption and storage of solar, electricity and heat, but also realize supply of power, 

Power Adiabatic 
Compression

Air Storage 
System

Hot Water 
Storage

Turbine Power 
Generation

Power

Solar 
Thermal 

Collection
Solar

Oil Thermal 
Storage

Molten Salt 
Thermal Stoarge

210℃ Industrial 
Steam

Cooling

Heating

Heating



 90  

cooling and heat. The conversion, cascade utilization and flexible supply of electric energy. 

Specifically, when ST-AA-CAES is storing energy, the air compression subsystem converts 

electric energy into molecular potential energy and compressed thermal energy for decoupling 

storage, and the solar energy is pooled and stored in the STC subsystem. According to the load 

demand for cooling-heat-electricity energy, by adjusting the storage high-temperature heat 

conduction oil used in the proportion of the power supply, heating and cooling, respectively 

for coupling power and high-temperature heating. Meanwhile, TES can be used to store the 

low-grade heat to the user, it can store and transfer characteristics as shown in figure 5.3. 

5.3.1 STC 

CAES is limited by the high-temperature compressor, usually the exhaust temperature is not 

high, which affects the heat storage temperature and limits the energy storage efficiency. ST-

AA-CAES improves the two key factors of heat source and heat storage medium by introducing 

the external solar heat source, improving heat transfer and heat storage working medium to 

improve heat storage temperature and capacity, and then improving the work capacity and 

energy storage efficiency of high-pressure air. 

The STC adopts solar thermal power generation technology with high technical maturity and 

tower thermal collecting and parabolic trough collector (PTC) technology with operation 

experience. The thermal collecting methods include trough heat collection and tower beam-

down heat collection [128], whose principle is shown in figure 5.4. ST-AA-CAES with a STC 

does not depend on the supplementary combustion of the compressor and realizes the goal of 

clean energy. The process of collection and recovery of compression heat is completely 
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decoupled with the characteristics of high-grade thermal energy that can be used for coupled 

energy release power generation. 

         
a) Trough heat collector                                        b) Beam-down heat collector 

Figure 5.4. Schematic diagram of STC system 
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5.3.2 The Model of STC 

The SCT subsystem consists of a solar collector, heat storage tank, oil-air HEX and auxiliary 

components. This section establishes the mathematical model of each part. The STC system in 

ST-AA-CAES adopts the configuration mode of a beam-down tower heat collecting system 

and trough heat collecting double tank [131], in which the tower heat collecting model can be 

found in the literature [132][133]. The mathematical model of the PTC system is divided into 

two parts: solar thermal collecting and heat storage of the hot tank [134]. The structure of the 

PTC system is shown in figure. 5.5. 

The direct normal exposure (𝐼ABC) by converging direct solar radiation and heats the HTF to 

realize the transfer of solar energy to HTF [135]. The output temperature of HTF can be 

calculated according to the law of energy conservation as follows [134] 

𝑉̇/'*𝜌/'*𝑐/'*^𝑇/'*E87 − 𝑇/'*23 _ = 𝑄)*                                               (5.1) 

 

Figure 5.5. The structure diagram of the PTC system 

Tracking 
Axis

Reflecting 
Mirror

Radiation 
Entry Angle θ 

Direct Solar 
Radiation

Thermal 
Collecting 

Tube



 93  

The solar thermal energy absorbed by the heat collection link through direct solar irradiation 

can be uniformly expressed as:  

𝑄)* = 𝑄) − 𝑄GE:: = 𝜂)*𝐴)*𝐼ABC − 𝑄GE::                                         (5.2) 

where 𝑄), 𝑄)* are the input and absorb of solar thermal power, respectively. 𝑉̇/'* , 𝜌/'* , 𝑐/'* 

are the volume flow of HTF, the density of HTF and specific heat capacity at constant pressure, 

respectively. 𝐼ABC is the surface of direct solar radiation (unit: 𝑊/𝑚#), 𝐴)* is the mirror field 

area of the PTC,  𝑄GE:: is the convection loss of heat collecting link, 𝜂)* is the efficiency with 

which solar radiation is converted into heat, its value is closely related to mirror field layout, 

heat transfer process, heat absorption process, external ambient temperature and other factors. 

Assuming that the external ambient temperature is unchanged, the calculation can be simplified 

as follow: The solar thermal energy absorbed by the heat collection link through direct solar 

irradiation can be uniformly expressed as 

𝜂)* = 𝜂)*,E.7𝜂)*,!"                                             (5.3) 

where 𝜂)*,E.7 and 𝜂)*,!"are the optical efficiency of the heat mirror field and the absorption 

efficiency of the PTC. 

(1) Optical Efficiency Analysis of Heat Collecting Mirror Field 

The optical efficiency of the trough concentrator selected for the STC system is 

𝜂)*,E.7 = cos 𝜃 ∙ 𝐼𝐴𝑀 ∙ 𝐿93=DE:: ∙ 𝛼:>!=EF ∙ 𝜇)*                             (5.4) 

where 𝜃 is the solar radiation’ incident angle, 𝐼𝐴𝑀 is the incident angle correction coefficient 

which is used to correct the difference in the concentrating ability of different incident angles, 
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𝐿93=DE::  is the endless heat loss the collector tube, 𝛼:>!=EF  is the performance degradation 

coefficient of shade between groove collector array, 𝜇)* is the available concentrating area per 

unit area which is related to the arrangement density of the concentrating array. 

The results can be achieved from the performance test of the PTC mode by San Diego Energy 

Laboratory, the incident angle correction coefficient 𝐼𝐴𝑀 is 

𝐼𝐴𝑀 = 1 + 0.000884 i
jkli

− 0.00005369 i1

jkl i
                           (5.5) 

The shielding coefficient between collector arrays can be expressed as 

𝛼:>!=EF =
G?(H
H

jkl m
jkl i

                                  (5.6) 

where 𝐿5EF is the groove collector of row spacing, 𝑊 is the width of light collector, 𝜉 is the 

solar zenith angle, the endless heat loss the collector tube can be expressed as 

𝐿93=DE:: = 1 − n*)I opqi
G*)I

                                           (5.7) 

where 𝑓78" is the focal line length of the PTC, 𝐿78" is the collector length. 

(2) Analysis of Absorbed Heat Loss in Heat Collecting Mirror Field 

The relationship between the absorption heat loss of the collector tube  

𝑄DE::,!" = ^1 − 𝜂)*,!"_𝑄)*                                      (5.8) 

According to different physical mechanisms, the heat loss absorbed by the heat collecting link 

can be divided into heat conduction loss, heat convection loss and heat radiation loss [136]. 

The research results of San Diego Energy Laboratory show that three different types of 
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absorbed heat loss are related to the temperature and solar radiation intensity of HTF, which 

can be expressed as the following polynomial function through actual data fitting. 

𝑄DE::,!" = 𝑄$E3= + 𝑄$E36 + 𝑄;!= = ∫ [(𝑎, + 𝑎-𝑇 + 𝑎#𝑇# + 𝑎I𝑇I) + 𝐼ABC(𝑏, +
'6.9
()*

'6.9
!#

𝑏-𝑇#)] 𝑑𝑇                                      (5.9) 

where 𝑄$E3=, 𝑄$E36, 𝑄;!= are heat transfer loss, heat convection loss and heat radiation loss, 

respectively. 𝑇/'*23  and 𝑇/'*E87  are the inlet temperature and outlet temperature of the heat 

collecting tube, respectively. The diagram of the STC system is shown in Figure 5.6. 

 

Figure 5.6. The STC system’s organizational diagram 
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To simplify the analysis, the glass tube and width of the collecting tube cannot be considered, 

the heat loss between the heat collecting tube and the glass surface is neglected, and the 

equations from the Newton’s heat loss can be expressed as 

�
𝑄$E36 = 𝑄$E36-,# + 𝑄$E36#,!1"
𝑄$E36-,# = ℎ=(𝑇- − 𝑇#)𝐴!"

𝑄$E36#,!1" = ℎ$(𝑇# − 𝑇!1")𝐴%
                                      (5.10) 

where 𝑄$E36-,# represents the heat convective consumption between the absorber tube's surface 

and the inner glass tube, 𝑄$E36#,, represents the thermal convection loss. The surfaces of the 

absorber and glass tubes, respectively, are designated as A!" and A% The surface temperatures 

of the absorption tubes and glass tubes are 𝑇- and 𝑇#, respectively, and ℎ= is the convective 

heat transfer coefficient of the heat collection pipe. ℎ$ is the heat transfer coefficient between 

the glass tube and environment. 

According to the operating characteristics of the PTC, the external tube has a higher 

temperature than the glass tube and their direct thermal radiation should be considered 

𝑄;!= = 𝑄;!=-,# + 𝑄;!=#,,		                                   (5.11) 

𝑄;!=-,# =
rV'&J<'1JW
&
K&
e(&%K1)L&K1L1

𝐴!"   		                               (5.12) 

where the Stefan-Boltzmann constant is σ, diameters of the outer and inner glass tube are 𝐷- 

and 𝐷# , respectively. 𝑇-  and 𝑇#  are the external surface and inner glass tube surface 

temperatures of the receiver. 𝜀- and 𝜀# are the emissivity of the chosen coating and glass tube. 

The thermal radiation can be defined as 

𝑄;!=#,, = 𝜎𝜀#(𝑇#s − 𝑇!1"s )𝐴%	  		                               (5.13) 
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The modelling of three tanks depends on dynamic mass balance and dynamic energy balance 

scheme which can be achieved by the following equation [137] 

𝜌/'*
=Q6.9
=7

= 𝑚23 −𝑚E87		  		                               (5.14) 

where the HTF’s volume in the tank is 𝑉/'* , the density of HTF is 𝜌/'* . Meanwhile, the 

energy balance can be expressed by 

𝜌/'*𝐶/'*
=(Q6.9')

=7
= 𝐶/'*(𝑇23𝑚23 − 𝑇𝑚E87) − 𝒰𝐴7(𝑇 − 𝑇,)																	 (5.15)	

where the HTF’s volume in the tank is 𝑉/'* , the density of HTF is 𝜌/'* . Meanwhile, the 

energy balance can be expressed by 

𝜌/'*𝐶/'*
=(Q6.9')

=7
= 𝐶/'*(𝑇23𝑚23 − 𝑇𝑚E87) − 𝒰𝐴7(𝑇 − 𝑇,)																	 (5.15)	

where 𝒰 and 𝐴7 are the surface area of the heat-transfer tank and its surface area’s heat-transfer 

coefficient, respectively. It is assumed that heat transfer cannot result in heat transfer over the 

entire tank since the volume of HTF varies. The primary PTC parameters are presented in Table 

5.1 to further demonstrate the energy balance for the HTF. 

The optical efficiency of the mirror and field area are the major design elements that determine 

how much thermal energy is captured under specific sun irradiation circumstances [136]. The 

glass envelope transmittance, optical intercept factor, and cosine loss correction all have an 

impact on optical efficiency. In the meantime, the cosine loss correction factor is related to the 

tracking accuracy [138]. So as the efficiency of optical increases, the efficiency of the thermal 

collection also increases. 
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Table 5.1 Rated parameters of PTC 

Main Parameters Data 
Optical efficiency 75% 

Length of reflector (m) 64.15 
Rank number 10 

Aperture stance (m) 2 
Emissivity of absorber tube 0.15 

Type of mirror White float glass 
Specular reflectivity 0.93 

 

Exergy analysis and exergy destruction are adopted from the above thermodynamic model of 

ST-AA-CAES, SPT model and second principle of thermodynamics for overall and each 

subsystem. In general, the exergy of enthalpy ℎ can be formulated by 

𝐸𝑥2 = 𝑚2[(ℎ2 − ℎ,) − 𝑇,(𝑠2 − 𝑠,)]							 	 											 (5.17)	

where 𝑚 is the mass flow rate, 𝑠 is the entropy of flow, 𝑖 and 𝑜 are state and ambient situations, 

respectively. The compression heat’s thermal exergy should be estimated as follow 

𝐸𝑥>9!7 = 𝐸𝑥H?-- − 𝐸𝑥H?-#																												 														 (5.18)	

The exergy supply for turbine system can be expressed by 

𝐸𝑥/'* = 𝐸𝑥tM − 𝐸𝑥t-,																																						         (5.19)	

5.3.3 Performance Criteria of ST-AA-CAES 

There are two types of operating modes for the proposed ST-AA-CAES: energy storage and 

energy release. Compared to the traditional CAES, the operating mode includes the storage of 

electricity through compressed air, preheating the molten slat and solar energy to store heat. 

STC and MSTS can be operated independently. Therefore, the processes of operating modes 
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can be processed simultaneously. When the demand side needs energy, the high-pressure air in 

the SPT should be preheated by the STC system and then heated by the MSTS system to reach 

the expected temperature to drive the turbine for power generation. The heat energy is directly 

provided by the thermal energy storage system such as 80℃ hot water, 210 ℃ industrial steam 

and heating supplier. Where ESE can be described as 

𝜂()( =
H.M?
HBNO

																											 															            (5.20)	

In the complete charging and discharging cycle mode - RTE, the total heat and energy 

production of the turbine is taken as the numerator and the energy consumption of the 

compressor and heat storage of molten salt are taken as the denominator. The equation can be 

expressed as follow 

𝜂 = H.M?eu'euD</*
HBNOe(.P-

																										 									            (5.21)	

where 𝑄$  is the cooling energy from the expansion process, the exergy efficiency can be 

depicted by 

𝜂(0( =
H.M?e(4D</*
HBNOe(46.9

																												 									            (5.22)	

For each subsystem 𝑗, the exergy destruction and exergy efficiency should be estimated by: 

The energy balance for each tank is 

𝐿h = 𝐸h,23 − 𝐸h,E87					                        (5.23) 

𝜂(0(,h =
(Q,()*
(Q,!#

				                            (5.24) 
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The exergy flows of subsystem of the ST-AA-CAES are provided in Table 5.2. 

Table 5.2 Equations of exergy flow 

Subsystem 𝐸𝑥RS 𝐸𝑥TUV 

Air compressor 𝑊WXY + 𝐸𝑥Z[\ + 𝐸𝑥Z[] + 𝐸𝑥Z[^ 
+𝐸𝑥Z[_ + 𝐸𝑥Z[`` + 𝐸𝑥Z[`\ 

𝐸𝑥Z[a + 𝐸𝑥Z[b + 𝐸𝑥Z[c+𝐸𝑥Z[d 
+𝐸𝑥Z[`e + 𝐸𝑥Z[`a + 𝐸𝑥Z[`b 

HEX of 
Compression 

system 

𝐸𝑥Z[a + 𝐸𝑥Z[b + 𝐸𝑥Z[c+𝐸𝑥Z[d+𝐸𝑥Z[`e 
+𝐸𝑥Z[`a + 𝐸𝑥Z[`b + 𝐸𝑥fZ` + 𝐸𝑥Z[\ 

+𝐸𝑥fZ] + 𝐸𝑥fZ^ + 𝐸𝑥fZ_ 

𝐸𝑥Z[\ + 𝐸𝑥Z[] + 𝐸𝑥Z[^+𝐸𝑥Z[_ 
+𝐸𝑥Z[`` + 𝐸𝑥Z[`\ + 𝐸𝑥fZa

+ 𝐸𝑥fZb 
+𝐸𝑥fZc + 𝐸𝑥fZd ++𝐸𝑥fZ`e 

STC 𝐸𝑥gU 𝐸𝑥X\ − 𝐸𝑥Xa 
Air turbine 𝐸𝑥Z[`d + 𝐸𝑥Z[a` 𝑊hi[ + 𝐸𝑥Z[`_ + 𝐸𝑥Z[aa 

HEX of turbine 
system 

𝐸𝑥Z[`c + 𝐸𝑥Z[`^ + 𝐸𝑥Z[`_ + 𝐸𝑥Z[ae 
+𝐸𝑥X] 

𝐸𝑥Z[`^ + 𝐸𝑥Z[`d+𝐸𝑥Z[ae + 𝐸𝑥Z[a` 
+𝐸𝑥X`e 

SPT 𝐸𝑥Z[`] 𝐸𝑥Z[`c 
 

5.4 The Optimization Approach of Process and Main Parameters 

In this chapter, the process optimization method of the ST-AA-CAES system is proposed. On 

this basis, the main parameter range of ST-AA-CAES is given, which provides the theoretical 

basis for subsequent thermodynamic analysis. 

5.4.1 The Optimization Approach of Process  

The specific optimization method is divided into four parts, as follows and the logical structure 

is shown in Figure 5.7: 

1) From the perspective of meeting the regional load demand, the initial thermodynamic 

parameters of the expansion generation subsystem are configured according to the rated 

demand power, including the mass flow of turbine, inlet temperature, expansion stage and 

ratio. 
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2) The period of energy release generation and the mass flow rate of the turbine as rated 

parameters, the pressure operating range of the air storage tank, the mass flow rate and the 

density of storage air are determined. 

3) Based on the above initial design parameters, the parameter ranges of the air compression 

subsystem, regenerative heating subsystem and STC system are determined. 

4) The comprehensive energy efficiency of the system was evaluated, and the value range of 

the final parameters was determined after several iterations of revision, aiming at optimal 

energy efficiency. 

 

Figure 5.7. The logical optimization structure of ST-AA-CAES 
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5.4.2 The Range of Main Parameters 

The combination of design and optimization process, the main parameters range of ST-AA-

CAES can be shown in Table 5.3. 

Table 5.3 The main parameters of ST-AA-CAES 

Main Parameters Unit Value 
The stage of compression Stage 7 
The stage of expansion Stage 2 

Inlet temperature of air turbine k 573 
Compressor isentropic efficiency, 𝜂$,2 % 0.84 

Turbine isentropic efficiency, 𝜂9,2 % 0.9 
Compressor air mass flow t/h 26.6 

Turbine air mass flow t/h 52.05 
Air mass flow of thermal storage medium, t/h 36.97 

At constant pressure: Specific heat capacity of air  J/kg∙ k 1005 
Water’s specific heat capacity  J/kg∙ k 4200 

Heat transfer coefficient between air and the outside of the tank W/(𝑚# ∙ 𝑘) 287 
The operation of STC h 4 
80℃ Hot water supply h 8 

210℃ Industrial steam supply h 16 
Heat collection efficiency % 66.8 
Environment temperature k 293 

Environment pressure MPa 0.1 
Air storage pressure MPa 10 

Inlet pressure of expansion MPa 4 
 

5.5 The Experimental and Verification of ST-AA-CAES 

5.5.1 Exergy Analysis 

For exergy analysis, Table 5.4 illustrates the key simulation results of the ST-AA-CAES system 

in typical operating scenarios. At the same time, the flow parameters of air, oil (Therminol VP-

1) and water are listed in Table 5.5 and Table 5.6, respectively. Based on the parameters from 

the above table, EXE, RTE and exergy efficiency of the system are 56.5%, 95.5%, and 55.9%, 
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respectively. The temperature of water increases from 15.01℃ to 80℃. The STC needs about 

4h to increase the temperature of VP-1 from 105.3℃ to 250℃  under the average situation. 

Since the efficiency of the expansion generator depends on the temperature of the high-pressure 

air, it is critical for the VP-1 temperature given by the solar energy absorbed and stored. The 

performance improvement of ST-AA-CAES mainly depends on two key technologies: first, 

utilize thermal energy storage system to store the compression heat through the water medium 

and use ambient power to heat molten salt to store the heat; second, the utilization of the STC 

system to store the solar heat VP-1 medium. Efficient storage and utilization of compression 

heat can improve the power generation efficiency and meet the thermal energy demand for 

users, such as hot water and user thermal supply etc. 

Table 5.4 Results of the ST-AA-CAES system simulation run under typical operating 
circumstances 

Main Data Unit Value 
MSTS mass flow kg/s 36.97 
VP-1 mass flow kg/s 8.522 
Water mass flow kg/s 2.27 

Electric to electric % 56.5 
Round-trip efficiency % 95.5 

Exergy efficiency % 55.9 
Power consumption of compression kW 4315 

Power generation of expansion kW 2436 
PTC power collection kW 2122 

 

Table 5.5 The thermodynamic analysis results of air 

Stream T (℃) P (MPa) h (kJ/kg) s (kJ/kg.k) Ex (kJ/kg) m (kg/s) 
AR1 
AR2 
AR3 
AR4 
AR5 
AR6 
AR7 

20 
120 
40 
120 
40 
120 
40 

0.0995 
0.24 

0.2182 
0.4315 
0.411 
0.8134 
0.7747 

419.41 
520.14 
439.29 
519.92 
438.90 
519.47 
438.15 

3.8687 
3.9116 
3.7090 
3.7425 
3.5261 
3.5592 
3.3420 

0.00 
88.17 
66.69 
137.50 
119.92 
190.79 
173.16 

7.39 
7.39 
7.39 
7.39 
7.39 
7.38 
7.34 
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AR8 
AR9 
AR10 
AR11 
AR12 
AR13 
AR14 
AR15 
AR16 
AR17 
AR18 
AR19 
AR20 
AR21 
AR22 

120.1 
40 
120 
40 
120 
40 
121 
40 
40 
150 
200 

124.8 
150 
200 
10 

1.532 
1.459 
2.882 
2.771 
5.465 
5.306 
10.2 
10 
4 
4 

3.846 
0.8614 
0.8614 
0.8204 
0.1025 

518.75 
436.87 
517.15 
434.18 
514.48 
429.40 
511.28 
421.36 
431.82 
547.29 
704.62 
524.31 
550.04 
601.35 
409.34 

3.3753 
3.1565 
3.1890 
2.9644 
2.9969 
2.7634 
2.8061 
2.5563 
2.8519 
3.1680 
3.4976 
3.5550 
3.6177 
3.7463 
3.8252 

243.99 
226.24 
296.98 
279.88 
350.62 
334.00 
403.36 
386.68 
310.49 
333.28 
393.99 
196.97 
204.23 
217.83 
2.67 

7.34 
7.32 
7.32 
7.31 
7.31 
7.30 
7.30 
7.30 
14.46 
14.46 
14.46 
14.46 
14.46 
14.46 
14.46 

 

Table 5.6 The thermodynamic analysis results of water and Therminol VP-1 

Stream T (℃) P (MPa) h (kJ/kg) s (kJ/kg.k) Ex (kJ/kg) m (kg/s) 
WA1 
WA2 
WA3 
WA4 
WA5 
WA6 
WA7 
WA8 
WA9 
WA10 
WA11 
WA12 

O1 
O2 
O3 
O4 
O5 
O6 
O7 
O8 
O9 
O10 

15.01 
80 

15.01 
80 

15.01 
80 

15.01 
80 

15.01 
80 
80 
15 

105.3 
105.6 
250 
250 
250 
250 
100 
250 

127.6 
105.3 

0.52 
0.40 
0.52 
0.40 
0.52 
0.40 
0.52 
0.40 
0.52 
0.40 
0.40 
0.40 

0.1014 
0.4372 
0.1014 
0.24 

0.1034 
0.1014 
0.1034 
0.1014 
0.1034 
0.104 

412.53 
478.67 
412.53 
478.67 
412.53 
478.67 
412.53 
478.67 
412.53 
478.67 
478.67 
412.86 
0.1009 

0.787105 
243.1709 
243.2409 
243.1719 
243.1719 
-7.2053 

243.1719 
32.09951 
0.102984 

3.3634 
3.6456 
3.3634 
3.6456 
3.3634 
3.6456 
3.3634 
3.6456 
3.3634 
3.6456 
3.6456 
3.4396 
-2.754 

-2.75278 
-2.21482 
-2.21499 
-2.21482 
-2.21482 
-2.77313 
-2.21482 
-2.67157 
-2.75369 

0.00 
-15.19 
0.00 

-15.19 
0.00 

-15.19 
0.00 

-15.19 
0.00 

-15.19 
-15.19 
-21.65 
11.72 
12.14 
94.12 
94.24 
94.13 
94.13 
10.21 
94.13 
19.23 
11.72 

2.18 
2.18 
2.27 
2.27 
2.52 
2.52 
2.35 
2.35 
2.27 
2.27 
11.69 
14.58 
8.52 
8.52 
8.52 
8.52 
8.52 
6.9 
6.9 
1.62 
1.62 
8.52 
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Based on the above data in Table 5.5 and Table 5.6 with formulas 5.22 and 5.23, the 

performance of each subsystem in CER can be analyzed for exergy destruction and efficiency. 

The exergy efficiencies of all subsystems are provided in Figure 5.8. The exergy efficiency of 

the STC system is lower than the rest subsystems due to its basic characteristics such as some 

internal factors (optical efficiency, mass flow, mirror field area etc) and external factors 

(weather: rainy and cloudy days) [139]. In addition, the enthalpy efficiency of HEX of turbine 

system and air turbine is relatively low because of the high-temperature difference during the 

discharge process of high-pressure air. 

 

Figure 5.8. Exergy efficiencies of each subsystem of the ST-AA-CAES system 

The energy destruction in the CER system is shown in Figure 5.9. The parabolic mirror surface 

and absorption tube external heat conduction, convection, and radiation cause numerous 

irreversible losses throughout the operation of the STC system [140], resulting in the exergy 

destruction of the system being 15.29%. Because it spends a long period to achieve the 

objective temperature, therefore, the STC exergy destruction during this process can be ignored 

in the overall analysis. Because of the irreversible heat loss of the process of heat transfer, HEX 
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of turbine system and HEX of compression system have relatively more exergy destruction of 

the CER. 

 

Figure 5.9. Exergy destruction of each subsystem of the ST-AA-CAES system 

Some main simulation results can be compared between ST-AA-CAES in [112] and hybrid 

adiabatic compressed air energy storage (HA-CAES) in Table 5.7. First, the RTE and EXE for 

each system are 95.5% and 55.9% respectively. In comparison to the AA-CAES system, the 

key distinction between ST-AA-CAES and it is that the STC can be used as an extra subsystem 

to gather and store solar energy. The primary distinction between the HA-CAES system and 

ST-AA-CAES is that thermal energy storage system is not included in the air turbine’s output 

power and is therefore susceptible to changes in solar radiation. Although the HA-CAES 

system has relatively higher exergy efficiency, it depends on the fuel combustion of fossil fuel 

which could cause the environment and air pollution, it is contrary to the development of zero 

carbon emission in the current world. Compared to the above ST-AA-CAES and HA-CAES 

systems, ST-AA-CAES not only store compression heat through the TES to improve the power 

generation efficiency and thermal supply, but it also collects the solar energy through the STC 

system to reduce power consumption in the MSTS system and further enhance the overall 

efficiency and flexibility. 
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Table 5.7. Performance of ST-AA-CAES in comparison 

Parameters Unit ST-AA-
CAES 

AA-
CAES 

Hybrid A-
CAES 

With/without TES / Yes Yes No 
Inlet temperature of air turbine ℃ 300 300 900 
Electric-to electric efficiency % 56.5 56.5 / 

Round-trip efficiency % 95.5 93.6 87 
Exergy efficiency % 55.9 / 80 

 

5.5.2 Analysis of the Influence of Main Parameters of Subsystem Efficiency 

To comprehensively analyze factors affecting ST-AA-CAES performance, key parameters of 

each subsystem are analyzed in this section. The main parameters include the inlet temperature 

and pressure of the turbine system, the inlet temperature and pressure of air compression system. 

5.5.3 The Influence of Turbine 

Figure 5.10 shows the relationship between RTE, EXE, and exergy efficiency with the inlet 

temperature of the turbine expansion system. As can be seen from the figure, the output power 

of the turbine increases with the increase of the inlet temperature. The power consumption of 

the compressor and the compression heat collected have no impact on the inlet temperature of 

the turbine. As a result, RTE, EXE, and exergy efficiency all increased with the increase in 

turbine intake temperature. 

The pressure provided to the turbine intake is one of the important parameters that impacts the 

thermodynamic performance of the system. There is a close association between the design 

value and the air storage pipe’s lowest air storage pressure. The intake pressure of the turbine 
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is therefore set to match the minimum storage pressure of the storage line. This aids in reducing 

throttle loss. It should be noted that the input temperature and inlet pressure affect the turbine 

generator's output power, necessitating a thorough analysis. 

 

Figure 5.10. The relationship between RTE, EXE efficiency and exergy efficiency with inlet 

temperature of turbine 

 

Figure 5.11. The relationship between turbine inlet pressure and output power and generating 

time 



 109  

The relationship between the output power and generation time and the turbine’s inlet pressure 

is depicted in Figure 5.11 The figure shows that the turbine’s output power increases with 

increasing input pressure. When the maximum air storage pressure of the air storage tank is 

fixed, increasing the inlet pressure of the turbine will reduce the energy release generation time 

and thus reduce the electric energy output. As the running time decreases, the consumption of 

heat conduction oil VP-1 for heating high-pressure air decreases. 

5.5.4 The Influence of Compressor 

Figure 5.12 shows the compressor inlet temperature grew with the increase in the compressor 

power consumption increased while the output power of the expansion generator remained 

unchanged. When the inlet temperature increased from 20 ℃ to 40 ℃, the RTE, EXE and 

exergy efficiency decreased by 2.8%, 2.5% and 2.4%, respectively. Overall, the lower inlet 

temperature (ambient temperature) improves the overall performance of the system. 

 

Figure 5.12. Variation of the generating time and power output in relation to the turbine inlet 

pressure 
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In the ST-AA-CAES system, increasing the exhaust pressure of the air compressor means 

increasing the power of the compressor as the back pressure increases, as well as increasing 

the time of compressed air storage. The relationship between compressor power consumption 

and air storage time with compressor exhaust pressure is shown in figure 5.13. Under the 

operating condition of the mass flow rate of 7.389kg/s, the compressor exhaust pressure 

increases from 6MPa to 10MPa, the charging time increases from 2.97 hours to 8 hours, and 

the compressed consumption increases by 425kW. 

 

Figure 5.13. The relationship between turbine inlet pressure and output power and generation 

time fluctuation 

Summary 

Based on the overall process design in Chapter 4, energy analysis and exergy analysis of ST-

AA-CAES are demonstrated in this chapter, and the main factors affecting the overall 

efficiency of the ST-AA-CAES system, and the comprehensive energy supply capability are 

discussed. First, EXE, RTE and exergy efficiency are 56.5%, 95.5% and 55.9%, respectively. 
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Second, the exergy efficiency and destruction of each subsystem are analyzed, it mentioned 

that HEX of turbine system and HEX of compression system have the lowest exergy efficiency 

and the greatest exergy destruction. Finally, to improve the efficiency of the HEX on the 

compression side can reduce the inlet temperature of each stage compressor and the inlet 

temperature of the air storage tank, and thus reduce the power consumption of the compressor. 

To enhance the efficiency of the HEX during the generation progress can increase each stage 

turbine’s inlet temperature, thus increasing the output power of the turbine. 
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CHAPTER 6 ECONOMIC 

PERFORMANCE OF THE CER 

6.1 Introduction 

The operation of the CER not only ensure high efficiency and versatility, but also the economic 

performance of the system is crucial. Therefore, the economics of CER will be demonstrated 

and analyzed in this chapter. The non-renewable nature of fossil fuels and the high cost of 

energy production makes it imperative to optimize the use of the power system. Under the 

condition of considering system constraints (heat and power energy demand), the optimal state 

is achieved under the condition of minimum generation cost. The purpose of ED is to determine 

the output of the system under optimal conditions. Therefore, many authors have studied 

different methods to solve the problem of economic scheduling. Cogeneration optimization of 

cogeneration units is a challenging optimization problem due to the nonlinear and non-convex 

characteristics of cogeneration units and the dual dependence of cogeneration units. 

CHP units have a significant impact on energy production due to their high efficiency 

(approximately 90%). The CER proposed in this chapter is the main generation of thermal and 

electricity in the comprehensive energy supply system (accounting for more than 99%). To 

simplify the process of calculation of CER, the cooling energy rarely can be ignored in the 

calculation of optimal economics. ED is used to determine the power and thermal output of the 

unit to minimize operating costs. Combined heat and power economic dispatch (CHPED) 
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problem is a challenging non-convex and non-linear optimization problem, the power and 

thermal demand should be satisfied simultaneously.  

In previous research, different mathematical models and approaches were applied to solve the 

CHPED problem. For example, the CHPED problem was decomposed into a sub-problem 

constrained by two operating regions which are the demand for heat and power [141][142]. 

The proposed approach of Lagrange can be used to solve the optimization problem and 

implement the various heuristic method. At the same time, a penalty function formula of the 

genetic algorithm proposed in [143] is improved to further reduce the error by the utilization 

of the variance of the preceding term. PSO was initially created to artistically mimic the 

ethereal and erratic motions of a swarm of birds. Therefore, studying animal social behaviour 

and discovering that social sharing of information in groups offers an evolutionary advantage 

is utilized as the foundation for constructing algorithms. The corresponding glowworm swarm 

optimization (GSO) as another heuristic optimization approach based on animal search 

behaviour is implemented in the CHPEP problem [144]. In this chapter, PSO is applied to solve 

the CHPED problem.  

6.2 Application of PSO to CHPEDP 

PSO is widely used to solve different power system problems [145]. To find the appreciate 

fitness values through random numbers, it is based on the objective function and the process 

of all evolutionary algorithms by the generation of random numbers. In the meanwhile, the 

position of a particle as a decision variable in PSO can be expressed by position vector 𝑋 and 

a velocity vector 𝑉 in each iteration, the equations as follow 



 114  

𝑋2279; = �𝑥2,-279; , 𝑥2,#279; , … , 𝑥2,B279;�				                                     (6.1) 

𝑉2279; = �𝑣2,-279; , 𝑣2,#279; , … , 𝑣2,B279;�				                                     (6.2) 

where 𝑁 is the total number of decision variables, and the operating principle of iteration is 

that each particle in each iteration uses its current speed and the experience of other particles 

to achieve a better position. The mathematical equations can be estimated by 

𝑣3279; = 𝜔 × 𝑣3279;<- + 𝑐- × 𝑟-3 × h𝑝"9:7!,#
279;<- − 𝑥2,3279;<-i + 𝑐# × 𝑟#3 × h𝑔"9:7!,#

279;<- − 𝑥2,3279;<-i	(6.3) 

𝑥2,3279; = 𝑥2,3279;<- + 𝑣2,3279; 	 	 	 	 	(6.4) 

where the inertia coefficient is 𝜔, 𝑟-3 and 𝑟#3 are the interval (0, 1) for random numbers, 𝑝"9:7!,#
279;<- 

and 𝑔"9:7!,#
279;<-  are the best position of 𝑖 th particle in previous iteration and entire swarm, 

respectively. The learning components are 𝑐-  and 𝑐# . The predefined range for updated 

velocities is as follow 

−𝑣3123 ≤ 𝑣2,3 ≤ 𝑣31!4	 	 	 	 	(6.5) 

𝑣31!4 = ^𝑥31!4 − 𝑥3123_/𝑟	         (6.6) 

where 𝑥3123 and 𝑥31!4 are the minimum and maximum limits of variables, 𝑟 is a component for 

the control of velocity value. 

Figure 6.1 illustrates the application of PSO to the CHPED problem and the principle of an 

evolutionary algorithm to verify the effectiveness of this approach in the power system. 
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Figure 6.1. Diagram of implementing PSO into CER [145] 

6.3 The Optimization Model of the CER Based on PSO  

In CER there are three different conditions of operation, including power-only, CHP and heat-

only units. 
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6.3.1 Objective Function 

The objective function of CER should be determined to minimize the operation cost. 

𝑂𝐵𝐽 = ∑ 𝐶6^𝑃6
._ +B8

6O- ∑ 𝐶+(𝑃+$ , 𝐻+$) + ∑ 𝐶&^𝐻&>_
B$
&O-

B'
3O- 		 	 		(6.7)	

where the operation cost of the power-only unit for generating 𝑃6
. MW is 𝐶6^𝑃6

._, the operation 

cost of CHP units (power: 𝑃+$ MW and heat: 𝐻+$) is 𝐶+(𝑃+$ , 𝐻+$), the operation cost of heat-only 

units (𝐻&>) is 𝐶&^𝐻&>_ MW. 𝑁 is the number of each type of unit, 𝑣, 𝑧 and 𝑘 are indices for each 

type of unit, respectively. The cost functions of each type of unit can be estimated by [48]  

𝐶6^𝑃6
._ = 𝛼6^𝑃6

._# + 𝛽6𝑃6
. + 𝛾6			($/ℎ)									 	 (6.8)	

𝐶+(𝑃+$ , 𝐻+$) = 𝑎+(𝑃+$)# + 𝑏+𝑃+$ + 𝑐+ + 𝑑+(𝐻+$)# + 𝑒+𝐻+$ + 𝑓+𝑃+$𝐻+$ 		($/ℎ)		 				(6.9)	

𝐶&^𝐻&>_ = 𝛼&^𝐻&>_
# + 𝑏&𝐻&> + 𝑐& 			($/ℎ)	                   (6.10)	

where 𝛼6, 𝛽6and 𝛾6 are coefficients of cost function related to power-only units. 𝑎+, 𝑏+, 𝑐+, 𝑑+, 

𝑒+ and 𝑓+ are cost coefficients for CHP units. 𝑎&, 𝑏& and 𝑐& are cost coefficients for heat-only 

units. 

6.3.2 Constraints 

The constraints based on demand for power and heat of the system are as follow 

∑ 𝑃6
.B8

6O- + ∑ 𝑃+$
B'
3O- = 𝑃= + 𝑃DE::			                            (6.11)	

∑ 𝐻+$
B'
3O- + ∑ 𝐻&>

BD
&O- = 𝐻=                                    (6.12)	
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where the demand for power and heat are 𝑃= and 𝐻=, respectively. 𝑃DE:: is the transmission 

loss of the power system. The operating regions of different units should be limited by 

𝑃6
.123 ≤ 𝑃6

. ≤ 𝑃6
.1!4		𝑣 = 1, 2, 3, … , 𝑁.			                            (6.13)	

𝑃+$123 ≤ 𝑃+$ ≤ 𝑃+$1!4(𝐻+$)		𝑛 = 1, 2, 3, … , 𝑁$ 				                      (6.14)	

𝐻+$123(𝑃+$) ≤ 𝐻+$ ≤ 𝐻+$1!4(𝑃+$)		𝑛 = 1, 2, 3, … , 𝑁$ 			                      (6.15)	

𝐻&>123 ≤ 𝐻&> ≤ 𝐻&>1!4		𝑘 = 1, 2, 3, … , 𝑁>													                   (6.16)	

For power-only units, 𝑃6
.123 and 𝑃6

.1!4 are the limitations of the lower and upper generation, 

respectively. The range of power and heat outputs of CHP units are 𝑃3$123, 𝑃3$1!4, 𝐻3$123 and 

𝐻3$1!4, respectively. 𝐻&>123 and 𝐻&>1!4 are limits for heat-only units. 

Due to the complex composition of the system, it is mainly divided into seven levels of 

compression subsystem, two levels of expansion subsystem, thermal energy storage subsystem 

and heat exchange system between each stage. At the same time, power-heat coupling and 

material changes at all levels in the system also need to be considered at the same time, its 

beyond PhD thesis. In general, the economic evaluation of CAES system is based on the design 

rated energy requirements as the boundary conditions. The system can be regarded as 

compositing of three parts, including power-only units, CHP units and heat-only units. To 

simplify the process of calculation, the transmission loss of the system can be ignored, the 

design process of AA-CAES is based on the power and heat requirements. This has certain 

guiding significance for the economic performance analysis of the CER which has the 

characteristic of multi-energy storage and supply. Therefore, this thesis chooses a macroscopic 

perspective when analyzing the optimization of the multistage AA-CAES system. Based on 
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the demand for the power and heat are 20 MW and 83.66MW, the cost functions of them are 

linear as follow 

𝐶-(𝑃-) = 12.5𝑃-; 0 ≤ 𝑃- ≤ 37.5                                      (6.17)	

𝐶s(𝐻s) = 23.4𝐻s; 0 ≤ 𝐻s ≤ 1957.7						                             (6.18)	

6.4 Effectiveness of PSO for ST-AA-CAES 

 

Figure 6.2. Variety solutions and optimal result of PSO 

 

Figure 6.3. Convergence of PSO for the optimal solution 
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To verify the accuracy of the approach proposed in Section 4, it was set to run 100 times for 

the random nature of evolutionary is depicted in Figure 6.2. Based on the demand for heat 

(83.66MW) and power (20MW) as constraints, the results illustrate that the optimal cost of the 

system is 4596.87 $. Figure 6.3 illustrates the good performance of convergence in this 

algorithm to further clarify the feasibility of the system. 

Table 10 illustrates the cost outcomes obtained from different sensitivity scenarios by 

considering practical requirements. These scenarios were carefully selected to ensure that they 

reflect reasonable test conditions, thereby providing stronger support for the effectiveness of 

our proposed method. The results unequivocally convey a strong message: our method is 

reliable and has broad applicability in various industrial settings. 

Table 6.1 The variable results from sensitivity situations 

Case Changes in power (P) and heat (H) demand Data ($) 
1 P (95%) and H (95%) 4543.97 
2 
3 

P (95%) and H (100%) 
P (95%) and H (105%) 

4592.11 
4641.44 

4 
5 
6 
7 
8 
9 

P (100%) and H (95%) 
P (100%) and H (100%) 
P (100%) and H (105%) 
P (105%) and H (95%) 
P (105%) and H (100%) 
P (105%) and H (105%) 

4549.31 
4596.87 
4643.56 
4554.63 
4602.39 
4651.77 

 

Summary 

Because the system is composed of multi-energy storage and multi-energy supply, the 

economic calculation of the system becomes more complicated. However, the faster speed and 

better result characteristics of the evolutionary algorithm are more suitable for the economic 
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evaluation of the system. In this chapter, PSO in MATLAB can be used to solve the economic 

scheduling problem of this system, and it is evaluated as a CHP system. At the same time, 

cooling energy can be ignored due to the less amount of production. The results show that the 

algorithm has good performance and speed in solving CHPED problems to verify the economy 

of the system. 
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CHAPTER 7 CONCLUSION 

7.1 Contributions and Concluding Remarks 

The sustainable consumption of the high proportion of renewable energy requires more 

flexibility of MPSs. The AA-CAES system naturally has the flexibility of multi-energy supply 

and multi-energy reserve. The AA-CAES system coupled with solar energy resources is a 

typical cooling-heat-electricity combined power supply system, which can be used as an EH in 

the energy system and can effectively improve the comprehensive energy utilization level. This 

thesis focused on the key issues of comprehensive energy efficiency utilization of AA-CAES, 

proposed a CER with AA-CAES as the core, and carried out theoretical and simulation analysis 

from the overall process design, thermodynamic modelling and parameter configuration, 

turbine expansion power generation control strategy and other aspects. At the same time, the 

STC composite system is integrated to further improve the overall performance of the system. 

Therefore, a novel ST-AA-CAES is proposed in this thesis, utilizing the thermal energy storage 

and solar thermal to improve the system EXE, RTE and exergy efficiency. The economic 

performance of the system is verified by the PSO. The main achievements of the thesis are 

summarized as follows: 

(1) As the future development direction of the energy industry, EI will change the centralized 

utilization mode of fossil energy in the traditional energy system, and realize the 

production, conversion, storage and consumption of safer and more economical clean 

energy by establishing a distributed comprehensive utilization mode of various forms of 

energy, thus greatly improving the comprehensive utilization efficiency of energy. To 
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support the development of a sustainable ecological civilization. Based on the principle 

and structure of the information router, the concept of the CER with AA-CAES as the core 

is proposed. Because AA-CAES has the natural endowment of a triple supply of cooling, 

heat and electricity, the CER based on this technology can not only realize the input and 

storage of clean energy such as wind, solar, electricity, and heat, but also realize the mutual 

conversion and output of multiple forms of energy such as high-grade heat, cooling and 

electricity. Thus, the future EI provides a variety of clean energy coordination and 

comprehensive utilization of key technology solutions. 

(2) An integrated simulation model considering the off-design operating characteristics of 

AA-CAES was constructed, especially the characterization of the heat exchange and 

adiabatic conditions of the AA-CAES system. It can convert stored electric energy into 

high-grade electric energy, cooling energy, cascade thermal energy and other clean energy. 

Therefore, the validity of the simulation and system verification is verified. Some of the 

main conclusions of the proposed CER are as follows: The results show the changes in the 

compressor outlet pressure of air storage tank under the adiabatic and heat exchange 

conditions. When considering the air storage tank heat exchange, compared with the 

adiabatic condition of 2.5h, the compressor sixth stage under the adiabatic condition 

reaches the stable pressure within 3.4h. When compared with the actual data of the system, 

air storage tank under adiabatic condition is closer to the actual condition. The results of the 

exhaust process show that the adiabatic heat transfer of air storage tank does not affect the 

turbine outlet pressure, which meets the design requirements. At the same time, 

considering the accuracy of the model, it is necessary to consider the heat transfer problem 

of the medium-temperature regenerative unit. Finally, the efficiency of the system is 
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analysed from two aspects: first, the ratio of power consumption to power generation is 

56.5%. Secondly, from the CER rate combined with cooling, heat and electricity, the 

overall efficiency of the system reaches 93.6%. 

(3) The overall design process of the ST-AA-CAES system coupled with a STC subsystem is 

proposed. The STC subsystem is integrated into the system in Chapter 4, which further 

improves the overall performance of the system. Through thermodynamic modelling, the 

optimal configuration of compression/expansion series and thermodynamic parameter 

analysis of each subsystem, the main parameters that affect the efficiency of multi-energy 

flow conversion of each subsystem are revealed. On this basis, the influence laws of key 

parameters on the EXE, RTE and exergy efficiency of the whole system are described. The 

theoretical analysis results show that the inlet air temperature of the turbine is a key 

parameter affecting the system performance, which is closely related to the performance 

of the STC subsystem and the efficiency of the HEX. As the inlet air temperature increased, 

the EXE, RTE and exergy efficiency of the system increased significantly. 

(4) To accurately verify the economic performance of the system, appropriate algorithm 

verification can be applied to the system. In this thesis, PSO as an evolutionary algorithm 

with fast response speed and high accuracy, it can be used to evaluate the economy of the 

ST-AA-CAES system. According to the requirements of heat energy (83.66MW) and 

power energy (20MW) of the system, the optimal cost of the system is 4596.87 $. 
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7.2 Future Works 

The application and popularization of ST-AA-CAES in the IES cannot be separated from the 

improvement of its basic theory. Based on the work in this thesis, the following research can 

be further carried out: ST-AA-CAES technology involves interdisciplinary fields such as 

electrical, thermodynamics, heat transfer and fluid mechanics, which makes it difficult to 

develop a general simulation platform. At present, relevant research are still in the initial stage, 

and there is no mature overall simulation calculation model covering multiple time scales. In 

addition, the thermodynamic analysis in Chapter 4 of this thesis is only from the perspective 

of quasi-steady-state thermodynamic flow, and the performance evaluation of the full dynamic 

process system is still lacking. 

In addition, the purpose of the IES is that have the synergistic effect of multi-energy flow 

carriers such as heat and power, while the unity and difference between energy flow must be 

considered in the multi-energy flow synergy. The existing research on the IES mainly 

introduces the separate study method of energy flow carriers such as electricity and heat into 

the analysis of the IES. However, this kind of research approach is difficult to describe the 

differences among various energy flow carriers. The descriptions of differences in energy flow 

grade can be considered as future research directions. 

The model developed in this thesis is currently undergoing industrial scale experimental testing. 

Implementation of the system requires an area with abundant renewable energy sources such 

as wind and solar energy, sufficient power generation capacity, and also demand for 

comprehensive energy supply in both industrial and residential areas. Without these conditions, 

the system will not be able to fulfill its intended role. 
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