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Abstract  

Energy storage becomes increasingly important in balancing electricity supply and demand due 

to the rise of intermittent power generation from renewable sources. The compressed air energy 

storage (CAES) system as one of the large scale (>100MW) energy storage technologies has been 

deployed in Germany and the USA. However, the efficiency of current commercial CAES plants 

still needs to be improved. In this study, an integrated system consisting of a CAES system and an 

organic Rankine cycle (ORC) was proposed to recover the waste heat from intercoolers and 

aftercooler in the charging process and exhaust stream of the recuperator in discharging process 

of the CAES system. Steady state process models of the CAES system and ORC were developed in 

Aspen Plus®. These models were validated using data from the literature and the results appear 

in a good agreement. Process analysis was carried out using the validated models regarding the 

impact of different organic working fluids (R123, R134a, R152a, R245fa, R600a) of ORC and 

expander inlet pressures of the ORC on system performance. It was found that integrating ORC 

with the CAES system as well as selecting appropriate working fluid was a reasonable approach 

for improving performance of the CAES system. The round-trip efficiency was improved by 3.32 - 

3.95% using five working fluids, compared to that of the CAES system without ORC. Economic 

evaluation on levelized cost of electricity (LCOE) was performed using Aspen Process Economic 

Analyser® (APEA). Different working fluids in ORC and different power sources (e.g. wind and solar) 

associated with the integrated system were considered to estimate the LCOEs. It was found that 

the LCOEs for the integrated system were competitive with fossil-fuel fired power and even lower 
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than offshore wind power and solar power. The proposed research presented in this paper hopes 

to shed light on how to improve efficiency and reduce cost when implementing CAES. 
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Nomenclature 𝑊𝑡 Output power of Turbine (kWh) 𝑊𝑒 Electrical energy taken from grid for driving the compressors (kWh) 𝐸𝑓 Thermal energy of fuel consumed (kWh) 𝜂𝑠𝑦𝑠 System electric efficiency 𝜂𝑒𝑓𝑓_1 Round-trip efficiency of the CAES system 𝜂𝑒𝑓𝑓_2 Round-trip efficiency of the CAES system with system electric efficiency 𝑊𝑂𝑅𝐶_1 Power output of ORC during charging period of the CAES system (kWh) 𝑊𝑂𝑅𝐶_2 Power output of ORC during discharging period (kWh) 𝑊𝑝_1 Power consumption of ORC pump during charging period (kWh) 𝑊𝑝_2 Power consumption of ORC pump during discharging period (kWh) 𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶  
Round-trip efficiency of the integrated system based on reducing the 

electricity taken from grid 𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶′  
Round-trip efficiency of the integrated system based on the round-trip 

efficiency of the CAES system 𝑃𝐸𝐼𝑃 ORC expander inlet pressure (bar) 𝐸𝑜𝑢𝑡𝑝𝑢𝑡 Net power output annually of the integrated system 

CAES Compressed air energy storage 

ORC Organic Rankine cycle 

LCOE Levelized cost of electricity 
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PHS Pumped hydroelectric storage 

LPC Low pressure compressor 

HPC High pressure compressor 

LPT Low pressure turbine 

HPT High pressure turbine 

V Valve 

TAC Total annual cost 

ACAPEX Annualised capital expenditure 

FOPEX Fixed operation expenditure 

VOPEX Variable operational expenditure 

CRF Capital recovery factor 

CAPEX Capital expenditure 𝑛 CAES plant life time 𝑖 Discount rate 
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1. Introduction 

 

1.1 Background 

With the increase in global electrical energy demand, the annual amount of electricity generation 

reached more than 22,000 TWh in 2012. Power generation from fossil fuels contributes to 

approximately 70% worldwide electricity energy supply [1,2]. As a result, massive CO2 emission 

released to the atmosphere has led to the problem of greenhouse effect [3]. To reduce the CO2 

emission and also the dependence on fossil fuels, renewable energies have been considered as 

alternative sources such as solar, wind and tide power [1,4]. However, the majority of renewable 

energies have a common problem of intermittence, which brings a great challenge to ensure the 

stability and reliability of the electricity grid [2,4,5]. Electrical energy storage as one of the most 

promising methods to address the problem has become increasingly important in balancing 

supply and demand of electricity [4,6].  

Electrical energy storage refers to a process of transforming energy from electrical energy into a 

form which can be stored and converted back into electrical energy when needed [2,7]. Many 

energy storage technologies have been developed such as pumped hydroelectric storage (PHS), 

compressed air energy storage (CAES), batteries, fuel cells, superconducting magnetic energy 

systems, flywheel, capacitors and supercapacitors [2,4–9]. Presently, only PHS and CAES 

technologies can be applied in large (e.g. grid) scale (> 100MW) application. The PHS technology 

is mature and has been implemented widely [2,4,10,11]. Nevertheless, geographical constrains 

for PHS plants requiring two large reservoirs at different elevations limit its commercial 

deployment [7,9,12,13]. Thus, CAES technology could become an attractive alternative for large 

or grid scale energy storage. 

 

1.2 Literature review 

CAES technology began to be attractive by the mid-1970s [14]. The CAES system can be 

implemented at different scales of capacities. The advantages of large-scale CAES systems 

integrated with the grid network include peak shaving, load shifting, frequency and voltage 

control [10,11]. CAES plants also can be integrated with intermittent renewable energy, such as 
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wind and solar power, to smooth the output power [10]. In addition, Bouman presented that the 

environmental impacts of CAES plants are lower than that of natural gas power plants [15]. 

However, the major constraints of the CAES system are the geographical requirement of the 

proper cavern and combustion of fossil fuel in the discharging process [7,10]. 

The Huntorf CAES plant in Germany, as the first commercial plant in the world, has been operated 

since 1978 [11,16]. The Huntorf CAES plant has 290MW output power for ~2-hour discharging 

duration. Compressed air is stored in two caverns ( with total volume around 310,000m3 ) with 

about 43-70bar operating pressure and a depth of around 600m [7,17,18]. It is reported that the 

Huntorf CAES plant has operated with remarkable performance with ~90% availability and ~99% 

starting reliability [7,10]. The round-trip efficiency of the plant is around 42% [10,19]. The second 

CAES plant has been operated since 1991 in McIntosh, Alabama, USA. The McIntosh CAES plant 

can generate 110MW output power for around 26-hour discharging duration. The storage 

capacity of the cavern is over 500,000m3 with operating pressure of 45-74bar and a depth of 

around 450m [7,10,18]. Comparing the two commercial CAES plants, the major improvement of 

the McIntosh CAES plant is the use of a recuperator to recover waste heat from turbine exhaust 

to preheat compressed air, which can increase round-trip efficiency from 42% to 54% and also 

reduce fuel consumption by 22-25% [10]. In 2016, a 10MW advanced CAES system was 

implemented by the Energy Storage R&D Centre, Chinese Academy of Science in Bijie, Guizhou 

Province, China [20]. The aim of this project is scientific research and demonstration. The main 

components of the demonstration plant  include wide-load compressor, high-load turbine and 

heat exchangers [20].  

The round-trip efficiencies of current commercial plants are still insufficient and need to be 

improved. As for the further development of CAES technology, adiabatic CAES (A-CAES) 

technology was initiated in 2003 [14]. A-CAES aims for around 70% round-trip efficiency of A-CAES 

[10,14]. The strength of A-CAES technology can be high round-trip efficiency and emission-free 

(no fuels used in the discharging process); thermal energy storage (TES) is implemented for storing 

the heat from the charging process and reusing it during the discharging process in A-CAES system 

[14,21,22]. However, the technical cases and commercialised A-CAES plants about specific 

operating conditions have not been deployed so far; because the major challenges are the 

complex system engineering and adiabatic compressor combined with high-temperature TES, 

special materials could be required to overcome the thermal and mechanical stress [14,21,22]. 
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Currently, some CAES systems are under research and development, such as Norton 2700MW 

(3×900MW) CAES project [7,14], Iowa 270MW CAES project [23], Texas 317MW CAES project [14], 

UK Larne 330MW (2×165MW) CAES project [14,24]. Some studies investigated process 

performance,  components and the integrated system of the CAES system using different 

simulation tools, such as CFD (computational fluid dynamics) [25–28], Aspen Plus [29,30], 

Matlab/Simulink [31–35]. In the literatures, the approaches used to improve round-trip 

efficiencies of CAES systems emphasise the waste heat recovery from compressors in charging 

process and turbine in discharging process of the CAES system. A detailed process description of 

the CAES system is given in Section 2.1. 

Organic Rankine cycle (ORC) has beneficial impacts on the energy efficiency through waste heat 

recovery [34,36]. Integrating an ORC with a system to convert waste heat into electrical energy 

could enable this system to achieve better performance [34,37–39]. The major advantages of the 

ORC include low mechanical stress, high efficiency of turbine, low operation cost and long plant 

life [40]. Also, Liu et al. investigated that the payback time of some pollutant gases CO2, CH4 and 

NOx in the ORC for waste heat recovery life cycle can be shorter, compared with the grid emission 

of other five types of power generation modes [41]. ORC technology has been investigated since 

the 1880s, it could be implemented to recover low grade energy from different power systems, 

such as industrial waste heat solar energy, biomass, geothermal energy, fuel cells and ocean 

thermal energy [34,36,42–45]. ORC application with 0.2-2MW output power has been validated 

in several industrial plants installed in the USA, Germany, Italy, Netherlands, Austria and Sweden 

[36,42]. Several commercial ORC projects have been established in the world with the power 

output range from kW to 10MW using different working fluids and operating temperatures 

[36,46]. The selection of appropriate working fluids in ORC is crucial because it can have significant 

effects on the system performance [42]. A number of studies has reported that the selection of 

working fluids of ORC depends on the heat recovery applications and multiple criteria, such as 

low-toxicity, low-flammability, high flash point, pressure, curve of saturation and low cost etc. 

[36,40,42,44,47]. Pezzuolo et al. [40,48] analysed different working fluids of ORC recovering heat 

from different heat sources based on simulation. The analysis results on different working fluids 

for an ORC integrated with solar energy were summarised in [40]. The detailed description of ORC 

is given in Section 2.2. 
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1.3 Motivation 

With regards to waste heat from charging and discharging processes in the CAES system, the 

temperatures of inter-coolers, after-cooler and exhaust from recuperator (from 95 ˚C to 130˚C) 

are high enough to be recovered for power generation using an ORC. CAES system integrated with 

ORC for waste heat recovery will also improve the round-trip efficiency of the CAES system. 

Therefore, the integration of the ORC to recover waste heat from charging and discharging 

processes of the CAES system is investigated and analysed through process simulation for 

improving system performance in this study. 

 

1.4 Aims and novel contributions 

This study aims to improve the technical performance and perform economic evaluation of the 

CAES system by proposing the integration of ORC with the CAES system to recover waste heat 

from inter-coolers and after-cooler in charging process and exhaust of recuperator in discharging 

process of the CAES system. A steady state model developed in Aspen Plus® and the process 

models of the CAES system and the ORC has been validated.  The main contributions of this study 

include:  

 A new scheme for waste heat recovery was proposed for the CAES system 

 The process performance was analysed through process simulation using the validated 

models 

 Economic evaluation of the integrated system using Aspen Process Economic 

Analyser® (APEA) 

This study investigated the technical performance of the integrated system, as well as the 

economic evaluation of the integrated system with different working fluids of ORC and different 

power sources associated with the integrated system. It was found that integrating ORC with the 

CAES system as well as selecting appropriate working fluid is reasonable approach for improving 

performance of the CAES system. The round-trip efficiency was improved by 3.32% - 3.95% using 

five working fluids, compared to that of the CAES system without ORC. It is also found that LCOE 

of the CAES system integrated with the ORC is cheaper than some renewable energy (e.g. offshore 

wind power and solar power) and the LCOE of the CAES system integrated with the ORC 
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associated with renewable energy is cheaper than that of the CAES system without the ORC. The 

models of the CAES system were validated with both real plant data and literature data to ensure 

the accuracy of the simulations. The model of the ORC was also validated with real plant data.  

 

2. Process description 

 

2.1 Process description of CAES 

 

Fig. 1. A schematic diagram of a CAES process [49] 

 

A CAES process (Fig. 1) consists of three main subsystems: air charging, compressed air storage 

and compressed air discharging subsystems. In the charging subsystem, excess electricity at off-

peak time is utilised to compress air. The compressed air is injected into underground storage at 

high pressure. In the discharging subsystem, the stored compressed air in the cavern is extracted 

for generating electricity. The compressed air extracted is first preheated in the recuperator with 
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recovering waste heat from the exhaust of the low-pressure turbine before the waste heat is 

released to the atmosphere. The preheated air then passes into the combustion chambers where 

it is mixed with fuel (e.g. natural gas) to be combusted. The high temperature combustion product 

is expanded in the turbines to produce electricity [10,11,50]. 

 

2.2 Process description of ORC 

 

Fig. 2. A schematic diagram of ORC process [51] 

 

ORC works on the principle (Fig. 2) of using an organic fluid with boiling point less than that of 

water as the working fluid. Recovering low-grade waste heat ( T<370˚C ) from other systems by 

integrating ORC can improve the performance of the entire system [34,37–39]. The main 

components of an ORC are evaporator, expander, condenser and pump. The working fluid leaving 

the condenser is compressed by a pump and fed back to the evaporator for recovering waste heat. 

The working fluid will be evaporated. The evaporated vapour passes into the expander to 

generate electricity by rotating the shaft, which is connecting to the generator. Finally, the 
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exhaust from expander will be condensed from vapour to liquid in the condenser using cooling 

water [43].  

 

2.3 Description of the integrated system for waste heat recovery 

 

 

Fig. 3. Schematic diagram of CAES system integrated with ORC 

 

The schematic diagram of the proposed CAES system integrated with the ORC is shown in Fig. 3. 

The organic working fluid of the ORC has two flow path options for heat recovery in the integrated 

system, because charging and discharging operations do not occur simultaneously. During the 

charging operation of the CAES system in off-peak period, the organic working fluid in the ORC 

will flow through V1 to recover waste heat from the intercoolers and aftercooler of the 

compressors to generate electricity for reducing the electrical energy taken from grid for driving 
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the compressors. During the discharging operation of the CAES system in peak period, the organic 

working fluid will flow through V2 to recover waste heat from the exhaust gas leaving the 

recuperator to generate more electricity for the improvement of system performance. Therefore, 

an ORC integrated with the CAES system can recover waste heat during both charging and 

discharging operations. This can improve the efficiency as well as reduce the operating cost of the 

system. Similar as Columbia Hills CAES system from the Pacific Northwest National Laboratory 

(PNNL) technical report, 3 hours per day of the charging operation and 6 hours per day of the 

discharging operation were specified in this study [52]. 

It was noticed that an ORC would have different operating points during charging and discharging 

operations because of the different flowrates, operating pressures and temperatures. This will 

affect the design of the ORC components, especially the ORC expander.  Hence, there will be two 

ORC expanders in real applications, although the process diagram (Fig. 3) shows only one ORC 

expander. Two expanders will be engaged during the charging operation period. However, one of 

expanders will be withdrawn during the discharging operation because the recovered waste heat 

during discharging period is less than that during the charging period. This situation was taken 

into consideration for the economic evaluation of the integrated system in Section 5.2. 

 

 

3. Process model development 

The methodology used in this study is a typical process simulation approach followed by an 

economic evaluation. Process models of the CAES system and the ORC were developed and 

simulated in Aspen Plus® V8.4 with input parameters based on industrial operation consideration. 

 

3.1 Model development of the CAES system 

The CAES model can be divided into two sections: air charging and compressed air discharging 

sections. The model consists of the main components such as air compressor, intercooler, 

aftercooler, tank, recuperator, combustor and turbine. The compressors and turbines were 

simulated based on isentropic efficiency using Compr block in Aspen Plus®. Isentropic efficiencies 

and mechanical efficiencies of compressors and turbines were specified to improve the accuracy 
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of the prediction [53,54]. The intercoolers and aftercooler were simulated with Heater blocks, 

which was selected by heat transfer between process stream and cooling utility. The outlet 

temperature and pressure were required for implementing this block in the CAES model. The 

combustor was simulated with RGibbs reactor block. The flowrate of air should be ensured with 

complete (equilibrium) combustion of the natural gas. The RGibbs block calculates the 

equilibriums by the Gibbs free energy minimisation thereby avoiding the complicated calculations 

of reaction stoichiometry and kinetics. This will simplify the required input parameters for the 

block. Phase equilibrium and chemical equilibrium was selected as the calculation option for the 

combustors and the required inputs were temperature and heat duty of the combustor. The 

storage tank was simulated with Mixer_Tank block and the required input was outlet pressure of 

the tank. The recuperator was simulated with a HeatX block, because two process streams for 

heat transfer were specified. The flow direction in the recuperator was chosen to be counter-

current flow. The selected input parameters and options for exchanger specifications were design 

option, exchanger duty and minimum temperature approach. PENG-ROB (Standard Peng-

Robinson cubic equation of state) method was implemented for the property calculation for the 

CAES model [29]. Different components of the CAES system and corresponding blocks in Aspen 

Plus® has been summarised Table 1. 

Table 1. Summary of components of the CAES system and corresponding blocks in Aspen Plus® 

Components Blocks in Aspen Plus® 

Compressors / Turbines Compr 

Intercoolers / Aftercooler Heater 

Combustors RGibbs 

Storage Tank Mixer_Tank 

Recuperator HeatX 

 

 

3.2 Model development of the ORC 

The modelled components of the ORC include pump, evaporator, expander and condenser. The 

pump was simulated with Pump block in Aspen Plus® and discharge pressure was supplied as 

input parameter. The expander was simulated as isentropic turbines using Compr block. The 
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requirement for this block is same as the compressor or turbine in the CAES model. The 

evaporator and condenser were simulated with HeatX block which is same as the requirement of 

the recuperator in the CAES model. The flow direction and input parameters specification type 

were chosen to be countercurrent and design respectively. Minimum temperature approach was 

specified as input parameter for both the evaporator and the condenser. Different components 

of the ORC and corresponding blocks in Aspen Plus® has been summarised Table 2. 

Table 2. Summary of components of the ORC and corresponding blocks in Aspen Plus® 

Components Blocks in Aspen Plus® 

Pump  Pump 

Expander Compr 

Evaporator / Condenser HeatX 

 

 

3.3 Performance criteria 

 

3.3.1 Round-trip efficiency of CAES system 

The system performance criteria of the CAES system is different from other power plants because 

two different types of input energy are consumed during the charging and discharging periods. 

One is the electrical energy used for driving the compressors during the charging period and 

another is thermal energy of fuel combusted to heat compressed air before expansion in the 

turbines during the discharging period. There are two different Equations (1) & (2) to calculate 

the round-trip efficiency of the CAES system 𝜂𝑒𝑓𝑓. A broad overview of these two methods has 

been described in [14,50,29,55].  

 𝜂𝑒𝑓𝑓_1 = 𝑊𝑡𝑊𝑒 + 𝐸𝑓                                                                                                                                      (1) 

𝜂𝑒𝑓𝑓_2 = 𝑊𝑡 𝑊𝑒 + 𝜂𝑠𝑦𝑠 ∙ 𝐸𝑓                                                                                                                            (2) 
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Where,  𝑊𝑡 = Output power of Turbine (kWh); 𝑊𝑒 = Electrical energy taken from grid for driving the compressors (kWh); 𝐸𝑓 = Thermal energy of fuel consumed (kWh); 𝜂𝑠𝑦𝑠 = System electric efficiency 

 

According to equation (1), both input energy are regarded as charging energy, this method is 

commonly adopted by many studies [14,50,29]. As for Equation (2), the value of thermal energy 

contribution of fuel consumed is reduced by a reference system electric efficiency. The value 𝜂𝑠𝑦𝑠 

depends on the common gas firing conversion systems. In general, the system electric efficiency 

of these systems could be between around 30% and 50% [50,56]. However, Equation (1) is using 

the measurable inputs energy and it is convictive for comparison in the efficiencies of different 

CAES systems [14]. Thus, Equation (1) will be used for the following calculations of round-trip 

efficiency of the CAES system. 

 

3.3.2 Round-trip efficiency of the integrated system  

Based on equation (1), the general round-trip efficiency of the integrated system of the CAES 

system with the ORC based on the round-trip efficiency of the CAES system could be described as: 𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶′ = 𝑊𝑡 + 𝑊𝑂𝑅𝐶_1 + 𝑊𝑂𝑅𝐶_2𝐸𝑓  + 𝑊𝑒+ 𝑊𝑝_1 + 𝑊𝑝_2                                                                                    (3) 

Where, 𝑊𝑂𝑅𝐶_1 = Power output of ORC during charging period of the CAES system (kWh) 𝑊𝑂𝑅𝐶_2 = Power output of ORC during discharging period (kWh) 𝑊𝑝_1 = Power consumption of ORC pump during charging period (kWh) 𝑊𝑝_2 = Power consumption of ORC pump during discharging period (kWh) 
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However, the power output 𝑊𝑂𝑅𝐶_1 of the ORC during charging operation aims for reducing the 

electrical energy taken from grid 𝑊𝑒 for driving the compressors because charging operation 

occur in off-peak time period. Therefore, converting Equation (3) to Equation (4) could be more 

accurate and acceptable for the round-trip efficiency of the integrated system based on reducing 

the electricity taken from grid. Equation (4) can be written as: 𝜂𝐶𝐴𝐸𝑆+𝑂𝑅𝐶 = 𝑊𝑡 + 𝑊𝑂𝑅𝐶_2𝐸𝑓  + (𝑊𝑒 − 𝑊𝑂𝑅𝐶_1) + 𝑊𝑝_1 + 𝑊𝑝_2                                                                              (4) 

 

 

4. Model validation and model comparison  

 

4.1 Model validation of the Huntorf CAES plant 

 

Fig. 4. A schematic diagram of Huntorf CAES system [50] 
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The plant data used for the Huntorf CAES model validation was obtained from Crotigino et al. [16], 

Liu et al. [29] and Hoffein [57]. The flowsheet of Huntorf CAES system is shown in Fig. 4. Table 3 

gives the input process conditions and parameters of the Huntorf CAES plant model. 

 

Table 3. Input process conditions and parameters of Huntorf CAES plant model 

Stream 

Numbers 

Process Conditions 

Process Point Description Pressure (bar) Temperature (˚C) Flowrate (kg/s) 

1 Ambient conditions 1.013 10 108 

2 Outlet 1st compressor 6  108 

3 Outlet 2nd compressor 46  108 

4 
Aftercooler outlet / 

Cavern inlet 
 50 108 

5 Throttle outlet 42  417 

6 Inlet 1st turbine 42 550 417 

7 Inlet 2nd turbine 11 825 417 

8 Outlet 2nd turbine 1.13  417 

 

 Compressor isentropic efficiency 75%* 

 Turbine isentropic efficiency 85%* 

* The efficiencies were calculated regressively from data set 

 

In Table 4, the simulation results were compared with the Huntorf CAES plant data [57]. The 

results show that relative errors are 1.72% and 3.05%. However, only two variables, consumption 

power of compressors and output power of turbines were compared with simulation results, due 

to lack of detailed data in the literatures [16,50,29,57,58]. 

 

Table 4. Simulation results compared with the plant data for Huntorf CAES plant 
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Variables 
Plant Data 

[57] 

Simulation 

Results 

Relative 

Errors (%) 

Consumption Power of Compressors (MW) 60 61.03 1.72 

Output Power of Turbines (MW) 290 298.84 3.05 

 

 

4.2 Model comparison of Columbia Hills CAES project 

 

 

Fig. 5. Columbia Hills CAES system process flow diagram [52] 

 

The flowsheet and simulation data for the Columbia Hills CAES plant were obtained from a 

technical report by PNNL [52]. Fig. 5 shows the process configuration of the Columbia Hills CAES 

system. The main difference between the Columbia Hills CAES system and the Huntorf CAES 

system is a recuperator which can recover the heat from exhaust of turbine for preheating 

compressed air. The Charging process at the Columbia Hills CAES system is implemented with a 
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multi-stage centrifugal compressor with six intercooled stages [52]. Using intercooled centrifugal 

compression stages can reduce the gross energy demand of the machine and therefore improves 

efficiency. However, this increases the capital cost when compared to the Huntorf CAES plant. 

The simulation results will be compared with the literature data [52]. Table 5 gives the input 

process conditions and parameters of the Columbia Hills CAES project. 

Table 5. Input process conditions of Columbia Hills CAES system 

Stream 

Numbers 

Process Conditions 

Process parameters 
Pressure 

(bar) 

Temperature 

(˚C) 

Flowrate 

(kg/s) 

1 Ambient conditions 1.03 15 353 

2 Aftercooler exit / Cavern inlet 115.65  353 

3 Throttle outlet 35.78 40.56 189 

4 Inlet natural gas of 1st combustor 44.82 32.22 0.527 

5 Inlet natural gas of 2nd combustor 24.13 32.22 4.111 

6 Inlet 1st turbine/Outlet of 1st combustor 34.40   

7 Outlet 1st turbine 18.27   

8 Inlet 2nd turbine/Outlet 2nd combustor 17.93   

9 Outlet 2nd turbine 1.03   

10 Heat duty of recuperator (MW) 105.51   

 

 Air charging time (Hours) 3 

 Compressed air discharging time (Hours) 6 

 Pressure ratio of compressor 1.96177* 

 Compressor isentropic efficiency 75%* 

 Turbine isentropic efficiency 93%* 

* The pressure ratio and efficiencies were calculated regressively from data set 

 

In Table 6, the model simulation results are compared with the literature data. The results for the 

Columbia Hills CAES system model simulation showed that for all runs the relative errors is less 

than 0.7% except the error prediction of exhaust temperature of the recuperator which is 4.64%. 
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Table 6. Simulation results compared with literature data for Columbia Hills CAES system 

Parameters / Variables 
Literature 

Data [52] 

Simulation 

Results 

Relative 

Errors (%) 

Temperature of Aftercooler exit / Cavern inlet (˚C) 40.56 40.56 0.00 

Cold stream outlet temperature of recuperator (˚C) 562.78 560.12 0.47 

Temperature of inlet 1st turbine / outlet of 1st 

combustor (˚C) 676.67 673.89 0.41 

Temperature of outlet 1st turbine (˚C) 546.11 544.02 0.38 

Temperature of inlet 2nd turbine / outlet 2nd 

combustor (˚C) 1331.67 1330.65 0.08 

Temperature of outlet 2nd turbine (˚C) 601.72 605.15 0.57 

Exhaust temperature of recuperator (˚C) 115.56 120.92 4.64 

Consumption Power of Compressors (MW) 228.67 230.22 0.68 

Output Power of Turbines (MW) 205.39 205.76 0.18 

 

 

4.3 Model validation of the ORC 

The flowsheet (refer to Fig. 2) and plant data for validation of the ORC model were obtained from 

the Chena Geothermal Power Plant [51]. The organic working fluid of the ORC is R134a (1,1,1,2-

tetrafluoroethane). It is a common refrigerant implemented in a wide range of refrigeration and 

air conditioning applications, including medium and high temperature refrigeration and industrial 

applications [59]. Table 7 gives the input process conditions of the ORC. 

Table 7. Input process conditions and parameters of the ORC 

Parameters / Variables Plant Data 

Hot stream inlet mass flowrate (kg/s) 33.39 

Hot stream inlet temperature (˚C) 73.33 

R134a mass flowrate (kg/s) 12.17 

Cooling water inlet mass flowrate (kg/s) 101.68 

Cooling water inlet temperature (˚C) 4.44 

Turbine inlet / outlet pressure (bar) 16.00 / 4.00 

Pump efficiency 90% 

Expander efficiency 80% 
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The simulation results were compared with the plant data for model validation as shown in Table 

8. All the relative errors were less than 6.02% and the simulation results matched the real plant 

data. 

Table 8. Simulation results compared with ORC data from the Chena Geothermal Power Plant 

Parameters / Variables 
Literature 

data [51] 

Simulation 

results 

Relative 

Errors (%) 

Hot stream outlet temperature (˚C) 54.44 55.27 1.52 

Cooling water outlet temperature (˚C) 10.00 9.82 1.80 

Output power of Expander (kW) 250.00 252.56 1.02 

Evaporator heat transfer rate (kW) 2580.00 2735.33 6.02 

Condenser heat transfer rate (kW) 2360.00 2482.32 5.18 

 

 

 

5. Results and discussion 

 

5.1 Process analysis and technical performance evaluation of the integrated system 

This section will discuss and analyse the effects of different ORC working fluids and expander inlet 

pressure (EIP) on the system performance. Some assumptions for the analysis of the proposed 

integrated system are: 

 The fuel used in the CAES discharging process was assumed to be 100 vol% methane. 

 The pressure drops of all components were ignored. 

 The temperature of condenser cooling water was assumed to be 10˚C. 

 The working fluid at outlet of the condenser was saturated liquid and the temperature 

was around 20˚C. 

 The exhaust gas at outlet of evaporator during discharging period is 100% vapour 

fraction and the temperature was assumed to be 45˚C. 

 The isentropic efficiencies of ORC expander and pump were assumed to be 93% and 

90% respectively [51,60]. 
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 The minimum temperature approaches of ORC evaporators (intercoolers and 

aftercooler) and condensers were assumed to be 3˚C [61–64].  

 

5.1.1 Effects of the ORC organic working fluid 

Selection of the working fluid is important for improving performance of the ORC [34,40,42,43]. 

Different working fluids would have different impacts on the power output and the round-trip 

efficiency. Therefore, it is essential to investigate effects of different organic working fluids on the 

ORC power output and the round-trip efficiency of the integrated system.  

For this case study, the performance of following refrigerants as working fluids in the ORC will be 

compared: R123 (2, 2-dichloro-1, 1, 1-trifluoroethane), R134a (1, 1, 1, 2-tetrafluoroethane), 

R152a (1, 1-difluoroethane), R245fa (1, 1, 1, 3, 3-pentafluoropropane) and R600a (isobutene). The 

thermo-physical properties of these refrigerants listed in Table 9 are calculated by REFROP V9.1. 

The input conditions for the CAES system were shown in Table 5.  

 

Table 9. Thermo-physical properties of different refrigerants 

Refrigerants 
Molecular Mass 

(kg/kmol) 

Boiling Point 

(˚C) 

Critical Pressure 

(bar) 

Critical Temperature 

(˚C) 

R123 152.93 27.82 36.62 183.68 

R134a 102.03 -26.07 40.60 101.06 

R152a 66.05 -24.02 45.17 113.26 

R245fa 134.05 15.14 36.51 154.01 

R600a 58.12 -11.75 36.29 134.66 

 

 

Table 10. Process simulation results of the integrated systems using different working fluids 

 R600a R245fa R152a R134a R123 

Variables Charging Discharging Charging Discharging Charging Discharging Charging Discharging Charging Discharging 
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EIP* (bar) 17.40 24.60 10.70 18.40 30.90 45.10 34.70 40.00 6.71 11.50 

EIT* (˚C) 92.90 111.58 92.93 117.79 93.14 113.17 93.07 100.31 93.19 117.85 

Mass flow 

rate (kg/s) 
515.26 36.53 883.83 61.49 689.24 58.90 1092.51 86.99 1006.80 69.76 

WORC_1  or 

WORC_2  

(MW) 

33.25 2.78 33.24 2.89 33.97 2.72 32.49 2.42 34.36 3.01 

* EIP and EIT are ORC expander inlet pressure and temperature respectively. 

 

 

Fig. 6. Round-trip efficiency of the CAES system and the integrated system using different 

working fluids 

 

Table 10 presents the simulation results of the integrated systems using different organic working 

fluids in the ORC. In conventional steam Rankine cycle, water as the common working fluid is used 

to recover waste heat. However, the temperature of waste heat could be not high enough to 

superheat water and if outlet stream of the ORC expander contains more than 15% saturated 
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liquid, this could damage ORC expander blades and reduce efficiency of the expander [65]. The 

organic working fluid does not have this problem because the organic working fluid does not need 

to be superheated and the outlet stream of the ORC expander can be always saturated vapour 

[36,42,65]. From the results in Table 10, R123 gives the highest ORC power output in both 

charging and discharging operations of the CAES system because the high critical temperature of 

the working fluid could improve the system performance [34,37]. A high critical temperature also 

could result in low vapour densities, this can lead to the high cost. The results showed that there 

are significant differences in ORC EIP, the effect of the EIP on the system performance will be 

discussed in section 5.1.2.  

Fig. 6 presents round-trip efficiencies of the standalone CAES system and the integrated system 

using different ORC working fluids. The round-trip efficiency of the CAES system without the ORC 

was 59.29% calculated by Equation (1). Round-trip efficiencies of the integrated system using 

different working fluids were 62.95% (R600a), 63.07% (R245a), 62.91% (R152a), 62.61% (R134a) 

and 63.24% (R123) respectively, which were calculated by Equation (4). It is evident from Fig. 6 

that round-trip efficiencies of the integrated system using different working fluids increased by 

3.32 - 3.95%, when integrating with the ORC. Therefore, integrating the ORC with the CAES system 

as well as selecting appropriate working fluid is reasonable approach for improving performance 

of the CAES system. 

 

 

5.1.2 Effects of expander inlet pressure (EIP) of the ORC 

The EIP of the ORC should be considered since the pressure ratio of the expander will significantly 

affect the output power of the ORC. Therefore, it is essential to investigate the relationships of 

EIP of different working fluids and the ORC power output during charging and discharging periods. 

The input conditions were same as Section 5.1.1.  
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Fig. 7. Effect of EIP on ORC net power output during (a) charging and (b) discharging processes 

 

  

 

Fig. 8 Effect of EIP on the round-trip efficiency of the integrated system during (a) charging and 

(b) discharging processes 

Fig. 7 indicates the variation of the ORC net power output with the EIP during (a) charging and (b) 

discharging processes. An increase in the EIP leads to the increase of ORC power output using 

these five different working fluids. This is because with the fixed expander outlet pressure, a 

higher EIP will mean a higher pressure ratio of the expander leading to a larger enthalpy drop 

through the expander. Fig. 8 presents the variation of the round-trip efficiency of the integrated 

(a) (b) 

(a) (b) 
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system with the EIP of the ORC during charging and discharging processes. A higher EIP will lead 

to an increase in the ORC net power output. The Round-trip efficiencies of both Fig. 8 (a) and (b) 

were calculated by Equation (4). The Round-trip efficiencies in Fig. 8 (a) were calculated by varying 

the EIP of the expander during charging process while the EIP of the expander during discharging 

process was fixed at the best operating point. Conversely, the round-trip efficiencies in Fig. 8 (b) 

were calculated by varying the EIP of the expander during discharging process while the EIP of the 

expander during charging process was fixed at the best operating point. 

From the results of Fig. 7, the EIP of using R134a and R152a as ORC working fluids servicing to 

discharging operation of the CAES system could be not appropriate because the EIP of using them 

implemented to achieve the best net power output has already reached their critical pressures 

(refer to Table 9). R123 as the ORC working fluid can generate the highest net power output with 

the lowest EIP, but the flowrate is not low (refer to Table 10) which could lead to the increase of 

capital cost. Therefore, selecting an appropriate working fluid considers efficiency and safe 

operation frequently, economic evaluation should be also an important factor for power plants. 

Next section will investigate economic evaluation of the integrated system using different ORC 

working fluids. 

 

5.2 Economic Evaluation 

5.2.1 Economic evaluation methodology 

Economic evaluations were implemented in APEA V8.4. APEA has become a professional and 

industrial standard Engineering tool. It is considered to be more accurate than correlation-based 

economic evaluation methods [66]. APEA can be used for engineering design and evaluation of 

different types of projects because it consists of design procedures and price data for many types 

of project materials and components and considers engineering contingency (5%). A bottom-up 

method is applied through the APEA. The unit operations were mapped to individual equipment 

cost model that can be designed manually due to some special components, when the simulation 

model is imported into APEA. 

As for the expenditures, the levelized cost of electricity (LCOE) of the integrated system was 

calculated through dividing total annual cost (TAC) by the net power output annually (𝐸𝑜𝑢𝑡𝑝𝑢𝑡), 
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as expressed in Equation (5) [67]. TAC is a sum of annualised capital expenditure (ACAPEX), fixed 

operation expenditure (FOPEX) and variable operational expenditure (VOPEX), as described in 

Equation (6) [52,66,67]. CAPEX involves the costs of equipment materials and installation, 

engineering and management, labour generated during the plant construction. The ACAPEX is the 

total CAPEX multiplying by capital recovery factor (CRF), as written by Equations (7) and (8) [52,67]. 

FOPEX involves the costs of long term service agreement, operating and maintenance and other 

fixed costs which could be generated during the periods of full load or shutdown. VOPEX of this 

system includes fuel cost and the cost of electricity consumption for the compressors. 

 𝐿𝐶𝑂𝐸 =  𝑇𝐴𝐶𝐸𝑜𝑢𝑡𝑝𝑢𝑡                                                                                                      (5) 

𝑇𝐴𝐶 = 𝐴𝐶𝐴𝑃𝐸𝑋 + 𝐹𝑂𝑃𝐸𝑋 + 𝑉𝑂𝑃𝐸𝑋                                                                          (6) 𝐴𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋 × 𝐶𝑅𝐹                                                                                          (7) 

𝐶𝑅𝐹 = 𝑖(1+𝑖)𝑛(1+𝑖)𝑛−1                                                                                                                       (8) 

CRF is determined by 𝑛 (specifying the CAES plant life) and 𝑖 (discount rate). Some parameters 

summarised in Table 11 were used for the LCOE model. Capacity factor is the total time of power 

output expected in one year. Regarding to the aforementioned equations, a simplified model can 

be used to calculate the LCOE of the integrated system, described in Equation (9) [52]: 

LCOE = {(CAPEX × CRF + FOPEX ) / (365days × 24hours × Capacity factor) } + Fuel cost/kWh + 

Electricity consumption cost/kWh                                                                                                              (9) 

Table 11. Parameters for LCOE model [52] 

Description Value 

CAES plant lifetime (years) 20 

Discount rate (%) 4 

CRF 0.074 

Capacity factor (%) 25 

Fuel cost ($/Thousand Cubic Feet) [68] 3.426 

Engineering contingency 5% 

 



 

   27 

 

5.2.2 Economic evaluation of effects of different working fluids of the ORC 

For the CAES system integrated with ORC, the investigation of the LCOE with different selection 

of ORC working fluids is important for comparing their economic advantages. Selection of the 

working fluid will not only affect the power output and round-trip efficiency, but also affect the 

cost of the equipment and the plant. Therefore, it is essential to investigate economic impacts of 

the different ORC working fluids. 

The compressors of the charging process will consume electricity to compress air for storing 

energy. In general, the CAES system uses excess and cheaper electricity to compress air at the off-

peak time, due to economical consideration. The electricity price 2.927 cents/kWh at off-peak 

time in the winter was assumed for this case study [69]. 

 

Table 12. Comparison of costs of CAES system integrated with ORC using different working fluids 

 R134a R123 R152a R245fa R600a 

CAPEX (cents/kWh) 4.880 4.898 4.872 4.910 4.934 

FOPEX (cents/kWh) 0.725 0.713 0.722 0.714 0.716 

Fuel cost (cents/kWh) 0.0463 0.0462 0.0463 0.0462 0.0463 

Electricity consumption cost 

(cents/kWh) 
1.414 1.377 1.397 1.388 1.395 

LCOE (cents/kWh) 7.066 7.035 7.037 7.058 7.091 

 

Table 12 illustrates the different costs of CAES system integrated with ORC using different working 

fluids. FOPEX and Fuel cost are almost the same for the five working fluids because all the 

components and flow rate of fuel are the same. However, the CAPEX are different because the 

EIP and EIT of ORC for the different working fluids are different. Hence, the size and capital cost 

of components are different. Cost of electricity consumption for five different working fluids are 

different because power outputs for the different working fluids during charging and discharging 

operations are different. LCOE was lowest with R123 as the working fluid and that of R152a was 

almost same as R123.  However, the round-trip efficiencies of the integrated system for them are 
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different in Fig. 6. Therefore, round-trip efficiency of a system is not the only factor that should 

be considered, economic evaluation of the system is also important. 

 

5.2.3 Economic evaluation of effects of different power sources 

The CAES system integrated with the ORC is not an independent system and it has to be associated 

with power plants such as coal-fired, wind, nuclear, solar photovoltaic (PV) power plants [7]. 

Therefore, considering and comparing the effects of the power sources on the price of electricity 

is essential. 

The CAES system without the ORC will be implemented and compared with the integrated system 

associated with different power sources including charge free, commercial power (off-peak), wind 

power, nuclear power and solar PV power. Electricity prices of these power sources are different. 

Therefore, it could be persuasive that LCOEs of the integrated system using different working 

fluids associated with different power sources was investigated. 

 

Table 13. LCOE of the standalone CAES system and the integrated system associated with 

different power sources 

 
Charge 

free 

Commercial power [69] Wind power [70] 
Nuclear 

power [70] 

Solar PV 

power 

[70,71] 

Off-peak in 

Summer 

Off-peak in 

Winter 
Onshore offshore 

Power price 

(cents/kWh) 
0 7.912 2.927 7.2 13 10.2 16.85 

 LCOE (cents/kWh) 

Case 1: 

CAES without ORC 
5.247 9.673 6.885 9.275 12.520 10.953 14.674 

Case 2: 

CAES 

with ORC 

R134a 5.652 9.474 7.066 9.130 11.932 10.579 13.792 

R123 5.658 9.380 7.035 9.045 11.774 10.456 13.585 

R152a 5.640 9.416 7.037 9.077 11.845 10.508 13.682 

R245fa 5.671 9.422 7.058 9.084 11.834 10.507 13.659 

R600a 5.696 9.466 7.091 9.127 11.891 10.557 13.726 
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Table 13 showed the LCOE of the CAES system without ORC and the CAES system integrated with 

the ORC associated with different power sources. From the results, if the charging electricity is 

free, LCOE of the CAES system without the ORC is only 5.247 cents/kWh which is cheaper than 

that of the integrated system using working fluid, because it is uneconomical to recover waste 

heat during charging operation of the CAES system when electricity is free. When adopting off-

peak time commercial electricity for energy management strategy, the LCOE of the CAES system 

is still cheaper than residential electricity price (12.75 cents/kWh [72]) and the CAES system 

integrated with the ORC running in the summer is more economical than the CAES system without 

the ORC. When the CAES system is supplied with expensive renewable energy, it is evident that 

LCOE of the CAES system integrated with the ORC is much cheaper than renewable energy except 

from onshore wind power, and the LCOE of the CAES system integrated with ORC associated with 

renewable energy is cheaper than that of the CAES system without ORC. The results for solar PV 

power and offshore wind power cases show the LCOE from the CAES system with the ORC is even 

lower than power price supplied directly by solar PV and offshore wind power plant. This indicates 

one important benefit of the CAES system with the ORC, which is that the total amounts of 

electricity generated from discharging process of the CAES system is almost double with the input 

rate of electricity during the charging process. The excess part actually is generated by combusting 

cheap fossil fuel such as natural gas. In this way, integrating the CAES system with the ORC could 

decrease the expensive prices of electricity from renewable energy such as offshore wind farm 

and solar power plant. 

 

5.2.4 Comparative LCOEs of power generation technologies 
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Fig. 9 Comparative LCOEs for different power generation technologies 

 

Fig. 9 illustrates comparison of LCOEs of different types of power generation technologies. The 

CAES system integrated with the ORC associated with different power sources can provide price 

of electricity that could be competitive with wind power, hydropower and nuclear power, even 

also some conventional coal power [70,71]. The CAES system integrated with the ORC is capable 

of solving intermittence of renewable energy and system level needs (such as off-peak oversupply, 

peak power generation, balancing supply-demand), its functions could have more potential value 

than reasonable LCOEs [52].  

Additionally, the integrated system of the CAES system with the ORC has significant 

environmental benefits in reduction of carbon emissions. The simulation results showed that the 

CO2 emission of this integrated system is 0.1337 kg/kWh. Compare with other power plants, the 

CO2 emission from brown coal-fired and hard coal-fired power plants are 1.183 kg/kWh and 1.142 

kg/kWh respectively, and that from Natural gas power plants is 0.572 kg/kWh [73]. Hence, the 

integrated system can release much less CO2 emission than other power plants. 
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6. Conclusions 

In this study, the steady state process model of the proposed CAES system integrated with the 

ORC was developed in Aspen Plus® with input parameters based on industrial operation 

considerations. All relative errors of validated models show good agreement and most of them 

are less than 1%. Technical and economic evaluation were carried out for the effects of different 

work fluids in the ORC. The LCOE of the integrated system when associated with different power 

sources was evaluated. The LCOEs were compared with the electricity price from different types 

of power generation technologies. The main conclusions are summarized as follows: 

 The power output and operating temperature of working fluids increase with the 

operating pressure, the ORC performance is also improved. 

 The round-trip efficiency of the CAES system integrated with the ORC has been improved 

approximately by 3.32-3.95% with different working fluids in the ORC when compared 

with the CAES system without the ORC.  

 R123 as the ORC working fluid has the best performance and the lowest LCOE. The reason 

is that R123 with a lower EIP. Hence, R123 as working fluid has lower capital cost which 

leads to a lower LCOE. 

 With free or low price off-peak electricity input for the charging process, the LCOE for CAES 

plant is lower than the residence electricity price. The integrated system of the CAES 

system with the ORC further decreases the LCOE. That could be effective solution for 

flexible operating for residence power supply. 

 When the offshore wind farm or solar power plants are integrated with the integrated 

system, their LCOEs could decrease which leads to a lower electricity sale price. 

In summary, the CAES system integrated with the ORC as an energy storage technology will not 

only address the intermittent issue but also could decrease the electricity price for renewable 

energy to improve their overall economic competitiveness.  
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