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Highlights

•

One wellbore-reservoir numerical model was built to study the impact of ATES on

CAESA.

•

With high injection temperature, the joint of ATES can improve CAESA 

performance.

•

The considerable utilization of geothermal occurs only at the beginning of 

operations.

•

Combination of CAESA and ATES can be achieved in common aquifers.

Abstract

Different from conventional compressed air energy storage (CAES) systems, the 

advanced adiabatic compressed air energy storage (AA-CAES) system can store the 

compression heat which can be used to reheat air during the electricity generation 

stage. Thus, AA-CAES system can achieve a higher energy storage efficiency. Similar 

to the AA-CAES system, a compressed air energy storage in aquifers (CAESA) system, 

which is integrated with an aquifer thermal energy storage (ATES) could possibly 

achieve the same objective. In order to investigate the impact of ATES on the 

performance of CAESA, different injection air temperature schemes are designed and 

analyzed by using numerical simulations. Key parameters relative to energy recovery 

efficiencies of the different injection schemes, such as pressure distribution and 

temperature variation within the aquifers as well as energy flow rate in the injection well,

are also investigated in this study. The simulations show that, although different injection

https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0306261917307869&orderBeanReset=true
https://doi.org/10.1016/j.apenergy.2017.06.030
https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#!


schemes have a similar overall energy recovery efficiency (∼97%) as well as a thermal 

energy recovery efficiency (∼79.2%), the higher injection air temperature has a higher 

energy storage capability. Our results show the total energy storage for the injection air 

temperature at 80 °C is about 10% greater than the base model scheme at 40 °C. 

Sensitivity analysis reveal that permeability of the reservoir boundary could have 

significant impact on the system performance. However, other hydrodynamic and 

thermodynamic properties, such as the storage reservoir permeability, thermal 

conductivity, rock grain specific heat and rock grain density, have little impact on storage

capability and the energy flow rate. Overall, our study suggests that the combination of 

ATES and CAESA can help keep the high efficiency of energy storage so as to make 

CAESA system more efficiency.
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Nomenclature

η

energy recovery efficiency

ηthermal

thermal storage efficiency

Cp

constant-pressure specific heat capacity (J/(kg·K))

Ein

energy injected through wellhead

Eout

energy produced through wellhead

H

enthalpy (J/kg)

HE



heat exchanger

HPC

high-pressure compressor

HPT

high-pressure turbine

k1

gas storage reservoir permeability

k2

gas storage reservoir boundary permeability

LPC

low-pressure compressor

LPT

low-pressure turbine

m

air mass (kg)

MPC

media pressure compressor

P0

minimal capillary pressure (Pa)

Pmax

maximal capillary pressure (Pa)

Sg

gas saturation

Slr

residual liquid saturation

Sls

saturated liquid saturation



Sgr

residual gas saturation

T

temperature (°C)

1. Introduction

The studies of compressed air energy storage (CAES) began in the late 1970s [1]. The 

first commercial CAES plant, the Huntorf plant (290 MW) in German has been 

successfully operated for almost 40 years since 1978 [2]. Another CAES plant in 

McIntosh Alabama (110 MW) [3] was built in 1991. However, as the nuclear power 

industry lost momentum, oil prices retreated from their peaks and with the development 

of gas turbines, the market conditions for CAES declined for a period [4]. Now with the 

growing concern about greenhouse gas emissions from fossil fuel utilization, interest 

has begun to grow in large-scale energy storage of renewable energy sources such as 

wind and solar.

Energy storage scale and efficiency are the two most important aspects that need to be 

considered in relation to CAES. For the energy scale aspect, different kinds of storage 

vessels have been investigated. Both of the existing commercial CAES plants use 

solution-mined salt caverns as the storage vessels [5], [6]. However, the locations 

where the renewable energy plants are located may not have the necessary geological 

conditions for feasible cavern development. Man-made caverns would significantly 

increase the cost of CAES, leading to diseconomy. This geological constraint limits the 

widespread development of this variant of CAES technologies [7]. Aquifers have been 

proved suitable for compressed air energy storage by field tests [8], analytical 

solutions [9] and numerical simulations [10], [11], [12], [13], [14]. Compressed air energy

in aquifers (CAESA) has been widely accepted as alternative to achieve large-scale 

energy storage. Several projects have been proposed or are under construction, such 

as the Yakima Minerals Hybrid Plant in USA, Datang Inner Mongolia CAESA plant in 

China [4], [15].

The other aspect is the energy storage efficiency. The energy lost can occur in the 

charging stage, storage stage and discharging stage. Studies of compressor and 

turbine efficiency during charging and discharging stages have already been widely 

conducted for many years by different researchers [16], [17], [18]. The compression 

heat that produced during the compression process is wasted in the Huntorf CAES plant

and this affects the total efficiency to a certain extent [19], [20]. The U.S. Department of 
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Energy conducted a series of feasibility studies and small-scale demonstration projects, 

with the aim to clarify the site selection and the second generation of CAES 

systems [8], [20]. Some thermal energy storage (TES) methods have been applied to 

CAES to recover the compression heat. With a heat recuperator, the efficiency of the 

McIntosh CAES plant has been improved to 54%, which is higher than the Huntorf 

CAES plant (42%) [20]. The improvement of thermal energy storage efficiency is one 

popular research topic on CAES [21]. The so-called AA-CAES (Advanced Adiabatic 

Compressed Air Energy Storage) systems are introduced and studied extensively in the 

literature [18], [22], [23], [24].

However, many challenges still exist for the TES, especially in regard to the cost and 

technical aspects. The practical efficiency of TES is relatively low. Wang et 

al. [25] calculated the average round trip energy efficiency of CAES with TES pilot plant 

and found it to be about 22.6%, which is relatively low for commercial application. In 

addition, their results [25] indicate that one of the effective methods for improving the 

efficiency is to recover more heat from TES. With the high efficiency of TES, the 

required pressurized storage container and material would involve significantly 

increased costs. For cavern-based CAES, the maximum inlet air temperature is limited 

due to the instability of the salt cavern at temperatures above 325 K [18].

The idea of combination of CAESA and ATES (thermal energy storage in aquifers) 

comes from the fact that aquifers can be used to store thermal energy and the allowed 

temperature can be much higher than in a cavern due to the support of solid particles. A

recent modelling study suggested that a high temperature rock-bed based TES system 

could provide a viable alternative for thermal energy storage of concentrating solar 

power plant [26]. Thus, an ATES system can be combined with a CAESA system is 

proposed in the study (Fig. 1). The proposed CAESA with ATES consists of air 

compression unit, compressed air and thermal storage system (in aquifer), and 

electricity generation unit. The air compression unit includes a multi-stage air 

compressors and heat exchangers. The heat exchange system here (the dotted 

rectangular box in Fig. 1) aims to cool down the compressed air temperature to the 

target aquifers’ temperature, and to store the thermal energy used during the electricity 

generation process. The electricity generation unit is composed of turbines and heat 

exchangers. The heat exchanger system is to reheat the compressed air which is 

released from the CAESA system with ATES before entering the turbine power 

generators.
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Fig. 1. Schematic diagram of CAESA and ATES.

For the compressed air energy and thermal energy storage in aquifers, limit research 

has been reported to investigate the impact of the injection air temperature on overall 

energy recovery efficiency. In theory, higher temperature of the injection air means more

thermal energy being stored in ATES. This will potentially improve overall energy 

recovery efficiency provided that the thermal energy storage in ATES system have a 

sufficiently high recovery rate. As an initial investigation of such novel energy storage 

system, a temperature range of 20–80 °C is selected for this study. This is because too 

high a temperature of the injection air may decrease the recovery efficiency due to high 

temperature gradient between surrounding groundwater. A recent study of a 

conventional ATES by injecting hot water showed that higher storage temperatures 

increase buoyancy flow and reduce recovery efficiency [27]. Another novelty of this 

combination study is the media that used for thermal energy storage in aquifers, which 

is compressed air while not the liquid water in the traditional ATES system.

The objectives of this study are twofold: (1) How does ATES affect the performance of 

CAESA? (2) What is the influence of injection air temperature on the energy recovery 

efficiency? To address these key scientific questions, numerical models were developed
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to analyze the system performance in aspects of pressure, temperature and energy 

efficiency. In addition, sensitivity analysis is conducted to investigate the impacts of 

thermodynamic and hydrodynamic properties, such as the storage reservoir 

permeability, thermal conductivity, rock grain specific heat and rock grain density, on the

system performance. These results can help to design the CAESA-ATES system.

2. Model setup

2.1. Conceptual model

Referring to the Huntorf CAES [28] plant for better comparison, we setup the CAESA 

system as shown in Fig. 3. The air storage reservoir, which is also called the air bubble 

area is characterized by a cylinder with the same air storage capacity and the same 

wellbore size as used in the Huntorf CAES plant. According to the typical properties of 

sandstones [4], [10], we choose 0.2 as the porosity of the air storage aquifer and 0.1 as 

residual water saturation. With the same volume of 140,000 m3 and the same height of 

150 m as the cavern for the Huntorf CAES plant, the radius of the air storage reservoir 

is 40.63 m. The permeability (k1) of the air storage reservoir (gathering the main working

gas) is 1.0 × 10−12 m2 and the permeability (k2) of the boundary area is 1.0 × 10−20 m2, 

which is extremely low as a sealant layer. The diameter of the operation well is 0.53 m, 

the same size as it in the Huntorf CAES plant. This conceptual model may represent a 

simplified form of an anticline, lenticel or closed fault structure. The most suitable 

structures are the anticline structures with closed boundary in Fig. 1or the depleted oil 

and gas fields. Some other geological structures that can also be simplified to the 

conceptual model are shown in Fig. 2. For the ATES system, there is no other special 

modification of the CAESA system since the same operation wellbore and aquifers are 

used as the storage media.
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Fig. 2. Schematic of suitable structures for compressed air energy storage (left to right 
refer to closed fault and lenticle).

1. Download high-res image     (97KB)

2. Download full-size image

Fig. 3. Conceptual model of CAESA.

2.2. Numerical model
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2.2.1. T2Well/EOS3

The T2Well/EOS3 simulator, which is developed by Lehua Pan [29] based on TOUGH2,

is used to carry out the investigation. The T2Well is a numerical simulator for solving the

equations of non-isothermal, multiphase, and multi-component flow in an integrated 

wellbore-reservoir system, for a variety of applications. The EOS3 module describes the

system consisting of H2O-Air-Heat components in a porous or fractured media [30]. The 

simulator has been verified in the literatures [10], [11], [31] by comparisons of simulation

and monitor results of the Huntorf CAES plant.

The domain is discretized using integral finite difference method with Wingridder [32]. It 

has total 4472 grids and 8797 connections. In vertical, the reservoir is discretized into 

layers in different thickness. The grids at the locations of wellhead, interface between 

overlying boundary and target aquifer have been refined. In horizontal, the reservoir is 

discretized into a radially symmetric mesh with lateral resolution varying from 0.1 m 

near the wellbore to 500 m in the far-field (see Fig. 4).
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Fig. 4. Domain discretization (left) with wellbore refinement (right).

The typical sandstone properties selected to represent the aquifers are shown in Table 

1.

Table 1. Aquifers properties.
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Parameters Value Unit

Grain density 2600 kg/m3

Permeability (kx = ky = 10 kz) 1.0 × 10−12 m2

Porosity 0.2 –

Compressibility 1.0 × 10−10 Pa−1

Heat conductivity (fully liquid-saturated) 2.51 W/(m·°C)

Grain specific heat 920 J/(kg·°C)

Relative permeability function van Genuchten-Mualem model

λ 0.60

Slr 0.12

Sls 1.00

Sgr 0.05

Capillary pressure function van Genuchten function

λ 0.60 –

Slr 0.10 –

P0 675.68 Pa

Pmax 5.0 × 105 Pa

Sls 1.00

2.2.2. Initial and boundary conditions

The initial pressure distribution is in hydrostatic equilibrium with atmospheric pressure at

the top boundary (ground surface). The ground temperature is 15 °C and geothermal 

gradient is 31.25 °C/km (15 °C at the wellhead and 40 °C at the well-bottom). The gas 

bubble, which is assumed to be well developed, consisted of compressed air and 

residual water. Ideal gas bubble development can be achieved under the condition of 

anticline structure, lenticle structure and some faults. The other parts of the model (the 

boundary area) are saturated with water.

The upper, lower and outermost boundaries of the whole model are closed with no flow 

and heat conduction. The injection and production operations are achieved through the 

wellhead. The injection air temperature is fixed with a specified enthalpy.

3. Scheme design and simulation results

Part or all of the compression heat that produced by the last stage of the compressor 

contributes to the thermal energy that is going to be stored in aquifers. This part of the 



thermal energy can be represented by different air temperature. A temperature range of 

20–80 °C is selected for the studies. Different schemes are designed to analyze the 

impact on the energy storage scale and efficiency, as shown in Table 2. The 

temperature of 40 °C is selected as the base model temperature which is similar to the 

Huntorf CAES plant, and the higher temperature schemes are set as 60 °C and 80 °C. 

The temperature of 20 °C is selected as the low temperature scheme in which the 

colder air may be heated by the warmer formation resulting in harvesting of geothermal 

energy.

Table 2. Different injection air temperature schemes.

Parameters Value Unit

Temperature 20 40 60 80 °C

The working cycle is designed as daily cycle, as shown in Table 3. The injection and 

production rates are calculated based on the operation data of the Huntorf CAES 

plant [2], [10], [31].

Table 3. Daily cycle schedule.

Parameters Value Unit

Time 0.0–12.0 12.0–16.5 16.5–19.5 19.5–24.0 h

Injection/Production rate 54 0 −216 0 kg/s

3.1. Pressure and temperature distribution in the reservoir

Fig. 5 shows the pressure distribution near the air storage reservoir area after 300 

cycles. Due to the low permeability of the boundary area, the maximal pressure builds 

up at the boundary of the air storage reservoir. For example, the pressure contour of 

8.0 MPa appears at the boundary of the air storage reservoir (x = 40.63 m), as shown 

in Fig.     5(a). With the injection air temperature increasing from 20 °C to 60 °C, the upper 

boundary of 8.0 MPa pressure contour extends from about −720 m to −705 m, which 

indicates a slight increase in the average pressure in the air storage reservoir area.
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Fig. 5. Pressure distribution after 300 cycles.

The detailed pressure variation is shown in Fig. 6. For all schemes, the maximum and 

minimum pressure of one daily cycle gradually increase as the operation cycles 

continue. For instance, the maximal pressure after 300 cycles at 80 °C is about 

8.92 MPa and the pressure is lower than 8.92 MPa at the beginning of the cycle. This is 

because the energy injected into the system is larger than produced. For one cycle, the 

pressure is higher during operation stages at a higher injection air temperature.
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Fig. 6. Pressure variation during 0–5 cycles (left) and 295–300 cycles (right).

The initial air temperature in the air storage reservoir is about 40 °C. After 300 cycles, 

for the low temperature (20 °C) scheme, the temperature distribution, shown 

in Fig.     7(a), indicates that the influence range (the 40 °C contour line) is about 20 m 

from the injection well. With the same injection air temperature (40 °C) as the initial air 

temperature, the temperature distribution exhibits little difference due to geothermal 

gradient. As for the high air temperature schemes, the influence radius is about 25 m for

the 60 °C scheme and 28 m for the 80 °C scheme. The larger influence range, which 

means that more thermal energy is stored through the compressed air, is caused by the 

larger temperature difference under the same heat conductivity.
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Fig. 7. Temperature distribution after 300 cycles.

The wellhead temperature variation is shown in Fig. 8. The initial temperature of the 

wellhead is 15 °C and gradually increases to the injection air temperature during the first

injection stage. During the shut-in stage, the temperature decreases slightly due to the 

heat lost to surrounding colder aquifers. During the production stage of the high-

temperature schemes, the temperature decreases because of the expansion cooling 

effects. However, for the low temperature scheme (20 °C) the temperature increases 

during the production stage. This is because the impact of heat gain from the warmer 

reservoir is greater than the expansion cooling effects. In this situation, the production of

compressed air withdraws not only the energy that is injected by the compressed air, 

but also the geothermal energy from aquifers. However, from Fig.     8(b) we can see that 

the maximal temperature for the 20 °C scheme decreases to a stable level as cycles 

continue. About a 5 °C temperature difference exists between the injection air and 

production air. This means that the effect of geothermal energy utilization is slight.
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Fig. 8. Temperature (wellhead) variation of the first cycle (a) and 300 cycles (b).

For high-temperature schemes, the maximal temperature at the wellhead is the injection

temperature which remains the same during the 300 cycles, while the minimal 

temperature (the lowest production temperature) gradually increases to one relatively 

stable value as cycles continue. At the beginning of the cycles, a portion of heat is lost 

to aquifers through the wellbore due to the temperature difference between the wellbore

and surrounding formations. As cycles continue, the heat loss rate decreases, 

represented by the relatively stable temperature. The results of the high-temperature 

schemes indicate that the considerable energy loss occurs at the beginning of operation

cycles and the energy loss rate gradually decreases as cycles continue.

3.2. Energy flow rate and recovery efficiency

Energy recovery efficiency is defined as the ration of energy produced to energy 

injected through the wellhead during one cycle or the whole operation cycles:

η=Eout/Ein

Fig. 9 shows the energy flow rate at the wellhead during one cycle. A negative value 

indicates energy production. More energy is injected and produced through the 

wellhead with larger injection air temperature. For the basic model (40 °C), the total 

energy produced during 300 cycles is about 7.41 × 1011 J. More energy can be produced

for the high injection air temperature. For example, the total energy produced for the 

80 °C scheme is 8.21 × 1011 J, 10.80% higher than the 40 °C scheme.

https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#f0045
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Fig. 9. Wellhead energy flow rate variation.

Fig. 10 shows the energy recovery efficiency for different injection air temperature 

schemes. At the beginning of operations, the efficiency of the 20 °C scheme is higher 

than 100% due to the high initial temperature (40 °C) of air in the air storage reservoir. 

As cycles continue, the efficiency decreases to about 103%, which means that the 

considerable advantage of geothermal utilization can only be sustained for a short 

period, but it maintains slight efficiency improvement over the long term. This conclusion

is consistent with the aforementioned temperature results.
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Fig. 10. Energy recovery efficiency comparison of different injection air temperature.

For the high injection air temperature schemes (60 °C and 80 °C), the efficiency at the 

beginning of operation is a little lower than in later cycles. This is because the injection 

air temperature is higher than the initial temperature distribution in the wellbore and 

aquifers, and part of the injected thermal energy is transferred to the surrounding 

aquifers. The higher the injection air temperature, the more the energy transferred to 

aquifers and cannot be produced leading to the lower energy recovery efficiency. The 

heat transfer rate between the wellbore and surrounding aquifers decreases as the 

temperature difference reduced with the operation cycles. The energy recovery 

efficiency stabilized at 99%, 98% and 97% for the 40 °C, 60 °C and 80 °C schemes, 

respectively. The results indicate that aquifers have good thermal energy storage 

capacity even with the high temperature.

Even though the total energy recovery efficiency decrease as the injection air 

temperature increase, the efficiency difference is small. The total energy produced in 

the higher temperature (80 °C) scheme is 10.80% higher than in the 40 °C scheme. The

stored total thermal energy can be calculated by the specific constant-pressure heat 

capacity and air mass, which is

ΔH(thermal,in)=m×Cp×dT=54.00kg/s×12h×1.08×103J/(kg°C)×(80°C-40°C)=1.01×1011J
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Assuming that the compressed air energy (excluding the thermal energy) in 80 °C is 

produced with the efficiency of 40 °C (99%), the produced thermal energy is

ΔH(thermal,out)=ΔH(total,out)-ΔH(air,in)×99%=8.21×1011J-7.41×1011J=0.80×1011J

Thus, the recovery efficiency of thermal energy is

ηthermal=ΔH(thermal,out)/ΔH(thermal,in)=79.20%

From the calculation results, we may conclude that the higher injection air temperature 

performs better with regard to energy storage, considering the temperature range that 

the subsurface facilities can tolerate. In another words, if ATES is combined with a 

CAESA system, high efficiency will be expected for the CAESA system.

4. Discussion

4.1. Impact of hydrodynamic parameters on system performance

In the idealized basic model, the boundary of the gas storage reservoir is presumed to 

be impermeable, which may be impractical. This assumption will affect the performance 

of energy recovery. In order to investigate the impact of gas storage reservoir boundary 

permeability, several schemes are designed, as shown in Table 4.

Table 4. Schemes design of different gas storage reservoir boundary permeability (k2).

Parameters Value Unit

k1 1.00 × 10−12 m2

k2 1.00 × 10−20 1.00 × 10−15 1.00 × 10−13 m2

After 300 cycles, the energy flow rate of higher k2 is smaller, as shown in Fig. 11. This is 

because the deliverability of working fluid under high permeability is better than under 

low permeability and the gas and pressure migrate further away from the well. That part 

of the energy cannot be recovered during the production stage. In the meantime, water 

might be produced due to significant air migration further away from the well. Water 

production may cause damage to ground facilities. The smaller k2 keeps more energy 

near the wellbore and offers the best energy recovery performance. However, a 

smaller k2 may also produce an unfavoured effect, e.g. the difficulty to extend the energy

storage scale.
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Fig. 11. Energy flow rate for different air storage reservoir boundary permeability 
schemes.

For the investigation of the impact of gas storage reservoir permeability, schemes are 

designed as shown in Table 5.

Table 5. Scheme design of different gas storage reservoir permeability (k1).

Parameters Value Unit

k1 1.00 × 10−14 1.00 × 10−13 1.00 × 10−12 5.00 × 10−12 m2

k2 1.00 × 10−20 m2

The specific amount of compressed air (216 kg/s) cannot be produced under a low 

permeability (1.00 × 10−14 m2) scheme, which indicates that the CAESA has a low limit of 

permeability. Under this permeability condition, the ATES also cannot be implemented. 

The low limit of permeability differs according to the storage scale. For the 

other k1 schemes, the results of energy flow rate through the wellbore are shown in Fig. 

12. After 300 cycles, the energy flow rate under different permeability schemes is almost

the same except at the beginning of production. From the inserted figure in Fig. 12, we 

can observe that the higher the permeability, the slightly better the of energy recovery 
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performance. This is because the temperature of the higher permeability scheme 

decreases slower at the beginning of production than in the lower permeability scheme, 

as shown in Fig. 13. At the beginning of production, the fixed production rate can be 

achieved under the pressure difference, which is larger for a lower permeability scheme 

based on Darcy’s Law. The sudden pressure drop under low permeability will cause the 

air to expand and the temperature to drop. When the air from aquifers flows through the 

wellhead, its temperature will increases within a short time.
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Fig. 12. Energy flow rate of different air storage reservoir permeability schemes.
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Fig. 13. Pressure and temperature comparison of different air storage reservoir 
permeability schemes.

From the results of different air storage reservoir permeability schemes, we can see that

the performance of energy production is similar for different schemes when a specific 

production rate can be achieved. However, the pressure and temperature variation 

under different air storage reservoir permeability schemes are quite significant.

4.2. Impact of thermodynamic parameters on system performance

The conduction of heat in aquifers is governed by their thermal properties: the 

volumetric heat capacity (indicative of the amount of temperature change that occurs 

when the aquifer media absorbs or loses a specific amount of energy) and the effective 

thermal conductivity (the ability of the aquifer media to transmit heat) [33]. Several 

different thermal property schemes are designed for this study based on the general 

variation range of these parameters, as shown in Table 6. For example, the general 

range of thermal conductivity is about 1.00–4.00 [34].

Table 6. Scheme design of different thermal parameters.
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Parameters Value Unit

Thermal conductivity 1.00 2.51 4.00 W/(m·°C)

Rock grain specific heat 400 920 1200 J/(kg·°C)

Rock grain density 1000 2600 4000 kg/m3

Fig. 14 shows the energy flow rate of different thermal conductivity, rock grain specific 

heat and rock grain density. Only a slight difference can be seen in Fig. 14between the 

energy flow rates under different parameters. The results indicate that the effective 

ATES can be achieved under normal formation properties.
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Fig. 14. Energy flow rate of different thermal conductivity, rock grain specific heat and 
rock grain density.

4.3. Impact of geothermal gradient and model uncertainly

The geothermal gradient varies from the locations. To investigate the impact of gradient,

different schemes are designed as shown in Table 7. We use the same well-head 

temperature and different well-bottom temperature to represent the different geothermal 

gradient. The results are shown in Fig. 15.

Table 7. Schemes design of different geothermal gradient.

Parameters Value Unit

Well-head temperature 15 15 15 15 °C

Well-bottom temperature 30 40 50 70 °C

Geothermal gradient 18.75 31.25 43.75 68.75 °C/km
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Fig. 15. Energy flow rate of the first day (left) and the 300th day (right) for different 
geothermal gradient schemes.

The results confirmed the advantage of geothermal utilization is not obvious. In general,

the energy flow rate under larger geothermal gradient is larger than under the lower 
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gradient. This advantage ease up as cycles continue as shown in the insert figure 

of Fig. 15. Overall, the amount of energy recovered mainly come from the energy 

injected. The energy loss to or get from the inherent geothermal energy only occupy a 

small part of total energy due to the slow heat transfer rate between compressed air and

liquid water of the aquifer.

The proposed approach is expected to significantly improve the energy storage 

efficiency with only minor thermal storage cost. Use aquifer for thermal storage does not

require either the high cost pressurized storage container and material, or drilling new 

boreholes. The boreholes for air injection and production in CAESA system are also 

used for heat storage operation. It is almost no additional cost to an original CAESA 

system, which is expected significantly lower the cost for TES with man-made 

containers, especially for large-scale heat storage.

The uncertainty of the simulation results comes from several aspects, such as the 

aquifers heterogeneity and ideal gas calculation error. Almost the aquifers in fields have 

heterogeneity and it will affect the pressure and temperature distribution as well as 

variation. Since our investigations focus on the foundation questions of CAESA and the 

real geological data differs from each other, we use the homogeneity model to 

investigate the system performance under ideal condition to in this study. Another 

uncertainty of our simulation results is the calculation error of compressed air as ideal 

gas. Despite the previous studies show not significant air properties error between ideal 

gas and real gas under low pressure and temperature, the uncertainty indeed would 

affect the final quantify data.

5. Conclusion

One integrated wellbore-reservoir numerical model was developed to investigate the 

impact of ATES on the performance of CAESA. Overall, the combination of CAESA and 

ATES can help to improve the performance of the CAESA system based on the 

simulation results. The aquifers act out as an ideal candidate for the thermal energy 

storage, which keeps higher energy recovery efficiency. In addition, the considerable 

utilization of geothermal energy by injecting cold air and producing hot air occurs only at

the beginning of operations. The storage reservoir boundary permeability has a 

significant influence on the CAESA system performance. However, other reservoir 

properties, such as the storage reservoir permeability, thermal conductivity, rock grain 

specific heat and rock grain density) have little impact on storage capability.

https://www.sciencedirect.com/science/article/pii/S0306261917307869?via%3Dihub#f0075


In general for real CAESA project designing, several suggestions from this study can be

used. First of all, injection temperature can be higher than the standard of CAESC. The 

energy recovery efficiency keeps still high among the usual aquifers. Another issue we 

should consider is the storage reservoir boundary permeability, which can significant 

affect the CAESA system performance. The optative formation for the CAESA system is 

with large storage reservoir permeability and low boundary permeability, which is 

analogous to a cavern but saturated with solid particles that hold heat.

However, there remain many challenges that should be considered during the design of 

CAESA systems. One important aspect that we care is the aquifer performance under 

high temperature (200–300 °C). Another inevitable aspect is the impact of high 

temperature on the processes of chemical reaction since many minerals consist the 

water and solid in aquifers. The reaction of O2 in the compressed air with minerals 

should be further studied.
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