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With the blossoming of intermittent energy, compressed air energy storage (CAES) has attractedmuch attention as a potential large-
scale energy storage technology. Compared with caverns as storage vessels, compressed air energy storage in aquifers (CAESA) has
the advantages of wide availability and lower costs. The wellbore can play an important role as the energy transfer mechanism
between the surroundings and the air in CAESA system. In this paper, we investigated the influences of the well screen length on
CAESA system performance using an integrated wellbore-reservoir simulator (T2WELL/EOS3). The results showed that the well
screen length can affect the distribution of the initial gas bubble and that a system with a fully penetrating wellbore can obtain
acceptably stable pressurized air and better energy efficiencies. Subsequently, we investigated the impact of the energy storage scale
and the target aquifer depth on the performance of a CAESA system using a fully penetrating wellbore. The simulation results
demonstrated that larger energy storage scales exhibit better performances of CAESA systems. In addition, deeper target aquifer
systems, which could decrease the energy loss by larger storage density and higher temperature in surrounding formation, can
obtain better energy efficiencies.

1. Introduction

Compressed air energy storage (CAES) can be considered as
a potential storage technology combined with intermittent
energy sources (e.g., wind energy and solar energy). Com-
pressed air is injected into a “storage vessel” using excess
electricity and can be produced to generate electricity as
needed [1–3]. The scale of the stored energy depends on the
choice of the storage vessel. Porous rock reservoirs (aquifers)
and cavern reservoirs (salt domes or caverns in hard rock)
are candidates for large-scale storage vessels (Figure 1). The
Huntorf plant in Germany (290MW) and theMcIntosh plant
in the USA (110MW) are two existing commercial large-
scale compressed air energy storage plants [4, 5]. They both
use a salt dome (cavern reservoir) as the air storage vessel.
Thermodynamic and hydrodynamic studies of compressed
air energy storage in caverns (CAESC) have been conducted
to describe the pressure and temperature variances [6–10].

Additionally, an advanced CAES system (adiabatic com-
pressed air energy storage) with no reheating requirements
to regenerate electricity has been investigated [9, 11–13].

Compressed air energy storage in aquifers (CAESA),
which costs less and has a wider availability, is becoming
more attractive compared with CAESC [2, 14]. The feasibility
of CAESA was investigated by Oldenburg and Pan using
numericalmodelling, which showed its energy efficiency well
using the operation scheme in the Huntorf plant [15]. Later,
they proposed and simulated the utilization of CO

2
as a

cushion gas for a CAESA system [16]. The impact factors on
the variances of pressure and temperature have been studied,
including the reservoir permeability, gas bubble volume,
gas bubble boundary permeability, and geological structures
and thicknesses [17–19]. In addition, the ranking criteria for
candidate sites were suggested by Succar and Williams [2].
The Iowa Stored Energy Park (ISEP) planned to build a
270MW CAESA plant, but the project had to be cancelled

Hindawi
Geofluids
Volume 2017, Article ID 9316506, 14 pages
https://doi.org/10.1155/2017/9316506

https://doi.org/10.1155/2017/9316506


2 Geofluids

Caprock

Gas bubble
Aquifer

Overlying formation

Cavern

Salt or hard rock formation

CAESA
CAESC

Air Generator UserCompressor

Electricity

Wind, solar energy

Figure 1: Schematic diagrams of CAESA and CAESC systems.

due to geological limitations [20]. The Pacific Northwest
National Laboratory (PNNL) evaluated the technical and
economic feasibility of CAESA in the Columbia Basin and
designed a hybrid CAES plant that integrated geothermal
energy [21].

Generally, the cyclic processes of compressed air can be
divided into daily cycles and weekly cycles. Because com-
pressed air is cyclically injected and produced frequently
through the wellbore, the wellbore will play an important
role in a CAESA system regarding the energy transfer from
the formation and the energy deliverability. Kushnir et al.
studied the relationship between the well screen length and
water suction in CAESA, where the existence of an air-
water interface was assumed in anticline structure. Their
results showed that longer well screens can decrease pressure
fluctuations while increasing the risk of water suction [22,
23]. Pan and Oldenburg developed a T2WELL simulator to
integrate the wellbore and reservoir, and it has shown good
performance when describing the wellbore-reservoir system
in different fields, including CO

2
geological sequestration,

geothermal energy, and CAESA [24]. Li et al. investigated
the heat transfer in a single wellbore by investigating CAESA
using a semianalytical solution. Their studies were mainly
concentrated on the thermodynamic analysis of the well
section in the overlying impermeable formation and ignored
the impacts of energy transfer in the target aquifer. Their
study showed that the small wellbore overall heat transfer
coefficient and thermal diffusivity of the formation can help
to decrease the heat loss [25]. Meanwhile, the initial gas
bubble make-up can also be influenced by the wellbore and
affect the subsequent cycle processes. The make-up of the
initial gas bubble is the first step in the operation of a CAESA
system, during which the amount of air needs to be injected
into the aquifer to displace the water to build a bubble. This
gas bubble can provide the necessary pressure to keep the
next operation of the cycle sustainable. In previous studies,
the initial gas bubble was always assumed to be under ideal

conditions, wherein the gas is fully saturated in the target
storage space. However, this assumption is not practical in a
CAESA system. Aimed at the studies concerning the initial
gas bubblemake-up, Guo et al. investigated the impact factors
on the creation of the initial gas bubble, and TOUGH2/EOS3
was used to simulate the gas bubble creation [17]. However,
their study was limited because their simulator was not
sufficiently precise in describing the air flow in the wellbore,
which is controlled by non-Darcian flow, and the well screen
was simply fixed on the top of the aquifer.

Given the aforementioned gaps in the previous studies,
we will study and analyse the effect of the wellbore on a
CAESA system, thereby concentrating on the impact of the
well screen length in the target aquifer. We will discuss the
impact of the well screen length on the initial gas bubble
formation and the CAESA system performance. On the basis
of optimizing the well screen length configuration, we will
also study the impacts of the energy storage scale and reser-
voir depth on the energy storage efficiency. Due to the lack
of practical engineering applications of CAESA, numerical
modelling is a valid method to study these key problems.
The initial gas bubble make-up and subsequent cycle opera-
tions will be simulated using T2WELL/EOS3.The results will
help to optimize the CAESA system.

2. Model Setup

2.1. Numerical Method. T2WELL is an integrated wellbore-
reservoir simulator that can describe the nonisothermal,mul-
tiphase and multicomponent flow in a porous or fractured
system. In the simulator, the drift-flux model is used to solve
for the mixture flow within the wellbore, and the flow in
the reservoir is described similarly as with TOUGH2 [26].
Different fluid state modules are integrated into T2WELL for
applications in different fields. T2WELL/EOS3was developed
to describe a H

2
O-air-heat system, which is appropriate for

simulating the CAESA process [15]. In the EOS3 module, the
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air is considered as an ideal gas and the water properties are
described by the steam table equations.The detailedmechan-
ics process and chemical reaction process are not considered
in the module. The selected three primary thermodynamic
variables (pressure, air mass fraction, and temperature for
single-phase and gas phase pressure, gas saturation, and
temperature for two phases) can describe the system con-
dition. The air dissolution in the water can be estimated by
Henry’s law, where the air pressure is proportional to air
solubility in water (mol fraction dissolved in water) and the
proportional constant is Henry’s constant. Henry’s constant
slowly varies with temperature, so a constant is adopted in
themodule [26]. A comparison study of the simulation results
fromT2WELL/EOS3 withmonitoring data from theHuntorf
plant has shown the feasibility of the simulator application in
previous studies [18].

2.2. Numerical Model and Scheme Design

2.2.1. Grid Design. A radial symmetric grid was created to
describe the entire aquifer system in the CAESA system using
the mesh generator Wingridder [27]. To eliminate boundary
effects, the radial domain of the model covers 1000m away
from the centre wellbore. The thickness of target aquifer is
set as 50m, which ranges from −650m to −700m with a
grid resolution of 2m, and the formation above the aquifer is
considered impermeable. The vertical resolution of the mesh
is refined near the wellhead, as well as the interface between
the overlying formation and the target aquifer. In the radial
direction, the grid resolution varies from 0.25m near the
wellbore to 70m in the far field.The diameter of the wellbore
is set as 0.5m. Figure 2 and Table 1 show the profile of the
radial symmetric mesh from 0m to 200m and the aquifer
parameters, respectively.The van Genuchten-Mualemmodel
and van Genuchten function are used for calculating the
gas and liquid relative permeability and capillary pressure.
The functions can be referred to in [26]. They both depend
on the saturation (gas or liquid) in the latest time step and
some other parameters (power in expression, aqueous phase
residual saturation, gas phase residual saturation, capillary
pressure strength between aqueous and gas phases, and
maximum capillary pressure).Themodel is initially assumed
to be fully water saturated. The distribution of the pressure
is based on hydrostatic equilibrium, and the atmospheric
pressure is set as that of the land surface. The temperature
is initially calculated by the geothermal gradient (38.5∘C/km)
with a surface temperature of 15∘C. In addition, a constant
lateral boundary condition is set during the entire process.

2.2.2. Scheme Design. A daily cycle operating scheme was
more common in the previous studies. As no commercial
CAESA plant exists, we choose the daily cycle based on
Guo’s research (the same as that in the Huntorf plant), which
includes an injection stage (12 h), a shut-in stage (4.5 h), a
production stage (3 h), and another shut-in stage (4.5 h) [17].
Meanwhile, a larger energy scale will be simulated compared
with Guo’s research. We design the operation cycle with an
injection of 5 kg/s and a production of 20 kg/s, which can
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Figure 2: Profile of the radial symmetric mesh in a range of 200m
(blue represents the Caprock domain and red represents target
domain).
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Figure 3: Schematic figure of the three cases with a different
penetrating well to the target aquifer.

maintain the total gas mass balance. The enthalpy of injected
air is 0.328MJ/kg. The injection and production processes
adopt constant flow rate at the wellhead. The well is closed
to mass flow transfer with surrounding formation along its
length except where it is perforated, but the energy flow
transfer exists along all length. In the simulation, the flow and
energy transfer both in wellbore and between wellbore and
reservoir can be detailedly described in [24]. In the initial
stage of the gas bubble make-up, air is injected into the
aquifer at 50 kg/s for 30 days based on a preliminary model,
which is used to estimate the initial gas volume consideration
with the planned operation cycle scheme. To address the
aforementioned questions about the well screen, three cases
with different penetrating well screens will be developed in
our model (Figure 3), which are 10m penetration (Case 1),
30m penetration (Case 2), and 50m penetration (Case 3).
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Table 1: List of the key parameters of the aquifer.

Parameters Value Unit
Grain density 2600 kg/m3

Permeability (horizontal) 3.0 × 10
−13 m2

Permeability (vertical) 3.0 × 10−14 m2

Porosity 0.2
Compressibility 1.0 × 10−10 Pa−1

Heat conductivity 2.51 W/(m⋅∘C)
Rock grain special heat 920 J/(kg⋅∘C)
Relative permeability function van Genuchten-Mualem model
Capillary pressure function van Genuchten function
Power in expression 0.60
Aqueous phase residual saturation 0.12
Gas phase residual saturation 0.05
Capillary pressure strength between aqueous and gas phases 675.68 Pa
Maximum capillary pressure 5.0 × 105 Pa

3. Results and Analysis

3.1. Initial Gas Bubble. After 30 days of air injection, an
initial gas bubble is created for the three cases (Figure 4).The
different penetrating cases result in the evolution of different
shapes of the gas bubble. Considering the domain in which
the gas saturation is larger than 0.5 after 30 days, Case 1 has a
wider horizontal scale (increasing to approximately 60m) but
has a smaller scale in the vertical direction (approximately
25m) when compared with those of Case 2 (40m × 41m)
and Case 3 (25m × 50m). A decreasing well screen length
can cause the gas bubble to trend along the horizontal
direction, whichmay induce larger gas diffusion and pressure
fluctuation during the operation cycle. The reason for this
is that a short well screen has a small interface area for air
that is being injected into the aquifer, and thus, the air tends
to remain at the top and move horizontally owing to the
buoyancy force and a high horizontal permeability.

The pressure will gradually decrease with time (Figure 5)
and become stable with a continued injection time. It is easier
to inject the same amount of gas with an increasing gas
volume in the aquifer. The pressure will increase inversely
with the length of the well screen, which can also be caused
by the smaller interface area for gas injection into the aquifer.
The maximum pressure at the wellhead will increase to over
22MPa for a short well screen (Case 1), during which any
possible hazards caused by pressure build-up should be con-
sidered [28]. Also the high pressure during initial gas bubble
injection process can change the permeability and porosity
of aquifer near the wellbore [29], which may cause the sub-
sequent injection pressure variance. In the practice engineer-
ing, the high build-up pressure in the initial gas bubble injec-
tion process can be avoided by possible injection method or
process (e.g., constant pressure injection or the intermittent
injection).The total amount of initial injection gas varies with
the energy scale and characteristic of reservoir and also it
depends on the economy. In the engineering practice, a prior

model is needed to make a decision for the total amount of
initial injection gas.

3.2. Performance of the CAESA System

3.2.1. Change of Pressure and Temperature in the CAESA
System. Figure 6(a) shows the change in the wellhead pres-
sure with time during the cycle processes in the three
different penetrating cases. The maximum pressure with the
short well screen length is higher than that with the longer
well screen length cases. However, the minimum wellhead
pressure during production is lower with a decrease in the
well screen length, which is probably the result of a small area
for gas flow during the injection and production process as
a consequence of the short well screen length that penetrates
into the target aquifer. In the same cycle scheme, the wellhead
pressure needs to be higher in order to inject the necessary
amount of gas; meanwhile, it needs to be lower to meet the
required deliverability. Additionally, as the pressurized air is
needed in order to regenerate electricity, the lower pressure
during the production process with a shorter screen length
may be not available.

Variances of the wellhead temperature with time dur-
ing the operation cycle for the three cases are shown in
Figure 6(b). In the first shut-in stage, the wellhead tempera-
ture decreases owing to the decompression of the air and the
cooling of the wellhead temperature. In this stage, the well-
head temperature with a short screen length (Case 1) is lower
than in the other two cases, which can be caused by a larger
pressure reduction (Figure 6(a)). In the production stage, the
decline in the wellhead temperature is caused bymultiple fac-
tors, including air decompression, energy loss in the aquifer,
and heat transfer between the well and the formation. During
the production process, the air temperature at the wellhead
(Case 1) is lower.As a higher background geothermal temper-
ature occurs at deeper locations within the aquifer, the well
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Figure 4: Gas saturation distribution for the three cases after a 30-day injection period in the aquifer. (a) Case 1 (10m). (b) Case 2 (30m).
(c) Case 3 (50m).

screen lengths used to penetrate the aquifer in Case 2 and
Case 3 can reduce the heat loss and keep the temperature
higher at the wellhead than that in Case 1. In the shut-in stage
after production, the wellhead temperature increases due to
the heat of compression caused by the wellhead pressure
recovery phase, and an increase in the temperature will
accompany a more prolonged pressure recovery stage (Case
1) (Figure 6(a)). Also, the variance differences in pressure and
temperature among the three cases demonstrate the more

sensitive to the shorter wellbore screen case. The variances
are more obvious between Case 1 and Case 2, compared with
that between Case 2 and Case 3, with the same well screen
length difference (20m).

3.2.2. Comparison of the Energy Storage Efficiency among the
Three Cases. The energy flow rates in the cycle operations
for the three cases are calculated by the model (Figure 7), the
differenceswithinwhich occur during the production period.
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Figure 5: Change of pressure at the wellhead with time for the three cases.
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Figure 6: Comparisons of the variances of pressure and temperature at the wellhead during the cycle processes among the three different
well penetrating cases. (a) Pressure. (b) Temperature.

The energy flow rate is slightly higher in the cases with a
longer well screen length.The changes in the energy flow rate
with time for the three cases are almost consistent with the
change in the temperature with time during the production
period (Figure 6(b)). More energy can be produced with air
at a higher pressure and temperature when using a long well
screen length.

Ignoring the efficiencies of the compressor and turbine,
we only consider the energy loss from the underground
storage vessel caused by the cycle processes. The energy

storage efficiency per cycle process can be calculated as
follows:

𝐸efficiency =
𝐸Injection

𝐸Production
, (1)

where 𝐸efficiency is the energy efficiency per cycle; 𝐸Injection
is the total injection energy; and 𝐸Production is the total
production energy.

The energy efficiency gradually increases with the contin-
uation of the cycle, which varies from 93.6% to 95.4% over 50
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Figure 8: Changes of the energy efficiency of the CAESA system in
the three different cases with the continuation of cycles.

cycles (Figure 8). The reason for this is that the temperature
near the wellbore in the aquifer and in the overlying cap
formation will gradually become higher due to heat transfer
with the higher temperature injected air, which causes less
energy loss over the continued cycle processes. In addition, a
longer well screen length performs with slightly better energy
efficiency. The energy efficiency in Case 3 is 0.2% (13.2 kW
total energy) higher than Case 1 per cycle and the variance
is more sensitive to shorter well screen length. Although the
differences of the energy efficiency among the three cases are
not obvious in this model, the total energy loss can be more
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Figure 9: Changes in the wellhead temperature with time among
the three energy storage scales of the CAESA system.

significant if a large-scale CAESA system is being imple-
mented.

A comparison of the CAESA system performance with
the three kinds of well screen lengths penetrating into the
aquifer suggests that longer well screen lengths can perform
with better energy storage efficiencies, especially for the case
penetrating through the entire target aquifer. Additionally,
longer well screen length will contribute more stable and
sufficiently pressurized output air for the regeneration of elec-
tricity. Furthermore, the greater deliverability with a longer
well screen could extend the energy storage scale in a single
well or reduce the number of wells required for a large-scale
CAESA system.

4. Discussion

As discussed above, well screens that entirely penetrate
through the target aquifer can perform with better energy
efficiencies in a CAESA system. In this section, we will
investigate the effects of the energy storage scale and reservoir
depth under the conditions of a well penetrating through the
entire aquifer using numerical modelling.

4.1. Impact of the Energy Storage Scale on the System Perfor-
mance. In a fixed CAESA system, different energy storage
scales can be reflected by variances in the injection and
production rates. To evaluate the influences of the energy
storage scale, we design three cases of the energy storage scale,
the corresponding injection and production rates of which
are shown in Table 2. The wellbore is perforated through the
entire aquifer. The initial gas bubble and other aquifer para-
meters are the same as those mentioned previously.

Figure 9 demonstrates the temperature variance among
the three cases of the energy storage scale at the wellhead
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Figure 10: Temperature profiles along the wellbore among the three energy storage scales of the CAESA system during the 40–50 cycles. (a)
3.9MW (injection 3 kg/s, production 12 kg/s); (b) 6.6MW (injection 5 kg/s, production 20 kg/s); (c) 13.1MW (injection 10 kg/s, production
40 kg/s).

Table 2: The injection and production rates in the three energy
storage scale systems.

Scale (MW) Injection rate (kg/s) Production rate (kg/s)
3.9 3 12
6.6 5 20
13.1 10 40

during the operation cycle. The minimum wellhead temper-
ature reaches 34∘C, 31∘C, and 29∘C for the 3.9MW, 6.6MW,
and 13.1MW scales, respectively. In addition, the maximum
temperature is the same (approximately 48∘C) in the different
cases during the injection period. Larger energy storage

scales, which correspond to larger air mass cycles, result in
higher air temperatures during the production period.

The temperature profiles along the wellbore during the
operation cycle are drawn in Figure 10. The temperature dis-
tribution is controlled by heat transfer between the air in the
wellbore and the surrounding formation. Taking the injection
process as an example, the high-temperature injected air
transfers heat to the surrounding cooler formation, which
results in a temperature drop in the wellbore. As the depth
increases, the temperature in the surrounding formation rises
and the temperature difference with the air in the wellbore
could decrease. When the temperature in the surrounding
formation is higher (the temperature can reach 42∘C at the
bottom of the aquifer as calculated by the aforementioned
geothermal gradient) than the air temperature in thewellbore
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Figure 11: Comparison of the energy efficiencies and total energy losses during the 50 cycles under the three energy storage scales of a CAESA
system. (a) Energy efficiency. (b) Total energy loss.

(in the 3.9MW and 6.6MW cases), the heat transfer process
is reversed, which means that heat will be transferred to the
wellbore from the surrounding formation. In the 3.9MW
and 6.6MW cases, the temperature drops and then rises
with depth along the wellbore during the injection. During
the operation cycle, a larger energy storage scale represents
a higher temperature distribution. The difference could be
explained as the consequence of the larger air flow velocity
in the wellbore relative to larger energy storage scales, which
will cause a smaller heat loss of the unit air mass to the
surrounding formation.

The variances in the energy efficiency and total energy
loss during the 50 cycles in the three energy storage scales
are described in Figure 11. A larger energy storage scale can
cause a greater total energy loss in aCAESA system.However,
the case with the 13.1MW scale has a better energy storage
efficiency (96.8%) when compared with those at the 6.6MW
scale (95.3%) and 3.9MW scale (94.5%) in the 50th cycle.
The opposite trends between the energy efficiency and total
energy loss are caused by the total energy storage scale. The
ratio of the total energy loss in these different cases is smaller
than the ratio of the energy storage scale, which means that
the energy loss of the unit air mass is smaller in larger energy
storage scales, which can be reflected by the temperature
variances during the cycle (see Figures 9 and 10) due to larger
air flow velocities. Under the condition of guaranteeing the
sustainability of the system, these numerical results reveal
that a larger energy storage scale design could perform with
better energy efficiency.

4.2. Impact of the Reservoir Depth on the System Performance.
In this section, we will discuss the reservoir depth impact on
the CAESA system performance. Different reservoir depths

Table 3: Scenario sets for different target aquifer depths in a CAESA
system.

Case Target aquifer location depth
Case 4 150m–200m
Case 5 250m–300m
Case 6 450m–500m
Case 7 650m–700m
Case 8 850m–900m

could impact both the performance of the initial gas bubble
formation and changes in the pressure and temperature.
At the same time, we further investigate the interaction
between geothermal and CAESA systems, as shown in the
previous section. Five different target aquifer depth cases are
investigated as shown in Table 3. The thickness of the target
aquifer remains constant (50m) and the ranges in their values
represent the location depth. The selection ranges for the
target aquifer location depths are based on the literature,
which suggests that the depth to the top of the aquifer should
be larger than 140m [2]. The other basic parameters of the
aquifer are the same as above, and the overlying formation
is impermeable. The wellbore entirely penetrates the target
aquifer.The grid is generated depending on the different cases
with the same resolution in the aquifer.

Different depths of the target aquifer will produce dif-
ferent initial gas bubbles. During the first stage, the initial
gas bubble is generated using the simulator. The injection
scheme is the same as that mentioned previously (50 kg/s for
30 days) among the five cases. Figure 12 illustrates the gas
saturation distribution after injection for the different cases.
The gas saturation distribution only shows minor differences
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Figure 12: Distribution of the initial gas saturation within a lateral distance of 10m before the cycle process for five cases. (a) Case 4
(150m–200m); (b) Case 5 (250m–300m); (c) Case 6 (450m–500m); (d) Case 7 (650m–700m); (e) Case 8 (850 m–900m).
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Figure 13: Comparison of the temperate changes at the wellhead
during the operation cycle processes among the five depth cases.

for the five cases. As the 0.95 gas saturation contour shows,
larger distances away from the wellbore are observed in the
deeper cases, and they vary from 1m for Case 4 to 2.2m for
Case 8.This could be explained insomuch that greater depths
correlate to higher storage densities and a smaller plume area,
which makes the gas accumulate near the wellbore.

Within the cycle process, we design the cycle scheme as
the basic model (5 kg/s injection for 12 h and 20 kg/s pro-
duction for 3 h). The injection air temperature is set to 30∘C,
which is different from the temperature in the base model,
in consideration of the geothermal gradient (38.5∘C/km) and
the different depth cases. A comparison of the wellhead tem-
perature changes in 41–43 days after the start of the operation
cycle is shown in Figure 13. As the in situ temperature in the
formation increases with depth, the heat in the wellhead can
be replenished from the formation when the temperature in
the formation is higher than the injection air temperature.
This can result in the fact that the wellhead temperature is
higher in deeper cases, and it even reaches a temperature
that is higher than the injection temperature during the
production period in Case 8.

Figure 14 displays the temperature profile at the wellhead
in the 40th cycle for the five cases. For Case 4 and Case 5,
the background temperature (i.e., the undisturbed formation
temperature) is lower than the injection air temperature.
Therefore, in the entire operation cycle, the heat will con-
stantly flow into the surrounding formation.With an increase
in the depth (from Case 6 to Case 8), the background
temperature will gradually become higher than the injection
temperature (30∘C), which may reverse the heat transfer
process at certain depths, and the injected air could be heated
by the geothermal.

The energy efficiencies in the five depth cases are drawn
in Figure 15. ACAESA systemwith a deeper aquifer performs

with better energy efficiency. The differences may be caused
by two main reasons. First is the effect of the geothermal.
Heat is lost to the surrounding cooler formation when the
background temperature in the aquifer is lower (Figures 14(a)
and 14(b) for Case 4 and Case 5, resp.). A deeper aquifer
system will enlarge the area of the heat loss, which may result
in a worse energy efficiency (the energy efficiency in Case 4
will become better than Case 5 with the continuation of the
cycle). When the background temperature is higher (Figures
14(c), 14(d), and 14(e) for Cases 6, 7, and 8, resp.), a longer
wellbore with a deeper aquifer will reduce the heat loss and
sometimes can obtain thermal supplement from surrounding
formation, which can result in better energy efficiency in a
CAESA system. Second reason could be the higher energy
storage densities and pressure. Greater depths correlate to
higher storage densities and a smaller gas diffusion area could
decrease the energy loss and higher storage pressure could
maintain the thermal energy by compression heat. The two
reasons result in the fact that the energy efficiency can be
approached 100% in Case 8. We can also infer that the energy
efficiency may exceed 100% with a deeper aquifer system
and higher in situ temperature. These results show that a
deeper target aquifer with an entirely perforated wellbore
could perform with a better energy efficiency, which could
reduce the heat loss and obtain thermal supplement by higher
surrounding formation temperature and decrease the energy
loss by large storage densities and high pressure. However, in
practical engineering applications, a CAESA system with a
deeper target aquifer may increase the cost for well drilling,
which means the total economic performance needs to be
considered.

However, there are two aspects of limitations in this study.
First, in the conceptual model, the aquifer is assumed to be
horizontal, homogeneous, and embedded with the imperme-
able formation. While in the natural condition, the aquifer is
often heterogeneous, which may affect the initial gas bubble
distribution and the pressure variance in cycle process.
Also the energy efficiency can become worse caused by gas
loss with the poor Caprock. Second, in the T2WELL/EOS3
module, the gas is considered as ideal gas. The property
differences between ideal gas and real gas may affect the
simulation results.The permeability and porosity variance, as
well as the possible hazards caused by pressure build-up, will
not be considered as the mechanics process is ignored in the
module. Despite the limitations existing in this study, it can
answer the foundation questions about thewellbore influence
in the CAESA system mentioned in the paper.

5. Conclusions

A wellbore-reservoir numerical model was developed to
evaluate the influence of wellbore flow on the performance of
a CAESA system.The integrated operation processes, includ-
ing the formation of the initial gas bubble formation and
the cycle injection and production process, were simulated
in detail. A wellbore that is fully penetrating into the target
aquifer can provide the most reliable pressurized air output,
and a comparison of the energy efficiency calculated using
the ratio of input energy and output energy from the storage
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Figure 14:The temperature profiles along thewellbore in the 40th cycle for the different cases. (a) Case 4 (150–200m); (b) Case 5 (250–300m);
(c) Case 6 (450–500m); (d) Case 7 (650–700m); (e) Case 8 (850–900m).
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vessel shows that it can help improve the performance of a
CAESA system due to heat transfer with the formation.

On the basis of the wellbore study results, the impacts of
the energy storage scale and reservoir depth on the perfor-
mance of a CAESA systemwere investigated through numer-
ical modelling. The results show that larger energy storage
scales with larger injection and production rates can help
improve the performance of a CAESA system, which is repre-
sented by a smaller energy loss to the surrounding formation
relative to the unit air mass.The geothermal effect and energy
storage density can impact the total energy efficiency, and
a deeper target aquifer can improve the performance of a
CAESA system. The results can help the system design and
extend the prospects of CAESA system combined with
geothermal system.

There still remain some problems concerning the influ-
ences of wellbore flow on a CAESA system, which need to be
studied in the future. One important challenge is how to
build an initial gas bubble at a larger scale, which can support
larger scale energy storages. In addition, the impact of geo-
thermal effect on CAES is an interesting research issue and
should be further studied. Other inevitable aspects, including
the reaction of oxygen with minerals, the corrosion of the
wellbore, and the associated risk assessments, should be
investigated.
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