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Abstract 15 

An integrated wellbore-reservoir (cavern or aquifer) simulation is carried out based on 16 

parameters of Huntorf CAES (compressed air energy storage) plant. Reasonable matches 17 

between monitoring data and simulation results are obtained for both in cavern and wellbore. 18 

In this study, the hydrodynamic and thermodynamic behaviors of CAES in cavern and 19 

aquifer are investigated, such as pressure and temperature distribution and variation in both 20 

wellbore and cavern. Performances of CAESA (compressed air energy storage in aquifer) are 21 

studied with numerical models and compared with the performances of CAESC (compressed 22 

air energy storage in cavern). The comparisons of CAESC and CAESA indicate that the 23 

pressure variation in CAESA shows a wider variation range than that in CAESC, while the 24 

temperature shows a smooth variation due to the large grain specific heat. The simulation 25 

results confirm that the CAES can be achieved in aquifers. Performance of energy storage in 26 

aquifer can be similar to or better than CAESC, if the aquifer has appropriate reservoir 27 

properties. The impacts of gas bubble volume, formation permeability and aquifer boundary 28 
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permeability are investigated and the results indicate that the increase of gas bubble volume 29 

and permeability can improve the efficiency, but the effect is not significant. The gas bubble 30 

boundary permeability has slightly effect on the energy efficiency of sustainable daily cycle 31 

but can significant affect total sustainable cycle times. The analyze of thermodynamic 32 

behaviors in CAESA suggest that more attention should be paid to the heat storage, reservoir 33 

properties and two phase flow process.  34 

Keyword: Compressed air energy storage, Huntorf, aquifer, heat storage 35 

Nomenclature 36 

A Wellbore cross-sectional area (m2) 37 

C0 Shape factor 38 

g Acceleration of gravity vector(m/s2) 39 

F Darcy flux vector (kg m2/s) 40 

H Specific enthalpy (J/kg) 41 

k1 storage space permeability 42 

k2 storage space boundary permeability 43 

M Mass or energy accumulation term (kg/m3
, J/m3) 44 

NK Number of components 45 

NPH Number of phases 46 

P Pressure (Pa) 47 

S saturation 48 

t Time(s) 49 

U Internal energy (J/kg) 50 

z Z-coordinate(m) 51 

β Phase index 52 

ρ Density (kg/m3) 53 

m Dynamic viscosity (Pa·s) 54 

uG, uL Phase velocity of gas and liquid in the well (m/s) 55 

um,ud velocity of mixture and drift in the well (m/s) 56 
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1 Introduction 57 

Large-scale energy storage attracts increasing attention with the rapid development of 58 

renewable energy. Among the energy storage options, CAES (compressed air energy storage) 59 

is believed to be attractive due to its cost-effective at large temporal scales (from several 60 

hours to days) and at a hundreds-of-MW power scale[1]. 61 

The thermodynamic behaviors of CAESC (compressed air energy storage in cavern) 62 

have been studied in many literatures [2-4]. Kushnir et al.[2] discussed the solutions for air 63 

temperature and pressure variations in cavern, which were derived from mass and energy 64 

conservation equations. They also conducted sensitivity analyses to identify the dominant 65 

parameters that affect the storage temperature and pressure fluctuations. Raju and Khaitan [3] 66 

use heat transfer coefficient between the cavern wall and the air to represent the heat loss. A 67 

report[4] by Princeton Environmental Institute has summaried the theory, resources, and 68 

applications of CAES for wind power. 69 

The injection and production of compressed air involve the use of a wellbore, which was 70 

not explicitly included in the system described above. Accurate predictions about temperature 71 

and pressure in wellbore and cavern throughout the operating cycle is necessary to 72 

understand the thermodynamic behaviors of the cavern and wellbore so as to achieve optimal 73 

operational efficiency[5].  74 

The two exiting commercial grid-scale CAES facilities were constructed in rock-salt 75 

formations that exist only in specific regions, and that these regions would not always be near 76 

an energy source or demand[6]. This leads to the limited employment of large-scale CAES. 77 

This geographical limitation can be weakened if aquifers are used as the compressed air 78 

storage space, which is analogous to the natural gas storage in aquifers. The feasibility of 79 

aquifers for CAES was positively proved through numerical simulations in previous studies, 80 

e.g. Oldenburg and Pan [7]and Guo et al. [8]. In addition, field tests had also been reported by 81 

Allen[9], proving that the aquifers can be used as the compressed air storage place for CAES. 82 

Several projects are under plan or in the design process, such as the CAES plant located at 83 

Columbia Hills[10] while there are no real commercial projects of CAESA(Compressed air 84 
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energy storage in aquifers) that can provide detail information on the thermodynamic 85 

behaviors of compressed air flow. The first proposed IEP (Iowa Energy Park) CAESA project 86 

has been ceased because of economic reason with a smaller scale than planned[11].  87 

The comparison of CAESC and CAESA can help on understanding the thermodynamic 88 

behaviors of CAESA. However, little attention has been devoted to the comparison. 89 

Oldenburg and Pan [7] introduced the difference of CAES in cavern and porous media 90 

(aquifer) from the theoretical aspects. The energy storage is dominated by variable pressure 91 

(pressure gradients) rather than the single pressure value which can be easily evaluated as in a 92 

cavern.  93 

An integrated wellbore-reservoir (cavern or aquifer) model is developed and validated 94 

based on the parameters of Huntorf CAES plant. The pressure, temperature and energy 95 

variations in both wellbore and storage tank (cavern or aquifer) are discussed and compared 96 

with an aim to understand the common and different behaviors in thermodynamic. The results 97 

can provide helpful information for the design of CAESA projects.  98 

2 Model development 99 

2.1 Model setup 100 

2.1.1 Conceptual model 101 

The conceptual model is developed with the parameters of Huntorf CAES plant, shown 102 

in Fig. 1. There are two caverns in Huntorf CAES plant. The NK1 cavern is selected as the 103 

research object. The cavern is simplified as a cylinder with a radius of 17.24 m and a height 104 

of 150 m, which has a total volume of 140,000 m3. The model lateral boundary is 10000 m 105 

away from injection well, which is distant enough to guarantee the minimum impact of 106 

boundary on the system performance.  107 
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 108 

Fig. 1 The conceptual model of CAESC (not to scale) 109 

The major wellbore parameters used in the simulation are shown in Tab. 1. 110 

Tab. 1 Wellbore parameters  111 

Wellbore Parameters Value Unit 

Diameter 0.553 m 

Length 650 m 

Roughness 45×10-6 m 

Thermal conductivity  2.51 W/m ̊C 

2.1.2 Initial and boundary conditions 112 

The initial conditions are setup with the monitored data of daily cycle. Initially, the 113 

cavern is saturated with compressed air and its pressure is 6.0 MPa and temperature is 40 °C. 114 

The surrounding formations (cavern wall) are saturated with water. In the vertical direction, 115 

they have a geothermal gradient of 31.25 °C/km. There is no fluid flow but heat transfer 116 

inside the formations or between the formations and cavern.  117 

The lateral, upper and bottom boundaries are closed with no flow and heat transfer. The 118 

injection or production is completed through wellhead.  119 

2.1.3 T2Well/EOS3  120 

The T2Well/EOS3[12] simulator is used to investigate the integrated wellbore-reservoir 121 
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system., The DFM (drift flux model) approach is used in wellbore and cavern (cavern is also 122 

treated as a wellbore) to represent the energy balance, shown in Tab. 2[13]. In reservoir, the 123 

mass and energy balance equations are the same as described in TOUGH2[14, 15] and not 124 

repeated here.  125 

Tab. 2 Governing equations of wellbore solved in T2well 126 

Parameters  Equation 
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 127 

2.2 Model validation with history match 128 

The monitoring data of Huntorf CAES plant were collected from published literatures[5, 129 

16] in order to thoroughly validate the model. Fig. 2 shows the injection and production air 130 

flow rates for a typical daily working cycle. The temperature of injection air is 48°C.  131 
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 132 

Fig. 2 The injection and production air flow rates collected from literatures 133 

Fig. 3 shows the comparison of monitoring data and simulation results. Good matches 134 

between the monitoring data and simulation results are obtained for both cavern and wellbore. 135 

Fig. 3a) shows the pressure variation with time together with the flow rate change. The figure 136 

shows that the pressure in the cavern and at the wellhead decrease during production period 137 

and increase during injection period. Due to compression and expansion, the air temperature 138 

increases during injection period and decreases during production period. The modeling 139 

results indicate that T2Well/EOS3 module can accurately simulate the thermodynamics 140 

behaviors of CAESC. More detail thermodynamics, which cannot be directly observed by 141 

monitoring, can be obtained through numerical simulations.  142 

a)  143 
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b)  144 

Fig. 3 Pressure, temperature comparison during one operation cycle 145 

3 Thermodynamic behaviors 146 

Further insight into the process modeled can be obtained from Fig. 4, which shows the 147 

pressure, temperature and gas density distribution over time in the wellbore and cavern. As 148 

shown in Fig. 4(a), at the beginning of operation, the pressure in lower location is slightly 149 

larger than it in the upper location because of the gravity. Pressure decreases as the 150 

production continue. In the same time, the gas expanding leads to a decrease in temperature, 151 

shown in Fig. 4(b).  152 

When it comes to the shut-in period, the pressure at wellhead almost maintains the same 153 

level while the pressure of lower location increases slightly. This is because the temperature 154 

of cavern is lower than surrounding formations after production, so the cavern gains heat, 155 

shown an increase of temperature and pressure. The increase rate of pressure and temperature 156 

reduces as temperature difference lessening over time. In addition, the 1st shut-in period is 157 

short and the heat transfer does not reach equilibrium.  158 
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a)  159 

b)  160 

c)  161 

Fig. 4 The pressure, temperature and gas density distribution along the entire length of 162 

wellbore and cavern over time in one typical operation cycle 163 

During the injection period, the pressure increases with the increment of air mass. 164 

Meanwhile, the temperature increases due to the hot compressed air injection and 165 
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compression heat caused by the increase of pressure. With the injection continue, a 166 

temperature demarcation appears between wellbore and cavern, shown in Fig. 4b). 167 

Temperature distribution between wellbore and cavern at three different operation periods is 168 

shown in Fig. 5a). With same enthalpy (energy) that flow through and same compression heat 169 

(energy) due to pressure increase (Fig. 5b)), the total energy flow rate that go through 170 

wellbore and cavern is identical. However, the total energy loss (flow out) through wellbore 171 

is less than cavern, which is only about 20% of heat loss through cavern as shown in Fig. 6. 172 

This is why the temperature at well bottom is higher than it in the cavern.  173 

a) b)  174 

Fig. 5 The pressure and temperature distribution of three different times 175 

Fig. 6 shows the HTR (heat transfer rate) between wellbore-cavern system and 176 

surroundings. Positive value means that wellbore or cavern gains heat from surrounding 177 

formations. During the production period, wellbore-cavern system gains heat from 178 

surrounding formations due to expanding process with pressure decrease. During injection 179 

period, wellbore-cavern system loses heat to surrounding formations due to compression heat. 180 

The HTR is in the order of a few megawatts and this part of energy should be taken into 181 

account for accurate calculations while designing CAES projects. Fig. 7 shows the HTR 182 

intensity (kW/m2) variation, from which we can learn that the heat gains through wellbore is 183 

nearly the same as it through cavern during the production period while heat loss through 184 

wellbore is larger than it through the cavern during the injection period. This is because the 185 

temperature difference along wellbore is larger than it in cavern due to geothermal gradient.  186 
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 187 

Fig. 6 Comparison of total heat transfer rate between wellbore and cavern 188 

 189 

Fig. 7 Comparison of heat transfer rate intensity between wellbore and cavern 190 

At the beginning of 2nd production period, the temperature of both cavern and wellbore is 191 

higher than the surrounding formations. This is due to temperature increase during the 1st 192 

injection and slightly decrease during short time of 2nd shut-in period. At this moment, both 193 

the wellbore and cavern are losing heat to surrounding formations. With production continue, 194 

the temperature decreases due to gas expansion, shown in Fig. 8. After production, the 195 

temperature difference is about 15 °C in the cavern, which is larger than the temperature 196 

difference of surrounding formations (9°C). At this moment the wellbore-cavern is gaining 197 

heat from surrounding formations. 198 
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 199 

Fig. 8 The temperature distributions of wellbore-cavern and wall before and after the 2nd 200 

production period 201 

There is a demarcation between losing heat and gaining heat for the wellbore-cavern 202 

system. Fig. 9 Shows the temperature distributions when the total HTR through wellbore or 203 

cavern is zero. In Fig. 9a, the red line showing the temperature distribution along the 204 

wellbore indicates that the wellhead and the bottom hole have a higher temperature than the 205 

surroundings, which will lose heat to the surroundings; while the other parts have a lower 206 

temperature, which will gains heat from the surroundings. This makes the total HTR through 207 

wellbore to be zero. However, no significant difference in temperature is observed between 208 

the cavern and the surroundings when the total HTR is zero, shown in Fig. 9b, because the 209 

heat transfer area and the gas volume are large.  210 

a) b)  211 
Fig. 9 The temperature distributions for the case of zero total HTR along the: a) wellbore 212 

and b) cavern 213 

Fig. 10 shows the energy flow rate during the whole process of one operation cycle. The 214 
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energy flow rate is 63 MW at largest production rate of 195 kg/s. The ratio of energy flow 215 

rate and production mass rate is 0.323 MJ/kg. It is not equal to the energy flow rate of 216 

290MW at 417 kg/s (0.695 MJ/kg) according to Huntorf CAES project. This is because 217 

Huntorf’s nominal turbine output includes the energy produced by the heating process (added 218 

natural gas in the gas turbine).  219 

 220 

Fig. 10 The energy flow rate in one operation cycle  221 

The developed wellbore-cavern model can be used to characterize the thermodynamic 222 

behaviors of compressed air in wellbore and cavern in detail. It would help on understanding 223 

the thermodynamic behaviors of the cavern and wellbore so as to achieve optimal operational 224 

efficiency.  225 

4 Compressed air energy storage in aquifers 226 

4.1 CAESA model setup  227 

Sandstone is one of the most popular aquifers that are suitable for CAESA. The effective 228 

porosity of typical sandstone is 0.05 - 0.30. A report from Princeton University[4] shows that 229 

the proper porosity for CAESA should be greater than 0.16.The porosity that used in a related 230 

literature of CAESA is 0.2[7]. So we choose 0.2 as the default porosity for this study. The 231 

thickness of aquifer is setup with the same thickness as the cavern in Huntorf, which is 150 m. 232 

There may exist residual water when the gas bubble is developed in aquifer (initially 233 

saturated with water), we choose 0.1 as the residual gas saturation. With the same air volume 234 

(140,000 m3) and porosity of 0.2, the gas bubble radius in aquifer is about 40.63 m.  235 
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 236 

Fig. 11 Conceptual model of CAESA (not to scale) 237 

The aquifer is assumed to be in ideal conditions for CAESA, like being anticline, lenticle 238 

or closed fault. The boundary of gas bubble is closed with no fluid flow but with heat transfer. 239 

The gas bubble is well developed and initially saturated with compressed air and residual 240 

water. This can be achieved in depleted gas fields with closed boundary or by water 241 

production with air injection during development of gas bubble. Since there is no real 242 

monitoring data about the initial temperature for CAESA, the temperature is considered to be 243 

distributed as geothermal gradient of 31.25 °C/km (15 °C at wellhead and 40 °C at well 244 

bottom). The boundary of whole model is closed with no flow and heat transfer.  The 245 

CAESA model is setup with parameters for best equivalent to the CAESC system in order to 246 

achieve more reasonable comparison between the two air storage systems.  247 

The same daily operation cycle is applied to CAESA and CAESC model, shown in Fig. 248 

12 [7, 17]. Since we simulate one of the two caverns in Huntorf CAES plant, the injection or 249 

production rate is set as half rate of the maximum rate. The injected air mass amount (54 kg/s 250 

×12 hr) is identical to produced air mass (216 kg/s × 3 hr).  251 
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 252 
Fig. 12 Injection and production flow rate for operation cycle for both CAESC and 253 

CAESA 254 

4.2 Hydrodynamic and thermodynamic behaviors comparison 255 

4.2.1 Pressure and temperature variation 256 

Fig. 13 shows the comparison of wellbore pressure and temperature variation of CAESC 257 

and CAESA. The pressure of CAESA shows a wider range than CAESC in both well head 258 

and bottom. At the beginning of injection, the pressure in CAESA shows a sudden increase 259 

while the pressure reach equilibrium quickly in cavern. This is because the deliverability of 260 

gas in porous media (aquifer) is poorer than it in cavern. If the influence of temperature is 261 

ignored, the pressure increase rate is the same for CAESC and CAESA after the first sudden 262 

increase, shown in Fig. 14. Similarly, the gas cannot migrate quickly from aquifer to wellbore 263 

during the production period. Thus, the pressure in aquifer shows a faster drop at the 264 

beginning and reaches a lower level than it in cavern after production.  265 

a) b)  266 
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c) d)  267 
 Fig. 13 Comparison of the wellbore pressure and temperature variations in CAESC and 268 

CAESA 269 

 270 
Fig. 14 Pressure variations at wellhead for both CAESC and CAESA under isothermal 271 

condition 272 

The temperature of wellbore in CAESA shows smoothly variation than it in cavern 273 

because the specific heat of rock grain (920 J/kg °C) is larger than air (720 J/kg °C), shown in 274 

Fig. 13(c). With large mass of rock (porosity equals 0.2 and density equals 2600 kg/m3) and 275 

large specific heat, the rock grain in aquifer can hold more energy than air in cavern. 276 

Therefore, the temperature varies more gently.  277 

The pressure and temperature distributions over time along wellbore is shown in Fig. 15. 278 

The pressure and temperature shows the same trend as it in CAESC. The obvious difference 279 

is the pressure and temperature vary abruptly during the alteration of operation. This is 280 

because the deliverability of air from aquifer to wellbore is poorer than it in cavern.  281 
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a) b)  282 

c) d)  283 
Fig. 15 Pressure and temperature distribution along wellbore over time in an operation 284 

cycle for CAESC (a: pressure and c: temperature) and CAESA (b: pressure and d: 285 

temperature) 286 

4.2.2 Energy variation 287 

Fig. 16 shows the energy flow rate comparison between CAESC and CAESA. The 288 

energy flow rate is almost the same except for the little difference during production period. 289 

From the insert figure of Fig. 16, the energy flow rate reduces smoothly in aquifer. This is 290 

related to temperature variation. At the beginning of production, the energy flow rate of 291 

CAESC is slightly higher than it in CAESA due to the well deliverability of high temperature 292 

air in cavern. As the production continue, the air temperature decreases due to gas expanding 293 

with pressure decrease. The air in aquifer can get more heat from rock grain, hence it 294 

decreases slowly as production continue. We use total injected or produced enthalpy to 295 

represent the energy. Thus, a little more (2%) energy can be produced from CAESA 296 

(7.52×105MJ) than CAESC (7.38×105MJ). The total energy injected is 7.62×105MJ. The 297 

storage efficiency is defined as the ratio of total produced energy to total injected energy. 298 
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Therefore, the efficiency of CAESA is about 98.7%, which is higher than the efficiency of 299 

CAESC (96.8%). The actual storage efficiency for the Huntorf is about 42%, due to taking 300 

efficiency of the facilities at ground surface (compressor and turbine) into account. 301 

 302 

Fig. 16 Comparison of wellbore energy flow rate for CAES in cavern and aquifer 303 

The results of pressure, temperature and energy variation indicate that compressed air 304 

energy storage can be achieved in aquifer with appropriate porous media property. One of the 305 

differences is the pressure distribution in aquifer is in gradient, unlike the almost single 306 

pressure value in cavern. The alteration of operation would cause pressure abruptly variation. 307 

This would affect the operational aspects, such as longer system startup time to minimize 308 

large pressure variation. In addition, the abruptly change of pressure need high requirements 309 

of operation facility.  310 

Another difference is the advantage of rock solid grain heat. The injection air 311 

temperature of Huntorf CAES plant is decided by the cavern temperature. For CAESA, the 312 

injection air temperature should be optimized based on aquifer rock property, such as specific 313 

heat and porosity. Some methods can be applied to make heat be stored in aquifer to improve 314 

the storage efficiency.  315 

4.3 Impact of gas bubble volume  316 

One of the important aspects during design CAESA projects is the development of gas 317 

bubble. The volume of gas bubble can affect the selection of site and the cost aspect. The gas 318 

bubble volume in aforementioned model is 140000 m3 and it can vary in aquifer depend on 319 
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reservoir properties. A multiply factor is introduced to represent different gas bubble volume, 320 

shown in Tab. 3. 321 

Tab. 3 Different gas bubble volume cases design 322 

Multiplying factor 1.0 5.0 10.0 100.0 

Radius (m) 40.63 90.84 128.47 406.26 

The pressure and temperature variations under different gas bubble volume are shown in 323 

Fig. 17. The pressure increases less with larger volume during injection and decreases to a 324 

lower value due to the previous low value during production period. There is little difference 325 

for temperature variation during production period. The temperature increases quickly in 326 

large gas bubble case during shut-in period due to better deliverability.  327 

 328 
Fig. 17 Pressure and temperature variation for different gas bubble volume cases 329 

Fig. 18 shows the energy flow rate of different gas bubble volume cases during 330 

production period of from 208 to 212 hr. The results show that the total energy production 331 

increases as gas bubble volume increase. However, the improvement of energy production is 332 

only about 0.38% as the gas bubble volume multiplying factor increase from 1.0 to 100.0. 333 

And this improvement occurs mainly as multiplying factor increase from 1.0 to 5.0.  334 
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a) b)  335 
Fig. 18 Energy flow rate variation (a) and energy production (b) for different gas bubble 336 

volume cases 337 

The increase of gas bubble volume can improve the efficiency but the effect is not 338 

significant. We may conclude that it is not necessary to have a very large initial gas bubble. 339 

4.4 Impact of gas bubble formation permeability (k1)  340 

The formation permeability of gas bubble is another important factor that should be 341 

considered during the site selection. In order to investigate the influence of formation 342 

permeability, different cases are designed as Tab. 4.  343 

Tab. 4 Case design for different formation permeability  344 

Parameters Value Unit 

k2 0.0 m2 

k1 5.0×10-14 m2 

 1.0×10-13 m2 

 5.0×10-13 m2 

 1.0×10-12 m2 

 1.0×10-11 m2 

The operation cycle cannot be finished under 5.0×10-14 m2. This is mainly because the 345 

production rate cannot be achieved due to poor deliverability. The pressure and temperature 346 

variation are shown in Fig. 19. As the permeability increases, the pressure variation range 347 

decreases and becomes closer to the cavern. The formation permeability has little influence 348 

on energy production, except at the beginning of production. 349 
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 350 
Fig. 19 Pressure and temperature variation for different formation permeability cases 351 

(200 hr ~ 240 hr) 352 

 353 
Fig. 20 Energy flow rate for different formation permeability cases (200 hr ~ 240 hr) 354 

The sustainable operation of cycle has a low limit of permeability. Below this value, the 355 

certain amount of air cannot be produced. One of the reasons that IOWA project terminated is 356 

the energy scale (135 MW) cannot be achieved under low permeability of Dallas Center Mt. 357 

Simon[18]. Under low permeability condition, hydraulic fracture or horizontal well can be 358 

applied to improve productivity so as to achieve operation cycle. The energy production scale 359 

can be up to 65MW when horizontal well is introduced in IOWA project. On the other hand, 360 

the increase of permeability can increase the energy scale, but cannot obviously improve 361 

daily energy efficiency.  362 

4.5 Impact of gas bubble boundary permeability (k2) 363 

Unlike cavern with closed cavern walls, the boundary of gas bubble is not completely 364 

closed without fluid flow in most common aquifers. That will lead to the difference of 365 

thermodynamic behaviors for CAESC and CAESA. Based on the ideal aquifer 366 
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aforementioned, different permeability cases are designed so as to investigate the influence of 367 

boundary permeability for air storage space. 368 

Tab. 5 Cases design of different gas bubble boundary permeability  369 

Parameters Value Unit 

k1 1.0×10-13 m2 

k2 5.0×10-13 m2 

 1.0×10-13 m2 

 1.0×10-14 m2 

 1.0×10-15 m2 

 1.0×10-20 m2 

4.5.1 Pressure and temperature variation 370 

 Fig. 21 shows the pressure variations for different boundary permeability conditions. 371 

For the comparison between a closed boundary and a low permeability (1.0×10-20m2), both 372 

the maximum pressure (right after injection) and minimum pressure (right after production) 373 

remain a relative stable level during the cycles. The maximum pressure with closed boundary 374 

is higher than it in lower permeability case due to no flow out of gas bubble. However, the 375 

minimum pressure with closed boundary is lower than it in low permeability case. This is 376 

because gas bubble can gain pressure support during production due to the large pressure 377 

difference even when the permeability is small. As the permeability increase, both the 378 

maximum and minimum pressure decrease as cycle continues. The energy loss for the 379 

permeable boundary cases is due to pressure gradual propagation to farther away in aquifer 380 

during injection, which cannot be recovered during production.  381 
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 382 

Fig. 21 Pressure variations of different k2 383 

When k2 increases to the same as or larger than k1, the maximum pressure first decrease 384 

and then increase with cycle continue, shown in Fig. 22. This is because two-phase flow 385 

occurs in wellbore (first occurs at the well bottom), shown in Fig. 23. At 10th day, the 386 

saturation of gas bubble area is shown in Fig. 24a), and when it comes to 40th day, water 387 

flows into well bottom (Fig. 23 and Fig. 24b)). This is due to the compressed air migrate 388 

upward under buoyance and far away under pressure difference during injection.  389 

 390 
Fig. 22 Pressure variation with gas bubble boundary permeability of 1.00×10-13m2 391 
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 392 

Fig. 23 Gas saturation distribution in wellbore over time for 1.00×10-13 model 393 

a) b)  394 
Fig. 24 The gas saturation distributions at the a): 10th day and b): 40th day 395 

 Fig. 25 shows the temperature variations of different k2. As cycle continues, the 396 

temperature of closed boundary increases a little during injection period. The temperature of 397 

injection area gradually increases to the same value (48°C) of injection air temperature as 398 

cycle continue. Due to compression heat, the temperature would exceed the injection air 399 

temperature during injection period.  For all cases, the minimum temperature would 400 

increase a little as cycle continue due to injection of hot compressed air. The minimum 401 

temperature is lower in larger k2 due to increase of heat loss.  402 
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 403 

Fig. 25 Temperature variations of different boundary permeability cases 404 

4.5.2 Energy variation 405 

Fig. 26 shows the energy flow rates during production period (49 ~50 day). It is similar 406 

to the previous pressure and temperature results. At the beginning of production, the energy 407 

flow rate of closed boundary is smaller than the low permeability case. The energy flow rate 408 

decreases as k2 increase and has an sudden decrease when liquid water flows into wellbore 409 

when k2 increases to a certain level, which is 1.0×10-13m2 in this case.  410 

 411 
Fig. 26 Energy flow rate variations for different k2 cases 412 

The gas bubble boundary permeability has slightly effect on the energy efficiency of 413 

sustainable daily cycle. This means that the compressed air energy storage can be achieved in 414 

horizontal aquifer, and the energy efficiency can be the same or better. However, it can affect 415 

the total sustainable cycle times. When a larger amount of water produced, the gas bubble is 416 

considered to be unable to support the cycle, leading to system ceased. At this point, certain 417 

amount of gas should be injected to make up the gas bubble. The injection of compensation 418 
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gas can make the cycle continue, while it reduces the total efficiency.  419 

5 Conclusion 420 

Based on the Huntorf CAES plant parameters and monitoring data, we carry out a 421 

wellbore-reservoir simulation to investigate and better understand the thermodynamic 422 

behaviors of CAES. More detail thermodynamics in both wellbore and cavern, which cannot 423 

be directly observed by monitoring, can be obtained through numerical simulations. 424 

The comparison of thermodynamic behaviors between CAESC and CAESA indicate that 425 

the CAESA can achieve the same level of energy flow rate for gas storage in appropriate 426 

porous media. Operation of injection and production should be appropriately designed due to 427 

larger pressure variation for CAESA. The smooth temperature change in aquifers indicates 428 

that CAES and geothermal system can be combined to find out proper injection temperature 429 

and achieve the best energy efficiency. 430 

CAESA can be influenced by reservoir properties. The increase of gas bubble volume 431 

can improve the efficiency but the effect is not obvious, which means it is not necessary to 432 

develop a very large gas bubble. Similar conclusion can be drawn for the influence of gas 433 

bubble formation permeability. The influence of gas storage space boundary permeability on 434 

efficiency of daily cycle is slight. However, the total efficiency drops when the permeability 435 

of gas storage space boundary increase to a certain level, which may indicate that some 436 

methods should be considered and applied to make up this part of energy loss during 437 

designing CAESA projects.  438 

There remain many other aspects for CAESA that should be thoroughgoing studied, such 439 

as chemical issues (oxidation issues), safety issues (cap rock and structure integrity). 440 

Demonstration projects can be carried out to obtain more detail information about CAESA.  441 
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