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ABSTRACT 
 

The  purpose  of  this  study  is  to  develop  an  engineering  and  operational  understanding  of  CAES 

performance  for a depleted natural gas  reservoir by evaluation of  relative permeability effects of air, 

water and natural gas in depleted natural gas reservoirs as a reservoir is initially depleted, an air bubble 

is created, and as air is initially cycled. The composition of produced gases will be evaluated as the three 

phase  flow of methane, nitrogen and brine are modeled. The effects of a methane gas phase on  the 

relative permeability of air  in a formation are  investigated and the composition of the produced fluid, 

which consists primarily of the amount of natural gas in the produced air are determined. 

Simulations of compressed air energy storage (CAES) in depleted natural gas reservoirs were carried out 

to assess the effect of formation permeability on the design of a simple CAES system.  The injection of N2 

(as a proxy  to air), and  the extraction of  the  resulting gas mixture  in a depleted natural gas  reservoir 

were modeled using  the TOUGH2  reservoir  simulator with  the EOS7c equation of  state.   The optimal 

borehole spacing was determined as a function of the formation scale intrinsic permeability.  Natural gas 

reservoir results are similar to those  for an aquifer.   Borehole spacing  is dependent upon the  intrinsic 

permeability  of  the  formation.    Higher  permeability  allows  increased  injection  and  extraction  rates 

which is equivalent to more power per borehole for a given screen length.  The number of boreholes per 

100 MW for a given  intrinsic permeability  in a depleted natural gas reservoir  is essentially  identical to 

that  determined  for  a  simple  aquifer  of  identical  properties.    During  bubble  formation methane  is 

displaced and a sharp N2‐methane boundary is formed with an almost pure N2  gas phase in the bubble 

near  the  borehole.   During  cycling mixing  of methane  and  air  occurs  along  the  boundary  as  the  air 

bubble boundary moves.  The extracted gas mixture changes as a function of time and proximity of the 
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bubble boundary to the well.  For all simulations reported here, with a formation radius above 50 m the 

maximum methane composition in the produced gas phase was less than 0.5%.  This report provides an 

initial  investigation  of  CAES  in  a  depleted  natural  gas  reservoir,  and  the  results will  provide  useful 

guidance in CAES system investigation and design in the future. 
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1.		Introduction 
 Compressed air energy storage in subsurface reservoirs is currently receiving research 
attention as a low greenhouse gas emission method of storing wind energy.  Firming wind power 
through CAES would allow larger penetration of wind derived energy, and the potential for wind 
to deliver large scale base load energy (Succar & Williams 2008).  Depleted Natural Gas 
Reservoirs (DNGR) make an attractive target for CAES as they have proven structure for gas 
capture and production, and possibly have lower capital investment in infrastructure; however, to 
our knowledge no simulations of compressed air injection into depleted natural gas reservoirs 
have been reported in the literature.   

CAES coupled with large scale wind deployment can be economically competitive in carbon 
constrained economy (Succar & Williams 2008; Swider 2007).  Reservoir CAES is an attractive 
method of energy storage for wind application given the potentially lower cost of development 
and wide geographical distribution of potential sites (Succar & Williams 2008).  However, little 
attention has been paid to the effect of subsurface conditions on the design and cost of the CAES 
system.  Depleted natural gas reservoirs have been suggested as an attractive CAES site (Katz & 
Lady 1990; Succar & Williams 2008).  However current analysis of reservoir conditions and 
injection are based upon analytical solution to the groundwater flow equation and do not include 
dual phase, compressible flow.  The subsurface reservoir conditions will exert a primary control 
on the design and cost of the CAES system, and further investigation of the effect of subsurface 
parameters on reservoir CAES is clearly warranted. 

(Webb 2011) conducted a modeling study of CAES in an aquifer using dual phase, compressible 
flow of air and water, and provides a useful analysis of the effect of formation parameters on the 
CAES design in aquifers.  The formation scale permeability is the primary controlling variable 
on the rate of injection/extraction which a single borehole can accommodate, and thus 
determines the number of boreholes needed for a particular CAES system.  The degree to which 
these findings can be extended to natural gas reservoirs, which already contain a gas phase, is 
uncertain. Furthermore it is of practical interest to place some constraints on the amount natural 
gas in produced air.   

In this report, the work of (Webb 2011) investigating CAES in aquifers has been extended to 
depleted natural gas reservoirs, and a preliminary investigation of the effect of formation 
parameters on CAES in DNGR is conducted.  Compressed air injection and extraction is 
modeled in depleted natural gas reservoirs, and the effect of changing the intrinsic formation 
scale permeability on the optimal borehole spacing is demonstrated. 

2. Conceptual Model 
The conceptual model, range of reservoir parameters, and compressed air operations is identical 
to that used by (Webb 2011) in order to facilitate comparison of simple aquifer (modeled by 
Webb, 2011) and depleted natural gas reservoir results.  Figure 1 provides a schematic of the 



12 
 

generic conceptual model.  The depleted natural gas reservoir is envisioned as a single unit of 
constant thickness, with a structural trap to limit air bubble radial dimension and capping units 
above and below.  A borehole network drilled into the reservoir is used to compress air into and 
later flow the pressurized air from the reservoir.  A “unit” borehole is modeled which exists 
within the well field (Figure 1).   

 

 

Figure 1   Schematic of the conceptual model for reservoir CAES (a) bird’s eye view, (b) elevation view.  Radial flow 

in a unit borehole within the reservoir is the focus of the investigation. 

 

The modeled borehole lies in the interior of the reservoir being considered and is bordered on all 
sides by other boreholes (Figure 1). The structural trap allows for the bubble to grow to the 
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reservoir thickness during pressurization with air displacing fluids present (Figure 1). The model 
domain consists of a disc with the thickness of the natural gas reservoir and a given radius which 
is half of the borehole spacing (Figure 2).  The presence of other boreholes is approximated by a 
radial no-flow boundary condition.  On the top of the depleted natural gas reservoir is an 
impermeable cap rock which is impermeable to both water and gas.  In order to allow bubble 
formation, and maintain hydrostatic pressure at the reservoir depth within the reservoir a constant 
pressure boundary condition is implemented along the bottom boundary which allows only water 
to flow in and out of the domain.  The bottom boundary condition was chosen to be consistent 
with Webb 2011), and approximates the action of displaced fluid at the edges of borehole field 
which keep internal pressures near hydrostatic, while at the same time imitating the structural 
trap by allowing the air bubble to reach the full thickness of the reservoir.  Since it only allows 
water to flow out, this could lead to artificial over-pressurization during gas injection; however, 
for the chosen injection and extraction cycle the total pressure in the system remains very close 
to hydrostatic for the bulk of the model.    For this study the top of the reservoir was assumed to 
be 610 m in depth and the total reservoir thickness was assumed to 30.5 m.  The reservoir 
temperature was assumed to be constant at 25oC.  The assumption of isothermal conditions was 
largely made due to the difficulty in numerical convergence for the non-isothermal case.  This 
assumption ignores the energy considerations of compressing and expanding gas as well as the 
variation in fluid characteristics as a function of temperature.  Webb 2011) considered non-
isothermal conditions for aquifer models, while this study only considers isothermal conditions 
in the aquifer models.  As can been seen later, the aquifer results from this study are identical to 
Webb 2011) indicating that the thermal effects are second order in general.  The general 
simulation parameters are summarized in Table 1. 
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Figure 2 ‐ The conceptual "unit" borehole which consists of a disc with the thickness of the reservoir formation 
and radius given by half the distance between adjacent boreholes. The borehole screen was assumed to extend 
from the top of the formation 15 m into the reservoir.  
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Table 1‐ Simulation Parameters.  Final Gas Saturation is the desired fraction of pore volume occupied by air after 
bubble formation.  Equilibration time is the approximate amount of time required to set up the above ground 
facilities to begin cycling, during which pressure in the formation equilibrates after bubble formation.  

Reservoir Depth (Top)  2000 ft (610 m)
Reservoir Height 100 ft (30.5 m) 
Reservoir Pressure (Top) 880 psig (6.07 MPa) 
Reservoir Temperature 25 °C 
Borehole Diameter 0.1m 
Porosity 0.2 
Permeability Base Case: 500 mD 

Range: 100, 500, 1000, 2000 mD 
Capillary Pressure and Relative Permeability See Table 2 

 
Compressibility See Equation 0.8 
Klinkenberg Parameters See Table 3 

 
Air Bubble Parameters 
Development Time 
Final Gas Saturation 
Equilibration Time 

 
60 days 
0.5 
40 days 

Weekly CAES Cycle Parameters 
  Injection/Withdrawal Rate 
  Injection Composition 
  Injection Temperature 
  Weekly Cycled Air Mass Fraction 
  Weekend Injection Fraction 

 
Variable 
Dry Air/N2

 

25 °C 
0.10 
0.40 

Borehole/Formation Pressure Limits Minimum: 5.0 MPa 
Maximum: 8.4 MPa 

 

3. CAES cycle	
A simplified, regular weekly injection/withdrawal cycle was chosen as an initial base case for 
comparative purposes; it may be unlikely that this cycling can be related to a wind generated 
loading.  The injection/withdrawal cycle used for this study is identical to that used by Webb 
2011) and taken from that suggested by (Smith & Wiles 1978).  During the work week, the cycle 
consists of 10 hour injection and withdrawal cycles separated by 2 hour rest periods which 
simulate switching of the equipment from compression to turbine energy production.  During the 
weekend air is injected for 26 hours and 40 minutes.  The injection and withdrawal rates during 
weekly cycling are a function of the total percent of the bubble mass to be cycle.  The equations 
governing the withdrawal rate ( ሶ݉ ௪ௗ) and injection rate ( ሶ݉ ௜௡௝) for the weekly cycle are given by: 

 
ሶ݉ ௪ௗሺିܿ݁ݏଵሻ ൌ

1
3600

.
ߣ

50߰
 ,௕,௜ܯ 0.1 

 

 
ሶ݉ ௜௡௝ሺିܿ݁ݏଵሻ ൌ ሺ1 െ ߰ሻ

1
3600

.
ߣ

40߰
 .௕,௜ܯ 0.2 
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Where ߣ is the bubble cycling fraction, ߰ is the fraction of bubble mass injected on the weekend, 
and ܯ௕,௜ is the initial bubble mass.  Equations 0.1 and 0.2 are valid for 50 hours of withdrawal 

and 40 hours of injection, respectively, during the work week, and assume a total of 26 hours and 
40 minutes of injection during the weekend -10 hours of injection on Friday evening and 16 
hours and 40 minutes on Sunday. This cycle assumes different rates of injection and extraction, 
where the bubble mass is run at deficit during the week, and then replenished during the 
weekend. An example weekly injection/withdrawal cycle is portrayed in Figure 3. 

 

Figure 3  Example CAES injection and withdrawal cycles. 

   

4.		Numerical Methods	
Modeling was accomplished with the TOUGH2 reservoir simulator with equation of state EOS7c 
which is capable of simulating non-isothermal movement of N2, CH4 and water (Oldenburg et al. 
2004).  An important limitation of this study is e equation of state for N2 is used as a surrogate 
for air.  In addition, the numerical difficulty of simulating flow and mixing of CH4, N2, and H2O 
given the rapid cycling of pressure in the CAES reservoir made the simulations numerically 
unstable and non-isothermal simulation of the reservoir was run-time prohibitive.  Therefore, in 
order to complete the necessary amount of simulations for this study, isothermal simulation 
methods were required.   
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As discussed in Webb 2011), the effects of condensation in undried air and the effect of high 
temperature gas injection are important and should be properly investigated in the future.  
However, the goals of this study are to provide an initial first order evaluation of a depleted 
natural gas reservoir as a CAES site and compare these initial results with those of Webb 2011).  
N2 will give a reasonable approximation to the physical movement of air in the subsurface, and 
this report represents a fundamental step forward from existing analytical studies.  Future studies 
which ultimately investigate non-isothermal injection of real air into natural gas reservoirs will 
require significant effort in code development. 

The mesh is developed using borehole spacing to assign the radius (the half distance between 
boreholes); the thickness is the formation thickness considered in this study and is shown in 
Figure 4.  In the vertical direction, the mesh had 10 blocks across the total reservoir thickness, 
which is 30 m in all simulations.  In the radial direction, the mesh had 50 blocks with logarithmic 
spacing from an initial radial length equal to the borehole diameter (10 cm for all simulations in 
this report) to the maximum radius for the simulation.  A close up view of the mesh around the 
borehole is given in Figure 5.  Beneath the reservoir a second material was added which was 
impermeable to air but with the same fluid permeability as the reservoir.  These blocks were 
assigned constant pressure and saturation to allow for the maintenance hydrostatic pressure in 
reservoir during cycling.  The top and sides of the mesh are no flow boundaries.  The borehole 
screen was assumed to extend from the top of the formation 15 m into the reservoir (Figure 5).  
Mass was injected and extracted in the cells which occupied the screened portion of the borehole 
(highlighted red in Figure 5) 
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Figure 4  Radial mesh for a simulation with bubble radius of 150m (borehole spacing of 300m). 



19 
 

 

Figure 5  Close up of radial mesh near the borehole.  Borehole screen cells highlighted. 

	

5.		Formation Parameters 
Reservoir parameters other than the variable formation scale permeability were constant for all 
simulations (Table 2) and are identical to those used in Webb 2011).  Formation parameters were 
chosen to be typical of a homogenous, isotropic sandstone.  Liquid relative permeability and 
capillary pressure characteristic curves from (van Genuchten 1980) as implemented in TOUGH2 
were used.  The capillary pressure ( ௖ܲ) is given by: 

 
௖ܲ ൌ െ ௢ܲ ቀܵ௘

ିଵ ௠ൗ െ 1ቁ
ଵି௠

,  0.1 

where, 

 
ܵ௘ ൌ

௟ܵ െ ௟ܵ௥

௟ܵ௦ െ ௟ܵ௥
.  0.2 
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The value of ݉	was set to 0.41 for sandstone after (Zhou et al. 2010).  Liquid residual saturation 

௟ܵ௥ based on data from the Frio Sandstone was set to 0.8 and 0.2 for ௟ܵ௦	( ௟ܵ௦ ൌ 1.0 െ	 ௟ܵ௥) 
(Doughty et al. 2008).  ௖ܲ was scaled to the formation intrinsic permeability using the Leveret J-
Function (Leverett 1941) with scaling data taken from (Zhou et al. 2010).  The scaled parameters 
are given in  

Table 2 where 1 ൗߙ ൌ 1
௢ܲ

ൗ  is the input parameter required for TOUGH2.   The liquid relative 

permeability (݇௥௟) from (van Genuchten 1980) is given by: 

 
݇௥௟ ൌ ܵ௘

భ
మሺ1 െ ቆ1 െ ܵ௘

భ
೘ቇ

௠

ሻଶ  for ܵ௘ ൑ 1  0.3 

  ݇௥௟ ൌ 1.0  for ܵ௘ ൒ 1   

 

Table 2 ‐ Capillary Pressure Parameters – (from Webb, 2011) 

Permeability  Porosity  ௢ܲ  1 ൗߙ
(mD)     (kPa)    

100  0.2  27  3.70 × 10‐5 

500  0.2  12.1  8.27 × 10‐5 

1000  0.2  8.55  1.17 × 10‐4 

2000  0.2  6.04  1.65 × 10‐4 

500  0.1  8.55  1.17 × 10‐4 

500  0.3  14.8  6.76 × 10‐5 

 

The gas relative permeability curve was determined using the model of (Corey 1954): 

  ݇௥௟ ൌ ሺ1 െ መܵሻଶሺ1 െ መܵሻଶ  for  መܵ ൑ 1  0.4 

  ݇௥௚ ൌ 1.0  for  መܵ ൒ 1  

where: 

  መܵ ൌ ௟ܵ െ ௟ܵ௥

௟ܵ െ ௟ܵ௥ െ ௚ܵ௥
  0.5 

 

The residual gas saturation ௚ܵ௥ was assigned to 0.2 as reasonable value from Doughty et al. 

2008). 

The formation compressibility, as in Webb 2011), was based on Jalalh 2006) for sandstone and 
given as: 

  ଵሻି݅ݏ݌௣௖ሺܥ ൌ ቀ ଵ

ିଶ.ଵସଵ௫ଵ଴షమାସ.଴଺ସ௫ଵ଴షమథబ.రలఱమ
ቁ  .10ି଺ݔ 0.6 
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For the porosity considered in this report (Table 2),  ܥ௣௖ = 7.0x10-6 psi-1 (5.1x10-9 Pa-1). 

Gas slippage during porous media flow was characterized with the Klinkenberg coefficient after 
Webb 2011).  The Klinkenberg coefficient (ܾ௔௜௥) of air (considered appropriate for the N2 model 
used) as a function of permeability is given by Hied et al. 1950): 

  ܾ௔௜௥ ൌ 0.11݇ି଴.ଷଽ 0.7 

 

where ܾ௔௜௥ is in Pa and ݇ is the is the permeability in m2.  Table3 gives the Klinkenberg 
coefficient for the values of permeability used in this report. 

Table 3‐ Klinkenberg Coefficient Values 

Permeability (mD)  Coefficient 

100  1.9 psi (12900 Pa) 

500  1.0 psi (6900 Pa) 

1000  0.77 psi (5300 Pa) 

2000  0.58 psi (4000 Pa) 

	

6.			Simulation Procedure 
For a given borehole spacing the radial dimension of the bubble was assigned and a radial mesh 
was built.  The initial bubble mass was calculated from the volume of the radial disc, the desired 
air saturation and the density of air at the reservoir pressure and temperature.  Given the mass of 
the air bubble, the rate of injection during bubble formation is given by ܯ௕,௜/ݐ௕௨௕, where ܯ௕,௜ is 

the initial bubble mass and ݐ௕௨௕ is the time of injection during bubble formation.  The CAES 
cycle injection and withdrawal rates are calculated using ܯ௕,௜ and equations 0.1 and 0.2.  A full 

CAES simulation includes bubble formation, equilibration and cycling for 10 weeks. 

For a given formation permeability, a CAES simulation was carried out for a range of borehole 
spacings (Table 4).  The optimal borehole spacing is given by the “formation radius” after Webb 
2011) which is defined as the radius at which maximum or minimum modeled pressure during 
cycling reaches either of the defined maximum or minimum allowable pressure limits.  Pressure 
limits used in this study were taken directly from Webb 2011) (Table 1).  In order to assure 
safety against fracturing the formation, the upper limit is 0.6 times lithostatic pressure which is 
8.4 MPa at the assumed reservoir depth.  The lower limit is taken from a minimum pressure 
needed to supply the turbine of 4.5 MPa (Succar & Williams 2008), and assuming a 0.5 MPa 
pressure drop during gas flow up the borehole after Webb 2011) (Table 1).  These limits 
represent a reasonable operating range of pressure for subsurface reservoir CAES. 
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Initial conditions were assumed to approximate a fully depleted natural gas reservoir, which were 
derived from simulation of natural gas production (details below).  A gas saturation of 0.2, equal 
to residual gas saturation of the formation, was assigned.  This gas phase was assumed to be 
comprised of 100% CH4.  Bubble formation was carried out in 60 days with 40 subsequent days 
of equilibrium (Table 1).  The mass injection rate during bubble formation was calculated to 
provide a bubble with a gas saturation of 0.5 in 60 days.  Air pressure cycling was begun after 
100 days.  10 full weeks of cycling were carried out for each simulation using the injection and 
extraction cycle described above. 

7. 	 Results 
Results from over 50 simulations were completed to estimate the optimum formation radii for 
homogenous, isotropic permeability ranging from 100 to 2000 mD for both depleted natural gas 
reservoirs and aquifers Table 4.   

Table 4 ‐Summary of simulations.  Permeabilities and the borehole spacings modeled in order to calculate the 

maximum spacing. 

Natural Gas Reservoir 

Permeability (mD)  100  500 1000 2000 

Radii (m)  5  5 5 5 

   25  25 25 25 

   50  50 50 50 

   75 75 75 

   100 100 100 

   115 125 125 

   120 150 150 

   175 175 

   200 

            225 

Aquifer 

Permeability (mD)  100  500 1000 2000 

Radii (m)  5  5 5 25 

   25  25 25 50 

   50  50 50 75 

   75 75 100 

   100 100 125 

   125 125 150 

   150 175 

   200 

            225 
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7.1	Representative Simulation	
Results from a single representative simulation will be presented as an example of the full 
simulation procedure.  The representative simulation used will be for the median permeability of 
5.0x10-12 m2 with a formation radius of 75 m.  To begin, the initial conditions approximating a 
depleted natural gas reservoir were derived from modeling natural gas production in the 
reservoir.  The initial natural gas reservoir was created by assuming 90% gas saturation 
comprised of 100% CH4, using the same model geometry and boundary conditions.  Mass was 
then extracted from the natural gas reservoir at the site of CAES borehole until only water was 
being produced.  Snap shots of the production process and the final conditions of a depleted 
natural gas reservoir are given in Figure 6, 7, and 8, which represent the state of the natural gas 
reservoir before, during and after production respectively.  Water moves into the reservoir during 
production, replacing methane in the pore space of the reservoir.  After production, the gas 
saturation is roughly equal 0.2, the residual gas saturation assigned to the sandstone, and the 
pressure after production stops is equal to the hydrostatic pressure.  The results of this simulation 
justify the assigned initial conditions, with 20% of the pore volume in the reservoir being filled 
with gas of 100% CH4 composition as an appropriate approximation of a depleted natural gas 
reservoir. 

 

Figure 6   Gas saturation versus depth and distance from the borehole of natural gas reservoir prior to 
production. 
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Figure 7‐ Gas saturation versus depth and distance from the borehole of natural gas reservoir during production. 

 

Figure 8‐ Residual gas saturation versus depth and distance from the borehole of natural gas reservoir after 
production ends. 

N2 was injected into the depleted natural gas reservoir to form an air bubble.  Figures 9, 10, and 
11 show snapshots of the gas composition during bubble formation immediately after bubble 
formation begins, 30 days after injection begins and the final distribution just before pressure 
cycling begins.  Initially the reservoir has a gas saturation of 20% (0.2 above), and this gas phase 
is comprised entirely of CH4.  Figure 9 shows the reservoir immediately after injection begins 
where a small N2 bubble near the injection bore is apparent.  As injection time progresses the N2 
bubble grows in size, and both water and methane are pushed away as pressure is increased near 
the borehole (Figure 10).  The gas saturation and the gas composition change with time as the 
bubble forms.  After the bubble is fully formed the majority of the methane is driven to the far 
edge of the model.  It is important to note that residual methane is pushed away during bubble 
formation, and there is little mixing of the methane with the N2; however, given the model 
boundary conditions used in this study, which only allow water to leave the domain, all the 
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residual methane remains in the reservoir on the edge of the domain, and is available for mixing 
with air during cycling.   

 

Figure 9‐ Gas phase composition (CH4 per cent versus depth and distance from the borehole) half an hour after 
injection as bubble formation begins 

 

Figure 10‐ Gas phase composition (CH4 per cent versus depth and distance from the borehole) 30 days into the 
bubble formation. 
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Figure 11‐ Gas phase composition (CH4 per cent versus depth and distance from the borehole) 100 days after 
injection began for gas bubble, just before pressure cycling begins. 

After the bubble formation and equilibration are complete, the weekly CAES injection and 
withdrawal cycling commences.  During cycling the pressure oscillates within the reservoir as 
gas is injected and extracted.  The maximum pressure ranges in the reservoir occur directly next 
to the borehole, while the pressure variance decays away with radial distance from the borehole 
as shown in Figure 12.  The maximum and minimum pressure in the reservoir during cycling 
must stay within the limits described in above.  The pressure versus time at the top of the 
reservoir immediately adjacent to the borehole for the example simulation is shown in Figure 13.   
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Figure 12‐ Radial pressure profiles during cycling along with the maximum and minimum pressure envelope 
highlighted in red and blue respectively 

 

Figure 13 ‐ Total fluid pressure immediately adjacent to the borehole during cycling. 
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The amount of residual methane in the produced gas versus time for the representative 
simulation is shown in Figure 14.  The produced gas composition changes with time, increasing 
in this simulation as cycling induces mixing with methane on the bubble fringes (Figure 14).  In 
order to assess the methane composition of the produced gas at longer times, cycling was 
simulated for close to two years for this representative case.  Methane composition of the 
produced gas is shown in Figure 14.  Methane composition increases up to a peak of 0.6% at 
around 1 year and then begins to decrease (Figure 15).  Combustion turbines for CAES generally 
use mixing ratios of natural gas less than 1% so the amount of methane modeled here is 
significant and should be investigated more thoroughly in future studies.  

The methane mass volume percent of composition of the produced gas is a function of the bubble 
size (Figure 16).  Larger bubbles push the methane farther from the production borehole, 
reducing the amount of methane mixed into the produced gas (Figure 16).  The gas composition 
results from this study will represent maximum limits on the amount of methane in the gas phase 
and should be interpreted carefully.  The gas impermeable boundary conditions (top and bottom) 
assumed in the conceptual model does not allow methane to leave the domain from any other 
boundary except the produced gas from the borehole, thus maximizing the potential for the 
methane to migrate back towards the borehole, and increasing the amount of produced methane.  
Future studies should include the effect of boundary condition changes on the produced gas 
composition.  

 

 

Figure 14‐ Gas composition in producing cell as an approximation of the produced gas composition during air 
cycling. 
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Figure 15‐ Gas composition in producing cell as an approximation of the produced gas composition during air 
cycling for long times. 

 

Figure 16‐ Maximum mass fraction (%) of methane in produced gas as a function of the formation radius. 
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7.2			Pressure Limits	
As the formation radius is increased, bubble size increases and the mass injection and withdrawal 
rates increase (Equations 0.1 and 0.2).  The larger injection and withdrawal cause greater 
pressure changes in the reservoir.  Figure 17 illustrates the maximum (red) and minimum (blue) 
recorded pressure at the top of the formation immediately adjacent to the borehole over a range 
of formation radii for a permeability of 500 mD.  Figure 18 contains the same information in an 
aquifer for identical geometry and formation parameters.  Overall the pressure ranges are 
remarkably similar, and it is apparent that aquifers and depleted natural gas reservoir perform 
similarly after bubble formation.  This is not an unexpected result, since they are essentially both 
dual phase systems with similar saturations after bubble formation is complete, and only the 
composition of the gas is different between the two.     

 

Figure 17‐ Maximum and minimum observed formation pressure as function of the formation radius for a depleted natural 
gas reservoir with an intrinsic permeability of 500 mD. 
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Figure 18‐ Maximum and minimum observed formation pressure as function of the formation radius for an aquifer with an 
intrinsic permeability of 500 mD. 

 

7.3 Formation Permeability Effects 
The effect of changing the formation intrinsic permeability of a depleted natural gas reservoir on 
the CAES system is summarized and compared to with result from aquifers in Table 5 and 
Figure 19.  The effect of changing permeability in depleted natural gas reservoirs is essentially 
identical to aquifer CAES.  The formation radius is a strong function of the formation 
permeability, but appears to be asymptotic with diminishing returns at the higher permeabilities.  
The maximum extraction rate scales linearly with the formation permeability, as does the mega-
watts per borehole.  The number of boreholes per 100 MW drops significantly at permeabilities 
above 500 mD consistent with the results in Webb 2011).   

Table 5   Summary of results for formation analysis  

 
Permeability 

 
Formation 
Radius 

 
Pmax 

 
Pmin 

 
Optimum 
extraction 

rate 

 
Power / 

BH 

  
BH/ 

100MW 

(mD)  m  MPa  MPa  kg/s  MW/bh 

100  42  7.0  5.0  1.5867933 1.174227 86 

500  110  7.2  5.0  10.884467 8.054505 13 

1000  160  7.1  5.0  23.028293 17.04094 6 

2000  225  7.0  5.0  45.539349 33.69912 3 
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Figure 19‐ Summary figure showing a) the Formation Radius in m, b) the Maximum extraction rate in kg/s, c) Megawatts per 
boreholes, d) Boreholes per 100 MW 

8. Conclusions    
The key new contribution of this work is the analysis of a compressed air energy storage facility 
in a former natural gas reservoir.  The detailed important observations thus far from this “initial” 
analysis are preliminary and require refinement.  This study provides some of the first 
simulations of compressed air energy storage in depleted natural gas reservoirs.  The numerical 
framework for formation analysis of CAES in aquifers was taken from the Webb 2011) study 
and subsequently extended to assess depleted natural gas reservoirs.   

Formation analysis results in depleted natural gas reservoir are nearly identical to those reported 
in aquifers (Webb 2011).  Formation-scale intrinsic permeability exerts primary control on the 
rate of injection and withdrawal of compressed air for a given borehole, thus determining the 
number of boreholes needed to produce a given amount of energy.  A one order of magnitude 
change in intrinsic permeability causes the formation radius to change by a factor of two which is 
consistent with that observed in aquifers (Webb 2011).  This change in formation radius 
translates into roughly 5 times more boreholes per 100 MW.  Thus, an increase in permeability 
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from 100 to 500 mD causes the number of boreholes per 100 MW to drop from 86 to 13 - a 
factor of 6 decline. 

In the context of future work, during bubble formation the mixing between the methane and air 
was very limited; the residual methane/water occupying the porosity is predicted to push away 
from boreholes initially.  Once the methane collects and stratifies it systematically moves back to 
the borehole. This methane mass volume will need to be addressed in a CAES facility (Grubelich 
et al. 2011).  The homogeneous nature of the formation studied herein predicts the methane 
movement to be systematic. A heterogeneous formation will likely result in non-systematic 
methane migration, and perhaps methane gas burps during CAES operations; this phenomenon 
should be studied further. 

At formation radii larger than 25 m the produced gas contained less the 1% methane after 10 
weeks of cycling.  This mixing ratio of methane is significant when compared to operating 
condition of compressed air turbines, and further investigation of the produced air composition 
for different injection/withdrawal cycling, and reservoir parameters which control residual gas 
content is needed.   

CAES in natural gas reservoirs appears to be feasible and may provide convenient underground 
containers for compressed air energy storage.  However, this study indicates that formation 
characteristics could have a large effect on the cost of a CAES system.  In a non-ideal (i.e. 
heterogeneous) reservoir (an ideal homogeneous reservoir is modeled in this study) permeability 
regularly fluctuates over several orders of magnitude; this may significantly affect CAES 
operation in a reservoir, and possibly cost.  A proper understanding of site specific permeability 
variability is critical for the design of reservoir CAES systems. 
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