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Abstract: Compressed air energy storage (CAES) in porous formations is considered as one option for large-scale energy
storage to compensate for fluctuations from renewable energy production. To analyse the feasibility of such a CAES application
and the deliverability of an underground porous formation, a hypothetical CAES scenario using an anticline structure is
investigated. Two daily extraction cycles of 6 h each are assumed, complementing high solar energy production around noon. A
gas turbine producing 321 MW of power with a minimum inlet pressure of 43 bar at 417 kg s~ air is assumed. Simulation
results show that using six wells the 20 m-thick storage formation with a permeability of 1000 mD can support the required 6 h
continuous power output of 321 MW, even reaching 8 h maximally. For the first 30 min, maximum power output is higher, at
458 MW, continuously dropping afterwards. A sensitivity analysis shows that the number of wells required does not linearly
decrease with increasing permeability of the storage formation due to well inference during air extraction. For each additional
well, the continuous power output increases by 4.8 h and the maximum power output within the first 30 min by 76 MW.
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The transition of the energy supply from carbon-rich fossil fuels to
renewable energy sources, termed the ‘Energiewende’ in Germany,
is pursued by many countries in the world as a means of reducing
greenhouse gas emission and mitigating climate change effects
(Morris & Pehnt 2012; IPCC 2014). For example, in 2014, the share
of renewable energy in Germany’s energy supply reached 27.8%
and prospectively increases to 40 —45% in 2025 (BMWi 2015), and
may even reach 100% by 2050 (Klaus ef a/. 2010). In the European
Union (EU), the share of energy from renewable sources in the gross
final consumption of energy reached 15.3% by 2014 and
promisingly accomplishes the final target of 20% by 2020
(European Commission 2015). Major renewable energy sources
are electric power generation by wind or solar power plants, which
causes strong temporal fluctuations of the generated power due
to the short-term weather conditions. The possible solutions,
such as grid-scale storage systems, improvement of cross-border
grid connectivity and electrical demand-side management, can
be used to compensate these fluctuations (Sterner & Stadler
2014). Owing to the insufficiency in power transmission lines
(Bundesnetzagentur 2015; MELUR 2015), a large amount of
construction work is required to improve the current cross-border
grid connectivity. Energy demand fluctuates on frequencies varying
from less than hourly over daily to seasonally, which introduces
more difficulties in managing fluctuating renewable energy
production to match the instantaneous energy demand (Kabuth
et al. 2017). Grid-scale standby storage systems, however, are more
flexible in terms of different timescales. In order to stabilize the
power grid and meet the demand during times of low renewable
power production, a storage demand for Germany of up to S0 TWh
electrical energy by 2050 may be required (Klaus et al. 2010).
Besides pumped hydro-storage as the main large-scale above-
ground storage option (Sterner & Stadler 2014), subsurface
geological storage has the largest potential to provide such large
storage capacities on the longer timescales required (Bauer ef al.
2013). Storage options include underground storage of natural gas
(e.g. Bary et al. 2002), which accounts for about 20% of yearly
demand in Germany in both salt cavern and porous formation

storage facilities (LBEG 2015), underground storage of hydrogen
produced from surplus electric power via electrolysis (Pfeiffer &
Bauer 2015; Reitenbach et al. 2015; Pfeiffer et al. 2016, 2017),
compressed air energy storage (Crotogino ef al. 2001) or subsurface
storage of heat (Boockmeyer & Bauer 2016; Popp et al. 2016).
Compressed air energy storage (CAES) is seen as a promising
option for balancing short-term diurnal fluctuations from renewable
energy production, as it can ramp output quickly and provide
efficient part-load operation (Succar & Williams 2008). CAES is a
power-to-power energy storage option, which converts electricity to
mechanical energy and stores it in the subsurface (Sternberg &
Bardow 2015). For CAES, off-peak energy is used to store energy as
highly compressed air, which is used to generate power through gas
turbines during times of peak demand. Subsurface storage of
compressed air in salt caverns or porous formations offers large
storage capacities. Currently, only two CAES facilities (i.e. in
Huntorf in Germany and in MclIntosh, Alabama, USA) are
operating, both using subsurface salt caverns as reservoir for the
compressed air (Raju & Khaitan 2012). Salt caverns can be mined at
different depths within a suitable salt dome (Kepplinger ez al. 2011),
which allows for a range of operation pressures. There is no inherent
limitation on the deliverable air flow rates, like the hydraulic
permeability in porous formations (Kushnir ef al. 2012b). This can
allow better control of reservoir conditions with the use of salt caverns
compared to porous formations. Nonetheless, porous formations have
a much wider geological availability compared to rock salt suitable
for caverns and may provide much larger storage capacities (Kabuth
et al. 2017). Furthermore, the storage capacity of a porous formation
can be extended by injecting additional air to develop a larger gas
reservoir, or by drilling additional wells. However, increasing the
cavern size also increases the risk of instability (Succar & Williams
2008), so that additional caverns have to be constructed if storage
size is increased. The first study of CAES using a porous formation
was conducted in Pittsfield, Illinois, USA, and showed that the
concept is feasible at this site (ANR Storage Company 1990). A
review by Succar & Williams (2008) comprehensively described
the technical and economic possibilities of large-scale CAES
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storage sites with wind farms, and also addressed the possibilities
when using a porous formation as a CAES storage reservoir.
However, a planned CAES facility in a porous formation in lowa,
USA was stopped due to inadequate local geological conditions, as
well as energy market reasons (Schulte ez al. 2012).

So far, research has focused on studying the feasibility of CAES
using salt caverns as storage reservoirs to investigate hydraulic,
thermal and mechanical behaviours during operation (Heusermann
et al. 2003; Kushnir et al. 2012b; Nazary Moghadam et al. 2013;
Khaledi et al. 2016a, b), as well as on CAES technology
developments yielding optimized CAES plant configurations with
enhanced efficiency (Nakhamkin et al. 2009; Ibrahim et al. 2010;
Hartmann et al. 2012; Luo et al. 2016). Regarding underground
CAES in porous formations, Kushnir et al. (2010) performed a
simplified analytical investigation of a compressible gas flow within
CAES porous formation storage reservoirs to calculate, for example,
the optimal critical air flow rate for different formation thicknesses,
well screen lengths and diameters. Pei ef al. (2015) analysed the
performance of a CAES plant for different permeabilities of the
storage formation by analytical thermodynamic calculations, and
stated that both thermal and exergy efficiencies increase with
increasing permeability. Oldenburg & Pan (2013a, b) simulated an
idealized gently domed CAES porous formation storage site and
proved the feasibility of CAES operation using a single wellbore.
None of the reported studies represents a large-scale CAES
application in a porous formation or accounts for a representative
geological setting of the storage formation.

Therefore, this study investigates the feasibility of operating a
large-scale CAES plant with a geometrically representative porous
formation storage site by estimating the deliverability of the storage
formation, as well as the potential capacity. To reach this aim, a
porous formation in a geological anticline structure was used, which
is a representative anticline site from the North German Basin, and a
power plant analogous to the Huntorf power plant was assumed.
The formation deliverability and the corresponding power output of
the CAES plant were determined for different operating conditions,
and a sensitivity analysis of the formation permeability and the
number of wells required was conducted.

A CAES scenario in a porous formation

The Huntorf power plant is the first commercial CAES facility in the
world; it started operating in 1978 and produces 321 MW power of
electrical energy maximally for 3 h since an upgrade in 2006 (E.ON
SE 2016). The power plant is connected via two wells to the salt
storage caverns (Crotogino ez al. 2001). In this scenario, the same
gas turbine set-up is used as for the Huntorf power plant, but, instead
of salt caverns, a porous formation is used as the storage reservoir. A
schematic sketch of this hypothetical CAES facility is shown in
Figure 1. The power plant consists of a compressor, a motor/
generator and a gas turbine (Hoffeins 1994). When surplus power
from renewable resources is available, the motor drives the
compressor to compress air, which is then stored in the subsurface
porous formation. During peak demand, the compressed air is
released via the wells from the formation and burned with natural
gas atarate of 11 kg s~! in the gas turbine to drive the generator and
produce electricity (Hoffeins & Mohmeyer 1986).

The hypothetical CAES facility considered in this work is a
conventional diabatic CAES, which stores the energy as highly
pressurized air but not the heat from compression. For this kind of
CAES power plant, the air mass flow rate and the minimum inlet
pressure at the turbine are the most critical design parameters for
achieving the targeted power output (Hydrodynamics Group LCC
2011). The Huntorf gas turbine requires an air mass flow rate of
417 kg s~! with a minimum turbine inlet pressure of 43 bar to
produce 321 MW of power (Hoffeins 1994; Crotogino et al. 2001;

Kushnir ef al. 2012a). In addition to energy analysis, exergy is often
used to quantify the potential useful work of gas turbines at two
specified states (e.g. inlet and outlet) (Cengel & Boles 2011). Under
the assumption of a constant air temperature at the turbine inlet, the
exergy flow can be roughly estimated from the air mass flow rate
and minimum inlet pressure, which represent the potential work
done by the compressed air without adding natural gas (Kim et al.
2012). For the Huntorf gas turbine, the exergy flow is thus 134 MW,
and this is about 42% of the actual power output (Kim et al. 2011).

A suitable geological site for compressed air energy storage is
given by a highly permeable porous formation and a tight cap rock
to prevent the buoyant rise of the air (see Fig. 1). In northern
Germany, anticline structures suitable for CAES can be found in a
variety of settings (Baldschuhn ef al. 2001). The tops of anticlines
vary from a depth of about 500 to 1500 m, a dip angle from about §°
to 34°, an anticline drop from about 480 to 1400 m and a closure
radius from about 1200 to 8000 m. Based on this set of geological
data, a synthetic anticline was generated for this work. The anticline
top was assumed to be at a depth of 700 m, the drop to be 900 m, a
closure radius of roughly 3 km and thus a dip angle of roughly 16°
(see Fig. 2). The modelled area containing the anticline covered an
area of 16 x 16 km and the storage formation was formed by a 20 m-
thick saline formation, bounded by two 30 m-thick water-saturated,
but impermeable, layers at the top (cap rock) and bottom. The
parameters of this storage formation (Table 1) (e.g. permeability and
porosity) refer to on-site data from the Rhaetian sandstone formation
in northern Germany given in Hese (2011, 2012) and the statistical
study from Dethlefsen et al. (2014). This sandstone formation has
been investigated for CO,-sequestration purposes (Hese 2011) and
considered for underground hydrogen storage (Pfeiffer et al. 2016,
2017). Although the anticline applied here is synthetically
generated, its geometrical dimensions and parameters represent a
typical anticline structure with a sandstone formation in northern
Germany. Open hydraulic boundary conditions are assumed, which
allow for brine outflow and pressure relief. However, if pressure
relief is too large, no longer-term pressurization due to air injection
can be achieved, which would be unfavourable for extracting the air
at high flow rates (Oldenburg & Pan 2013a).

Compressed air was injected and extracted using a varying
number of vertical wells with a 20 inch production string and
fibreglass-reinforced plastic as the inner material. Pressure loss was
estimated under the assumption that no water phase is present in the
extracted air (following Hagoort 1988), and the friction factor was
estimated with reference to Goudar & Sonnad (2008). In order to
maintain an air pressure of 43 bar at the well head and the turbine
inlet, a minimum well bottom hole pressure (BHP) of 47 bar had to
be exceeded.

Morris & Pehnt (2012) found that power generation from
photovoltaics has grown considerably in recent years, and thus
using a daily operation cycle for the hypothetical CAES power plant
assumes that surplus energy from photovoltaics is highest at around
noon. As shown in Figure 3, the CAES power plant was used to
produce power for 6 h in the morning and again in the afternoon,
and times of no production were used to inject air and thus recharge
the storage. To compensate for the pressure loss due to the open
boundaries, the injection air mass flow rate was set to 430 kg s~
which is slightly larger than the extraction rate of 417 kg s~!.

Simulation set-up

The numerical simulations were performed using the oil and gas
reservoir simulator ECLIPSE 300 in compositional mode
(Schlumberger 2016), in which compressed air was considered as
a compositional gas of 78% N, 21% O, and 1% Ar. Only the
storage formation of the geological anticline was simulated, as the
cap rock and bottom rock layers were assumed to be impermeable.
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Fig. 1. A schematic sketch of a hypothetical conventional CAES facility using a porous formation as the storage reservoir (modified from Crotogino et al.

2001).

The storage formation represents a homogeneous sandstone
reservoir of 20 m thickness with a high permeability of 1000 mD,
and the corresponding parameters are listed in Table 1. The capillary
pressure-saturation function of the reservoir was determined by the
Brooks & Corey (1964) correlation. Using compositional gas
parameters listed in Table 2, air properties were calculated using a
generalized form of the Peng—Robinson equations of state
(Schlumberger 2016) in simulations. The gas flow close to wells
was simulated as laminar flow, not accounting for the effects of non-
Darcy flow, which might in our case slightly lower extraction rates.
The storage formation was discretized into 120 x 120 x 25 cells,
with a finer horizontal discretization of 10 m around the wells and a
coarser discretization of 1000 m at the model boundary. The vertical
discretization was gradually coarsened, with finer cells of 0.5 m
thickness at the top and coarser cells of 1 m thickness at the bottom.

Initially, the pressure distribution is hydrostatic with 71.95 bar at
720 m depth (Fig. 4a), and the gas—water contact is set to 800 m
(Fig. 4b), representing a vertically equilibrated gas phase in the
reservoir. This initial condition avoids the explicit simulation of the
storage initialization and thus simulations start with the storage gas
already in place. The initial gas phase has a radius of roughly 500 m
and 3.36 x 10® kg of air in place, which is about 37 times the cyclic
amount and enough to maintain the gas—water contact during cyclic

I Overburden
I Underburden
I Storage formation

operation. With a minimum distance of 200 m between each pair of
wells, a total of 21 wells can be placed within that 500 m radius gas
reservoir, and the spatial well set-up is shown in Figure 4. All the
wells are fully screened wells in the storage formation. With
preliminary tests to support our operational schedule, six wells at
locations UL, ML, DL, UR, MR and DR (cf. Fig. 4) were required.

As the aquifer of the storage formation is not closed laterally, the
lateral boundaries of the simulation model were simulated as open
boundaries by using large pore volume cells at the outermost cells of
the simulation model, which maintain the hydrostatic pressure
initialized in the model. The top and bottom model boundaries were
set as closed boundary conditions. The total injection and extraction
air mass flow rates of 430 kg s~! and 417 kg s~! were distributed to
the six wells. Work by Mitiku & Bauer (2013) shows that the
assumption of vertical wells in simulating anticline usage is valid, as
only slightly higher rates may be obtained using horizontal drilling
techniques. A threshold pressure of 47 bar was set to each well
bottom hole during extraction to ensure the minimum gas turbine
inlet pressure. In addition, to avoid possible induced fractures in
the reservoir rock during injection (e.g. Benisch & Bauer 2013;
Mitiku & Bauer 2013), a maximum pressure of 150% of the initial
hydrostatic pressure at each well bottom hole (i.e. 108 bar) was
applied.

=—14000 Fig. 2. A synthetic but typical anticline
Y [m] structure used as a storage site (side view).
The overburden forms the tight cap rock.
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Table 1. The parameters of the storage formation

Parameter Storage formation
Permeability 1000 mD
Porosity 0.35

Residual gas saturation 0.10

Residual water saturation 0.20

Brooks & Corey (1964) A, Py 2.5, 0.1 bar
Geothermal gradient 25°C km™!
Water density 1050 kg m™
Rock density 2650 kg m™
Water compressibility 4.50 x 107> bar™!
Rock compressibility 450 x 107> bar™!

Feasibility and deliverability analysis

The feasibility study for a large-scale CAES plant needs to validate
whether the chosen storage formation can deliver the required air
mass flow rate and, at the same time, maintain the pressure response
within the given pressure thresholds of the fracture pressure and
minimum operation pressure required (Schulte ez al. 2012). An
initial fill of the porous formation is required to form a gas phase,
from which the air can be injected and extracted during cyclic
operation. This initial fill raises the reservoir pressure above the
hydrostatic pressure. However, over time, the pressure in the storage
formation dissipates and returns to the initial hydrostatic value,
regardless of the cyclic operation, if the storage formation has an
open boundary (Benisch & Bauer 2013; Pfeiffer et al. 2017).
Therefore, the initial hydrostatic pressure is used here to represent
the reservoir pressure. This represents the lower limit for the average
reservoir pressure during the storage operation, and actually reduces
storage deliverability, as some elevated formation pressure would
allow for higher extraction rates.

The BHP of six wells during the cyclic operation is shown in
Figure 5a. Pressure fluctuates around the initial hydrostatic pressure,
and its responses are lower than the maximum safe operation
pressure and higher than the minimum required BHP. All wells
show the same pressure response and thus the same behaviour,
independent of their location in the gas phase. The lowest observed
BHP during extraction was 48.2 bar, which is above the 47 bar
required by the turbine, and during injection the BHP reaches up to
only 89.7 bar maximally, which is well below the 108 bar assumed
for fracture pressure. The injection and extraction rates specified
thus can be supported by the formation if six wells are used. This
indicates that the porous formation simulated can support the cyclic
operation of the Huntorf gas turbine, and can sustain a continuous
power output of 321 MW for 6 h at an extraction air mass flow rate
of 417 kg s™!, corresponding to 1926 MWh of electrical energy
production.

Based on the CAES scenario in this study, a deliverability
analysis was conducted on the chosen porous formation to

Operation Time [h]

investigate the possible energy output (Fig. 5b). First, without
refilling the air, the compressed air was continuously extracted from
the reservoir by maintaining an extraction air mass flow rate, i.e. gas
production rate (GPR), of 417 kg s™! and a well BHP of 47 bar.
After 8 h, the extraction air mass flow rate of the six wells started to
decrease and the power output dropped (Fig. 5b, ‘Defined scenario’
and ‘Fixed BHP and GPR’ lines). This shows that the reservoir can
continuously produce 321 MW of power for up to 8 h, delivering a
total air mass of 1.2 x 107 kg, which corresponds to 3.5% of the
initial air mass. In total, the produced electrical energy was
2568 MWh. After 8 h, the extractable air mass flow rate decreased
continuously and, correspondingly, the power output also decreased.

According to the operational experiences of the Huntorf power
plant (Hoffeins & Mohmeyer 1986), on some of the working
days, the CAES facility needed to start up and reach its full
capacity within 30 min due to unexpected failures in the electrical
grid. These situations are typical now, as the intermittent energy
production from renewable resources leads to an increase in load-
balancing requirements. Therefore, the reservoir deliverability and
corresponding power output were also investigated for shorter
time periods. An estimation of the maximum possible instantan-
eous power output was performed by only maintaining the well
BHP (Fig. 5b, ‘Fixed BHP’ line) and allowing higher flow rates at
the wells. This corresponds to the case where a maximum amount
of air is extracted at each point in time and thus instantaneous
power is high. In the first 30 min, the average maximum extraction
air mass flow rate of the six wells was 596 kg s~!, corresponding
to 458 MW of power. The achievable air mass flow rate (Fig. 5b,
‘Fixed BHP’ line) dropped continuously with time, as air was
extracted from the closer vicinity of the wells, and therefore the
instantaneous power output also decreases. Based on the
instantaneous power, the possible average power output over
time was calculated (Fig. 5b, ‘Average power’ line). It showed, for
instance, that after 12 h the actual instantaneous power was
293 MW at an air mass flow rate of 381 kg s™!, while the average
power output achieved (i.e. the average output for the 12 h) was
340 MW.

Results of the instantaneous power output show that at 7.5 h the
power production was 321 MW. However, according to the
continuous power production, the reservoir can produce the same
amount of power up to 8 h. This difference is due to the fact that
the reservoir was operated at lower extraction rates in the case of a
continuous output and the corresponding power could be obtained
for longer periods. Thus, the ‘Fixed BHP’ line in Figure 5b allows
for a conservative estimate of the production rates, the correspond-
ing power achieved and the time periods over which the power was
provided, so that other shorter operation cycles can also be
designed using this line. This provides flexibility in power output
as well as in power delivery times, both of which are required for
an electricity production dominated by fluctuating renewable
energy.

012345678 910111213141516 17 18192021 22 23 24

Injection
430 kg s

Production
417 kg s

Fig. 3. The daily operation cycle.
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Table 2. The parameters of the air components (Lemmon et al. 2000; Kaye & Laby 2016)

Parameter N, 0, Ar

Critical temperature 126.192K 154.581 K 150.687 K

Critical pressure 33.95 bar 50.43 bar 48.63 bar

Critical molar volume 8.95x 107> m> mol™! 7.34 %107 m> mol™! 7.46 x 10~ m® mol™!

Acentric factor 0.037

0.022 —0.002

Sensitivity analysis

The permeability of the storage formation strongly affects the
deliverability and the power output of an underground CAES
storage. To improve the deliverability of a low-permeability
formation, one of the approaches is to increase the number of
wells used for injecting and extracting the compressed air. However,
the investment of drilling wells is very expensive, so it is interesting
to investigate the number of wells required for different reservoir
conditions and thus design a cost-effective plant. The average
permeability of the storage formation was varied from 10 to
2500 mD, and the corresponding porosity varied from 0.15 to 0.40
(see Table 3). The ranges of permeability and porosity used here
refer to the on-site data of the Rhaetian formation from the North
German Basin given in Hese (2011, 2012) and the statistical study
from Dethlefsen ef al. (2014). As there is no correlation between
permeability and porosity reported in this work, an increase in
porosity with permeability was assumed, covering the porosity
values reported. For different permeabilities of the storage
formation, the number of wells needed to support the required
flow rate of 417 kg s™! for 6 h is shown in Figure 6. When the
permeability was less than 300 mD, even using 21 wells, the storage
formation could not support the required air mass flow rate of
417kgs™! for 6 h: that is, the CAES facility cannot produce
321 MW of power for 6 h. With increasing permeability, fewer
wells are required to achieve the specified flow rate. A minimum of
three wells is always required, even for a high permeability of
2500 mD. As can be seen in Figure 6, the number of wells required
to support the required flow rate does not linearly decrease with
increasing permeability of the storage formation. This is due to well
interference occurring at longer extraction times, and it causes
higher well numbers compared to the case of no well interference.

In addition, we carried out a study to estimate the power output of
the designed CAES scenario if different numbers of wells were
used, and investigated the efficiency of the power output increase
achieved from only using more wells. The number of hours for a
continuous power output of 321 MW (Fig. 7a) and the maximum

Pressure L n
R | |
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power output for the first 30 min (Fig. 7b) were both analysed at a
permeability of 1000 mD in the storage formation. Both results
show a linear increase with an increasing number of wells. A
minimum of six wells was required to provide 321 MW for 6 h. If 13
wells were used, the designed CAES plant produced 321 MW of
power for up to 40 h, corresponding to an electric energy production
of 12840 MWh; for the first 30 min, it produced maximally
991 MW of power. It was found that by using one additional well,
the storage formation can continuously produce 321 MW of power
for 4.8 h longer, and the maximum power output for the first 30 min
was increased by 76 MW. Together with the deliverability analysis,
this allows a rough design of the CAES storage set-up to be made.

Discussion

Using the Huntorf power plant as a reference, the two salt caverns
provide a total volume of roughly 3.1 x 10° m® and 321 MW of
power for up to 3 h (Crotogino et al. 2001). The corresponding
storage capacity is 963 MWh and the energy density is about
3.1 kWh m™. As shown in Figure 7a, a porous formation with a
permeability of 1000 mD may provide 321 MW for up to 8 h using
six wells and a total volume of air in place of about 4.2 x 10° m>.
The corresponding storage capacity is 2568 MWh and the energy
density is about 0.6 kWhm™3. If 13 wells are used, the energy
density can reach about 3.1 kWh m~3 and the formation has a much
higher capacity of 12 840 MWh. So while CAES in salt caverns is
scalable by increasing the number of caverns, porous media CAES
is scalable by increasing the gas in place and the number of wells.

Compared to salt caverns, the hydraulic permeability of porous
formations represents an inherent limitation on the achievable air
flow rates (Kushnir ef al. 2012a). The sensitivity analysis based on
the average permeability performed in this work provides a first step
towards estimating the number of wells needed and designing a
cost-effective CAES facility. There are additional factors that
influence reservoir performance, such as the anticline closure
radius, the well configuration, permeability distribution and residual
water saturation.

Gas Saturation

01020304 05060708

Fig. 4 Side view of an initial pressure distribution (a) and gas phase distribution (b) in the gas reservoir (using a vertical exaggeration of x4). The spatial
distribution of 21 wells within a minimum distance of 200 m is shown. For the scenario using six wells, the wells UL, ML, DL, UR, MR and DR are used.
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Fig. 5. (a) Bottom hole pressure (BHP) response of the six wells during the cyclic operation. (b) Extraction air mass flow rate (right axis) and power output
(left axis) for: continuous power output as the designed scenario (‘Defined scenario’: solid line), continuous power output by fixing BHP and extraction air
mass flow rate (‘Fixed BHP and GPR’: dash dotted line), instantaneous power output by fixing BHP (‘Fixed BHP: dotted line), and average power output
calculated based on the instantaneous power output (‘Average power’: dashed line).

The closure radius of the anticline must be at least as large as the
radius of the required air volume (Succar & Williams 2008). In the
scenario used in this work, the initial air volume is present within a
radius of approximately 500 m, which is about one-sixth of the
anticline closure radius. This large closure radius would thus allow
the stored air volume to increase, which increases the storage
capacity, as well as the rates, if more wells are also used. With a
smaller closure radius but the same vertical drop, the dip angle of the
anticline will increase. This will reduce the effect of gravity override
during injection, helping the gas to aggregate at the top of the
anticline and therefore enhance extraction rates due to higher gas
saturations close to the wells.

Because of the variable thickness of storage formations, the well
screen length (i.e. the open-hole section) needs to be adjusted to
avoid water coning (Wiles & McCann 1981). The shorter the well
screen length, the higher the pressure response while maintaining a
required gas flow rate. When pressure is limited, however, only
lower flow rates can be achieved. The larger the well distance, the
less interference occurs, so that higher air flow rates can be applied.
However, with increasing well distance, fewer wells can be placed
within the gas reservoir, which lowers the total extraction rate from
the storage site. Instead of vertical wells, horizontal wells could be
used, providing a higher deliverability, especially for low-
permeable storage formations.

Permeability will also vary spatially around the average value
used in the sensitivity analysis in horizontal and vertical directions
because of formation heterogeneity. This would be likely to lower
the deliverability and thus increase the number of wells required to
achieve the target rate, with the number of wells depending strongly
on the type of local permeability and porosity heterogeneity. For
real storage applications, well deliverability tests and history
matching are applied to determine the required number of wells
(Hydrodynamics Group LCC 2011). The residual water saturation
was assumed to be constant at 0.2 in the sensitivity analysis. A larger
residual water saturation would reduce the air volume in the pore
space, and thus the available amount of air accessible to each well
during injection or extraction. This may limit the time that a
continuous gas extraction rate can be upheld to provide a continuous
power output, especially for low-permeability formations.
According to the well deliverability curves in the Pittsfield test
(ANR Storage Company 1990), the air flow rates of wells will
decrease if turbulent flow close to wells is encountered. This non-
Darcy behaviour can lower the maximum power output within the

first 30 min due to a high extraction flow rate: however, this is not
considered in this work.

Apart from the reservoir performance analysis, induced impacts
can be considered when assessing this energy storage option (Bauer
et al. 2013). Because this paper focuses on the dimensioning aspects
of a porous media compressed air storage, a quantitative evaluation
of possible induced impacts is beyond the scope of this paper and
thus a qualitative discussion is given here. The current operating
CAES facilities at Huntorf and McIntosh operate as diabatic storage
sites, which lose heat during compression of the air and regain this
heat by burning natural gas with the compressed air during
expansion. The thermal energy from the compression is not stored.
According to the design of the Huntorf power plant (Crotogino et al.
2001), the temperature of the injected air at the well head after the
compressor is cooled to the ambient temperature of the rock salt
cavern. At the well bottom hole, the air temperatures may increase
by a few kelvin due to the slight pressure increase along the well.
The local geothermal gradient determines the ambient temperature
of the reservoir formation and thus the temperature to which the air
would be cooled. During air extraction, the compressed air with the
ambient temperature of the geological formation will expand along
the well. This temperature decrease, however, is small compared to
the decrease in temperature caused by the expansion of the gas in the
turbine. A higher geothermal gradient would thus be beneficial, as
air does not have to be cooled so much and less natural gas is
required during air expansion in the turbine. Injecting air at higher
temperatures would thus also be beneficial, but the mechanical
integrity of the host rock would have to be proven. Storing the
compression heat for heating the expanding gas is an idea for an
adiabatic CAES that is currently at the research stage (RWE Power
2010). The main problem here is the high heating rates required.

The injection of oxygen as a component of air into geological
formations long free of oxygen may cause geochemical reactions.
As an analogy, injection of CO, for CO, storage (CO, capture and
storage (CCS)) with about 4% of O, as an impurity may lead to
mineral oxidation if redox-sensitive minerals or ferrous iron-bearing
minerals are present in the storage formation. This is especially so in
the case of pyrite (Lu er al 2014; André et al. 2015). Pyrite
oxidation increases the dissolution of carbonates, as these buffer the
H* from pyrite dissolution, typically leading to gypsum precipitates.
This reaction was found to stop once the oxygen is consumed.
During operation of CAES, oxygen is injected into the storage
formation with each injection cycle, which could result in a lower
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Table 3. A list of the varied permeabilities and porosities in the sensitivity analysis

Parameter Storage formation
Permeability [mD] 10 100 200 300 400 500 600 700 800 900 1000 1500 2000 2500
Porosity [—] 0.15 0.25 0.25 0.30 0.30 0.30 0.30 0.30 0.35 0.35 0.35 0.40 0.40 0.40
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forms a coating that strongly limits further pyrite oxidation and thus
oxygen consumption. These geochemical impacts thus depend on
the chemical composition of the storage formation and the
formation water, but can be experimentally assessed using site-
specific data.

In the Huntorf power plant, due to the high-pressure reduction
rates (up to 15 bar h™?!), the stability of the surrounding salt and the
volume losses have been monitored over its life period (Crotogino
et al. 2001). The corrosion of production strings has been
discovered in the Huntorf power plant because of the humidity of
the air. In porous formation CAES, the same risks should be
considered, as well as potential brine movement or uprising induced
by large-scale pressure built-up due to the initial fill (e.g. see Delfs
et al. 2016). The production string can have a higher risk of
corrosion due to the presence of residual water and the possible
production of acid due to mineral oxidation. While for a salt cavern
the spatial position is known exactly, the spatial position of the gas
phase for a porous formation CAES is not. However, geophysical
monitoring techniques, such as seismic, geoelectric and gravimetric
measurements, might be employed to monitor the extension of the
gas phase (Benisch ef al. 2015; al Hagrey et al. 2016; Kéhn ef al.
2016; Pfeiffer et al. 2016).

Summary and outlook

A hypothetical scenario of large-scale CAES operation using a
porous formation as the storage site was numerically simulated
within a typical geological anticline structure in northern Germany.
During the cyclic operation, the pressure fluctuation in the reservoir
was found to be within the system thresholds, thus supporting the

2 3 4 5 6 7 8 9 10 11 12 13
Number of Wells [-]

0 1

Fig. 7. Hours of continuous power output (a) and the maximum short-
term power output (b) provided for different numbers of wells used (at a
permeability of 1000 mD).

specified injection and extraction air mass flow rates of 430 kg s™!
and 417 kg s™!, respectively. This shows that it is feasible to operate
the designed CAES scenario using this porous formation. Using six
injection and extraction wells, 321 MW of power could be produced
from the stored air for 6 h, corresponding to an energy production of
1926 MWh. A deliverability analysis shows that the reservoir can
continuously support 321 MW of power production for up to 8§ h
before reaching the minimum operating pressure, thereby extracting
about 3.5% of the total air in the reservoir. Furthermore, for the first
30 min, the maximum achievable extraction air mass rate of the
storage formation is higher at 596 kgs~!, corresponding to
458 MW of power. Instantaneous power output dropped from 458
to 293 MW within the first 12 h.

The number of wells required was estimated accounting for
different permeabilities of the storage formation. When the
permeability was less than 300 mD, the storage formation was not
able to deliver the specified extraction air mass flow rate for 6 h,
even when 21 wells were used. A minimum of three wells was
always required, even for a permeability of 2500 mD, and well
interference has also to be considered. For each additional well, the
storage formation can continuously produce the required power of
321 MW for 4.8 h longer; while for the first 30 min, the maximum
power output is increased by 76 MW. The combination of the
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deliverability analysis, which also covers shorter time periods, and
the analysis of the number of wells required at different
permeabilities allows a first design of such a CAES storage site in
a permeable porous formation to be made.

However, there are many other possible aspects to be considered
for such a CAES storage facility, as discussed above, such that this
study can provide only a first step towards such a design. A study
investigating different well configurations, and combinations of
horizontal and vertical wells, will allow for an optimized utilization
of a chosen anticline site (Mitiku & Bauer 2013). A site-specific
heterogeneity study based on stratigraphic facies modelling could
provide a statistical estimation of the range of possible power output
rates for the CAES applications. A similar study for hydrogen
porous media storage was performed by Pfeiffer er al. (2017).
Methodology and simulation codes by Beyer et al. (2012), Mitiku
et al. (2013) and, especially, Li et al. (2014), who coupled a
geochemical simulator to the ECLIPSE reservoir simulation
software, can be used to estimate the potential changes in
permeability due to chemical reactions, including porosity and
permeability feedbacks.
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