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Abstract

Meeting inter-seasonal fluctuations in electricity production or demand in a system dominated by
renewable energy requires the cheap, reliable and accessible storage of energy on a scale that is
currently challenging to achieve. Commercially mature compressed air energy storage (CAES) could
be applied to porous rocks in sedimentary basins worldwide where legacy data from hydrocarbon
exploration are available, and where geographically close to renewable energy sources. Here we
present a modeling approach to predict the potential for CAES in porous rocks. By combining these
with an extensive geological database we provide a regional assessment of this potential for the UK.
We find the potential storage capacity is equivalent to approximately 160 % of the UK’s electricity
consumption for January and February 2017 (77 — 96 TWh), with a round-trip energy efficiency of

54 - 59 %. This UK storage potential is achievable at costs ranging from 0.42-4.71 US$ kwh.

Meeting the target of limiting the increase in average global temperature to below 2°C by 2100 will
require additional inherently variable renewable power sources, necessitating over 310 GW of grid-
connected electricity storage worldwide by 2050%. However, power systems in which more than 80
% of the supply is generated from renewable sources cannot be balanced using daily and weekly

storage alone? and will require inter-seasonal storage of a few months2. This is due, in part, to the



seasonal variation in electricity demand. For example in the UK, from 2012 to 2018, the winter

demand was 25 % greater than the summer demand?®.

Worldwide, 165 GW of grid-connected storage capacity exists, 98 % of which is pumped hydro
storage (PHS)* which is affected by water shortages, and social and geographical constraints®®.
Batteries are generally unsuitable for this task, due to high maintenance costs and limited discharge
capacity’. Therefore there is a need to diversify the portfolio of grid-connected storage technologies
to ensure energy security. More specifically, inter-seasonal storage will likely be a combination of
PHS, CAES, and possibly geological hydrogen storage®. CAES is currently the only other
commercially mature technology for this application®. It is therefore crucial to assess the inter-

seasonal storage potential of CAES technology.

The two currently existing commercial CAES plants, Huntorf in Germany and Mclntosh in the USA,
store compressed air in underground caverns mined from salt®!°, Electricity is generated by
expanding the air through a gas turbine fired with methane gas, known as “conventional” CAES
(Figure 1). Conventional CAES releases approximately 228 gCO. kWh, less than the 388 gCO-
kWh reported for combined cycle gas turbines used in gas power plantst2. CAES requires less land
area per kWh of storage than PHS because the storage is underground®. Ongoing research on a fossil

fuel-free CAES™ could extend the use beyond the lifespan of fossil fuels.

If significant inter-seasonal storage is to be achieved, then safely storing hundreds of millions of
cubic meters of air is needed. Porous media CAES (PM-CAES) would use porous rock formations
called saline aquifers which contain saline (non-potable) water (Figure 1). The formations were
originally deposited as sand-rich sediment in environments such as beaches, sandy deserts or rivers,
and are often laterally extensive, extending for kilometers or tens of kilometers. Such aquifers are
common worldwide® which offers greater total storage potential than mined salt caverns. In PM-

CAES, compressed air would displace saline water within the pm-scale pores of the aquifers. One



competing use for this resource includes geological carbon storage, though some uses might be

combined, e.g. PM-CAES with CO; as the cushion gas®®,

Here predictive models are used to estimate the potential of PM-CAES on a nationwide scale using
the UK as a test case. The PM-CAES system is divided in three models, one for the store, another for
the well, and one for the surface plant. Results from these three models are then used to determine
the predictive models. The 77-96 TWh storage potential of offshore saline aquifers in the UK is then

estimated using an established geological dataset!’.

Modelling PM-CAES

The PM-CAES system is described by three models (Figure 2 and Methods): first, a numerical
geological porous rock store model (Figure 2a), from which pressure at the bottom of the well can be
estimated throughout a PM-CAES cycle, using two-phase flow simulation!® (summarized in Figure
3); second, an analytical well model linking the store to the surface facilities in order to estimate the
pressure changes between the store and the surface® (Figure 2b); and third a numerical plant model
composed of analytical models®?° for the compressor, turbine and combustor, to estimate the power
consumption, power production, fuel consumption, and the process efficiency (Figure 2c). The
simulations model 4 months of air injection at a rate of 7.5 kg s followed by 3 months of storage,
then 2 months of air production at 15 kg s, finishing with 3 months idle. Comparable schedules are

used worldwide in the underground seasonal storage of natural gas?..

A sensitivity analysis of the porous rock store model varies the store’s depth (i.e. the depth at which
the air will accumulate due to its buoyancy), thickness, porosity and permeability within the ranges
recommended for PM-CAES (Methods and Figure 2a). The store’s thickness, porosity and
permeability (both absolute value and vertical to horizontal ratio) have a negligible effect on the
pressure variations in the store for the chosen cycling schedule?. This is due to the exceptionally

good flow characteristics of the stores that were selected on the basis of geological characteristics for



PM-CAES recommended in the literature?® (Table 1). The well pressure at the interface between the
store and the overlying seal is proportional to the store’s depth (adjusted R? > 0.95, Supplementary
Figure 1). This relationship allows estimation of the well pressure at the store’s top depth at any
point during the cycle, including when the store is fully charged with air, and after 61 days of

production.

Under correct operation, the cycling of pressure in porous reservoirs causes permanent deformation
of the store which may stabilise after a number of years®*. Under incorrect operation, the repeated
pressure changes imposed on the rock can damage the store as a result of mechanical fatigue,
fracturing of the rock or collapse of the well on itself>4?°, To ensure no fracturing occurs during the
store simulations, the storage pressure is fixed below the likely fracture pressure of the store and top
seal whichever is the smallest. The pressure drop caused by the production of the compressed air is
then modelled. In addition, an analytical well collapse model?® is used to ensure borehole stability
(see Methods and Supplementary Table 3). We found that a minimum store thickness of 50 m
ensures the flow rate can be maintained during the 61 days of production without the well collapsing
(Table 1). The integrity of the sealing rocks surrounding the store must also be considered.
Approximately 70 % of the storage potential identified is located in stores with seals for which there
is high confidence of a low risk of leakage, based on parameters independent from the injected gas®’.
The viability of PM-CAES cycles on a seasonal time scale has not been documented before, as most
studies focus on the use of the technology for daily to weekly use?’-?. Our models show that a PM-

CAES store could meet flow rates needed for seasonal storage for two months.

The well model (Figure 2b) derived from Smith® and used in the hydrocarbon industry is validated
using PM-CAES modelling studies from Oldenburg and Pan?"3° (see Methods). The model shows
that for PM-CAES, the pressure at which the gas exits the well increases with the store’s depth

because the pressure drop along the well is less than the increase of store pressure with depth. The



store depth is therefore limited to 4 km (Table 1) to prevent surface pressures exceeding ~250 bar, a

likely maximum for commercial CAES turbines®L.

The plant model (Figure 2c) comprises eight plant simulations that use as inputs the pressure outputs
from the store model sensitivity analysis, corrected for friction effects using the well model. Each
simulation is performed using a different combination of turbine and compressor efficiencies for
each input (TrainSet and TestSet sheets in Supplementary Data 1). We find that the power output
corresponding to a well producing air at 15 kg s varies from 4 to 11 MW (sample size = 736)
,which is slightly higher than the power output of most current offshore wind turbines. The process
round-trip efficiency is a representative measure of how efficient PM-CAES is at storing electricity
compared to other technologies (see Methods). The round-trip efficiencies from our study are 42 to
67 % (sample size = 736) which was within the 42 - 75 % range from the CAES literature®32-34,
This result agrees with the findings from previous daily PM-CAES modelling studies, that the losses
from a porous rock store are manageable, and not significantly greater than that of air storage in salt
caverns?’3%, Our results show this conclusion holds true should PM-CAES be used for inter-seasonal

storage.

In the final model workflow step (Figure 2d), predictive models are determined in the form of
numerical relationships between the depth of the store, and both the power output (Pw)
corresponding to a well, and the round-trip efficiency (yrt) of the system. The potential of a store is
determined by the pressure difference between atmospheric and mean pressure at the top of the well,
since it is that pressure difference which determines the amount of energy input for the compressor
and output for the turbine. The fluctuations in pressure inside the reservoir are used to refine the
screening criteria. It is for this reason that the power output and round-trip efficiency are not
correlated to the store’s thickness, permeability and porosity. The following two multiple linear
regressions predict the power output (P << 0.001, adjusted R? = 0.9893, sample size = 544) and
round-trip efficiency (P << 0.001, adjusted R?= 0.9529, sample size = 544) respectively:
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P, = —7.316 — 1.291a + 3.439 logD + 7.790ny (1)

Nrr = —23.23 — 1.078a + 0.141VD + 46.46n1 + 50.521 (2)
where Py, is the power output corresponding to a well delivering 15 kg s of air to a gas turbine; D is
the depth at the top of the store; #r is the turbine polytropic efficiency, which is a measure of
efficiency and is independent of the ratio of outlet to inlet turbine pressure, making the efficiency
comparable between the different ratios of each simulation; #c, is the compressor polytropic
efficiency; o relates to the storage pressure in the store (pressure in the store when it is fully
charged). The full regression statistics are reported in the Supplementary Table 1 and Supplementary
Table 2, and the assumptions in the methods. The storage pressure varies between two end members:
hydrostatic pressure caused by the column of fluid in the rocks above the store; and the fracture
pressure above which the store will be damaged. Simulations are run for both end members. ais 1
when the storage pressure is set at the hydrostatic pressure and 0 when it is set at the fracture
pressure, hence in practice 0 < a < 1. o can be used to linearly interpolate any storage pressure

between the two end members modelled.

UK storage potential case study

The CO2 Stored dataset!’ contains characteristics of porous rock aquifers covering large areas of the
UK Continental Shelf. This dataset was developed by a consortium of 10 public and private sector
institutions using seismic, well data and literature, since 20097, It contains (amongst others) the
location, lithology, porosity, permeability, thickness and depth of offshore UK saline aquifers?’.
Although the database was compiled for CO; injection, the data required for assessment of PM-
CAES is similar as both technologies involve fluid flow in the subsurface. There was no CO-
specific manipulation of the CO2 Stored data, instead the database represents all of the relevant
geological data that were available at the time of compilation. One limitation of the database is that
geological units with less than 50 Mt of possible CO> storage were filtered out, so that some small

units suitable for PM-CAES may be omitted. This is unlikely to affect the conclusions of this study,



as the units in the database approximately follow a power-law distribution, so that the greatest
fraction of the total volume is found in a few formations, and not uniformly shared amongst
many'”®, The database may also omit some units at depths less than 800 m, above which is
unsuitable for geological carbon storage. However rocks (sediments) at such depth in the North Sea
are poorly consolidated and are mechanically weak, therefore their PM-CAES potential is low as the
potential pressure range is also low. Both the above omissions imply that the true PM-CAES

potential of the UK offshore may be higher than the figures presented here.

The storage potential of UK prospective areas (Figure 4) is estimated using a Monte Carlo approach.
The power output and efficiency of a large number of possible sites, and plants with the known range
of properties, are computed. Here, the predictive models presented in equation (1) and (2) are
substituted in the individual site simulations, with their simple algebraic form considerably reducing
the simulation time. This approach would normally be very time consuming, even with modern
computing power, mostly from the requirement for numerical simulations of many complex
geological models of individual storage sites. The Monte Carlo simulation accounts for quantified
uncertainties including: the error in the store pressure due to the linear approximation using depth;
the heat capacity of air, which is assumed constant in the plant model; and the uncertainty in the

aquifers’ pore volume.

The results provide storage potential estimates of 77 to 96 TWh, (P10 to Pgo; Figure 5) with an
efficiency of 54 to 59 %. For comparison, estimates for CAES using onshore UK salt cavern stores
suggest that a total of 8 TWh of storage could be achieved®. In addition, storage potential in areas of
the Southern North Sea, East Irish Sea and Inner Moray Firth is colocated to windfarms (Figure 4).

This could create valuable synergies between generation and storage.

Achieving the storage potential found requires 6,300 to 7,800 wells in total. Comparing this to the

~11,000 wells drilled in over 40 years by the UK North Sea hydrocarbon industry®” highlights the



scale of the endeavour. Using an initial capital investment cost per well of approximately 16 - 59
million US$ (2018), and the operation schedule of this study, the levelised cost of generated stored
electricity from offshore PM-CAES is 0.42 - 4.71 US$ kWh'* (Table 2), about an order of magnitude
more expensive than onshore PM-CAES and PHS on average (see Methods and Costings and
Conversions sheets in Supplementary Data 1). Although the methods to calculate the cost of
electricity storage vary, the variability of the reported costs account for enough uncertainty in
parameters to be relevant for comparison. However, no reported values were found for inter-seasonal
bulk grid connected electricity storage, and as such, care should be taken when comparing costs of
technologies deployed for different purpose. We therefore recommend that PM-CAES projects
should be initially developed onshore to improve the technology and reduce operational costs. We
also recommend that further research be undertaken to quantify the costs of idle times as they are

prominent in the case of inter-seasonal storage.

Discussion

Our results show that PM-CAES is a potentially viable large scale inter-seasonal electricity storage
technology, crucial in power systems with over 80 % of their generation capacity provided by
renewable energy sources. The small surface footprint of PM-CAES would benefit regions with
limited land surface or water resources. This could make the technology attractive in populated

regions with high energy demand.

Regarding the readiness of the approach for full scale implementation, CAES has been operating
commercially for over 40 years, but is currently limited to daily energy storage given the limited
volume capacities of the caverns used for storing the compressed air. Porous rock stores would
enable the technology to operate over inter-seasonal timescales too. This would make PM-CAES a
technology with multi-utility abilities. Versatile storage technologies able to provide a multitude of
services to energy networks are likely to be of greater interest than technologies only able to provide

a single service®®.



Areas for further study include chemical reactions that may occur due to the high oxygen content of
air when injected into the generally reducing conditions of the subsurface. However, silicate-
dominated sandstones are not very responsive to redox changes. Oil companies routinely inject
seawater into reservoirs for pressure support, and these reservoirs continue to function. In the North
Sea example, millions of tonnes of oxidizing seawater have been injected into the majority of
oilfields, to maintain subsurface pressures. Sulphide minerals are likely to be the most reactive, and
these do pose potential problems, with the possibility of formation damage, the generation of
hydrogen sulphide and the loss of oxygen®. However, oxygen depletion of less than one-half percent
by volume was observed in air stored for 6 months during field-test experiments®°. For PM-CAES,
mineral reactivity is likely to be site specific*, and should be determined by experiments on a site-

by-site basis, which is out of the scope of a regional assessment.

The role of organically mediated reactions, including the growth of biofilms, is also uncertain.
Potentially problematic sulfur-oxidising bacteria are unlikely to survive*! the compression process,
which raises air temperatures to 100 — 200 °C in our models. In-situ organisms will be anaerobic
bacteria and archea, however these are unlikely to survive an influx of toxic oxygen*?. As with
inorganic reactions, experiments on a site-by-site basis would reduce uncertainty, but are out of the

scope of a regional assessment.

A further potential issue is the precipitation of salts around the borehole, due to the evaporation of
the saline porewaters into the injected air. This effect will be most important in formations with very
high porewater salinities, where sodium and potassium chlorides are the most likely precipitates,
with volumetrically lesser carbonates including calcium carbonate. While even the most concentrated
brine cannot contain sufficient solute to completely infill porosity upon drying, small precipitated
crystals (‘fines”) could migrate and block the pore-throats that connect larger pores, substantially
reducing permeability and hence fluid flow. Yet, only 3 % of the identified storage is in a formation
containing brine close to saturation with a salinity of 28 percent by weight.

9



Seal stability, both mechanical and chemical, is also important, to ensure that the injected air remains
within the reservoir. Seals in the study area are shales (deposited as muds) and evaporites including
gypsum and halite, deposited by the evaporation of saline water in an arid climate. We have not
modelled the effects of pressure cycling within the reservoir upon mechanical stability, but note that
seals within gas storage facilities in porous rocks remain functional over the facility’s lifetime.
Potential chemical reactions, biotic or abiotic, will be similar to those within reservoirs, as above. A
slow penetration of air into a seal for even a few meters may not be important, provided that it does

not lead to catastrophic seal failure.

Conclusions

We developed a method to assess the PM-CAES potential in sedimentary basins with a worldwide
distribution, specifically for inter-seasonal storage applications. This research finds that simple
predictive models, with a clearly defined domain of applicability, can be used to scope PM-CAES
potential. We report a walkthrough of how the predictive models can be used in conjunction with a
Monte Carlo analysis and existing data to estimate ranges in PM-CAES potential on a regional scale.
In the example of the UK North Sea, the energy storage potential of up to 96 TWh is sufficiently
large to make seasonal storage (2 winter months) worthy of more detailed investigation. We also find
that the efficiency of the PM-CAES system ranges from 42-67 %, and from 54-59 % for the UK
regional assessment. Further research should focus on identifying sites within aquifers identified
here, paying attention to the extent of both inorganic, and organically-mediated, chemical reactions

within the reservoir, and possibly the overlying seal.

Methods

PM-CAES system modelling overview

The porous rock store model is a 2D radially symmetrical model developed to estimate the pressure

fluctuation inside the store during 5 to 10 annual seasonal cycles, using the isothermal two-phase
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flow (gas-liquid) simulator of the finite element code OpenGeoSys*®. The isothermal solution is used
as we assume that the injected air would be cooled after compression in order to reach the store at the
store’s temperature. Previous modelling studies have shown that the average temperature variation in
the store is less than 3°C, except at the onset of injection where it is approximately 10°C?’. This
temperature drop has negligible influence on the well bottom pressure. Equations of state of air and
water from the literature are used as described in ref.?2. The capillary pressure — water saturation
curve is derived from sandstone pore throat distribution data using the Laplace equation assuming a
contact angle between the pore throat and the air-brine interface of 3° and an interfacial tension
between the fluids of 72 dynes cm™ #3, The mass of the cushion gas, which is the air remaining in the
store throughout the cycle, must be between 40 and 70 % of the total gas stored for most
underground storage operations?'. Therefore a mid-range value of 50 % is used. As shown in Figure
3, the outer boundary conditions for the volume of reservoir served by an individual well are set to
no flow to simulate the effects of well interaction in an isotropic homogeneous porous rock store
with a regular grid of wells. In a homogeneous porous rock store with a regular grid of wells, the
pressure fluctuations caused by each well can be assumed equal. Therefore at points equidistant from
two wells, the pressure gradients are equal (in opposite directions) and hence act as a no flow
boundary. While the modelled circular units cannot be packed exactly together, with a hexagonal
pattern in plan view there is only 10 % overlap between adjacent units, in the regions of the model
with the lowest pressure changes. The model upper and lower boundaries are closed to flow to
simulate the impermeable rock units sealing the store and preventing the air from escaping. The
pressure outputs are sampled at the well mesh node corresponding to the store’s shallowest depth.
While the model includes simplifications, it provides a regional assessment of storage potential,

without the task of individually modelling every potential storage site in an assessment area.

A sensitivity analysis is performed on the model to understand the system’s response to changes in

geological characteristics. In each scenario, the depth, thickness, porosity and permeability are varied
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within the ranges subsequently described in the screening methodology. The ranges ensured no
unrealistic parameter combination are modelled. The porosity and permeability are varied
independently as, due to the permeability range spanning only one order of magnitude, a strong
correlation is not expected. Pressure and temperature, which controls air density, are correlated with
depth. Hence, for each scenario the model radius and mesh are adjusted to represent a volume of
rock able to contain a volume of air corresponding to the desired mass of stored air — this
corresponds to the developer of a PM-CAES site choosing the lateral spacing of wells. The air mass
is taken as 158 million kg of air, which corresponds to the mass produced by a well with an air flow
rate of 15 kg s for 24 hours during 61 day, multiplied by two to account for the cushion gas. The
production flow rate of air is selected as it is representative of natural gas flow rates from high

quality reservoirs in the UK North Sea*.

To ensure that the borehole would not be damaged by the pressure swings caused by the cycling of
air we use a borehole collapse analytical model?®, with parameters tabulated in Supplementary Table
3. Four conservative assumptions are: 1) any fracture in the well is assumed to occur at the interface
between the well and the porous rock. This is likely as this is the location of the greatest pressure
variation. 2) The well collapse model does not account for reported strengthening effects caused by
the heterogeneous stress fields around the well encountered in reality*. 3) No steel casing of the well
is assumed, this would not be the case in reality 4) The store is assumed to be in a closed
compartment within the porous rock aquifer. We therefore model the maximum pressure swings that
might occur in the store to ensure that no fracturing or collapse of the well would occur. In this study
the well is the point of weakness in the store model, hence if it can be shown to be stable, so is the
remainder of the store. In reality the store might not be the weakest at the well-store interface, but

equally the pressure variations are likely to be lower than the maximums modelled.
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Only the scenarios in which no collapse of the borehole occurred are used as inputs to the well model
and plant model. In addition, the results are filtered to exclude any outputs from simulations that

have not reached at least 5 years of cycling within the 12 hours of computational run time allocated.

Well model

The pressure at the top of the well is estimated from equation (22) in Smith’s® which we modify to
account for unit conversions leading to equation (3) and verify against previous PM-CAES

modelling studies?’3°. The pressure predictions, using the rearranged equation (7), agreed to within 5

%.
— 6175 x ( 1.8 Ty — 459.67 ) d5 (P2 — eSPZ ®
¢ =6l ZPy(1.8T —459.67)) | f \ eS—1
( Q ZPy(1.8T — 459.67))2 _ d° (P2 —eSP2 (4)
61.75 1.8 T, — 459.67 T f\ eS—1
f(eS—1) y (QZP0(1.8 T — 459.67))2 _ p2_ gsp2 (5)
ds 61.75 (1.8 Ty — 459.67 s w
LSp2_ p2 _ f(eS—1) (QZP0(1.8 T — 459.67) )2 (6)
WS ds 61.75 (1.8 Ty — 459.67
(7)

p2_ ( QZ(1.8T — 459.67)P, )2 fleS—1)
s ~\61.75 (1.8 T, — 459.67) ds

P, =
w eS

where Q is the volumetric flow rate in m3s™; Z is the dimensionless effective compressibility factor
of the gas; T is the effective flowing temperature of the gas (K); f is the dimensionless friction
coefficient; d is the inside diameter of the well (m); Ps is the upstream pressure with respect to
direction of the flow (bar); Pw is the downstream pressure with respect to direction of the flow (bar);
S is the exponent defined by 0.123045GL/[(1.8T-459.67)Z]; G is the specific gravity of the gas,

which is unity for air; L is the length of the well with respect to flow direction in meters (negative
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during injection); To and Pg are the atmospheric temperature and pressure respectively (Po= 1 bar

and To = 289 K).

Plant model

The power output and efficiency are determined using a plant model. The pressure at the top of the
well is assumed to be the inlet pressure for the turbine, assuming that the turbine would be located
directly above the well. Indeed, the pressure drop that would be caused by sending the air to an
onshore plant would be too great for the system to be economically viable?2. In addition, turbines and
compressors have been used successfully on offshore platforms by the hydrocarbon industry for

many decades*®.

The work output from the turbine is estimated using equation (8), which is adopted from CAES

literature520:

Wt=S

Mpo1(k—1) 8
KkRT;, (Pout) PO sk ) (8)
k—1|\P,

The work input to the compressor is estimated using:

W _ KT (Pout)k_l/npolsk . )
=%k —1|\P,

where W is the specific work output from the device; s is the number of stages of the device; k is the
specific heat capacity ratio, assumed to be 1.4 for air; R is the gas constant; Tin is the inlet
temperature; P denotes the pressure and the subscripts “in”” and “out” whether it is at the inlet or

outlet of the device; and 7o is the polytropic efficiency of the device.

The power (P) input and outputs can then be calculated using the mass flow rate of air, g, through

either the compressor or turbine:

P=qW (10)
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The amount of energy, E, necessary for the compression of air and recoverable from its expansion is

calculated using:

N (11)
E= Z Pty — th-1)

n=1

where N is the total number of output from the numerical model of the store.

The amount of heat, Qin, required to re-heat the air prior to expansion is calculated using equation
(12). The inlet temperature of the combustion chamber is determined accounting for heat losses from

the well to the surrounding rock®’.

Qin = Mmcu, X LHVcy, X Ncomb (12)
where mcha is the mass flow rate of methane burned every second to heat the air from atmospheric
temperature to the turbine inlet temperature. The turbine inlet temperature is assumed to be 400 K
greater than the inlet temperature to the combustion chamber, which is within the inlet temperature
range for the Huntorf and Mclntosh CAES plants!!. LHVcha is the amount of energy produced by the
complete combustion of one kilogram of methane, and #comp is the efficiency of the combustion. This

efficiency is taken as 93 % after calibrating our model using data from the Huntorf CAES plant®?.

The round-trip efficiency of the system is then calculated using:

_ Eout (13)
Ein + Qinnsys

NRT
where Eout is the total energy discharged by the PM-CAES plant; Ein the energy supplied to the
compressor; Qin the amount of heat added to the system as natural gas; #sys = 0.476 the typical
efficiency of converting energy from natural gas to electricity in a conventional CAES plant®. This

conversion is needed to account for the different energy types (electrical and thermal) used as inputs

and it makes the measure of round-trip efficiency comparable to that of other types of plants®.
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A sensitivity analysis is performed for the plant model. The polytropic efficiency of the compressor
and turbines are uniformly sampled from a range of 66 to 88 %*!. These efficiencies assume a
generator and motor with an efficiency of 95 %%*. While this procedure is useful for broad, nation-
scale scoping purpose, more detailed calculations would be required for an individual plant. The
number of compression stages was selected to ensure the compression pressure ratio was as close as

possible to 3:1 without exceeding that value, a value used in previous CAES studies*.

Power and energy predictive models

The predictive models are developed using the 736 power outputs and round-trip efficiencies from
the PM-CAES system sensitivity analysis presented above. Multiple variable regressions are
performed on the data. The data are divided into two sets, a training set, encompassing 74 % of the
data, on which the regressions are performed, and a test set, encompassing the remaining 26 %, used
to verify the predictive capabilities of the regressions. Store depth and turbine power output have an
approximately logarithmic relationship; store depth and round-trip efficiency have a power law
relationship. The data and regression statistics are tabulated in the Supplementary Table 1,

Supplementary Table 2 and the TrainSet sheet in Supplementary Data 1.

UK storage potential

The predictive models are applied to a dataset of UK offshore aquifers (CO2 Stored database
described in the main text)'’. CO2 Stored used all available data (MW and RSH were part of the
original team). Hundreds of primary sources were used, some of which are confidential or subject to
stringent license conditions. Unfortunately, there is no publication that well describes the database.
The primary sources of information are however indicated in the database itself, but subject to
licensing terms. There are four key steps to the procedure. First, screening criteria are defined for
PM-CAES stores based on published criteria ranges modified for state of the art CAES turbine

technology (Table 1). Site specific criteria which are unfeasible to estimate using formation
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characteristics are not used in the screening process (e.g. a minimum seal slope). Second, the
database is screened using the criteria. Third, the volume of pore space within each of the aquifers in
the database in which air can be stored is determined. Finally, using the depth and pore volumes
from the screened dataset as input, a Monte Carlo analysis is performed by randomly sampling
turbomachinery parameters to determine power output and round-trip efficiency. More details on the

case study methods can be found in ref.?,
Screening of UK dataset.

The aquifers from the CO2 Stored dataset, whose characteristics indicate they are likely to contain
rocks suitable for PM-CAES, are identified based on their shallowest depth, porosity, permeability,
thickness, lithology, and the presence of a geological trap to contain stored air and absence of
features impeding the flow of air (mineral cement, heterogeneity of the rock mass). A geological trap
is defined by a porous reservoir with an impermeable overlying seal plus lateral seals to flow. Such
lateral seals could be provided by doming of the top seal, lateral changes in rock type to lower
porosity units, or the presence of impermeable faults. In the following text we refer to this as trap

geometry.

The screening procedure has five steps. First we remove all the entries for which no data is available
for one or more of the screening criteria. Second, aquifers with 1 or more parameters outwith the
allowable ranges of the screening criteria are rejected (Table 1). Third, aquifers are rejected if
geological problems (e.g. heterogeneity, mineral cement, fractured seals, and overpressure) are
identified from the literature. Fourth, the entries are divided into 3 categories: type 1 are entire single
aquifer units; type 2 are subsets of single aquifers which are subdivided in the database into pressure
compartments. These pressure cells are usually much larger than individual hydrocarbon fields or
traps; type 3 are individual storage sites, i.e. locations within an aquifer defined usually as single

geological traps. When an aquifer has entries of both type 1 and type 3, the type 3 are used.
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Type 1 entries are subdivided using criteria identified in the literature*®->3, to make them into type 2
entries. Parameters used for sub-division include burial depth; thickness; permeability and the
proportion of useable reservoir within the total thickness (‘net-to-gross ratio”). The superposition of
the parameters in ArcMap® GIS software enables the calculation of the pore volume of the sub-

divided portions of the aquifers (Supplementary Figure 2).

The calculation of pore volume fraction of selected aquifers usable for storage is here described.
Only a fraction of the pore volume of an aquifer, referred to as the usable pore volume (Vysapies
equation (14), can actually be used for air storage. The usable pore volume is the pore volume within
geological traps potentially capable of retaining fluids (e.g. a dome of porous rock overlain by
impermeable seal). It excludes geological traps containing hydrocarbons or defects such as a

fractured seals.

Vusable = Viraps X Nusable (14)
where Viraps is the pore volume contained in all the areas of the aquifer contained within a geological
trap capable of retaining fluids (e.g. air, CO2 or hydrocarbons), nysanie 1S the fraction of geological

traps usable for air storage.
For Type 2 aquifers, this volume is estimated using equation (15).

% 15
Viraps = h/?]h (13)

where 1, is the total pore volume of all the geological traps that contain hydrocarbons within an

aquifer (a known value), and n;, the ratio of 1, to the total pore volume within geological traps.

The average success rate of hydrocarbon exploration wells from 1963 to 2002 is 30 %°>**°. Assuming
exploration wells are targeted at traps within an aquifer which can be identified by offshore imaging
technics, we can use this value as n,. The pore volume of geological traps exploited for

hydrocarbons (1},) is calculated from the hydrocarbon volumes originally in place in all the
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hydrocarbon fields within the aquifers offering potential for PM-CAES (sample size = 44,

Supplementary Table 4).

The fifth and final step is to estimate how many of those traps would be suitable for PM-CAES. The
study of 382 hydrocarbon wells from Xia and Wilkinson® proposes that 49 %8 of the traps in an
aquifer can be successfully exploited for CO> storage. Because the prerequisites for CO; storage sites
and compressed air storage sites are comparable, we assume that for CAES in aquifers, the only
suitable traps would be the ones which could be successfully exploited as CO> stores but do not
contain hydrocarbons. In that case, nysapie 1S €qual to 19 % of the overall geological traps, see

Supplementary Figure 4.
The storage efficiency of type 2 aquifers is given by equation (16).

Vusable (16)

Vdataset,Typez

Nstorage =

For Type 3 aquifers, for which the geological trap pore volume, Vi4ps, is provided in the database,

the efficiency is given by equation (17).

Nstorage = Musable (7)

Monte Carlo Simulation.

A Monte Carlo simulation of the population of screened aquifers is performed to estimate the storage
power and energy capacity achievable over two months of storage. There are nine steps of the
algorithm used to perform each realization of the simulation. First, selecting a storage pressure using
the alpha parameter and the hydrostatic pressure at the depth of the geological store. Alpha was
varied between 0 which represents a storage pressure closer to fracture pressure, and 1 for one close
to hydrostatic pressure. Second, selecting turbomachinery efficiencies from uniform distributions.
Third, the power output per well is calculated using equation (1). Fourth, the power output is varied

randomly by up to £3 % from the calculated value to account for the uncertainty caused by using a
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constant specific heat for air in equation (8). Fifth, the air mass which could be stored is the product
of the usable pore volume (calculated using the storage efficiency #storage COrresponding to the aquifer
type), the gas density and the fraction of the pore space occupied by air within a PM-CAES store (i.e.
the gas saturation). An arithmetic average of 47 % for the gas saturation is calculated from ten
numerical store models representative of the parameter space in Table 1. Sixth, the number of wells
needed is calculated as the mass of air per well divided by twice the amount of air which would be
extracted over 2 months at a rate of 15 kg s, equating to 158 million kg of air. The amount of air is
doubled to account for the cushion gas requirement, which is the amount of air which remains in the
store throughout the cycle. Seventh, the power output per aquifer is computed as the number of wells
multiplied by the power output per well. Eighth, the energy storage potential is determined as the
power output per well multiplied by the duration of the production period. Finally, the total power
and energy storage potential per aquifer are achieved by a sum of all the entries’ values for each

aquifer.

Three simulations of 50,000 realisations are performed resulting in a maximum difference between
simulations of £ 0.1 GW for power capacity estimates and + 0.1 TWh for energy capacity estimates.

The estimates of each individual formation are reported in Supplementary Figure 3.

Cost estimates

Cost estimates are calculated using the net present value (NPV), for 2015; of the cost of offshore
wells®®; transmission costs®’; turbine®® and compressor®® initial capital costs and operation and
maintenance costs (O&M); natural gas fuel costs; and electricity cost to power the compressor®®. A
10 % discount rate is assumed in the calculations. Decommissioning costs are also accounted for®.
The initial capital cost for the turbine and compressor are estimated using the results from a study on
CAES sites on islands®®. Its heat rate is assumed at 4,000 Btu kwh* which is equivalent to the

Mcintosh plant™.

20



The levelised cost of generated stored electricity (LCOE) for the PM-CAES system is calculated as
the sum of the discounted costs per year over the annual energy production from the storage facility,

based on ref. °6:

n WetTi+Co+ M +F+5 +D, (18)
LCOE = a ;C r)

n t

t=1 (T + 1)t

where W, is the well initial investment expenditure; T; and C; the turbine and compressor initial
investment, respectively; Mk, the fixed operation and maintenance expenditures; Ft and S the fuel and
compressor electricity supply expenditure, respectively. The subscript t denotes the year in which the
expenditure occurs. E is the electrical energy generated by the CAES plant. r is the discount rate and
n the lifetime of the CAES project. The metric in equation (18) is commonly used to compare storage
technologies amongst themselves, as well as against other electricity generating technologies, as
demonstrated by the references used in Table 2. The cycling schedule from this study is equivalent to
a capacity factor of 0.17. The average power output from the turbine and input to the compressor

over the generation and charging times is used, respectively.

Equation (18) is used to determine the costs of a few test cases. Those test cases include a best case,
mid-range, and worst-case scenario (Supplementary Tables 6, 7 and 8), as well as tests cases using
cost parameters derived from analog costing studies for CO- injection in offshore porous rocks, and
test cases for which the power storage target is set using areas with storage potential identified in this
study (Costings sheet in Supplementary Data 1). The best case scenario discount factor is of 6%°.
This method allows for a LCOE range to be established (Table 2), and verifies it using test cases

anchored in analog studies and expected storage potential.

The conversion to 2018 US$ of the reported costs from Table 2 are achieved using the currency
exchange rates from the International Monetary Fund to convert to US dollars®®, and adjusted for

inflation®® (see Conversions sheet in Supplementary Data 1).
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Figures

Figure 1: Schematic of the key components of a conventional CAES system. At the surface are the plant
components, combined with a subsurface porous rock store via a well. The store is charged by using an air
compressor. During discharge, the compressed air is fired into a combustion chamber with natural gas and
fed into a combustion turbine. The entire work output can be used to generate electricity at a premium retail

price, as the air has been pre-compressed during the charging phase.

Figure 2: Workflow to build predictive models of PM-CAES power output and round-trip efficiency and its use
to perform a nation scale storage assessment. In step 1 the pressure response induced by cycling air in the
store within an idealized aquifer was modelled. In step 2, the outputs from step 1 were corrected using an
analytical well model. In step 3, the power consumption and output of compressors and turbines were
estimated. In step 4, the outputs from step 3 were used to establish predictive models of the power output and
efficiency of the PM-CAES system.

Figure 3: Conceptual model of a well in a porous rock store under PM-CAES operation. No-flow boundaries
can be used at the model boundary opposite to the well since the pressure gradients from adjacent wells in a

homogenous, isotropic aquifer are assumed to be equivalent in magnitude and in opposite directions.
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Impermeable rock layers must be located above and below the porous rock store, so the top and base are

also assumed to be no flow boundaries. See Methods for more details.

Figure 4: Map of the United Kingdom showing the formations identified as presenting storage potential in
yellow areas. The extent covered by the CO2 Stored dataset is shown in a red outline. Approximate

windfarms’ location and status is indicated to show the colocation with storage potential.

Figure 5: PM-CAES storage capacity in offshore UK aquifers. The likelihood of achieving a given total storage
capacity or less is given by the blue line. This data represents 50,000 iterations of the predictive model
applied to the CO2 Stored dataset. The dashed magenta line represents the UK’s electricity consumption from
the 1st January 2017 to the 28th of February 20173. This line is vertical as a single value is used. This figure
shows the variability in storage potential when considering PM-CAES for inter-seasonal storage. It also shows
that despite a variability equivalent to 40 % of the UK’s winter consumption (based on magenta line) between
the 10% likelihood of 77 TWh or less and the 90 % likelihood of 97 TWh or less, there is still enough potential

to warrant further investigation.
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Tables

Table 1: Criteria for aquifer screening. The information presented here is based on refs 6,23, but also on the

insights gained from the modelling (see Justification column).

Parameter

Range/Value

Justification

Depth to the top of the formation

Permeability

Thickness
Porosity

Presence of trapping mechanism
capable of retaining the stored air
near the well

Lithology

Heterogeneity
Overlying seal thickness

260 - 4000 m

100 - 1330 mD

50-350 m

15-30 %

Removed entries for which no
known traps or
compartmentalisation was
identified

sandstone

‘complex’ geology excluded
>10m

Maximum depth extended for
modern compressors and
turbines — Minimum depth to
prevent well collapse

1330 mD exceeds the
recommendation for “excellent
sites, whilst encompassing over
90 % of the database entries.
Minimum thickness to prevent
well collapse

Within ranges from refs 6,23
Refs 6,23

t3]

Most optimal geology® suited
to model approximations
Refs 6,23

Supplementary Table 5.

Table 2: Cost of storage technologies. Batteries are included for comparison, despite not being suited to bulk
grid-connected inter-seasonal storage. The levelised costs of electricity presented for PHS, generic
underground CAES (which includes the use of salt caverns, mines and porous rocks as stores), and onshore
CAES in porous rock, are all applicable to projects with capacities of hundreds of megawatts. The mid-range
values reported are taken from literature costing studies when possible, otherwise they are taken as the mean
of the low-end and high-end values reported here. The conversion from the original literature value to the US$

2018 value can be found in Conversions sheet of the Supplementary Data.

Technology Costs US$ kwWh (2018)

Low-end High-end Mid-range
Batteries (NiCd) ° 0.45 0.63 0.54
PHS 0.1152 (EPRD 0.30652 (EPRD 0.20 (mean)
Generic underground CAES 0.0652(EPRI-135MW) 0.25° 0.155(mean)
Onshore CAES in porous rocks 0.07% 0.13% 0.14%
Offshore CAES in saline aquifers (this 0.42 4.71 1.48
study; see Supplementary Tables 6, 7
and 8)
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