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Abstract Liquid Air Energy Storage (LAES) is at pilot
scale. Air cooling and liquefaction stores energy; reheating
revaporises the air at pressure, powering a turbine or
engine (Ameel et al., 2013). Liquefaction requires water &
CO2 removal, preventing ice fouling. This paper proposes
subsequent geological storage of this CO2 – offering a
novel Carbon Dioxide Removal (CDR) by-product, for the
energy storage industry. It additionally assesses the scale
constraint and economic opportunity offered by imple-
menting this CDR approach. Similarly, established Com-
pressed Air Energy Storage (CAES) uses air compression
and subsequent expansion. CAES could also add CO2

scrubbing and subsequent storage, at extra cost. CAES
stores fewer joules per kilogram of air than LAES –
potentially scrubbing more CO



and medium duration storage (Morgan et al., 2015). The
need for cryogenic or high-pressure storage means that the
resulting energy storage medium is quite low density. By
contrast, power-to-fuels is more energy-dense and stable; a
denser and more stable fuel benefits seasonal storage. Very
small CAES/LAES installations suffer inherent limitations
to storage efficiency, due to area/volume scaling effects on
capital costs and heat transfer. While use of these
technologies for spinning reserve is possible (Luo et al.,
2015), other technologies may be better suited to this use
case (batteries, capacitors and flywheels).
LAES/CAES is well-placed to address perhaps the main

issue facing renewable energy – bringing solar energy from
day to night. Swanson’s law (Carr, 2012) gives a steep
learning curve for solar power costs, implying that it will
become the cheapest of all current low-carbon sources. As
such, it can be assumed that the primary challenge is
therefore to carry this solar energy into the night. This is
particularly the case in tropical latitudes, which experience
near-constant top-of-atmosphere insolation during the
year. Mid-latitudes have an additional challenge, which
is to carry summer sun to wintertime. This, as discussed
earlier, is perhaps best addressed by power-to-fuels.
Notwithstanding such peripheral complexities (geo-

graphic seasonal storage variations, heterogeneous gen-
eration mix, short-term grid balancing), the energy storage
problem crudely reduces to bringing solar energy into the
night.
As such, our case-in-point technologies of LAES/CAES

appear suitable for scaling, as their low costs of
maintaining storage (and consequential mid-term duration)
is suited to handling both certain daily storage, and
uncertain weekly variances. Furthermore, these
approaches are based on decades-old underlying technol-
ogies, and seemingly lack the potential constraints that
may plague other storage technologies – such as materials
(e.g., batteries) or siting (e.g., pumped hydro – although
particularly CAES designs are geology-dependent). Of
course, doubts remain as to the relative economic merits of
this approach (Jülch, 2016), and our analysis is not
intended to “pick winners” among a wide range of
promising storage technologies. Rather, we seek to
appraise the technical and economic case for adding a
carbon dioxide removal (CDR) by-product to the LAES/
CAES processes, with consequential consideration of any
resulting economic impact.
Specifically, we attempt to answer the following

research questions:
1) What proportion of expected CDR requirements

could be met using large scale deployment of LAES or
CAES?
2) What would be the economic opportunity of adding a

CDR by-product to the business model for these
industries?
3) Could modification to LAES or CAES potentially

provide a viable way to provide all required CDR services?

2 Background to CDR

The role of this section is simply to place our novel LAES/
CAES proposals into a proper context, for readers less
familiar with this area of research. It also introduces the
engineering behind Direct Air Capture (DAC) systems
(which have much in common with the CO2 removal
systems of LAES).
CDR is an umbrella term for a wide range of different

technologies capable of removing CO2 from the atmo-
sphere-ocean-biosphere system (Kriegler et al., 2013). A
comprehensive treatment is beyond the scope of this paper
– but prominent techniques are briefly summarized below,
for context and comparison.
Bio-energy with Carbon Capture and Storage (BECCS)

(Muratori et al., 2016) relies on the capture of post-
combustion CO2 from conventional power stations, fuelled
by biofuels. It is currently operating in large-scale
facilities, on a pilot basis (by re-firing extant plant with
biomass). Though widely-discussed, sourcing biofuels
without releasing carbon is a major challenge. These
emissions may come from agricultural and transport
machinery, fertilisers, or land-use change. Furthermore,
concerns remain as to whether BECCS can really be made
into an economically viable energy source –



technology, or the CO2 can be rewarmed to the gas phase.
In either case, it must then be disposed of – just as in the
chemically-based DAC approaches. Such thermal CDR
approaches potentially lend themselves to applications
within CAES/LAES, which rely on thermodynamics.
Enhanced Weathering (EW) (Köhler et al., 2010) relies

on the fact that a wide range of basic rocks react slowly
with CO2 that is either present in the atmosphere or
dissolved in the ocean. By grinding, distributing and
spreading these rocks in suitable geographies (e.g., onto
shallow ocean shelves, or farmland), associated reaction
kinetics can be manipulated so as to produce meaningful
weathering rates for the decadal or centurial removal of
CO2





reduces to estimating a reasonable maximum value for
fLAES(t) and linearly scaling that from the above estimate.
For example, for fLAES(t) = 33%, CC = 53 Gt of CO2

captured in 100 years. Table 1 explores the expected
carbon capture per year (column 2) and per century
(column 3) for fLAES(t) = 50%, 10%, and 1%, respectively.
Table 1 also presents yearly revenue (column 4) and
fractional decrease in LAES operating costs (fsave) under
these three scenarios.
The first example (CC = 80 Gt) is 4% and the second

(CC = 53 Gt) is 2.7% of the potentially 2000 Gt of CO2

drawdown required, so maximizing LAES for CDR will
not alone meet society’s entire drawdown needs. None-
theless, even at 30 USD per metric ton of captured CO2,







theoretically scale to act as the principal CDR technology.
This would come at additional financial cost and requires
immense subsurface storage capacity – although it is
potentially competitive with other CDR approaches, in
favorable environments.
In summary: Neither LAES nor current CAES technol-

ogies could provide all necessary CDR – but CDR revenue
streams may influence strongly the prevalence and design
of LAES and potentially CAES systems. A highly-
modified CAES scheme, with unknown economics, is
the only way to effect global scale CDR using these
technologies.
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