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Abstract

This chapter introduces large-scale utility (bulk) energy storage in the form of pumped
hydroelectric (PHS) and compressed air energy storage (CAES). Both are mechanical energy
storage technologies, converting electrical energy into potential energy and both fall into
the category of grid-scale, energy management. Brief reviews and discussions relating to the
general operational aspects, legislative and environmental aspects of the two storage types
are provided in the context of UK development. Both storage technologies offer the
potential for better integration and penetration of renewable electricity sources and the

reduction of greenhouse gas (GHG) emissions.

1 Introduction

International, national and regional energy policies aim to promote the use of renewable-
based electricity (RES-E) to reduce carbon emissions and secure local power supplies. The
European Union has set ambitious greenhouse gas (GHG) emission reduction targets of 20%
by 2020 and 80% by 2050.! In addition, the United Nations set a target of doubling the
renewables share in the global energy mix by 2030, from the 18% seen in 2010, to 36% in
2030.2 The transition to and increasing the use of renewable energies such as wind and

solar, which are by nature intermittent, will therefore introduce increased natural variability



into electricity generation and capacity. To meet patterns of demand that do not follow
such variations in generation, there will be a need for fast-ramping, back-up generation,
supported by reliable forecasting and, importantly, increased bulk, grid-scale storage

capacity for electricity generated from renewables.

The United Kingdom (UK) has made considerable progress in decarbonising electricity
generation as it moves towards a low-carbon energy system to meet climate change targets.
This process has involved increased deployment of renewable energy technologies and
changes in electricity consumption, alongside decommissioning of ageing coal, nuclear and

gas-fired power stations.3>

These rapid changes are presenting challenges for the future of the UK’s electricity system.
The increase in renewables is leading to an increasingly decentralised generating system and
higher amounts of generation intermittency from natural energy sources. The increase in
intermittency requires flexible generation to balance the system. In the past, fast-response
thermal generation has largely met this need. The UK National Infrastructure Commission
has set out priorities for a future energy system identifying the role of interconnectors,
energy storage and flexible demand as being key innovations that will enable a smart power
system to secure supply and meet carbon targets.® Importantly, it has been calculated that
these innovations would save consumers up to £8 billion in system operating costs that

would otherwise have been required for conventional investment in the energy system.

Whilst interconnectors will play an important role, increased energy storage will not only
balance existing flexible generation, but will enable greater amounts of renewables to be
integrated into the system in the future. Technology developments and falling costs mean
that battery storage is becoming increasingly common at a range of scales, although

collectively their energy storage capacity remains small.

Energy storage involves converting energy from forms that are difficult to store, to more
convenient or economically viable storage forms. The energy can be stored in various ways,
including chemical, electrochemical, thermal and mechanical storage. Some technologies

provide short-term, small-scale energy storage options, whilst others represent grid-



support, load levelling and longer-term mechanical bulk (utility scale) energy storage
options (see Figure 1). The two largest sources of mechanical energy storage are Pumped-

hydroelectric storage (PHS) and compressed air energy storage (CAES):

1. PHS —this is a type of hydroelectric energy storage used by electric power systems
for load balancing. Energy is stored in the form of gravitational potential energy of
water, pumped from a lower to a higher elevation reservoir. Typically, pumps are run
by low-cost surplus off-peak electric power. During periods of high or peak electrical
demand, release of the stored water through turbines generates electric power.
Pumped hydroelectric storage is, however, a proven technology that can reliably
deliver a large-scale and fast-responding storage capacity.® Globally it is the most
common form of energy storage, with a capacity of 188 gigawatts (GW),
representing 96% of total global energy storage capacity.” Geography, however,
constrains the ultimate capacity for PHS and as such, in most developed countries
only limited prospects exist for further development, including in the UK,%©
although significant potential for hydro-storage capacity may still exist in many other

areas around the world.1!

2. Conventional (diabatic) CAES, or adiabatic compressed air energy storage (ACAES)
—this is essentially equivalent to PHS in terms of applications, output and storage
capacity. CAES is the second commercially proven, large-scale electrical energy
storage (EES) after PHS, but instead of pumping water from a lower to a higher
reservoir during periods (generally off peak) of excess power or energy produced by
base gas, oil, nuclear or coal-fired units, air is compressed and stored in an air store
‘reservoir’ (currently salt caverns). As with pumped storage, release of power can be
very quick and at peak times, as the air is withdrawn and used in the generation of
electricity. CAES is viewed increasingly as offering bulk storage potential and a
solution to levelling intermittent renewables generation (wind-power and solar
photovoltaic plants [PV]) and maintaining a system balance.?!3 CAES technology is
based on the principle of traditional gas-turbine plants and has some advantages
over pumped storage, including the fact that its visible impact on the landscape is

lower and there is more scope for building CAES facilities nearer the centres of wind-



power production, especially in Germany and areas of the US. Worldwide CAES
capacity is 431 megawatts (MW).”

CAES is not, however, an independent system, as it requires gas for heating of air
and has to be associated with a gas-turbine plant during electricity generation: it
cannot be used in other types of power plant during generation.'* More importantly,
the requirement of combusting fossil fuels and the associated emissions make CAES
less attractive compared to other EES technologies.'>'” However, advances in CAES
technologies and linking to renewables generation (including offshore wind) offer
the prospect of improved cycle efficiencies, with the reduction and possibly

elimination of emissions.

(insert Figure 1 around here)

The smaller contribution of grid-scale energy storage from CAES, with only two commercial
facilities constructed and currently operational using solution-mined salt caverns, does not
reflect physical or environmental limitations, more the lack of policy and economic drivers
for energy storage in general and CAES in particular.®

This chapter considers the two main types of bulk, grid-scale, mechanical energy storage in
PHS and underground (geological storage) CAES. Underground geological storage offers
potentially very large volumes and is of five main types: salt caverns (solution mined or
conventional mining), porous rock (aquifer or depleted hydrocarbon field), hard rock mined

void, abandoned non-salt mine and lined-rock cavern.

In the UK, four PHS sites are operational and a further six planned, whilst only one CAES
plant is planned in Northern Ireland, although others are being considered in Cheshire, all

using salt cavern storage (see Figure 2).

(insert Figure 2 around here)

Non-geological CAES options not considered here include above ground, or shallowly buried
containers or pipes.’® Whilst such systems are attractive in that they permit the siting of
CAES plants almost anywhere as no underground geological storage formation is required,
such systems are estimated to be about five times more expensive than salt-based air

storage caverns and porous aquifer based air storage systems.?? Other novel systems



include energy bags secured to the sea bed,?! schemes linking wind turbines with energy
storage in supporting legs,?>2 or where power is converted directly from the rotor by

means of gas/air compression within the rotor blades.?

2 Pumped Hydroelectric Storage - introduction to the
technology, geology and environmental aspects

PHS is a well-established form of storage used by electric power companies in many
countries for load balancing, utility scale electricity storage. Plants that do not use pumped
storage are classified as conventional hydroelectric plants. Essentially, in PHS water pumped
from a lower to a higher elevation reservoir during off-peak periods stores energy in the
form of the gravitational potential energy of water. In comparison to conventional
hydroelectric dams and power generation, the reservoirs used with PHS are smaller and
generating periods are much shorter, being measured in hours to parts of days. Pumped
storage is the largest-capacity form of grid energy storage available, with more than 300
facilities worldwide.?® However, the relatively low energy density of PHS/PHES systems
requires either a very large body of water or a large variation in height between the
reservoir and turbines.?’

PHS was first deployed at sites in the Swiss and Italian mountains in the 1890s28 and the first
sites in Germany date back to the 1920s%°. The first use of PHS in the US was by the
Connecticut Electric and Power Company in 1930, using a large reservoir located near New
Milford, Connecticut. The water was pumped to the storage reservoir from the Housatonic
River c. 70 m below.3° In the UK, the first PHS facility commissioned was at Ffestiniog in
North Wales during the 1960s. Dinorwig was the first hydropower development built, using
an old slate quarry in Elidir Mountain in the 1970s, with the modern Dinorwig plant having

opened in 1984 and which has provided over 30 years of storage and supply.3?

A number of PHS system configurations are possible, including open- and closed-loop,

underground and pump-back systems (see Figure 3). Open-loop systems generally comprise
an upper reservoir with no real natural inflow (inflowing river), which delivers water through
tunnelling to the turbines underground and discharges to a river or lower reservoir. In some

cases, the lower reservoir is the ocean, with the system using seawater. The upper reservoir



may be an open natural or engineered body of water anywhere at the surface, as long as
there is sufficient topography to provide the ‘head’ of water required for operation. This
could be in mountain sites, or along coasts with sufficiently high cliffs. The reservoir could
be manmade, or make use of an existing depression or mined void such as a former quarry,
as at operational Dinorwig and the proposed Glyn Rhonwy plant in North Wales.?'32 Such
sites tend to be located in areas of massive, homogenous, hard rock types such as igneous
and crystalline metamorphic rocks like granites and gneisses, or some hard sedimentary
rock types like dolomites. These rock types are more likely to contain fewer fractures and be
impermeable, preventing leakage. However, grouting and lining of the storage and any dam
structure may be required. Thus, sites are likely to be in mountainous areas and potentially
in areas of outstanding natural beauty, introducing social and ecological issues to proposed
developments. There are examples where delay or abandonment of pumped hydro

construction has occurred because of environmental concerns.33

Underground PHS operates in a similar fashion to conventional PHS (see Figure 3), with the
exception that, whilst involving a surface reservoir and an underground powerhouse, the
lower reservoir is underground and mined from hard rock.3* It converts the energy of a
water column flowing from a surface reservoir to the underground reservoir and then
pumps the same water mass back to the surface. The system eliminates dependence upon
natural topography and enables design for higher head operation. In this sense, it carries a

lesser environmental impact in comparison to conventional PHS.

(Insert Figure 3 around here)

Closed-loop systems not involving connection to surface waters involve both reservoirs
being excavated underground, with a number of projects considered in old mines, including
a 1500 MW project at Norton, Ohio and a 1 300 MW project in California.3>3¢ Pump-back
plants operate as a hybrid combination of pumped storage and conventional hydroelectric
plants, with an upper reservoir that is replenished in part by natural inflows from a stream
or river. There has been modification of some standard hydroelectric power plants to
operate with a pump-back system, such as the Grand Coulee Dam in the US. This was
expanded in 1973 with water pumped back up from below the dam3’ and similar

conversions of other such plants are under consideration in other countries.



The design of almost every PHS/PHES power plant is highly dependent on the site
characteristics: there needs to be sufficient water available and both the topography and
geology of the area must be favourable. Suitable sites are, therefore, likely to be in hilly or
mountainous regions, which are potentially in areas of natural beauty and which would
pose additional social and ecological issues. All schemes will require very site-specific
investigations to determine rock mass qualities and if major permeable zones, such as faults
or fractures in the rock, exist. Most reservoirs will require some sort of engineered lining

(often clay) to reduce leakage rates and risk. Evaporation may be a problem in some areas.

In the US, a growing number of proposed projects are avoiding highly sensitive or scenic
areas, with some proposing to take advantage of ‘brownfield’ industrial sites such as old
mines, using different mined levels as the reservoirs. One such 1 300 MW scheme is being
considered by Eagle Crest Energy in California, which would reduce environmental impacts
to a minimum.3® Although additional challenges exist when compared to using fresh water,
PHS plants can operate with seawater, with the world’s first demonstration of seawater PHS
at the 30 MW Yanbaru project in Okinawa, Japan, commissioned in 1999.38 Built atop a cliff,
it used seawater; however, due to lack of anticipated local electricity demand the plant was

dismantled in 2016.3°

2.1 Efficiencies and Economics

PHS presents a number of benefits’:

e |tis a mature technology where installations have a long design life enabling it to
play an important role in the long-term planning and management of energy supply
systems;

e lIts large scale of storage allows it to deliver for long discharge periods contributing to
security of supply;

e Provision of frequency response and short-term operating reserve services;

e Energy arbitrage or the time-shifting of electrical energy by consuming the surplus

from renewables at times of high availability or use of lower cost, baseload



electricity power to pump into storage and delivering fast response discharge at
higher-value periods of peak or system demand;

e High-flexibility response of absorbing and generating electricity smooths the demand
profile between highly variable renewable electricity source (VRES) generation and
the response by conventional thermal plants, enabling them to operate with

improved efficiency and at lower cost.

Although PHS stations are net consumers of energy they remain an important component of
an integrated, renewable energy system. They have system efficiencies of 70 to 85%, which
compares favourably with other mechanical energy storage systems such as compressed air
energy storage (CAES) which has efficiencies in a similar range. In contrast, hydrogen fuel
cells have an efficiency of just 20 to 50% and lithium ion batteries an efficiency of nearly

100%.1440

The construction and installation costs of PHS are estimated to be twice that of

conventional hydropower plants with similar capacity while operating costs are almost
equal.*! With capital costs estimated between £500 and £2000 per kilowatt of installed
capacity,”*? it has been shown to be the most cost-efficient storage technology, with a

levelised cost of delivered electricity of £105 per megawatt/hour (MW/h).#2

Despite the storage benefits that PHS schemes can deliver for energy systems, they
currently face a number of economic challenges where the greatest risk is uncertainty in
long-term revenue. PHS schemes are complex infrastructure projects requiring extended
periods for development and construction, high capital expenditures and have a long design
life of 40 to 80 years.*® This type of investment is, therefore, not ideal for cost recovery in

market-driven energy systems.

Most historical PHS has developed where electricity markets have a degree of public
ownership. Analysis has shown that a reduction in the global development of PHS coincided
with large-scale deregulation of electricity markets during the 1990s.1* The technology
requires long-term investment and some certainty on return, where a stable regulatory and

financial environment will, therefore, be a pre-condition to attract private funding. Modern



liberalised energy markets tend not to provide this certainty where they are difficult to
forecast, contracts are short-term and future policy decisions can be unpredictable, leading

to increased risks associated with developing this type of hydropower scheme.*

Revenue streams for PHS will, therefore, need to come from the range of services that the
technology can deliver, although each of these streams is subject to considerable
uncertainty. Although the technology also delivers a number of external benefits, such as
reduced carbon emissions, lower systems costs and energy security, there is currently no

mechanism to internalise their value.

The UK National Infrastructure Commission concludes that current regulatory conditions
unintentionally disadvantage storage providers, preventing them from participating across
the various electricity markets, but that much greater use could be made of the technology
where better regulation creates a level business environment between generation and

storage.®

The UK government has developed interventions in the energy market to provide greater
certainty for investors in some sectors, although these are either not currently viewed to
favour PHS or actively favour other technologies. The Capacity Mechanism was introduced
to provide support for backup generators to help balance the energy system, but the
timescale on which it operates is considered too short to attract investment in PHS.%>4¢
Development of the Cap and Floor mechanism was specifically to support investment in

interconnectors to the UK.*/

Although a number of PHS developments are currently at advanced stages of planning,
there remains some uncertainty as to whether they will progress to construction unless
appropriate measures are put in place to provide favourable investment conditions for

private finance.’

2.2 UK Deployment of PHS

2.2.1 Existing Facilities



There are currently four PHS schemes operating in the UK (see Figure 2) and with a capacity
of 2 828 MW they represent 1.5% of global capacity. These are Dinorwig*® (Gwynedd, North
Wales) at 1728 MW, Ffestiniog*® (Gwynedd, North Wales) at 360 MW, Cruachan® (Dalmally,
Scotland) at 440 MW and Foyers®? (Highlands, Scotland) with a capacity of 300 MW. The
Ffestiniog, Cruachan and Foyers schemes were commissioned in 1963, 1965 and 1975,
respectively. The Dinorwig power station, commissioned in 1984 and having taken 10 years
to complete, is one of the largest PHS schemes in the world, where the flow of 60 m3s?is
released from the upper Marchlyn Mawr reservoir, through turbines set in the former

Dinorwig quarry and discharging into Llyn Peris.

2.2.2 Potential for Future PHS

The increasingly important role of storage in our energy systems has led to a renewed
interest in new PHS schemes. Whilst topography, water resource availability, environmental
and landscape protection are principle constraints to the development of new schemes, a
Geographic Information System (GIS) based study concluded there is still considerable
potential for development of more pumped-storage sites in the UK.>2 A 2010 study for the
Scottish Government identified there being a role for 7 000 MW of new pumped-storage
hydropower to meet Scotland’s energy system storage needs by 2030.>2 Based on a typical
scheme capacity of 400 MW, this means a requirement for 17 new schemes, and the study
concluded that it is unlikely this number of sites is available. In reality the number of
potential sites for the construction of large, new PHS schemes is likely to be limited and
more comprehensive, site-level studies will be required to increase confidence in estimates

of future UK capacity.

There is, however, interest in developing a small number of new sites in the UK and
upgrades to existing sites to increase capacity. Collectively they could more than double the

UK'’s current PHS capacity. A summary of these is given below:

e Coire Glas (Scotland) - consents secured for a new 600 MW scheme although studies
are being carried out to increase this to 1 500 MW;>*
e Balmacaan (Scotland) - proposals to develop a new site for a 600 MW scheme;

e Glenmuckloch (Scotland) — proposals to develop a new 400 MW scheme;>>



e Glyn Rhonwy (Wales) — consents secured for a 50 MW scheme although applications
are being made to increase this to 100 MW;3?

e Cruachan (Scotland) — proposals to upgrade the current scheme to add up to 600
MW of additional capacity;>®

e Sloy (Scotland) - Conversion of existing 152.5 MW hydropower scheme through
addition of 60 MW pumping capacity;>’

e Muaitheabhal (Isle of Lewis) - proposals for a new 300 MW scheme.

2.2.2.1 Traditional Sites and Potential Problems

Historically, PHS schemes were constructed in mountainous or upland areas utilising existing
but modified natural lakes for upper and lower reservoirs. This type of scheme, described as
an open-loop system, has the reservoirs in hydrological continuity with existing water
catchments. Enlargement of an existing natural lake generally creates the reservoirs through
construction of an impoundment to provide the increased storage volume required for
power generation. Hydraulic controls are established on the lower lake (reservoir) to
regulate outflows and retain necessary storage volumes for pumped-hydropower operation.
The Dinorwig scheme is typical of this arrangement. The connectivity of open-loop schemes
with natural hydrological systems means that their operation is likely to have impacts on the
wider water environment. Conversely a closed-loop PHS scheme is one in which there is
limited hydrological connectivity beyond the boundary of the engineered scheme and
operates, from a water resources perspective, largely independently of its hydrological
setting. The proposed 100 MW Glyn Rhonwy scheme, near Llanberis in North Wales, is a
good example of a closed-loop scheme that would utilise two redundant slate quarries to
create the upper and lower reservoirs, each with a storage volume of 1.1 million m3. The
mountainous topography is necessary to provide not only the landform suitable for dam
construction and reservoir storage, but also the hydraulic head necessary for power
generation. To illustrate, the Cruachan scheme has a reservoir storage volume of 10 million
m3 whilst the hydraulic head for the four UK pumped-storage schemes ranges between 300

and 500 m.



Given the scale of conventional PHS schemes in upland areas, they are typically constructed
using tunnels and chambers to convey flow, house turbines and provide access and service
routes instead of using buried or overground infrastructure. There are risks associated with
extensive use of tunnels in such schemes and tunnel collapses have occurred in many
developments, both in the UK and internationally. Although a conventional hydropower
development, the tunnel collapse on the newly constructed Glendoe scheme in Scotland put
the scheme out of action for three years at an overall cost of £100 million (see Figure 2).>8
Numerous other collapses have been recorded in countries with major hydropower
development programmes, such as in Ethiopia,*® Vietnam®® and China.?! Causes have been
attributed to poor construction practices, poor or inadequate geological assessment and

unfavourable geological conditions.

2.2.2.2 Cliff-top Sites

Recognising the many constraints of typical inland, mountain settings for PHS, there is
increasing interest in the use of seawater and cliff-top sites. These types of scheme would
operate in the same way as traditional PHS schemes but would require construction of only
the upper reservoir on land at elevation and use of seawater for power generation,
discharging into the sea, which acts as the lower reservoir. As described above, the first
experimental seawater scheme was on Okinawa Island, Japan, in 1999.383%62 There were a
number of challenges in using seawater for the scheme. To prevent leakage of salt water
into the terrestrial environment, the upper reservoir was lined, whilst the quality of the
water created difficulties in operation and maintenance due to its corrosive nature. To
reduce the impact of the scheme on the marine environment, environmental mitigation
measures were installed.®® Increasingly, cliff-top sites are seen as potential alternatives in
places with limited scope for conventional upland schemes and with less impact on lake and
river ecosystems. Investigations into the feasibility of new cliff-top schemes are ongoingin a
number of countries, including Australia® and Hawaii®. Use of seawater is also under
consideration in a low-head context, with the conclusion that it is a technically and

economically feasible option®®.

2.3 Environmental and Regulatory Factors in PHS



2.3.1 Overview of Environmental Regulation for PHS

PHS schemes are large, complex civil engineering projects that are likely to have significant
impacts on their local environment during the construction, operation and decommissioning
stages of their design life. Although the general design principles of PHS schemes are similar,
their environmental impacts will vary according to where they are located, how they are

arranged and are operated.

Extensive legislation is in place in the UK to protect the natural environment. This ranges
from targeted conservation of high biodiversity value habitats and rare species of flora and
fauna, to protecting the quality of our wider environment, including soils, air, water and
landscapes. In some cases, such as water, a key purpose of the law is for the proper and

equitable use of a common natural resource.

Regulation of activities affecting the environment is achieved through a system of permits,
licences and consents issued and enforced by range of public sector agencies and
authorities across the UK. The principal environmental regulators are Natural England (NE)
and the Environment Agency (EA) in England, Natural Resources Wales (NRW), Scottish
Environment Protection Agency (SEPA), Scottish Natural Heritage (SNH) and Department of
Agriculture, Environment and Rural Affairs in Northern Ireland (DAERA). Local Planning
Authorities also have a statutory duty to consider the environmental impacts of

development in decision making for Town and Country Planning.

The underlying approach for environmental regulation requires that development activities
are assessed for their impacts, leading to the issue of a consent or assumed permission,
authorising an activity where the impact of that activity on the environment can be
controlled to meet standards of protection set out in legislation. The consent will include
specific conditions on how that activity must be carried out, where failure to comply with

these conditions is an offence and can lead to enforcement action.

The level of regulation of controlled activities generally varies according to environmental

risk. Some activities meet low risk criteria, which, although controlled in law, may be



undertaken without the need for a specific consent if, when undertaking that activity, a set
of generic rules are followed. Conversely, bespoke licences may be required for high-risk
activities where extensive analysis of potential environmental impacts must be submitted to

the regulator to inform a licensing decision.

It should be noted that differences exist in environmental legislation between the devolved
administrations in the UK. Whilst the overall objectives of national legislation remain similar,
the processes involved in obtaining authorisations and conditions associated with them may
vary, although much of our domestic environmental legislation has developed in response

to European Commission directives with duties transposed into UK law.

Environmental regulation covers an expansive range of complex subject areas, from impacts
to internationally rare bryophytes or invertebrates, to effects on noise, landscape and
management of wastewater. The aim of the following sections in this chapter is not to
provide complete and exhaustive detail on all aspects of environmental regulation but to
provide a brief introduction and overview of some key areas relevant to the development of
PHS, with a focus on ecological impacts. Although there are engineering and operational
differences between PHS, storage reservoir and run-of-river hydropower schemes, they
pose common environmental risks where the development of any large hydropower
scheme should follow a standard process of environmental assessment and will need to
meet similar regulatory requirements. Any assessment is required to consider a range of

regulations and legislation as illustrated in Figure 4.

(insert Figure 4 around here)

These sections are presented with the caveat that if they wish to further their
understanding of any subject areas described in this chapter, then readers should seek
detailed advice and guidance from the relevant environmental regulator. Finally, this text
was written prior to the UK having left the European Union and some uncertainty remains

over the long-term impacts of Brexit on environmental regulation.



2.3.2 Environmental Assessment Process

An Environmental Impact Assessment (EIA) is the core tool enabling a consistent and
structured approach to be taken when assessing how a development will affect the
environment, the significance of potential impacts and the options available for mitigating
those impacts. It is likely that a statutory Environmental Impact Assessment (EIA) will be
required for all PHS schemes where generation capacity is greater than 0.5 MW and/or the
development is located fully, or partly, in an environmentally sensitive area.t’ =74 The
process can lead to improved environmental design and provides decision makers with the
information they need for Town and Country Planning and environmental regulation (see

Figure 5).

(insert Figure 5 around here)

2.3.3 Abstraction and Impoundment Licensing

Water resources are managed across the UK using a regulatory system of abstraction and
impoundment licensing, which is central to the development and operation of pumped-
storage hydropower schemes.”>78 It is highly likely that these licences will be required for
future PHS, although actual requirement will be dependent on the specific arrangements of
individual schemes. The licensing system is in place to ensure the sustainable use of water
resources for society at a national scale where this includes, for example, public water
supply, industrial, navigation and amenity purposes. The licensing system also protects the
ecology of our lakes and rivers by controlling the amount of water available for abstraction
and governs construction of impoundments in watercourses where there is an obstruction,

impedance or diversion of flow.

Whilst Water Resources legislation or Controlled Activities Regulations are the principal
legal tools used to implement abstraction and impoundment licensing, a raft of wider
environmental law exists that is specific to the protection of certain sites, habitats and
species. These must be considered within the licensing process and be fully addressed
before a license can be issued.”®82 One of the most important of these is the Water

Framework Directive (WFD).



The WFD targets protection of inland surface waters (rivers and lakes), transitional waters
(estuaries), coastal waters and groundwater. It is based on a spatial structure of River Basin
Districts, each of which is sub-divided into water bodies representing the water
environment at catchment and sub-catchment levels. The WFD has introduced a cyclical
process of river basin planning, involving the characterisation and assessment of impacts on
river basin districts, environmental monitoring, setting environmental objectives and the

design and implementation of a programme of measures needed to achieve them.

Environmental regulators must take the WFD into consideration when determining
abstraction and impoundment licenses, ensuring authorisations meet environmental

standards and don’t compromise environmental objectives.

Article 4.7 of the WFD does, however, include provision for derogation of its objectives in
certain circumstances. This recognises that some impact to the water environment may be
necessary for society, but only where a development meets the criteria of providing benefit
to human health, human safety, for sustainable development or other overriding public
interest. In such cases, it must be demonstrated that all steps will have been taken to
mitigate the adverse impacts of the activity on the status of the water body and that it
cannot be achieved by a significantly better environmental option for reasons of technical
infeasibility or disproportionate cost.®3 Compliance with objectives and standards of other

European Community legislation such as the Habitats Directive will still be required.

Environmental legislation is more extensive now than in the 1960s and 1970s when the
Dinorwig and Cruachan schemes were constructed and, as described earlier, our water
environment is now expected to meet the environmental standards of the WFD as well as
there being more protection for designated sites, habitats and species. The implications of
this are that open-loop schemes that have hydrological connectivity beyond the
development boundaries will present a risk of wider ecological impact and face greater
challenges in meeting the regulatory requirements for abstraction and impoundment
licensing than a closed-loop scheme that has a higher level of hydrological independence

from its surrounding drainage network.



Any raised dam structure or engineering works proposed to enhance storage capacity of a
natural lake will require an impoundment licence. Where a natural lake is utilised for a
lower reservoir there may be less need to increase storage volume, although it is likely it
would be necessary to install some form of hydraulic control on its outflow to manage levels
for hydropower scheme operation. Like the upper reservoir in an open-loop system, a lower
reservoir utilising an existing lake would have its own natural upstream catchment and
pattern of inflows, with subsequent outflows reflecting the storage and attenuation
characteristics of the lake. Impoundment licensing would be required to permit construction
of outflow control structures from the lower reservoir, as their operation would impede

natural outflow and alter the hydrological regime in the downstream watercourse.

Legislation recognises these storage reservoirs as inland waters or sources of supply, where
any water taken from them would require authorisation via an abstraction licence. It is,
therefore, likely that for any new scheme a licence would be required for the release of
water from the upper reservoir for power generation and conversely to allow water to be
pumped from the lower reservoir back into the upper storage. Abstraction from one
reservoir to another within a closed-loop system such as the quarry-based Glyn Rhonwy
scheme, probably would, however, be exempt from licensing, with the exception of the
need to abstract from a source of supply outside the system to import ‘infill’ and ‘top-up
water’. It is also likely that closed-loop, quarry-based schemes using existing voids would be
exempt from the need for impoundment licencing if their engineering works were not
creating a raised structure that obstructs or impedes surface water flows within an open

hydrological system.

Where storage reservoir catchments are small and have limited inflows, it might be
necessary to augment the water resource in the pumped storage system with a transfer
from an adjacent catchment, which in turn would require a transfer licence. Like an
abstraction licence, a transfer licence authorises abstraction of flow from one source of

supply with subsequent discharge to another source of supply without intervening use.

Inter-catchment transfer of water for operational purposes, or to increase water resource
availability for PHS, presents several environmental risks that require careful assessment. Of

primary concern is the risk of spreading invasive, non-native species.?* There is also a risk of



distributing existing native species of fish, macrophytes and invertebrates between
catchments via mass water movement, with the potentially undesirable consequence of
introducing them into an ecosystem in which they may currently be absent. Bio-security risk
assessments are, therefore, essential components of the EIA. Inter-catchment transfer
should also be assessed in the context of water quality in order to avoid introduction of flow
into a riverine or lake ecosystem that disrupts the natural nutrient, chemical and quality
balance in which that catchment’s aquatic organisms have evolved. Fish screening will be
required on abstraction intakes where fish populations are present in the open-system
reservoirs but are less likely to be needed in closed-systems if fish are absent, preventing

their ingress to the penstock and turbines.

Natural lakes used as reservoirs and actively managed for power generation will have a
significant impact on both lake and stream hydrology and where potential changes will
require analysis to inform the licensing process. Changes to natural outflows might include
an overall reduction in flow volumes within the downstream channel and loss of flow
variability, particularly in the low- and medium-flow ranges. This will affect the timing,
frequency, magnitude and duration of components of the natural flow regime. Alterations
to these ecological flow components change the hydrological, hydraulic and
geomorphological parameters of the river and riparian environment, modifying the
condition of the habitat upon which river biota are dependent to progress through their life

cycles.®>

Fluctuations in lake water levels (where the lake is an actively managed reservoir as part of a
hydropower scheme) have also been shown to adversely affect littoral invertebrate and
macrophyte communities.®6-88 Whilst the flora and fauna of the littoral zone of lakes is
dependent on a range of physical characteristics of the shoreline, including slope, substrate
and exposure to wave action, studies have shown that the degree of control and
consequent duration, frequency and extent of water-level changes are of fundamental
importance to littoral communities.?%°° In upper reservoirs of pumped-storage schemes
large fluctuations in water levels occur on a frequent basis and have a significant impact on
littoral flora and fauna,® whilst lower reservoirs experience fluctuations within naturally

occurring ranges that are less likely to adversely affect lake ecology.?’



It is likely, however, that to meet current regulatory requirements, particularly the WFD,
future open-system schemes would need to mitigate their impacts in the form of more
dynamic operating regimes and greater complexity in compensation-flow releases from
storage reservoirs than in the big hydropower schemes of the past.?> The detail of
mitigation measures would be dependent on the ecological and geomorphological
sensitivity of the downstream watercourse to changes in flows and of the effects of
fluctuations in water levels on lake-flora and fauna.®9-°! They could, for example, take the
form of seasonally varying compensation flows, actively managed, periodic reservoir
releases and seasonal restrictions on timing, volume and frequency of abstractions to retain
lake water levels within natural ranges. Such operational controls would be incorporated
into abstraction and impoundment licence conditions, or set out within a formal operating

agreement, against which assessment of regulatory compliance can be made.

Potential changes to surface water flows and groundwater levels resulting from scheme
development should be analysed for their connection with other existing water features
such as springs, flushes and mechanisms of water supply to wetland areas. Dewatering is
likely to be a key component of construction works. An abstraction licence may now be
required for this activity in England and Wales. There are, however, exemptions for
temporary, small-scale, low-risk dewatering activities from both surface and groundwaters,
subject to their meeting restrictions based on duration, site sensitivity and volumes. An
application for an abstraction licence in this situation will require support from a
Hydrogeological Impact Appraisal.®? It may be necessary to apply for a Consent to
Investigate a Groundwater Source, which authorises test-pumping and enables monitoring
of the effect of any drawdown on local surface water features, the results of which should
inform the hydrogeological impact appraisal. In Scotland, abstraction of water from quarries
or dewatering is a controlled activity covered by General Binding Rules or licensing,

depending on the nature of the operation.®3

2.3.4 Regulation of Dam and Reservoir Safety

In the UK, reservoirs created by structures designed to hold water above natural ground

level are controlled by legislation. The roots of the legislation date to early 20th Century



dam failures and the loss of life caused by dam failure, and the subsequent catastrophic
flooding that can occur. The laws vary between England, Northern Ireland, Scotland and
Wales,?3-%6 but revolve around the common principle that the design, construction,
alteration, maintenance and eventual removal of raised reservoirs is done under the
scrutiny of qualified civil engineers. The point at which regulation applies is identified by the
capacity of water retained above natural ground level, which is either 10 000 m3 or another
figure provided by specific regulations. The required civil engineers are specialists within the
field of reservoir construction and may only act as reservoir panel engineers if appointed by
government on recommendation by the Institution of Civil Engineers. Before construction of
any reservoir, advice should be sought from the relevant regulator regarding specific laws

applicable and the steps to be taken to comply with this.

2.3.5 Water quality

Open-loop system pumped-storage hydropower schemes have the potential to affect water
guality through the principal mechanisms of:
e Increasing reservoir storage capacity through enhancement of natural lakes by dam
construction or increased hydraulic control of outflows;
e Introduction of regulated/compensation flows into watercourses downstream of
impoundments;

e Mixing of reservoir water during pumped storage operation.

Changes to water quality can adversely affect the conditions for aquatic flora and fauna in
reservoirs and downstream rivers and streams. Lake water bodies naturally become
thermally stratified where solar heating warms the surface water layer, known as the
epilimnion, while water at the bottom becomes cooler and denser, known as the
hypolimnion. Surface water will heat up and cool down more rapidly and over a greater
temperature range than deeper water. In natural lakes, the extent to which the water layers
become mixed is caused principally by disturbance of the surface by wind and other local

factors such as tributary inflows.



When the surface water cools to below the temperature of the water below it, it becomes
denser and sinks, causing the water column to mix towards an isothermal state in which the
water temperature is the same from surface to bed. During winter months lakes, therefore,
tend to be isothermal, whereas during summer months they tend to be stably-stratified,

with warm water at the surface and cooler water beneath?’.

Enhancements to natural lakes to increase storage capacity will alter the physical
characteristics of the water body and potentially lead to changes in thermal stratification,
particularly where there is a low surface area to volume ratio, rendering it less responsive to

fluctuations in solar radiation.%®

Changes in water temperature are significant to aquatic ecology, not only through the direct
effect on biological processes and metabolic rates of aquatic organisms, but indirectly,
where it affects other parameters of water quality and chemistry such as dissolved oxygen,
conductivity, pH and density. Ecological impacts may occur where the quality of water is
substantially altered from that naturally occuring. Whilst outflows from natural lakes occur
from the lake surface, discharges from impoundments are frequently released from depth,
leading to cold-water compensation flows or reservoir releases that affecting the thermal
and chemical characteristics of the downstream watercourse.?®% In summer months where
thermal stratification has occurred in upper reservoirs, degasification of cold water can
occur as flow passes through the turbine leading to low dissolved-oxygen levels in discharge
water.190:101 Regular operation of a PHS scheme can, however, disrupt natural patterns of
circulation within both upper and lower reservoirs, leading to increased vertical mixing and
disturbance to natural thermoclines and processes of stratification with potential

consequences for lake ecology.
From a regulatory perspective, a full assessment of how any new PHS scheme would affect

water quality in connected water bodies would need to be undertaken to meet the

requirements of the WFD.

2.3.6 Designated Sites, Protected Species and Habitats



The Environmental Impact Assessment for any proposed PHS development should identify
the risk and significance of any likely impact on protected sites, habitats and species. Several
European- and UK-level designations provide statutory protection for sites of high
conservation importance across the UK. The principal designations are Special Areas of
Conservation (SACs), Special Protection Areas (SPAs), Ramsar wetland sites and Sites of
Special Scientific Interest (SSSIs). The Joint Nature Conservation Committee website

provides comprehensive information about these designations.!0?

SACs are designated under the commonly termed EC Habitats Directive.?® The Directive lists
habitats, plant and animal species of international importance within its Annexes. It is the
duty of competent authorities (CAs) across the UK, including but not limited to
environmental regulators and Local Authorities, to maintain these features at, or restore

them to favourable condition status.

The Birds Directivel® sits parallel to the Habitats Directive, with the objective of specifically
protecting wild birds and associated habitat. Similar to the Habitats Directive, there is a
requirement to designate and maintain sites of importance for the conservation of the rare
and vulnerable species within SPAs. SACs, together with SPAs, form the Natura 2000
network of areas protected for nature conservation across member states of the European

Union.

Ramsar sites are specific areas of marsh, fen, peatland or water habitats of high
conservation value designated under the Convention on Wetlands of International
Importance.'® They include onshore, transitional water and coastal sites and, with

relevance to hydropower developments, many upland lochs/lakes and wetlands.

SSSls (ASSIs in Northern Ireland), are protected by law to prevent operations and activities
from being carried out that might damage or destroy the scientific interest of part or all of
the site.197-113 Consent must be sought from the relevant environmental regulator to carry
out any controlled activity from which there may be risk of damage to SSSI features.
Undertaking controlled activities without consent is an offence, which could lead to an

unlimited fine and payment of costs necessary to repair any damage to the site.



The Habitats Directive and 1981 Wildlife and Countryside Act largely protect individual
species. The Act lists protected plants and animals under various schedules to which varying
degrees of protection apply. The local regulating authority can grant licences under the Act
to allow certain activities to be carried out that would otherwise be offences under the
legislation, providing that the activities being undertaken are for non-developmental

purposes such as scientific, research, education and conservation.

Lists of priority species and habitats identified as being threatened and requiring action for
their conservation have also been drawn-up under the UK Biodiversity Action Plan (UK
BAP).14 UK BAP priority species and habitats are incorporated into statutory lists for
domestic or UK legislation.110115-118 Following devolution of many environmental duties,
individual UK nations have developed their own biodiversity strategies. These reflect
national priorities, requirements and responsibilities, although the principal underlying
objective remains to halt the loss of biodiversity and continue to reverse previous losses

through targeted measures to conserve species and habitats.1%120

The network of internationally important SACs was chosen to best represent the features
requiring protection under the Habitats Directive where many of those features are found in
riverine, lakes/lochs and upland environments. Given that sites suitable for future PHS
developments are likely to be in similar remote upland areas, there is a high likelihood that
the construction or operation of any new PHS scheme would affect a Natura 2000 site and
would need to address the requirements of the Habitats Directive as a central part of the

development process.

The Habitats Regulations require that CAs, which in the case of hydropower developments
will principally be the Local Planning Authorities and environmental regulators, must carry
out a formal assessment of the implications of any proposals. This will be individually or in
combination with other plans and projects that may affect the designated interest features
of European Sites before deciding whether to permit or authorise any such proposals. These
plans and projects in the case of PHS might refer to Town and Country Planning Consents,

abstraction and impoundment licences or other environmental permits associated with



specific construction activities. The assessment process is usually termed the Habitats
Regulations Assessment (HRA), which requires a precautionary approach to be taken in any
assessment as to whether a proposal is likely to have an adverse effect on the integrity of a
site and thereby compromise the ability of the site to meet its conservation objectives.??? If
it cannot be concluded beyond reasonable scientific doubt that a plan or project will not
result in an adverse effect on the integrity of a European site, then the permission or

consent being sought should be refused by the CA.

There is, however, provision within the Habitats Directive for a derogation that under
certain circumstances would allow a plan or project to be approved, even though the HRA

has shown that there is potential for it to have an adverse impact on site integrity.??

Significant long-term impacts on designated sites or protected species are more likely to be
associated with open system type PHS schemes than closed ones, where both their
construction and operation risks have more geographically extensive impacts due to their

high connectivity with adjacent terrestrial, wetland and riverine ecosystems.

A key component of the overall EIA process is the Ecological Impact Assessment (EclA),
which provides a framework through which designated sites and protected species that may
be affected by a proposal can be identified, and assessment of development impacts
completed. The Chartered Institute of Ecology and Environmental Management (CIEEM) has

produced comprehensive guidance on this.'?

Protected habitats may also form a component of protected landscapes, including those in
National Parks, Areas of Outstanding Natural Beauty (AONBs), Special Landscape Areas
(SLAs), National Scenic Areas (NSAs) and Areas of Great Landscape Value (AGLVs) in
Scotland. An assessment of projects, such as large pumped hydropower on landscapes, will
form a key part of any Town and Country planning application and may be included in the

EIA.

2.3.7 Managing Construction to Protect the Environment



Construction of a PHS scheme will involve key activities including the construction of
temporary access tracks, working and lay-down areas, construction of permanent access
roads, tunnelling, trenching, site dewatering and land drainage, and use of construction
plant. Translocation of species and habitats is often considered as an option to mitigate
impacts to ecology although in-situ conservation is preferred by environmental
regulators.?#12> Reduced impact on the environment can be achieved through
comprehensive planning and sensitively managed site operations, which can substantially
reduce the impact of construction activities on the environment. This can be achieved
through the development of, and adherence to site-scale Environmental Management Plans
(EMPs) and activity-specific method statements. 2 The underlying principles within an EMP
involve understanding the risks from construction activities, identifying the environmental
receptors and the potential pathways in which they are connected. The EMP and method
statements must have regard for industry best practice and any regulatory requirements

that apply to a given construction activity.127:128

These documents can have a high level of importance where their development, and the
operational procedures set out within them, can be secured as conditions in licences or
consents by a Regulating Authority and used to demonstrate compliance with
environmental legislation. Failure to comply with them may lead to a breach of consent and
an environmental offence with potential for enforcement action. The EMP should include a
programme for environmental monitoring pre-, during- and post-construction. Associated
with this should be an ongoing audit during construction activities in which checks are made
to ensure that environmental mitigation measures and sensitive work practices are being
implemented. It is usual, and often a condition of licence on large civil engineering projects,
that an Ecological Clerk of Works (ECoW) is employed with specific responsibility for site

environmental management.

Preventing pollution of the water environment is central to good site environmental
management, where the water environment includes both surface and groundwater.
Potential causes of pollution from construction sites include leakage/spillage of fuels, oils
and fluids associated with machinery, use of construction materials, i.e. concrete, and

uncontrolled discharge of site run-off that is high in sediment. A range of rules, consents



and permits apply to activities in which there is a risk of pollution and a detailed assessment

of consenting requirements should be included within the EMP 87129134

Regulations covering waste management are complex and are best addressed through the
development and application of a Waste Management Plan. The plan should detail who is
responsible for managing waste on site, what types of waste will be generated, how it will
be stored and handled, the options for recycling and disposal, which contractors will be
used to legally recycle or dispose of the waste and how waste generated will be measured.
Advice should be sought from national regulators in developing the plan and securing waste

management consents or permits.t3>137

The construction of access roads and trenches for pipes and cabling need careful planning to
minimise the risk to site hydrology. Access roads should be sited to avoid sensitive habitats
such as peatland or wetland areas and maintain natural pathways for surface water
drainage.'38 Construction of trenches risks introducing preferential flow pathways that
intercept or disrupt natural sub-surface drainage patterns and risks either reducing the
availability of flow for existing wetland features, or increasing discharge into an alternative
site. Risks and measures to mitigate the impact of construction activities on site hydrology

should be included in the site drainage plan described earlier.

The importance of a Biosecurity Risk Assessment has already been described in the context
of PHS design and operation. The Risk Assessment should extend to the construction phase
to establish construction site biosecurity control measures, preventing the spread of

invasive non-native species and diseases from site operations.!3%140

Whilst the principal aim should be to avoid impact on habitats during construction of
infrastructure, it is likely that some loss of habitat will occur in large projects. This loss might
be short-term due to the need, for example, for construction of temporary access tracks,
lay-down and working areas, or permanent for roads or where increases in reservoir or lake
capacity inundates terrestrial habitat. A Habitat Management and Restoration Plan allows
for sensitive habitats to be identified and enables careful planning and design of

infrastructure, using techniques such as micro siting to minimise impact on them.



Environmentally considerate construction practices and restoration techniques can be set
out in method statements to support the plan. Post-construction reinstatement aims to
reverse the impacts of temporary disturbance and recover the original condition and

functioning of the habitat.'4+142

3 Compressed Air Energy Storage - Introduction to
the Technologies, Geology and Environmental Aspects

Compressed air energy systems have been in wide use since the late 19th century, with
tanks often used for storage. Various cities including Paris, Birmingham, Dresden and
Buenos Aires, had systems where the delivered power was used in homes, industry and
transport (e.g. trams). The mining industry utilised rock caverns for small-scale compressed

air storages utilising them to power mine trains, pumps, pneumatic drills and hammers.143

The use of the underground to store fluids and gases under pressure is also not new, with
patents issued dating back to the turn of the 20™ Century. One of the first applications in
the use of compressed air was for mining operations, as illustrated by the Ragged Chute
Compressed Air Plant in Northern Ontario, Canada. Built in 1910, at the peak of the Cobalt
silver boom, it was the world's only water-powered compressed air plant.*444> With only
two brief maintenance interludes, the plant ran continuously for just over 70 years until
destroyed by fire in the 1980s, after which it was converted to a 7 MW hydroelectric power
station in 1991.1*° The first references to electrical energy storage by means of compressed
air storage for utility application were included in patents issued in the United States,*® the
turbine manufacturer Stal Laval in Sweden and Great Britain (1952), and to Djordjevic in
Yugoslavia (1950).2*3 Since the first patents, reviews and assessments of large-scale CAES
potential have taken place since the 1960s, with small air-storage chambers developed
alongside power stations in Scandinavia (see Figures 6 & 7). The technologies behind
current and future electrical energy storages based on compressed air, H, or synthetic
methane (SNG) storages are derived from proven storage technologies developed for

underground natural gas storage, dating back as far as 1915.8147

(insert Figures 6 & 7 around here)



The value of CAES was recognised in the early 1980s and the US Department of Energy
initiated a broad CAES research programme with efforts directed at evaluating the potential
for grid-scale CAES in many configurations, including caverns in bedded and domed salt,
excavated openings in hard rock environments (using water-column pressure compensation
or not) and aquifers.*® Expectations then and at times since were high that CAES would gain
utility acceptance!*¥1%0 but there has not been the take-up expected, with only two
commercial projects operating, both hosted in salt caverns. Commissioned in 1978, Huntorf
in Germany was the world’s first commercial CAES plant, driving a generator to contribute
290 MW for three hours every day to meet local peak-electricity demand. It remains
operational almost 40 years later.>>1>2 The 110 MW plant at McIntosh in Alabama, USA,
was the second commercial CAES facility, which also is operational today.!>3 Since then,
other tests and demonstration plants have appeared briefly, but nothing has progressed to
commercial operation. These have included aquifer storages (Sesta, Italy, and Pittsfield,
USA, in the 1980s and lowa in 2010), a salt cavern storage (Gaines, Texas, USA in late 2012)
and the world’s first pilot 1 MWh test plant with thermal storage in 2016, using the

abandoned unlined Pollegio-Loderia tunnel, north of Biasca in the Swiss Alps.14&154155

In the late 1990s concerns grew surrounding GHG emissions from fossil fuel use and interest
turned to the large-scale deployment of renewable energy sources such as wind and solar.
The intermittency of these energy sources and other factors, including the high price of
natural gas fuel for peaking plants, and increased concerns about grid reliability, has
resulted in renewed interest in this technology.'’*>¢. From the early 2000s, a number of
active proposals for CAES development in the US were under consideration, including a

260 MW aquifer storage facility in lowa and a 2 700 MW CAES plant in an abandoned
limestone mine at Norton in Ohio (see Figures 6 & 7'°71°8), Comprehensive reviews of early
and subsequent CAES R&D efforts can be found in the literature.143148156.159,160 Thjg jnterest
in CAES has continued in the USA, with a number of projects supported by the Electric
Power Research Institute (EPRI) and funding from the American Recovery and Reinvestment
Act of 2009 (ARRA). Many US states have over the years, looked into CAES potential, e.g. the
PG&E/EPRI 300 MW CAES aquifer assessment in southern California, linking storage to the
large Tehachapi Wind Project®! (see Figure 7). The timeline summarises compressed air

usage and CAES development to the present day.



Current operational CAES facilities at Huntorf and Mclntosh prove CAES as a commercially
viable and mature, cost-competitive technology to meet grid-scale storage requirements
(see Table 1). However, there are geological and geographical limitations on the distribution
of these rocks and the ultimate volumes available to support salt cavern CAES. It is widely
accepted that the potential exists to advance CAES technology beyond caverns to use pore
space in aquifers and depleted hydrocarbon reservoirs as the storage volume. This section
outlines the basics of CAES in terms of the applications, geological storage options, potential
regulatory requirements and the environmental impacts and considerations, when

considering CAES technology.

(insert Table 1 around here)

3.1 Applications of CAES

Increasingly, the applications and potential of CAES are recognised in terms of supporting
power system operation and CAES will play an ever-growing and important role in energy
management between generation and consumption. Potential applications and benefits of
CAES include®®*:
e Price arbitrage
e Peak shaving and demand-side management — using CAES to manage the demand-
side energy by storing at the lower price and releasing the stored electrical energy
during peak-demand times
e Integration of more renewable power generation plants — enabling the seamless
integration of renewable power generation plants into the existing power network
to provide stable power grids whilst solving the problems of the inherent
intermittence and instability of renewable power generation
e Applications to Smart Grids and wind energy networks — playing a role in both supply
and consumption
e Applications to compressed air engines — compressed air energy being converted

into other forms of mechanical energy through compressed air engines



e Applications in other fields — including in the event of power supply failure, CAES

acting in black-start capacity, rapidly providing power to important users

3.2 CAES Configurations — DCAES, ACAES/AACAES,
ICAES

CAES is a form of mechanical storage, the basic concept of which is simple: electrically
driven compressors convert electric energy into potential energy (more precisely, exergy) of
pressurised air, which charges a storage that can be of many potential types. During
compression from atmospheric pressure to a storage pressure of ¢. 1 015 psia (70 bar), the
air temperature rises to c¢. 600 °C (the heat of compression). Processing and geological
storage of compressed air at such high temperatures is not possible and the heat must be
reduced to around 110/120 °F (43/49 °C) prior to storage, which is achieved by a series of
intercoolers. The handling of the heat during compression and prior to expansion provides
the main CAES configurations, which can be in the form of conventional, diabatic CAES
(DCAES), (advanced) adiabatic (ACAES/AA-CAES), or near isothermal CAES (ICAES, see Figure
8).

(insert Figure 8 around here)

When electricity generation is required (e.g. when power generation cannot meet load
demand), the stored pressurised air is withdrawn (and expanded) in the turbine/generator
unit. However, during expansion the air cools and prior to entering high pressure turbines
must be heated, either by the combustion of fossil fuels, or the heat recovered from the

compression process.

In the current operational (D)CAES plants the heat of compression is lost to the atmosphere
as waste (reducing system efficiencies), and there is a need for additional fuel in the
expansion process (see Figure 8a). The air then passes through a series of high- and low-
pressure turbines, where it is mixed with fuel and combusted, with the exhaust expanded
through low-pressure turbines. The high-pressure turbines capture some of the energy in
the compressed air (see Figure 8a and b).®&14, Both the high- and low-pressure turbines are

connected to a generator to produce electricity (see Figure 8). The exhaust is hot and, prior



to release, waste heat may be captured via a recuperator and used during the air
withdrawal phase, as at the Mcintosh plant (see Figure 8b). At the Huntorf facility, reheating
occurs in combustors using natural gas fuel. The overall efficiency of (D)CAES is
approximately 42%, as for the Huntorf power plant,*>* which is low in comparison to other
EES technologies (see Table 1). Following 28 years of operation, the retrofitting of the whole
expansion train at Huntorf provided an increase in the output power from 290 MW to

321 MW.'2 However, the exergy of the exhaust is still not utilised. The addition of a
recuperator to recover the waste heat from the gas-fired expansion process provides

improved efficiencies (c. 54%) at the Mclntosh CAES plant.*®’

The burning of fossil fuel produces CO, emissions, reducing the efficiency of the storage-
recovery cycle and adding to the cost of the recovered electrical energy. This compromises
the ecological benefits that most would associate with renewable energy sources and
technologies. The current focus of research is mainly on the so-called ‘second generation’
ACAES/AACAES, the design of which is to deliver higher efficiencies via a zero-carbon
process that eliminates the supplemental gas-firing process. In an adiabatic (or advanced
adiabatic, ACAES/AA-CAES) process, the heat of compression is captured and stored in a
thermal energy storage (TES). It is later used to heat the air during withdrawal and
expansion, increasing round-trip efficiencies. During withdrawal operations, the air leaves
the storage cavern and passes through the TES before being applied to an expansion turbine
coupled to a generator, without the need for any co-firing of fuel. Improved round-trip
efficiencies of >70% are expected,*® with 70% reported in RWE’s ‘ADELE’ AACAES test
project.'®® Predicted system efficiencies at the ALACAES AACAES tunnel test facility,
commissioned in 2016, are expected to approach 90%.'>* Emerging from RWE’s work,
General Electric (GE), together with EPRI, looked at two designs, build and possible
performance testing of a large-scale ACAES plant.'? One design was to develop an ACAES
plant using existing commercial GE equipment (not requiring the development of a high-
temperature compressor system) or, alternatively, to design, develop, and manufacture an

entirely new high-temperature compressor for application to ACAES.

Other emerging technologies include isothermal or near-isothermal CAES (ICAES), which

also offer the potential for increased efficiencies over DCAES and ACAES/AACAES (see Figure



8d). The process requires the continual removal of heat from the air during the compression
cycle (interstage cooling) and its continuous addition during expansion to maintain an
isothermal process. To date, technology testing has generally involved above ground
processes, including storage.’*® However, General Compression (GC) completed the design
and installation of a General Compression Advanced Energy Storage (GCCAES™) plant,
integrated with a 2 MW Gamesa G97 wind turbine, a pre-existing former fuel storage salt
cavern, a surface brine pond (for thermal storage) and connection to the Lea County Electric
Cooperative electrical grid (see Figure 8d).16%1¢7 Such configurations do not require gas line
connections, or produce air pollutants, including coal ash, CO, emissions or other risks and
would be ideally suited to areas remote from conventional power plants and associated
transmission lines, or where conventional power projects would not gain approval.
Commissioned in late 2012, the plant operated until ceasing operation in 2016, but

results will prove invaluable in moving the technology forward.

Further efficiencies would be possible if, instead of using energy derived from fossil fuels
during compression, the compression is achieved using renewable energy sources (excess
wind or PV, see section 3.7). Other studies aimed at increasing efficiencies and lowering
costs, include high-temperature ACAES, where prior to compression the air is pre-heated,
which could be linked to PV, or low-medium grade waste heat.'®® To date, however, DCAES

remains the only commercially implemented system.

3.3 Geological Storage Options

The following sections review briefly the main geological storage options, together with
indications of costs and possible issues during storage. Underground gas storages operate
by compressing gas during injection and which, on withdrawal, decompresses. The gas
storages operate between maximum and minimum pressures and set pressure rate
changes. This is in order to maintain the geomechanical stability of reservoir to avoid
overpressuring and fracturing, or underpressuring and collapse. Rock strength and storage
depths (equating to lithostatic pressure - the pressure or stress imposed on a layer of rock

by the weight of overlying rock) determine the operational pressure ranges. The gas



between the minimum and maximum pressures is the working gas volume, whilst the

amount of unrecoverable gas that must remain in storage is known as cushion gas.

3.3.1 Solution-mined Salt Caverns

Thick, deeply buried (>250 m) bedded or domal halite/rocksalt (‘salt’, NaCl) deposits exist in
many countries!’®and provide the host to the two commercial CAES facilities. The
favourable physical properties of halite means that the construction and operation of very
large unlined caverns is possible, which offer highly flexible, inexpensive storage in
comparison to other geological storage options (see Table 2). They are not only stable for
very long periods of time, but halite is gas tight with no cavern pressure losses over often
extended periods of storage (months), and are also inert with respect to liquid and gaseous
hydrocarbons, as well as to oxygen and hydrogen.'’! Salt caverns are constructed by a
process known as solution-mining: water is pumped via cased boreholes into salt deposits
deep underground, dissolving the salt to create a cavity and brine as a by-product. The brine
is extracted, with the process continuing until the cavern is the required size and shape. The
brine produced maybe either used for industrial applications, or is disposed of at sea or by
injection into saline aquifers. The latter is often the case in many USA gas and hydrocarbon
storage operations. Globally, salt caverns rank third in terms of natural gas storages,
accounting for 6% of facilities as at 20147 and represent the cheapest main storage option

(see Table 2).

(insert Table 2 around here)

To date, the two operational commercial CAES systems both use solution-mined salt
caverns. Huntorf operates with two air caverns (140 000 and 170 000 m?3) and one gas
storage cavern,’>173 whilst Mclntosh has one cavern (566 000 m3).}7* At Gaines in Texas,
Texas Dispatchable Wind, LLC (a subsidiary of General Compression) commissioned and
briefly operated a small-scale near-isothermal 2 MW plant using a reconditioned former
liquid hydrocarbon storage cavern (c. 31 100 m3 or 265 000 barrels) between late 2012 and
2016 (see Figure 6).1%%%’The proposed ADELE adiabatic CAES demonstration plant in
Germany was scheduled for completion in 2016 but has not progressed further.'®> Other

salt cavern sites assessed CAES around the world include ones in Israel, Canada and the UK



(see Figure 6), with Gaelectric’s current application to construct a 200-300MW plant near

Larne in Northern Ireland?’®> and Haughey.’®

3.3.2 Porous Rock — Saline Aquifers and Depleted
Fields

Dependent upon the existence of a suitable caprock and trapping structure, porous rock
formations with sufficient porosity and permeability offer potential for storage, with many
gas storage facilities constructed using both depleted hydrocarbon reservoirs and aquifers
(water-filled reservoirs). In the porous-medium storage concept, injection of air through a
borehole displaces the water, creating an air ‘bubble’ within the pore space in the near-well
region, creating a ‘gas cap’.

Globally, with a proportion of 81 and 13% respectively, for stored natural gas, depleted field
and aquifer structures represent the first and second most important storage types®9-147.171,
EPRI suggest that aquifer storage is the least-expensive geological storage option (see Table
2). However, a number of things require taking into account when considering CAES aquifer
storage and that add to the costs of developing an aquifer storage. Firstly, geological and
physical characteristics of aquifer formation, such as suitable trapping structure plus
caprock and adequate porosity/permeability are not known ahead of time and significant
investment has to go into investigating these and evaluating the aquifer’s suitability for gas
storage. The same would be true for CAES, with air also representing a lower energy density
and value compared to natural gas or hydrogen. Secondly, all of the associated
infrastructure may have to be developed, including installation of wells, extraction
equipment, pipelines, dehydration facilities and specialised equipment near the wellhead,
and possibly compression equipment. This increases the development costs compared to
depleted reservoir sites. The aquifer initially contains water with no naturally occurring
hydrocarbon gases (or air) in the formation and of the gas injected, a significant portion will
be physically unrecoverable. Consequently, aquifer storage typically requires significantly
more cushion gas than depleted reservoirs: up to 80% of the total gas volume. Thus,
developing an aquifer storage facility for gas storage is usually time consuming and

expensive, making it the least desirable type of natural gas storage facility.



With depleted fields, proven porosity, permeability and trapping structure exist, but some
potential technical challenges and problems arise when considering CAES. Firstly, residual
hydrocarbons remain in the reservoir after production ceases. The injection of air can lead
to co-mingling with the gas and give rise to the formation of ignitable gas mixtures during
the withdrawal phase. Formation damage may also have occurred during production due to
the de-pressuring and collapse of the reservoir. In a similar fashion, the caprock may have
suffered fracturing during pressure decrease and its integrity may need consideration.
Further risks arise with potential reactions between oxygen and the mineral constituents of
the reservoir rock, which can lead to oxygen depletion and the potential for bacterial/micro-

organism growth due to the introduction of warm air/oxygen to the reservoir.

CAES in depleted fields has been, and is currently being, assessed with a number of these
located in the US (see Figures 6 & 7). As part of the 2009 ARRA Energy Smart Grid
Demonstrations Program and storage demonstrations, PG&E together with EPRI have
considered projects in California for an advanced 300 MW, 10-hour storage CAES plant using
a depleted gas reservoir.'”” Borehole tests at candidate sites have been undertaken but, to

date, there have been no test plants developed.

Potential benefits with aquifers may include enhanced deliverability rates if an active water
drive exists (the natural, regional flow in an aquifer, or as water in the aquifer expands
during hydrocarbon production), which supports the storage reservoir pressure through the
injection and production cycles. However, the reservoirs have not previously been
pressurised to the levels likely to occur during storage and reached when conditioning the
reservoir — the aquifer contains only water and to begin displacing the pore water and
replacing it with natural gas or air, high injection pressures are required. Water coning could
occur, where water infiltrates the near wellbore region and is produced instead of
hydrocarbons (or air). In addition, once injected, a certain amount of natural gas/air is
physically unrecoverable, being trapped in the pore spaces. Since aquifers are naturally full
of water (and not gas), cushion gas requirements may be as high as 80% of the total ‘gas’
volume. This results in less flexibility in injecting and withdrawing the stored gases and

greater costs.



Testing of aquifer storage sites has taken place (see Figures 6 & 7). Much early aquifer
assessment took place in lllinois, USA, with the Pittsfield structure tested (c. 200 m below
ground level)'#8160 and which demonstrated the feasibility of daily cycling of compressed
air.148160.161 However, reservoir pressures were lower than expected with ‘fingering’ of air
within the aquifer found (the unequal movement of air in the porous rock, producing
uneven or ‘fingered’ profile), both of which affect growth of the air bubble. Also, over longer
storage periods, oxygen depletion occurred, related to the oxidation of minerals,

particularly iron sulfides (pyrite).

Another early aquifer storage assessment was a 25 MW test facility at Sesta (Italy), which
ran between 1987 and 1991.178 Again, the project encountered less than ideal reservoir
conditions and a ‘geothermal anomaly’, and was shutdown. The most recent aquifer storage
assessment was the innovative 270 MW Dallas Centre CAES project, coupled with wind
generation near Des Moines, lowa, USA (c. 890 m below ground level).1”® The project ceased
following eight years of study and development due to geological limitations, including
reservoir heterogeneity (thickness, permeability and porosity) and high sulfate

concentrations in water.

Thus, despite a large US government research programme over 30 years ago, more recent
testing of an aquifer site in lowa and modelling studies that suggest aquifer CAES is very
feasible, fundamental questions remain regarding the hydrological and energetic

performance of CAES in porous media.’

3.3.3 Mined Voids — Abandoned Mines and
Hard/Competent Rock Caverns (Unlined)

This category includes two main types of unlined rock caverns (cavities) which are generally
conventionally-mined (excavated) in competent rock formations: abandoned mines and
specifically mined caverns for storage, both of which have been used as gas storages. Some
rock masses are gas tight, but generally the host rock, whilst stable, has fractures and joints
and is not tight with respect to liquids and gases. Hydrostatic pressure of the water in the

overlying rock mass provides containment: groundwater above the storage percolates



through the cracks and into the storage, preventing the gas from leaking outwards and
upwards. The water collects in sumps at the base of the cavern, to be pumped to the
surface. Water curtains are sometimes constructed, comprising a system of holes drilled

above the storage and into which water is pumped to increase the hydrostatic pressure.

Gas storage has been undertaken in abandoned coalmines at Anderlues and Peronnes in
Belgium®8! and at Leyden in the USA.*®2 However, due to leakage the storages closed after a
short period of operation. Liquid hydrocarbons have been stored in specifically mined
unlined rock caverns in the USA and Europe since the 1950s. One former salt mine located
at Burggraf—-Bernsdorf in Germany is currently operating as a natural gas storage.'’! The
feasibility of storing wind energy as compressed air in the Lyons Salt Mine in Kansas was
investigated in 20098 but never progressed. Investigations took place into constructing a 2
700 MW CAES plant in a former limestone mine (10 million m3) at Norton, Ohio, USA.*>2

Interest started in 2001, but the project stalled and now seems to have been abandoned.>!

The construction of rock caverns is associated with a higher level of risk and accident
compared to salt caverns and porous storages due to excavation of the caverns by mining
techniques (drilling, blasting and clearing the fallen rock). Cost-wise, unlined rock caverns
have the highest initial capital costs for geological storage options and these would be
increased if the construction of water curtains were needed to provide containment.
Although there have not yet been commercial compressed air storages, small unlined
caverns, operated at air pressures around 0.8 MPa (116 psi/8 bar) were used from 1936 to
support electricity supply in Finnish mine operations (including the Pyh3salmi Zinc Mine!®4).
Compressed air cushion surge chambers attached to hydropower plants use unlined rock
caverns as part of power generation operations at Fosdalen and Rausand in Norway. 8>
Elsewhere, in Japan, a series of borehole tests were conducted for CAES potential in unlined
caverns in a range of rock types during the 1980s, although no sites were developed (see

Figure 6).186-188

3.3.4 Lined Rock Caverns



Lined rock caverns (LRC) are a variation on the mined void storage type, with rock caverns
constructed and lined with an artificial, gas-tight barrier, generally comprising concrete and
stainless steel sheet. The technology was proved for gas storage following the construction
and testing of a pilot plant between 1988 and 1993 at Grangesberg in south-central Sweden
and the opening of a demonstration cavern (40 000 m?3) at Skallen near Halmstad in
southwestern Sweden.®918 Construction of several small CAES test facilities using LRC took
place in former mine tunnels in Korea and Japan during the 1980s (see Figure 6).19%19 Tests

were successful, but in general short and no facility was developed.

Investigations into the feasibility and stability of shallow CAES LRCs in cavities and tunnels is
ongoing, with studies on the coupled thermodynamic, geomechanical behaviour and
stability of lined caverns located at 60-120 m depth.181°2193 Maximum air pressures of

20 MPa may be possible, depending on the geotechnical conditions.

Although smaller volume and higher cost than other storage options (see Table 2), LRCs
offer a number of distinct advantages over existing conventional underground storage
types. They have greater geological flexibility, are a technology that provides adequate
degrees of tightness and high storage pressures, even at relatively shallow depths, and have
a capability for high-frequency cyclic operations. They thus can create conditions for the
storage of large volumes of ‘gas’ in regions where more favourable rock types do not exist,
or those present are unsuitable for geological CAES storage. As such, this storage concept is
particularly well suited where the challenge for energy systems will be the management of
electricity, because the major sources of renewable energy such as wind or solar do not

always occur in regions with favourable geology.
Costs are the highest of all geological storage operations due to mining operations and the
construction of the cavern lining. Capital expenditure (CAPEX) of the Skallen storage was

€27 million, or €675 million.31%4

3.4 Operational Modes of CAES ‘Reservoirs’



The operational nature of cavern and porous media storage differs. For salt caverns and
mined voids, two operational modes generally considered, with compressed air in both
systems stored at up to 70-80 bar pressure, are (see Figures 8 & 9):

1. Fixed volume, variable pressure system (isochoric) — the most common mode, with a
cavity or cavern of fixed volume operated over an appropriate pressure range,
increasing as air is pumped in, and vice versa. Both Huntorf and Mcintosh facilities
operate in this mode and require throttling to maintain constant turbine inlet
pressures

2. Constant pressure but variable volume storage cavity (isobaric) - the underground
storage cavity is linked to a water (or brine) reservoir at the surface; as compressed
air is pumped in, water is displaced from the cavity (brine compensation mode). The
pressure in the cavern remains almost constant, despite the increase in volume of
the air, which represents a more efficient system than the constant volume
method.'®> Examples of liquid hydrocarbon (propane) salt cavern storages operating

by brine displacement are found on Teesside in the UK.1%®

(insert Figure 9 around here)

The two modes present different environmental considerations (see below).

Recent publications®91%7 suggest the operational window for CAES salt caverns lies between
500 to 1 300 m (see Figure 8), based upon operating pressures being directly dependent on
depth and power-plant components. However, breakthroughs in compressor and turbine
technology could enable CAES deployment to greater depths than previously possible, with
1 500 m considered at Larne in Northern Ireland (Haughey'’®). To maintain the mechanical
stability and integrity of salt caverns, they operate within a minimum and maximum
pressure range and pressure change rate during injection or withdrawal. These limits are set
by the mechanical properties of the salt and the depth of storage, and are generally
between 30 and 80% of lithostatic pressure. However, CAES caverns may occasionally
require lowering to atmospheric pressure during maintenance periods, although the lower

pressures should be for the minimum time possible.*>!



Porous media storage presents different conditions and problems from those of salt cavern
or mined voids, with significant differences existing between an open cavern and the
distributed pore space in an aquifer (or depleted field), and how energy is stored (spatially).
Pressure evolution in a cavern shows nearly uniform pressure throughout the cavern
because in an open cavern there is very little resistance to air flow, permitting very rapid
pressure propagation. In contrast, the aquifer rock provides a large resistance to airflow,
which results in pervasive pressure gradients established by the injection of air. In an
aquifer, reservoir pressure increases during initial fill period and then oscillates during each
production, recharge, shut-in and production period, with much of the variation occurring in
and near to the well. This is due to the reservoir itself, which limits the flow of air and thus
the extent to which injection-related pressure propagates over time.'” Whilst aquifer
storage may exhibit water compensation mode over the long term, it acts as a constant

volume-variable pressure system for short- term cycling,'6%!%

with pressure gradients
remaining throughout the injection period.*® During shut in, the gradient tends to diminish
but does not disappear entirely in the reservoir and thus variable pressure (pressure
gradients) rather than single pressure values dominate energy storage in an aquifer. Added
to these physical constraints are the facts that system efficiencies and dynamics are affected

by large loss of heat to the formation found through the wellbore, and the loss of oxygen in

the stored air, probably due to oxidation reactions with minerals in the formation.

Other considerations may include aquifer water drive arising from regional flow and
unconfined, or confined aquifers due to structural compartmentalisation. The latter,
together with poor permeabilities, could lead to isolated pressure regimes, such that water
drive does not exist, or is much reduced and. These issues may lead to both overpressuring
during charging, or underpressuring during air withdrawal, as the influx of water to replace
the air is not possible. Both situations may lead to loss of reservoir performance and
permanent aquifer/reservoir damage. Gas storage experience in aquifers suggests that
maximum charging pressures should not exceed c. 80% of lithostatic pressure, whilst
maximum reservoir storage pressure should not exceed 50% of lithostatic pressure.'® Pore
pressures exceeding lithostatic pressure could lead to fracturing or parting along bedding
planes in the reservoir and overburden rocks, with the possibility of air loss, displacement of

ground water and damage to surface structures. Depleted reservoirs may act in a similar



fashion, but experience from production will assist the understanding of reservoir recharge

and management.

3.5 UK Potential for Deployment of CAES

Shell and the Gas Board assessed CAES potential in the UK the late 1980s and 1990s.19%:20
ICI (now Ineos) have looked at CAES prospects for their salt field in Cheshire and although
the salt beds have been proved for gas storage caverns, no CAES project has been
progressed. Interest has once again returned with sites under consideration in Northern

Ireland and in England, both part-funded by EU programmes.

Following lengthy investigations, in 2015 Gaelectric submitted planning application
documents for a deep (c¢. 1 500 m) salt cavern hosted CAES facility in the Larne area of
Northern Ireland (Haughey’®). Storelectric was planning a 40 MW, 800 MWh pilot plant
using a salt cavern air store in NW England,®? although little information is available

regarding progress.

3.6 Planning and Regulatory Environment for CAES

In the UK, halite beds occur only onshore in England and Northern Ireland (NI) and currently,
salt cavern storages seem the most likely for a CAES facility. To date, no planning
applications for CAES have been submitted in England, with the only one in the UK being for
the Gaelectric project-CAES Larne, NI projectNI, submitted in 2015.2°? NI legislation differs in
some details from that in England (The Planning Act 2008) and the separate planning
legislation for Wales and Scotland. However, it provides evidence of the status of such a
project in terms of national planning policies and applicable legislation. Thus, together with
underground gas storage applications in England, in which similar storage technologies are
employed, and existing oil and gas legislation, it is possible to highlight the main legislation
and regulations that will likely be applicable to applications relating to large-scale energy

infrastructure such as CAES in England (see Figure 10).



The following overview attempts to place a CAES application in context with what is a
complex EU and UK legislative and regulatory environment likely to affect CAES
development in the UK (see Figure 10). It is necessarily brief and cannot address all issues. A
number of Competent Authorities (CA) will be involved in the process, including the relevant
environmental regulator, the Health & Safety Executive (HSE) and, for some operations in
offshore areas, the Maritime Agency (MA). The differing storage types will likely come under

different areas of legislation/regulation, particularly in the offshore areas.

For the Gaelectric Project-CAES Larne, NI proposal, the Planning Act (Northern Ireland) 2011
is the primary planning legislation and is equivalent of the Planning Act 2008 (plus
amendments) in England. This gives the NI Government responsibility for regional planning
policy, the determination of regionally significant and called-in applications, and planning
legislation. The EU Trans-European Energy Infrastructure (TEN-E) Regulation (347/2013 EU)
sets out rules for the timely development of energy infrastructure across Europe and
streamlining the permitting processes for major energy infrastructure projects (designated
projects of common interest [PCl]) that contribute to European energy networks amongst
Member States. PCl status demonstrates that projects conform to a range of criteria,
including having significant benefits to at least two Member States, contributing to market
integration and further competition, enhancing security of supply and reducing CO;
emissions. In October 2013, Project-CAES Larne, NI was designated a PCl and in July 2015
the Strategic Planning Division of the Department of the Environment confirmed it as a
“Development of Regional Significance” under the new Planning (NI) 2011 Act and 2015
(Development Management) (DM) Regulations. The Department thus holds jurisdiction over

the proposed development and the planning application.

This established the precedent in the remaining UK onshore areas for a CAES application to
proceed through the main national Planning Act 2008 (as amended by the Marine and
Coastal Access Act 2009, the Localism Act 2011 and the Growth and Infrastructure Act
2013). Offshore CAES will be subject to different legislation and probably will follow that

around gas storage and CCS.



The Planning Act 2008 and relevant national policy statements (NPS), as well as any other
matters that are considered both important and relevant, established that large, nationally
significant infrastructure projects (NSIPs) are now considered separately by the Planning
Inspectorate (originally the Infrastructure Planning Commission, IPC). The Act created a new
Development Consent regime (with the application for, and issue of, Development Consent
Orders, DCOs) for NSIPs in the sectors of energy, transport, water, waste water, and waste
(see Figure 10). It includes associated developments, which in the case of underground gas
storage facilities comprises both surface works such as pumping/compressor stations,

boreholes and pipelines to storage facilities, and monitoring boreholes.

Eleven National Policy Statements (NPSs) support this legislation, setting out Government
policy on different types of national infrastructure development. Six of the NPSs are in
Energy (EN-1 to En-6), all of which could have relevance to CAES, depending on the source
of electricity and later generation. As Figure 10 suggests, other legislative and policy areas
lie behind and provide reference during the DCO application process. This includes the
National Planning Policy Framework (NPPF), which establishes policy for local planning
authorities in various areas, including Mineral Planning and the sustainable use of minerals,
to the preparation of Environmental Impact reports, adherence to water and borehole
regulations and HSE requirements. The EA and HSE are statutory consultees in the process.
A number of undergound gas storage projects have now successfully obtained a DCO,
including the Preesall (2014) and Keuper Gas Storage (2016) applications, both constructing
salt caverns. Preesall was subject to EA requirements and obtaining a consent to discharge
trade effluent (brine), which at the time in England fell under the Water resources Act 1991
(as amended in the Environment Act 19952%?). Applications today would also need to
consider the Water Environment Regulations (2017) and National Planning Policy for Waste,

the latter including waste (brine or rock) generated during the construction of mined voids.

(insert Figure 10 around here)

Additional legislation would likely apply for porous rock CAES storage where depleted

hydrocarbon fields are considered. For onshore areas, alongside the Planning Act legislation,

it is likely that certain other regulations applying to the water and oil and gas industry (0O&G)



will apply to proposed developments. This is because any air injected to storage will likely
co-mingle with residual gas and be produced together with the air during withdrawal cycles.
The two important areas of legislation are the Petroleum Act 1998 (which vests all rights to
the nation’s petroleum resources in The Crown, including the offshore continental shelf
area) and the Energy Act 2008. The Oil and Gas Authority (OGA), on behalf of BEIS and The
Crown, grant a ‘Petroleum Exploration and Development Licence’ (PEDL) that confers
exclusive rights to ‘search and bore for and get’ petroleum in a defined area. Northern
Ireland issues its own licences to cover its onshore area independently of the OGA. The EA
has issued guidance on the environmental permits required for onshore oil and gas (0&G)

operations in England.?%3

Use of aquifers for CAES, both on- and offshore, would be subject to legislation and a
number of EA regulations relating to both surface and sub-surface infrastructure or
operations, many of which are applicable to oil and gas activity.2%* The primary aim of the EA
is the prevention of pollution of groundwater and protection of it as a resource. But it is also
to manage water supply, which might be required during the construction of salt caverns,
either by abstraction from rivers, aquifers or the near-offshore area. Regulations would
apply to the disposal of the brine in such operations. As part of aquifer protection, any
boreholes drilled to develop and support the project would fall under the Borehole Sites and
Operations Regulations (1995), which require boreholes to be properly completed to avoid

communication and contamination between formations.

Offshore, CAES applications are likely to face slightly different legislation due to rights
relating to minerals, the seabed and subsurface space invested in The Crown. Again, there is
no experience relating to CAES and that of the offshore gas storage and CCS industries
provides guidance. The Energy Act 2008 covers a number of areas, with the following likely
to be applicable to offshore CAES: offshore gas infrastructure, carbon dioxide storage,
Renewables Obligation, decommissioning of energy installations (nuclear, offshore
renewables, and offshore oil & gas) and offshore transmission. In terms of natural gas
storage, anyone who wants to explore for, drill for or use a site in the UK’s offshore area for
that purpose must hold a licence issued by the OGA under Section 4 of the Energy Act 2008.

In addition, for storage activities in all offshore areas, including the territorial sea, a lease is



required from The Crown Estate (TCE), as Section 1 of the Energy Act 2008 vests all rights to
store gas in the offshore area in The Crown. Northern Ireland’s offshore waters are subject
to the same licensing system as the rest of the UK continental shelf area (UKCS). The lease
and licence provide the framework for regulatory consent for the physical activities at the
site, e.g. intrusive drilling and the subsequent submission of a Gas Storage Development
Plan (GSDP) for OGA approval. If it is intended to store gas in a petroleum reservoir
(whether fully or partially depleted) the law requires a petroleum Production Licence (PL)
because native gas will inevitably be produced from the reservoir when gas is recovered for

use.

Storing gas in a non-petroleum related geological feature such as a salt beds or dome,
requires no PL and only an application for a Gas Storage Development Licence is required.
Aquifer storage would likely have to refer to legislation relevant to CO; storage, which
requires safeguarding of the aquifer and preparation of a GSDP. As such, the use of the

subsurface storage space for CAES would likely fall under this legislation.

Should gas pipelines be required at a CAES site, then offshore oil and gas pipeline consents
are also the responsibility of the Secretary of State for BEIS and are issued in accordance
with the Petroleum Act 1998. Any CAES assessment is also likely to reference relevant
British and European Standards on the construction and operation of underground (gas)
storage facilities (BS EN 1918-1 to 5:2016) and the HSE SPC/ENFORCEMENT/185

document.2%

Projects may lie across on- and offshore areas and thus more than one consenting
jurisdiction and specifically across two main consenting regimes, which have overlapping
regulations on EIA and HRA (Habitats Report Assessment) that apply, respectively. Project-
CAES Larne, NI falls within this category.?°! In a similar manner, the Preesall Gas Storage
development in NW England involved on-and offshore components, the latter requiring

marine consents issued under Part 4 of the Marine and Coastal Access Act 2009.292



3.7 Environmental Performance, Emissions,
Sustainability & Economics of CAES Systems

A series of papers have reviewed the environmental performance, applications, outlook,
potential and costs of various EES in power system operations.t® 1940:42.206 Clegrly, no single
EES technology can meet the requirements for all power system applications. However,
CAES is recognised as an important technology with which to compensate for the
intermittency and fluctuations that occur with renewable sources and thereby increase the
penetration of renewables (wind power and PV). CAES requires suitable geology and has
site-specific technological requirements, which when combined with a lack of grid-scale
adoption, means a lack of data relating to the economic performance of sites. CAES,
generally regarded as a storage technology to assist in reducing emissions, is also not a
‘pure’ storage system. It requires fuel for combustion in the turbine during the generation
phase, which both increases operating costs and is associated with GHG emissions, though
less so than normal gas-turbine generators.'® These factors further hamper the assessment
and comparison of CAES with other EES technologies for grid operators, power suppliers,
energy system analysts and policy makers developing regulation strategies.*

Many past environmental assessments have looked at diabatic CAES. Increasingly, research

on the performance of ACAES systems?®’

and linking CAES with electricity production from
wind power (which was discussed as early as 19762%) and using other fuels such as biogas as
substitutes to further reduce the environmental impacts are under consideration.?® There is
now a growing literature on the economic and environmental performance and benefits of
ESS technologies and co-locating renewable generation and CAES as well as those relating to

increased grid stability.>1>16.210-212

3.7.1 Economics of CAES - Capital Costs

Costs of EES are discussed in the literature (see Table 1).1440.207.213 Capital cost is one of the
most important factors for the industrial take-up of EES'*. However, a comparison of the
merits and costs of the various technologies is not entirely straightforward. Levels of
uncertainty and complexity hamper estimations and comparisons of the cost of large-scale
EES systems: apart from PHS, their deployment is scarce, they are in differing stages of

development, storage sizes can be different for the same power rating technical diversity,



differences in application exist and the economic performance of existing sites is not widely
reported. CAES has only two long-term commercial plants and the need to cost in the value
of gas with all its market and supply variations further complicates assessments. That said,
in general, EES technologies include two main sections: power conversion system (PCS,
which may consist of two separated units for charging and discharging, with different
characteristics) and energy storage section (that containing the storage medium, e.g. the

cavern in CAES*?).

Various studies have shown CAES and PHS to have certain economic advantages in terms of
capital costs and construction energy requirements over other EES technologies (see Tables
1-3). In terms of construction, salt solution-mining for a CAES cavern is relatively low in
energy intensity compared to building structures to house battery components and
electrolytes. In addition, air and water CAES and PHS represent very cheap energy storage
media when compared to batteries, which require intensive mining, refining and

manufacture.®

The power and energy densities of different EES technologies play a significant role in
determining the applicability and cost effectiveness of EES and supply. For a given amount
of energy, the higher the power and energy densities are, the smaller the volume of the
required energy storage system is.?® PHS and CAES have low densities, requiring large
reservoirs and are thus most suitable for use mainly in stationary, bulk (utility)-scale

facilities, with discharge times of 10 hours or greater.*°

(insert Table 3 around here)

Also important in determining the economic performance are cycle (round trip)
efficiencies,*® with CAES having low cycle efficiency (<60%), which improved from Huntorf
(42%) to the Mclntosh plant (54%). The next generation of ACAES plants promise greater
efficiencies (c. 70%). Lifetime and cycling times affect the overall investment cost, with low

lifetime and low cycling times increasing the cost of maintenance and replacement.



A growing literature exists on the levelised cost of electricity (LCOE) and levelised cost of
storage (LCOS) of CAES and other EES technologies in three main applications: energy
arbitrage, transmission and distribution (T&D) support and frequency regulation. Typically,
two main approaches exist when assessing the cost of EES technologies*?: calculating total
capital costs (TCC, €/£/S), or life-cycle costs (LCC; cost per kW). The majority of studies
report the costs of CAES as TCC.*?

TCC evaluates all costs to covering the purchase, installation and delivery of an EES unit,
generally expressed in terms of the cost per kW [power], cost per kWh [energy] and cost per
kWh per cycle. TCC costs comprise two main areas: firstly, above-ground equipment, and
secondly, the cost of developing the below-ground energy storage (solution-mining of
cavern, preparation and conditioning of a porous storage, or conventional mining of a hard
rock cavern). Above-ground includes costs of the power conversion system (PCS, associated
with the interface connecting the storage to the utility [typically cost per kW]) and balance
of power [BOP] costs (including costs for project engineering, grid connection interface and
integration facilities [e.g. transformers] and construction management that includes cost of

land and accessibility).

Inexpensive storage media (air and water) mean that CAES and PHS have low energy costs,
which for CAES where components have long lifetimes and do not require frequent
replacement, reduces total storage costs.?'* Capital costs for EES technologies show that in
terms of the bulk, utility-scale storage unit, underground CAES (all geological options)
represents the lowest costs in comparison with all systems, other than metal-air
batteries'#49214; calculated power and energy capital costs for CAES range typically between
$400 and $800 per kW, or 2 - 50 kWh respectively (see Table 1). Calculated capital costs per
cycle kWh of PHS and CAES show they are among the lowest of all storage technologies, at
0.1-1.4 and 2-4 ¢/kWh-per cycle, respectively.'* Elsewhere, 18 storage technologies were
reviewed*? with calculated average TCCs of CAES being the lowest at €893 kW, or €92 kWh
(see Table 3). However, the costs of CAES plants are themselves strongly influenced by the
geology of the storage,*>”*1> with energy costs ranging from $1-5/kWh for solution-mined
salt caverns, to $30/kWh for excavated hard rock caverns (see Table 2). Due to their low

construction costs and widespread availability, many regard aquifers as suitable sites for



compressed air storage.'*®160 However, plant siting is critical to the success of a CAES plant
construction effort: the Mclntosh plant spent less than $10 million (in 2010 Ss) to develop a
566 000 m? salt cavern.?!® Interest rate (%), energy cost ($/kWh) and power cost ($/kW) are

the top-three factors affecting the total storage costs.?

3.7.2 Economic of CAES — Life-cycle Costs

LCC analyses, which may be annualised (ALCC; cost per kW-yr), consider investment and
operational costs over the entire life-cycle of electricity storage (fixed operation and
maintenance [O&M], variable O&M, replacement, disposal and recycling, in addition to
TCC). It depends directly on the characteristics of the service (e.g. number of cycles per
year), the power market (interest rates, price of power) and technological features. The
method enables a broad overview of different technologies with different system designs
and various operation modes, permitting evaluation and comparison of technologies with
different cost structures. Commonly used parameters in economic evaluations of electricity
storage, expressed as cost (€/£/S) per kWh of electricity output, are the LCOE and the

levelised cost of electricity storage (LCOS or LCOES).

The following summarises briefly recent LCC analyses of differing CAES configurations
undertaken in various studies. LCOS values of 18 EES technologies were calculated by
including all capital and operational expenses, discounted to today’s values.*> The main
conclusions were that both PSH and CAES have the lowest LCOS of all technologies for
energy arbitrage (up to 8 hours) at 54 and 71 €/MWh respectively (see Table 3). The data for
bulk EES show the LCOE delivered by PHS as the most cost-efficient technology (120
€/MWh), with CAES second at 134 €/MWh. In terms of the ALCC of EES systems applicable
to bulk energy storage (energy arbitrage), PHS offers the minimum cost (c. 240 €/kW-yr),
whilst for CAES, the cheapest technology in terms of capital costs, the costs of fuel and

emissions decrease its profitability (c. 270 €/kW-yr).*?

A US DoE survey calculated LCOS for PSH, CAES and a number of battery technologies for
the US market with differing plant designs and cycles. The results were 150-220 S/MWh for



PHS, 120-210 S/MWh for CAES and between 60 and 6 000 S/MWh for battery

technologies.?’

The LCOS for PSH, CAES and five battery technologies in 11 operational modes were
compared to selected fossil alternatives.?!® The results illustrated that CAES, with an LCOS of
192 S/MWHh, and PSH, with an LCOS of 188-274 S/MWh, are near cost-competitive with gas-
turbines (165-218 S/MWh). All studies show that big increases in LCOS occur with
decreasing amounts of yearly discharged energy (longer storage times), due to the same
CAPEX and operational expenditure (OPEX) costs relative to a smaller amount of discharged

energy.?’®

CAES and PHS technologies use conventional machinery, with the lifetime of the plant and
its operational economics largely determined by the mechanical components. The long
lifetimes and numbers of cycles possible with both PHS and CAES plants, the latter of which
can operate for 40 years or more with many thousands of cycles, means that PHS and CAES
represent the lowest costs per cycle kWh among all the EES technologies.* CAES, with low
replacement needs compares well in terms of the LCC of those EES systems subject to
significant replacement costs during the lifetime, which are more sensitive to interest

rates.42214

Long-term storage costs of PHS and both conventional DCAES and ACAES/AACAES systems
have been assessed,?'? with the author concluding that for a storage charged and
discharged once per year (one cycle per year), PHS is the most cost-efficient technology
(between 93 and 185 €ct/kWh [euro cent]). The LCOS of DCAES at one cycle per year is
significantly higher at above 2 €/kWh. For short-term storage operated almost daily, with c.
150 GWh of energy discharged per year, the PSH systems show the lowest cost with 5-9
€ct/kWh. The LCOS of ACAES and DCAES systems are similar at 7-11 €ct/kWh (ACAES) and
10-12 €ct/kWh (DCAES). However, the differing cost structures of these two technologies,
suggests the ACAES system has lower cost at a higher number of cycles, while the DCAES
system is more competitive in the range of less full-load hours. A large share of the LCOS of
DCAES arises due to the need for fuel, with the cost of the technology depending heavily on

the cost and stability of natural gas prices. While DCAES has a high gas cost, the ACAES



system has a high insurance cost. The estimated costs of the heat storage for ACAES are in

the range of 25% of the total CAPEX.??

LCOS for a number of systems, including both PSH and ACAES, have been calculated.??° PSH
was found to have the lowest LCOS of 2.5 €ct/kWh, excluding cost of charged electricity, but
ACAES can operate at 5.3 €ct/kWh. An LCOE assessment of various utility-scale EES
technologies including PHS and CAES was undertaken, using a simple-cycle combustion
turbine (SCCT) as the baseline technology for comparison and against which EES must
compete.??! SCCT LCOE values were 86-126 S/MWh, which compares to the mean LCOE for
PHS and CAES of 46 and 55 $/MWh, respectively. However, LCOE values for storage systems
are very sensitive to costs associated with reservoir types and siting needs. These are
increased by costly ‘scrubbing’ equipment required to clean the air of gases picked up

during storage in depleted reservoirs, including potentially harmful H,S.

Regarding the electricity source, for the UK, the levelised cost of generating electricity from
wind farms is higher than that of fossil fuel, which in part is linked to the costs of ensuring
standby generation during periods of little wind or sun.??? An assessment of the Danish
electricity system suggests that whilst CAES is technically capable of increasing VRES
penetration, even in energy systems with very high shares of wind power and combined
heat and power production (CHP) the investment in CAES systems cannot be justified and
must be combined with other functions.??? A profitability analysis for PSH and CAES for the

UK market suggests that neither of them is profitable without subsidy.???

3.7.3 Environmental Performance and Safety of CAES

The application of EES promises to reduce the curtailment of renewable electricity sources
and the need for fossil power, providing clear global benefits. However, depending on the
storage type, negative net effects on the environment may arise during the life-cycle of
electricity storage. The use of energy storage with electricity generation increases the input
energy required to produce electricity, as well as the total GHGs.1¢2%7 The issues are
numerous and this review can only provide an outline of the chief environmental issues

when considering the development of the technology. Many of the environmental concerns



are also engineering, operational and economic.'*® General considerations are discussed,

followed by more specific issues associated with specific CAES storage types.

3.7.3.1 General

DCAES, based on conventional gas-turbine technology, involves combustion of fossil fuels, a
consequence of which is that DCAES has considerably higher emissions during operation
than the other storage-only technologies.'® Total GHG emissions, excluding primary
electricity generation have been calculated at ¢.288 tonnes CO,e/GWh (see Table 4), most
of the direct emissions arising during operation from the combustion and transportation of

natural gas to the CAES site.

Using life-cycle assessment (LCA) methodology, often involving LCC analyses, a number of
studies have assessed the environmental performance of electricity storage technologies
and, in particular, grid applications.'®2! The ‘cradle-to-grave’ approach takes into account
all energy and emissions related to an energy plant, including the raw material extraction,
construction, processing, manufacturing, distribution, use phase, repairs and maintenance,
and decommissioning (disposal/end of life and/or recycling of materials). The life-cycle
greenhouse gas (GHG) emissions from electricity delivered by an energy storage facility
originate from three major sources: generation of electricity to be stored, storage plant
operations and construction of the energy storage facility.'® These authors report GHG
emissions in terms of tonnes CO; equivalent (CO,e) emissions and included non-CO;

greenhouse gasses, such as methane, sulfur and nitrogen oxides.

(insert Table 4 around here)

However, emissions from primary electricity generation vary considerably, being dominated
by the primary electricity generation emissions, particularly when the generation energy
source is fossil. If net emissions of EES technologies are considered, then DCAES can perform
more favorably. Nuclear and most renewable technologies have low life-cycle CO; emissions
(typically in the range of 10-100 tonnes CO.e/GWh), whilst fossil generation produces
between 475 and 1 300 tonnes CO2e/GWh??4 - considerably higher than the 288 tonnes
CO,e/GWh for DCAES.



CAES, requiring natural gas combustion, exhibits higher GHG emissions than PHS or BES
when coupled with low GHG electricity generation. However, as emissions from primary
electricity generation increase, DCAES becomes more competitive; when coupled with fossil
fuel generation (gas, oil or coal), CAES is associated with significantly lower life-cycle GHG
emissions than PHS or BES. The effect of this ‘fuel switching’ in the DCAES system thus
makes it the preferred technology to store electricity generated from coal.'® The
performance of the storage systems is reportedly tied to the electricity ‘feedstocks’ used,
with the use of renewable energies decreasing the combustion of fossil fuels and hence

reducing CAESs impact on the environment.?!!

Conventional DCAES is now a mature technology and its limiting factor is its dependency on
natural gas. Major improvements in either reduced energy input or efficiency of these
systems in the near future are unlikely. Use of renewable energy sources such as carbon-
neutral biomass fuels during generation would lead to significant GHG emission reductions

from the DCAES systems.?®®

ACAES or AACAES, with predicted increased efficiencies of 70-75%, promise to help reduce
direct emissions further, possibly to near zero. Considering both LCOES and life-cycle GHG
emissions, AACAES has relatively low life-cycle Greenhouse Gas (GHG) emissions and,
together with PHS, shows the best performance for large systems.?’” However, its
development has not occurred although a test facility is currently operational in Switzerland

(see section 3.3.2).

Development of isothermal CAES systems would lead to major reductions in direct
emissions. The GCAES test facility at Gaines linked to a wind turbine, operated for about
three years, supplying electricity back to the electricity grid using heat stored from

compression in a pond at the surface. There was no link to fossil fuels.6167

Using LCA, the environmental impacts associated with both CAES and ACAES systems as a
means of balancing the electricity output of an offshore wind farm are addressed.?'? For the
CAES system, wind power production and natural gas combustion are main contributors to

the assessed life-cycle environmental impacts. CAES increased acidification, particulate



matter, photochemical oxidant formation and climate impacts significantly, but saw
decreases in eutrophication, toxicity and mineral resource-depletion impacts. Significant
contributors for the ACAES system were wind power production and thermal energy
storage, with moderate increases in environmental impacts found across all assessed impact

categories, which are sensitive to the required capacity of the thermal energy storage.

More general and indirect environmental benefits of EES and CAES include:

e Storage may lead to the integration of more renewable energy into the electricity
grid;

e Reduced use of less efficient fossil-fueled power stations with relatively high air
emissions per kWh, reducing air emissions from central generation;

e Time-shifting of electric energy from intermittent renewable generation makes
renewables more viable alternatives to fossil-fueled generation. Depending on how
it is used and where it is located, electricity storage could reduce the need for
additional generation, transmission or distribution facilities, and the land on which
they are built. Furthermore, if storage is located at or near loads, then reductions in
energy losses associated with T&D could be achieved.

e Reduced need for generation to provide spinning reserve and load following;

e Assist generation facilities to operate at optimal levels, reducing the use of less
efficient generating units that would otherwise only run at peak time;

e Added capacity provided by electricity storage can delay or alleviate the need to

build additional power plants or transmission lines.

3.7.3.2 Specific Issues Relating to Geological Storage

Early studies of CAES in the US during the mid- to late-1970s and early 1980s identified the
areas of main environmental concern, which remain and are perhaps more relevant today in
terms of environmental and climate change issues. At the time, many areas were poorly
understood, but have subsequently been considered and reported on during development
of the operational CAES plants and by the underground gas and fuel-storage industry.
Investigations into CO; disposal in porous strata (saline aquifers) continue to inform some

areas. A problem determining and quantifying problems is that they are also site-specific.



This section can only provide a short review of very differing storage environments (see
section 3.3) and results of differing construction methods and generated waste products.
The following areas are among the main factors when considering CAES deployment:

e Air quality and climate - pollutant emissions and meteorological impacts;

e Water quality - consumption, discharge and hydrological impacts;

e Geological structure and seismicity;

e Land requirements — both at site and for disposal of wastes;

e Fuel requirements — including required pipelines for gas or water/brine;

e Noise and safety;

e Aesthetic — including the impact of multiple surface facilities and collection/supply

lines.

Of interest in the lowa investigations was the negative public perception to a CAES plant. As
a result, the project name was changed from “lowa Stored Energy Plant” to “lowa Stored
Energy Park”, and the project website appearance and text were revised from an
engineering, power-plant orientation to conform with the various important environmental
reliability and energy-security messages identified in the research as important to

community members.”°

3.7.3.2.1 Salt Caverns

Environmental issues for the development of salt cavern storages exist and are different
from those posed by porous rock storages. During solution-mining, significant volumes of
low salinity water are required, abstracted from local rivers or from the sea. Abstractions
from a river can adversely impact the river system and the associated flora/fauna. Early
considerations of CAES using salt caverns considered that the operational mode would be
uncompensated (isochoric), as excavation costs are low and brine-compensation operation

has significant design and environmental issues.**®



During cavern creation, if no use exists for the produced brine (e.g. as a chemical feedstock
in the petrochemicals industry), then it becomes a waste product, the disposal of which

requires careful consideration.

Apart from the Portland gas storage project, where storage of some brine during storage
operations was considered in a deep saline aquifer,?%° there have been no plans to inject
brine from solution-mining into porous rocks. During construction of gas storage caverns at
sites close to the shore, the brine has been disposed of offshore, as at Hornsea and
Aldbrough in East Yorkshire,??> as would be the case at Preesall and Portland. The EIA
requires modelling of the brine plume and dispersion, plus the impacts on the local seabed
and communities. At King Street in Cheshire, no local water supply or brine use was
available and construction of a 61 km twin pipeline from the Cheshire Basin to an outflow
point in the Mersey Estuary was proposed. This was to both bring in seawater and take
away brine from the solution-mining of the caverns and required additional environmental
analyses regarding the pipeline route.??’ Such operations raise questions over the
sustainable use of a mineral resource. But in all cases, the examining authorities recognised
that no markets existed in the UK or indeed internationally, effectively deeming the brine a

waste product.&9-228

Cavern storage operations using brine compensated (isobaric) mode would partially reduce
the sustainability issue, as brine would be recycled to a degree. However, it may pose
environmental risk as a large surface shuttle pond/reservoir is required for the brine, which
must be secure from leakage and or failure. The deep (c. 2.2 km) Portland gas storage
project was to operate caverns in brine-compensated mode, for which the surface storage
of brine would not be practicable. Instead, brine produced during gas injection mode was to
be pumped via a pipeline and injected into a deep underground aquifer some 18 km to the
north.??> The environmental issues of both pipeline and aquifer storage had to be

considered by the Council Planning officers during the application.

3.7.3.2.2 Porous Rock Storage (Aquifers and Depleted Hydrocarbon Fields)

Porous rock storage presents a complex series of problems and environmental concerns.

The first is ensuring no contamination of an aquifer system. The injection of air above



ambient temperature may affect in situ subsurface conditions, both mechanically,
geochemically and also biologically. Local aquifer flows might be perturbed and, in the
presence of fluids, geochemical changes leading to hydrolytic and oxidation reactions,
mineral dissolution and transport, which could all lead to permeability changes, weakening
and increased corrosion. In addition, oxidation could lead to depletion of oxygen in
withdrawn air, which could result in impaired combustion efficiency in the gas turbines.??®

Similarly, gypsum scale could be precipitated during oxidation, occluding porosity and

impairing CAES performance.

The drilling of boreholes requires completions that prevent leakage of air or water between
aquifers that may led to pollution of water supplies. In addition, injection of air to form a
bubble within the aquifer may affect local aquifer pressures, water production and adjacent
groundwaters. Water levels in existing wells may fluctuate due to long-term formation
pressurisation that can occur several years after operations begin. This could lead to limiting
the use of aquifers due to sensitivities of the operation to drawdown. Additionally, CAES
systems themselves maybe adversely affected by unscheduled or scheduled withdrawals of
water from other wells. Storage pressures would have to be determined to prevent the
increased pressures in the storage reservoir causing increased pore pressures in fault zones

in contact with the reservoir and which may cause movement.

Injection into depleted hydrocarbon sites will carry health and environmental risks different
from aquifer storages. Injection into depleted hydrocarbon sites will require a number of
considerations. Firstly, caprock integrity and possible damage will require assessment.
During production the reservoir pressure declines, which may lead to settling of the caprock
and overburden, causing fracturing. Upon re-pressuring of the reservoir, the opening of
fractures may result, permitting the escape of either native gas or air that might migrate to
the top of the reservoir. This could lead to fugitive gases finding their way, not only into
overlying strata with potential aquifers, but also eventually to surface. In both scenarios,

potential future hazards exist.

Furthermore, oil and gas production does not lead to the removal of all the hydrocarbons

and remnant oil and/or gas (methane, but possibly CO, and H,S) is present in the reservoir,



with which the injected air will co-mingle. Consequently, during withdrawal cycles, the air
will contain some native gases, which will require separation and subsequent disposal. In

the case of gas, there is a real danger of explosion, whilst H,S poses major health risks.

Well-bore desaturation and reversible air-water interface movements provide potential for
geochemical reactions and the generation, transport and deposition of fine particulate
matter. Particulates generated around the wellbore could be carried in the airflow to the
CAES turbomachinery, where they might damage the turbine blades and other sensitive
equipment. Airflow rates mean that the CAES air stream would be able to pick up particles

of nearly any size generated within a few feet of the wellbore.??®

Despite the potential problems associated with porous rock storage, reviews of the
proposed lowa Stored Energy Park project concluded that investigations into the aquifer
storage site suggested it represented a well-researched and planned “environmentally safe

project”.1”?

3.7.3.2.3 Mined Voids — Lined and Unlined

The main impacts of this form of storage relate to the production of waste rock and its use
or disposal, be it at site (waste piles) or elsewhere. If local, then leaching of the waste piles
can lead to contamination of surface water bodies. Dust emissions may be significant if
transport is required. If water enters the storage during operations, as is the case in some
fuel storages, where containment partly provided by hydrostatic pressure then produced
waters may represent a risk in terms of pollution. This could be due to having dissolved
material on its way to the storage, but also within the storage, with the potential for picking
up gases from mineral breakdown, bacterial growth or contaminants from former

coalmines.

In summary, DCAES may be of limited environmental and economic value in future energy
systems, where electricity storage will increasingly be required, whereas ACAES/AACAES and
ICAES may reach storage efficiencies of more than 70% for practical applications and if

reductions in costs are possible, provide a better alternative to conventional CAES. ACAES is



a promising technology for off-grid applications as it is capable of operating without the need
for fossil fuels. With a demonstration plant now operating (from August 2015) in the Pollegio-
Loderio Tunnel ALACAES project,®® this technology may prove itself to be a realistic choice for

support of future hybrid systems.

3.8 Safety Record of CAES and Some Potential Risks
(Human and Environmental)

It should be stressed that gas storage, and CAES in particular, has a good safety record.
However, despite nearly 40 years operational experience, with only two commercial CAES
facilities, there has been little chance for serious problems to develop during CAES operations.
Health and safety hazards associated with compression of air on this scale will be similar to
those associated with natural gas or carbon capture and storage, i.e. related to high pressures,
the integrity of pipelines, storage structures and the associated electrical and mechanical
equipment. However, stored compressed air in salt caverns does not have any hazardous toxic
or asphyxiant properties, which is a significant advantage over some other stored energy
concepts. This may not be true if porous rock storages are considered, particularly depleted gas

fields, where the production of native gases with the withdrawn air might be possible.

At Huntorf, serious problems occurred during testing and commissioning of the plant, when
human error led to overpressuring of the compressor unit, causing a 3.5 month shutdown
and costly maintenance and repairs.?3! Also at Huntorf, after 20 years of problem-free
operations, some sections of the fibreglass reinforced plastic (FRP) production strings
developed material problems, with the partial destruction of some that required
replacement.'>! Potential exists for salt and other corrosive or abrasive materials from the
storage cavern to enter the airshaft and be carried into the turbine, where damage to the

blades and associated equipment in a CAES plant might occur.?3?

Elsewhere, a water-compensated, 11 000 m? rock cavern air-storage system, which
operated for over 30 years at Trollhattan in Sweden as part of a vehicle test facility,
developed a serious problem with major consequences at the surface.?3® Around 1960, the
system was overcharged and a large air-bubble entered the water shaft, blowing the fluid

up to the surface and destroying the building on top of the shaft.



Unlined rock caverns storing compressed air as part of a power-generation plant operate in
Norway as air cushion surge chambers attached to hydropower plants. They have suffered
leakages.?3* Problems of containment have also occurred in hydraulic compressed air
storages in Finland. At the Pyhdsalmi Mine extensive shotcreting (spraying of concrete at
high speed as a construction and strengthening technique) and coating with an elastic
bitumen was required to gain air-tightness around the void.*®* The dramatic blowout event
at the Kanopolis salt mine in Kansas, USA,23>-236 was not related to storage, but highlights
the problems of increased air pressures underground without proper identification and

sealing of old shafts.

Depleted natural gas reservoirs present a possible safety issue resulting from residual
hydrocarbons remaining in the depleted formation. Additionally, some salt beds and storage
caverns produce gas, as is well documented in the Strategic Petroleum Reserve (SPR) in the
USA.237 Oxygen does not occur in the subsurface in the volumes required for major ignition
and explosion. However, compressed air storage would provide sufficient oxygen and
therefore in the presence of hydrocarbons in a depleted reservoir, the potential for ignition
exists, with possible sources including heat of compression, piezoelectricity, static from the
build-up of charge on dust particles caused by filling/emptying of the underground storage
facility, lightning or friction and fracturing arising from earthquakes.?® The authors discuss

mitigation and safety measures for storage in depleted reservoirs.
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Table Captions:

Table 1 Summary of technical and economical characteristics, and maturity level of
electrical energy storage technologies (based upon'#4%42157 QOthers where noted).
Table 2 CAES capital costs of storage (compiled from?2157:172),

Table 3 Main capital cost items and levelised costs breakdown for grid-scale EES systems competing
with CAES (compiled from*?).

Table 1 Life-cycle energy inputs and GHG emissions related to plant construction and
operation (compiled from?®).

Figure Captions:
Figure 1 Schematic of main energy storage systems by duration and power (compiled

from15'16'157).

Figure 2 Location of operational and proposed PHS, hydroelectric and CAES facilities in the
UK and referred to in the text.

Figure 3 Schematics of PHS schemes. a) conventional PHS with surface reservoir and
discharge to lower water body, either river, lake or sea, b) underground PHS with lower
reservoir created by mined void below ground.

Figure 4 Schematic to illustrate the principal EU and UK regulatory and legislative
frameworks against which a PHS scheme would be assessed in the UK

Figure 5 Key steps in the environmental impacts assessment process.

Environmental Impact Assessment (EIA): A handbook for scoping projects, Environment
Agency, 2002 (Contains public sector information licensed under the Open Government
Licence v3.0)

Figure 6 Map of compressed air facilities, CAES assessments, projects and operational
facilities around the world. Sample only shown for US, but including many of the more

recent assessments jointly undertaken with EPRI and ARRA funding.



Figure 7 Timeline of compressed air usage, CAES R&D and principal industrial efforts (in part

from?),

Figure 8 Basic CAES configurations. a) conventional CAES (e.g. Huntorf), b) conventional
CAES with recuperator (e.g. Mclntosh), (c) adiabatic CAES and (d) near-isothermal CAES
(refert6e.167),

Figure 9 Schematic of operational isobaric (constant pressure) and isochoric (constant volume)

pressure modes in underground storage

Figure 10 lllustration of the key EU and UK (England) legislation, regulations and regulatory
bodies likely to apply to an application to develop a CAES plant. Main Planning Act (2008)
and supporting policies are the likely primary legislation under which a DCO planning
application would be submitted for a CAES facility onshore (highlighted). Also indicated
relevant Competent Authorities involved in a DCO application and assessment, with likely
applicable legislation for storage in the offshore area (Energy Act, 2008), overseen by BEIS
(OGA) and The Crown Estate (TCE).
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Figure 2 Location of operational and proposed PHS, hydroelectric and CAES facilities in the
UK and referred to in the text.
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Figure 3 Schematics of PHS schemes. a) conventional PHS with surface reservoir and
discharge to lower water body, either river, lake or sea, b) underground PHS with lower
reservoir created by mined void below ground.
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Figure 10 lllustration of the key EU and UK (England) legislation, regulations and regulatory bodies likely to apply to an application to develop a
CAES plant. Main Planning Act (2008) and supporting policies are the likely primary legislation under which a DCO planning application would
be submitted for a CAES facility onshore (highlighted). Also indicated relevant Competent Authorities involved in a DCO application and
assessment, with likely applicable legislation for storage in the offshore area (Energy Act, 2008), overseen by BEIS (OGA) and The Crown Estate
(TCE).



Table 1 Summary of technical and economical characteristics, and maturity level of electrical energy
storage technologies (based upon!*#%*>7 QOthers where noted).

Power Lifetime/
rating cycling Power Energy
Technology (Mw)/ S;r:grael times Discharge | capital capital ( ;{(I‘\’/Iv / Technology
(source) Cycle durati%) n (years/ time cost cost $/kW-yr) maturity level
efficiency cycles) ($/kW) | ($/kW-h) y
(%)
Long term, 40-60/ -
PHS 100500071 Surs- | 10000- | 124he | 8% | 5100 | o.004/~3 | COMmercialised,
70-85 4300 mature
months 30000
L -scal L t 20-40 2-<50
arge-scaie 5-300/ | oreterm / 400- < 0.003/ | Commercialised,
below 42-54 hours- 8000- 1-24 h+ 1000 (Pup to 19-25 mature
ground CAES months 12000 120)
Above Long term Immature, test/
ground 0.003-3 hours- ~30000+ | 30s-3h S17- 200-250 | Very low development
small-scale /- 550
CAES months stage
ACAES with 128/ Long term, Immature, test/
thermal salt 60-70 hours- - 1-10 h 1720 - - development
TES'®? months stage
100/ Long term 1070- Immature
163 ’ _ N _ _ ’
GE ACAES 66-70 hours 1-4h 1200 concept
80/ Long term 1150- Immature
163 ’ - - - - ’
GE ACAES 70-72 hours 1-4h 2000 concept
~15-20/ -
Flvwheel 0-0.25/ Short 50000- Millisecs- 250- 1000- 0.004/~2 Earlv commercial
y 90-95 | term,<1h 15 min 350 5000 0 y
21000
30 kW-15 Hours- 5-20/
SE;:VPZE;') MW/ months- | 2000+ | Secs-10 hr Sg&') 150-1000 | ~20 - ~80 comfgsijise §
’ 60-80 long term 12000+

Table 2 CAES capital costs of storage (compiled from?217:172),

Geology Storage/reserve Cost of storing air adjusted
capacity cost ($/kWh) figures (€/kWh)

Salt cavern — solution mining 1-5 1.01

Salt ‘cavern’ — dry mining 10 9.71




Porous rock — aquifer, 0.1 0.1

depleted field

Hard rock — existing mine 10

Hard rock — excavated cavern 30 29.55
Abandoned mine — 10 9.71

limestone, coalmine etc.




Table 3 Main capital cost items and levelised costs breakdown for grid-scale EES systems competing with CAES (compiled from*?).

Costs (average)

. Variable TCC, per TCC, per
Bulk ! ’
u Cost of PCS BOP (€/kW) - Cost of storage Fixed O&M O&M costs unit of unit of Annualised L('.‘OE LCOS
EES (€/kW) - . costs (delivered (€/MWh) —
average/ section (€/kWh) (€/MWh) - power storage Lcc .
type average/ (€/kW-yr) - . . electricity) 1-8 hour
range range - average/range average/range average/ rating capacity (€/kW-yr) €/MWh periods
range (€/kW) (€/kWh)
NiCd 239/206-329*! 780/564-1120 11/4-24 NA 1093 699 842 421 ~500-350
Fe-Cr 362/326-523*! 145/64-156 3.3/2.7-6.9 0.4/0.1-1.0 1132 569 417 209 ~675-140
VRFB 490/472-527** 467/433-640 8.5/3.4-17.3 0.9/0.2-2.8 2512 307 706 353 ~690-290
Na$S 366/241-865*! 298/180-563 3.6/2.0-17.3 1.8/0.3-5.6 2254 343 487 244 ~410-190
Lead- 378/ 3.4/ 0.37/ N
acid 95-594 87/43-130 618/184-847 32-13.0 0.15-0.52 1923 437 646 323 575-270
Fly- 287/ 5.2/ 2.0/
wheel 263-470*1 2815/865-47764 4.3-6.0 02-3.8 867 4791 210 NA NA
CAES 846/
(above 804-887 NA 109/86-131 2.2/2.2-3.7 2.2/1.9-3.0 1315 263 319 159 ~355-100
ground)
CAES 843/ 2 3.9/ 3.1/
(under £43.1014 NA 40/4-64 5 0.4.9% Sy 893 92 269 134 315-71
ground)
513/ 4.6/ 0.22/ ~
PHS 373.941 15/3-28 68/8-126 2092 0.19-0.84 1406 137 239 120 250-54

*1 —including BOP costs
*2 _ mainly for storages with 8 h discharge time
*3 _major fixed 0&M expected every 5 years, totalling 67 €/kW of installed capacity
*4 — Note: natural gas prices are not equal in the different studies, but on average are in range 8-20 €/MWh with emission costs 18-22 €/ton CO,




Table 2 Life cycle energy inputs and GHG emissions related to plant construction and

operation (compiled from

16).

Component Life cycle energy GHG emissions
'S (GJt/MWHh storage (tonnes CO2e/MWh
‘g’ capacity) storage capacity)
.3 Cavern
S development 16.2 1.2
e Site and buildings 36.7 3
‘2 Plant electrical 65.9 4.7
g Subtotal - plant 102.6 7.8
g' Electrical T&D 14.2 1
S Gas infrastructure 130.5 9.2
o Decommissioning 2.3 0.2
Z | Total 265.7 19.4
. (GJt/GWHh) (tonnes CO2e/GW h)
‘a:'; Fuel 4649 234
5 Té Fuel delivery 518 51
g 2 | O&M&SCR 42 3
S g Total variable—
% ) EEop, Efop >210 288
g 0.735 times primary 0.735 times source
= ERnet energy emissions

90




