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Abstract

This paper investigates the potential of using gravity energy storage with suspended weights as a new technology for redevelop-
ing abandoned deep mine shafts. The technology has relatively low energy density, but has advantages including a power capacity
decoupled from its energy capacity, no cycle-limit and the potential to be combined with compressed air energy storage. It is cur-
rently being trialled in the United Kingdom, targeting abandoned coal mines. The paper presents analysis for sizing the suspended
weight to maximize the energy storage capacity, given a mine shaft’s physical dimensions. In addition, it is shown that the power
capacity of the system’s motor and power electronics determine the maximum ramp-rate, and therefore the range of power system
services that can be provided. A case study is presented, estimating the total energy storage capacity which could be obtained by
converting abandoned mines in the United Kingdom Midlands, using geographic information system data from the United Kingdom
Government Coal Authority Abandoned Mine Catalogue.

Keywords: Energy storage, gravity, GIS, mine, power system, suspended weight

1. Introduction

Energy storage systems are becoming an increasingly impor-
tant power system component due to the integration of variable
renewable generation sources [1]. This is expected to continue
as the costs of solar and wind generation decrease further, and
countries aim to achieve more stringent emission reduction tar-
gets on the path towards decarbonization [2].

Energy storage systems primarily offer value to power sys-
tems by absorbing power during periods with low demand and
injecting power during periods with high demand. This activity
is divided into different services, which depend on the time-
scale and network-location where energy is provided [3]. For
example, frequency regulation services involve injecting or ab-
sorbing power to balance aggregate supply and demand at fast
time-scales. In the United Kingdom (UK), National Grid dis-
tinguishes between frequency regulation provided within 1 sec-
ond, 10 seconds and 30 seconds [4].

Wholesale energy trading can be done with a lower ramp-
rate, since it involves longer (e.g. 30 minute) trading intervals.
Storage systems can perform energy arbitrage by selling en-
ergy when wholesale energy prices are high, and buying energy
when prices are low [5]. Energy storage systems in distribu-
tion networks can also offer localized services, such as voltage
regulation and peak-shaving [6].

A range of energy storage technologies exist, each with dif-
ferent trade-offs for particular applications. However, pumped
hydropower is still the dominant form of installed power system
energy storage worldwide [7]. Although the cost of lithium-ion
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batteries has decreased significantly in recent years, their lev-
elized cost of energy remains higher than the levelized cost of
energy of pumped hydropower and other gravity energy stor-
age technologies [8]. Also, gravity energy storage technolo-
gies, including pumped hydropower, have two key advantages
over electrochemical batteries (e.g. lithium-ion, lead-acid); (i)
their capacity does not degrade each cycle and (ii) their power
capacity is decoupled from their energy capacity.

Using a battery energy storage system for energy arbitrage
is only profitable if the price-gap between high and low priced
periods is greater than the degradation cost associated with cy-
cling the battery [9]. In addition, the power capacity of a bat-
tery energy storage system is coupled to its energy capacity,
since cycling the battery at a high C-rate results in increased
degradation [10]. This limits the opportunities for battery en-
ergy storage systems to take advantage of short periods with
large price-gaps (e.g the average price-gap between the high-
est and lowest priced 30 minute-long intervals during the day
will be greater than the average price-gap between the highest
and lowest hour-long intervals). The key advantages of elec-
trochemical battery energy storage technologies are their high
power and energy densities, which makes them suited for appli-
cations for which space and weight are at a premium, including
electric vehicles and uninterruptible power supplies [11].

Pumped hydropower is limited by the number of suitable lo-
cations, since it requires large areas of land for an upper and
lower reservoir, which must be separated in height [12]. This
has created interest in developing new forms of gravity energy
storage, to capture the benefits of pumped hydropower with-
out its land-use requirements [13]. A particular technology
patented by the US company Gravity Power is based on a large
underground piston, which is lifted hydraulically to store en-



ergy, and then released to push water through a turbine [14].
The cost of this system is primarily made up of excavations
(approximately 57% of the total cost) and a reinforced concrete
container to resist the load pressure (approximately 25% of the
total cost) [8].

Another approach for underground energy storage is to make
use of existing excavations. The UK Midlands region has thou-
sands of deep shaft coal mines which went into disuse as their
resources were exhausted and lower-cost coal industries devel-
oped in other countries. These mines can have shafts hundreds
of meters in depth, and extensive tunnel networks, opening the
possibility for a range of different energy storage technologies.
The decline of the mining industry had a long term impact on
employment in the Midlands [15], and the UK government con-
siders it a priority area for economic renewal [16]. Economic
renewal is also a policy objective for former mining regions in
the United States [17] and Canada [18]. Redeveloping aban-
doned mines for energy storage offers a second life to an other-
wise unused asset, and could help support local renewable en-
ergy projects. Where there is sufficient surrounding land for an
upper reservoir, underground pumped hydropower may be at-
tractive [19], but other technologies have also been proposed in-
cluding heat [20] and compressed air energy storage [21]. Suc-
cessful redevelopment of an abandoned mine will likely rely on
an energy storage technology (or combination of technologies)
suited to the particular site.

A new gravity energy storage technology using suspended
weights has been proposed by the UK company Gravitricity. In-
novate UK has funded a £650,000 trial of the system. This sys-
tem offers several advantages, including minimal surface land-
use and the possibility of combining it with compressed air en-
ergy storage [22]. The technology is expected to be most de-
sirable for existing deep mine shafts, but the maximum energy
storage capacity is limited by the dimensions of the shaft and
the maximum weight which can be practically used. This mo-
tivates an investigation of the potential opportunity for energy
storage that this type of system represents for former mining
regions.

This paper presents the first analysis of the technical poten-
tial of using gravity energy storage with suspended weights as a
new technology for redeveloping abandoned deep mine shafts.
Analysis is presented for sizing the suspended weight to maxi-
mize the energy storage capacity, given a mine shaft’s physical
dimensions. It is also shown that the power capacity of the
system’s motor and power electronics determine the maximum
ramp-rate, and therefore the range of power system services that
can be provided. A case study is presented, estimating the to-
tal potential energy storage capacity for the UK Midlands as a
major former coal mining region. This analysis makes use of
geographic information system (GIS) data from the UK Gov-
ernment Coal Authority Abandoned Mine Catalogue, with lo-
cation, depth and diameter information for 3,243 abandoned
mines with vertical shafts.

Rather than considering operation for a particular application
and energy storage usage profile, the paper focuses on three
important technical characteristics for energy storage systems:
(i) energy storage capacity, (ii) power capacity and (iii) ramp-
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Figure 1: A schematic diagram of the suspended weight gravity energy storage
system. h is the height of the suspended weight, d is the diameter, D is the
depth of the shaft, D′ = D − h is the usable depth for energy storage and rs is
the traction sheave radius. Additional details of the connections and guidance
system are provided in the patent filed by Gravitricity [22].

rate. These characteristics are often used to compare different
energy storage technologies [23]. In addition, they can be used
as inputs for technology independent energy storage scheduling
algorithms, for applications including peak shaving [24] and
frequency response [25].

The paper focuses on the technical features of the technol-
ogy and the potential energy storage capacity it could provide,
rather than its economics. Storage Lab has reported results
from a commercial study completed for Gravitricity, showing
the system could be competitive in terms of levelized cost of
storage for grid frequency response applications compared with
lithium-ion batteries, lead-acid batteries and flywheels [26].
Currently, the full report is not publicly available.

The rest of the paper is organized as follows. Section 2 de-
scribes the system’s design and principle of operation. Section
3 analyses the size of the suspended weight, and the associated
power electronics, motor and wire ropes. A case study inves-
tigating the potential energy storage capacity from deep shaft
coal mines in the UK Midlands is presented in Section 4. Sec-
tion 5 concludes the paper.

2. Suspended Weight Energy Storage

Fig. 1 shows a schematic digram of the suspended weight
gravity energy storage system. The main components of the
system are (i) the mine shaft, (ii) the suspended weight, (iii) an
induction motor connected to the weight by wire ropes and (iv)
an active front end inverter providing a bidirectional interface
between the motor and the electrical network. Note that to re-
duce the size of the motor and inverter, several motor–inverter
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pairs could be used in parallel.
The system’s design is similar to modern cranes with regen-

erative braking [27]. Energy is stored by drawing power from
the electrical network to lift the suspended weight. The power
drawn from the network is related to the speed and mass of the
weight. Additional power is required to achieve higher rates
of acceleration, which means that higher capacity motors and
power electronics are required to provide power system ser-
vices with higher ramp-rates (for example 1 second frequency
response).

Power is injected into the grid by releasing the mass and re-
covering energy with regenerative braking. This requires an
active front end inverter [28]. The AC mains are connected
to a bidirectional active front end rectifier. A DC link capac-
itor provides an interface between the rectifier and a voltage
source inverter, which supplies the motor. Pulse width mod-
ulation (PWM) control of the inverter is used to regulate the
motor torque and speed. The bidirectional rectifier is controlled
to maintain the DC-link voltage and to set the energy storage
system’s power factor, which is equivalent to controlling the
system’s real and reactive power flows.

There is not direct connection between the suspended weight
and the sides of the shaft, but the suspended weight does require
an above ground support structure. Structural and geotechni-
cal design will be required to ensure it can support the weight,
without placing excessive stresses on the mine shaft walls. One
approach for this would be to conduct a finite element analysis,
to model the stresses on the mine shaft, considering data includ-
ing three dimensional mine maps and rock properties [29].

3. System Sizing

This section analyses the size of the suspended weight to
maximize the energy storage capacity of the system, the re-
quired power capacity of the motor and power electronics to
achieve a desired ramp-rate and the wire ropes required for the
suspended weight.

3.1. Suspended Weight
It is assumed that the system uses a cylindrical weight. The

energy storage capacity of the system is given by,

E = ηmgD′, (1)

where η is the round-trip efficiency, m is the mass of the sus-
pended weight, g is the acceleration due to gravity and D′ is the
usable depth of the shaft for storing energy.

Let h be the height of the cylindrical weight and let d be its
diameter. Then, the volume is given by,

V =
πd2h

4
. (2)

For a weight made of a material with density ρ, the mass of
the weight is given by m = ρV. For a shaft with depth D, the
usable depth of the shaft for lifting the weight is given by,

D′ = D − h = D −
4m
πd2ρ

. (3)
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Figure 2: The energy storage capacity for suspended weights with different
masses, in mine shafts with different depths D and diameters d, with round-trip
efficiency η = 80%.

Therefore, the total energy storage capacity is given by,

E = η

(
mgD −

4m2g
πd2ρ

)
. (4)

Increasing the height of the cylindrical weight increases the
mass, but reduces the usable shaft depth, creating a trade-off

for the energy capacity. This is captured by the derivative of the
energy capacity with respect to mass,

dE
dm

= η

(
gD −

8mg
πd2ρ

)
. (5)

Also, the suspended weight may have some maximum prac-
tical mass m̄ which can be accommodated by the ropes and sup-
port structure. Given this constraint, the mass that maximizes
the energy storage capacity is given by,

m∗ = min
{

m̄,
Dπρd2

8

}
. (6)

This is equivalent to sizing the cylindrical suspended weight to
have height,

h∗ =
4m∗

πd2ρ
. (7)

Fig. 2 shows how the energy storage capacity varies with the
mass of the suspended weight, for mine shafts with different
depths and diameters. As shown, the maximum energy storage
capacity of mine shafts with small diameters is limited, since
increasing the mass requires a relatively larger increase in the
height of the cylindrical weight, resulting in a reduction in the
usable shaft depth. The efficiency will depend on the power
electronics, motor and operating power, but will not directly
depend on the physical dimensions of the suspended weight.
For a particular system, the efficiency is expected to be rela-
tively constant when operating above 20% of the rated power
[30]. For Fig. 2, the round-trip efficiency has been assumed
to be 80%. This value has been proposed by Gravitricity [22],
and has been used when assessing similar systems, including
cranes with regenerative braking [27] and Gravity Power’s stor-
age technology [8].
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Figure 3: The ratio between the short-time power rating P̄ and steady-state
power rating PS S for a 3,000 tonne gravity energy storage system, given differ-
ent power ratings and response times.

3.2. Motor and Power Electronics

The force required to lift the weight is given by,

F = mg + ma, (8)

where a = dv/dt is the acceleration of the weight. The differ-
ential equation of motion for the drive is given by,

T = Frs + J
dω
dt

= mgrs + mars +
J
rs

a, (9)

where T is the motor torque, ω = v/rs is the angular velocity, J
is the rotational inertia and rs is the traction sheave radius. The
machine output power is obtained by multiplying (9) by ω,

P = mvg +

(
m +

J
r2

s

)
va. (10)

The steady-state power to maintain a constant speed is given
by,

PS S = mvg. (11)

Additional power is required to accelerate the weight to full
speed. To provide fast time-scale power system services (e.g.
fast frequency response) the energy storage system must be able
to deliver power within a given response time. Assuming con-
stant acceleration, achieving full speed v from rest within a re-
quired response time τ requires,

a =
v
τ

=
Pss

mgτ
. (12)

Therefore, the maximum short-time power rating P̄ is given by,

P̄ = PS S +

(
1

mg2τ
+

J
r2

s m2g2τ

)
P2

S S . (13)

Given the mass of the weight is on the order of 1000 tonnes,
while the rotational inertia for a medium voltage motor is on
the order of 100 kgm2 [31], the approximation m � J/r2

s can
be used. Therefore, the required ratio of the short-time power
rating to the steady-state power rating to achieve a desired re-
sponse time of τ is given by,

P̄
PS S

≈ 1 +
PS S

mg2τ
. (14)
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Figure 4: The total cross-sectional area and mass for steel wire ropes with
tensile strength 896 MPa and density 4,706 kg/m3, for different rope lengths,
assuming a 3,000 tonne suspended weight and a maximum acceleration of 0.3
m/s2.

The motor and power electronics of the gravity energy stor-
age system need to be designed with a stead-state power rat-
ing of PS S and a higher short-time power rating of P̄. Fig. 3
shows how the short-time power rating varies as a function of
the steady-state power rating and the required response speed
for a 3,000 tonne system. As shown, the short-time power rat-
ing increases nonlinearly as the required response time becomes
shorter. This effect is more pronounced for systems with higher
power ratings.

3.3. Wire Ropes

The analysis in Sections 3.1 and 3.2 was simplified by ne-
glecting the wire ropes. The wire ropes need to be designed to
support the suspended mass and their own weight.

For a particular wire rope configuration, the tensile strength
σ̄r and the density ρr can be obtained from the datasheet. A
suspended weight with mass m requires ropes with total cross-
sectional area Ar and mass mr given by,

Ar =
m(g + ā)

σ̄r − lrρr(g + ā)
, (15)

mr = Arlrρr, (16)

where ā is the maximum acceleration of the mass and lr is the
rope length, which is equal to the usable shaft depth D′. Fig.
4 shows the total cross-sectional area and mass for steel wire
ropes with tensile strength 896 MPa and density 4,706 kg/m3

[32], for different rope lengths, assuming a 3,000 tonne sus-
pended weight and a maximum acceleration of 0.3 m/s2.

Note that the maximum possible depth of suspended weight
gravity energy storage systems will be limited by the require-
ments that the wire ropes need to support their own weight, and
the total cross-sectional area of the ropes must fit within the
shaft. Other rope configurations and materials are also possi-
ble, including lighter weight composite ropes [33].
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Figure 5: The number of mine shafts (for which depth and diameter information
is available) with potential energy storage capacities above different levels. 340
mine shafts have a potential energy storage capacity above 1 MWh.

4. Case Study: Abandoned Coal Mines in the United King-
dom Midlands

In this section, the total energy storage capacity which could
be obtained by converting abandoned mines in the UK Mid-
lands is estimated. This is done using GIS data on mine entries
in the East and West Midlands European Parliament constituen-
cies from the UK Government Coal Authority Abandoned Mine
Catalogue. In general, a GIS dataset consists of a set of loca-
tions, and data linked to each location. GIS data is widely used
for analyzing geographic information (e.g. in [34], GIS data is
used to identify suitable locations for pumped hydropower).

The GIS dataset used in this study includes information on
42,126 abandoned mine entries in the Midlands. Of these,
38,370 are vertical shafts, while the remainder are horizontal
adits. Depth and diameter information is available for 3,234 of
the mine shafts, which are used for the analysis.

The analysis is based only on the data from the Coal Author-
ity Abandoned Mine Catalogue. Surveys and feasibility stud-
ies would be necessary to verify the suitability of each mine,
and the extent of works necessary to redevelop them for grav-
ity energy storage. Also, there may also be are suitable shafts
among the 35,136 which were excluded due to missing diam-
eter and/or depth information, in which case the analysis may
underestimate the total potential energy storage capacity.

The GIS dataset does not include geotechnical data, which
would be necessary for detailed feasibility studies. In particu-
lar, it is assumed that a suitable support structure can be built
at the site, and thus the maximum energy storage capacity es-
timated for the shafts could be overly optimistic. The analysis
provides an initial estimate of the overall energy storage poten-
tial offered by the technology, which is important for consid-
ering whether further research and development is justified. In
addition, particular sites which offer the highest potential en-
ergy storage capacity are identified, where it would make the
most sense to prioritize detailed feasibility studies.

For each mine shaft, the suspended weight is sized using
the analysis presented in Section 3.1 to maximize the energy
storage capacity. Using the values Gravitricity has proposed
for their system, a maximum mass of 3,000 tonnes has been
assumed for the suspended weight. Note that the world’s
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Figure 6: The diameter, depth and potential energy storage capacity for each of
the 3,234 mine shafts (the shafts for which depth and diameter information is
available). Each dot represents a mine shaft, with the potential energy capacity
reflected by the color and area.

strongest crane can lift up to 20,000 tonnes [35], so this weight
is not impractical. The round-trip efficiency for the gravity en-
ergy storage system is assumed to be 80%. Iron ore has been
selected for the cylinder material, based on its relatively high
density (5,150 kg/m3) to cost ratio compared with other options
[36].

The total energy storage capacity of the 3,234 mines ana-
lyzed (the shafts for which depth and diameter information is
available) is 1.07 GWh. Of these, 340 of the mines have max-
imum energy storage capacities over 1 MWh, and range up to
6.7 MWh. Considering only these mines accounts for 0.804
GWh of energy storage (74.7% of the total). Fig. 5 shows the
number of mines with potential energy storage capacities above
different levels, and Fig. 6 shows how the mine shafts vary in
terms of diameter, depth and energy storage capacity. The max-
imum recorded depth for any of the shafts is 1,040 m and the
maximum recorded diameter is 7.55 m.

Fig. 7 is a heat map, showing how the potential energy stor-
age capacity from converting abandonded mine shafts is dis-
tributed geographically throughout the Midlands. The mine
shafts are spread across the region, offering the potential for
them to be co-located with distributed renewable generation and
to provide localized power system services.

The total potential energy storage capacity from using mine
shafts in the UK Midlands is affected by the assumptions made
for the maximum mass limit, and the density of the suspended
weights. Fig. 8 shows the effect of varying the maximum mass
assumption on the energy storage potential (using a density of
5,150 kg/m3), and Fig. 9 shows the effect of varying the density
assumption (using a maximum mass limit of 3,000 tonnes).

From Fig. 8, it can be seen that increasing the maximum
mass limit has diminishing returns, since, as the limit is in-
creased, shafts with relatively small diameters and heights will
reach a mass for the suspended weight which maximizes their
energy capacity. From a maximum mass limit of 1,000 tonnes
to a limit of 10,000 tonnes, the total energy storage capacity
increases from 0.48 GWh to 2.27 GWh. The relative share of
the energy capacity which is provided by mine shafts with en-
ergy capacities above 1 MWh increases as the maximum mass
increases, from 26.3% at 1,000 tonnes, up to 89.3% at 10,000
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Figure 7: A heat map showing the potential energy capacity from abandoned mine shafts in the East and West Midlands European Parliament constituencies
(indicated by the darkly shaded region).

2000 4000 6000 8000 10000

Maximum Mass (tonnes)

0

0.5

1

1.5

2

2.5

E
n

e
rg

y
 (

G
W

h
)

Total

Mines Above 1MWh

Figure 8: The effect of varying the maximum mass of the suspended weight on
the energy storage potential of mine shafts in the UK Midlands (using a density
of 5,150 kg/m3).
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Figure 9: The effect of varying the density of the material used for the sus-
pended weight on the energy storage potential of mine shafts in the UK Mid-
lands (using a maximum mass limit of 3,000 tonnes).

tonnes. This is because it is mine shafts with relatively larger
diameters and depths (and energy capacities) which see the
largest energy capacity gains when the maximum mass con-
straint is relaxed.

From Fig. 9, it can be seen that increasing the density of
the suspended weight also increases the potential energy stor-
age capacity, again with diminishing returns. However, the rel-
ative share of the energy capacity which is provided by mine
shafts with energy capacities above 1 MWh actually decreases
slightly, from 76.9% at 3,150 kg/m3 (cement), to 73.1% at 8,050
kg/m3 (steel). This is because it is mine shafts with relatively

smaller diameters and depths (and energy capacities) which see
the largest energy capacity gains when the density is increased.

5. Conclusion

This paper has investigated gravity energy storage using sus-
pended weights as a new technology for redeveloping aban-
doned deep mine shafts. It has been shown how to size of the
suspended weight to maximize the energy storage capacity for
a mine shaft, given its physical dimensions. It has also been
shown that faster ramp-rates increase the required short-time
power rating of the system. This means that designers need
to consider the range of power system services to be provided
when sizing the motor and power electronics.

The United Kingdom Midlands has been used as a case study
to investigate the potential energy storage capacity which the
technology could offer a former coal mining region. Using data
from the United Kingdom Government Coal Authority Aban-
doned Mine Catalogue, it has been estimated there are 340 mine
shafts that could be converted into gravity storage units with en-
ergy capacities above 1 MWh, providing 0.804 GWh of energy
storage. This is based on the assumption that the suspended
weights are limited to 3,000 tonnes and are constructed using
iron ore. The sensitivity of the estimated energy storage capac-
ity to these assumptions has also been analyzed.

Compared with other gravity energy storage technologies,
using suspended weights requires minimal land-use and can
make use of existing excavations. Another interesting oppor-
tunity is the potential to combine it with compressed air energy
storage by sealing the underground shaft and adding a compres-
sor and heat exchange. This could be used to create a hybrid
energy storage system, with the compressed air energy storage
providing bulk energy capacity, while gravity energy storage is
used to increase the system’s ramp-rate.

Surveys and feasibility studies will be required to obtain a
more detailed understanding of the challenge involved in rede-
veloping abandoned mines, and to properly compare the cost
of the technology with other energy storage options. The case
for redeveloping particular mines could be further strengthened
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where there are opportunities to alleviate local distribution net-
work congestion, or to store locally generated renewable energy
to reduce imports/exports and to increase local asset utilization.
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