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Abstract

Grid-scale energy storage is essential to match renewable energy generation, such as wind, solar, and
tidal, with large-scale energy use. Gravity-based energy storage technology, specifically lifted weight
energy storage, utilizes the gravitational potential energy of large masses to store and release energy.
In these systems, electrical energy is stored by lifting a heavy mass—such as a block or container
Sfilled with materials like soil, tailings, rocks, or concrete—rto a higher elevation using an electrically
powered lifting mechanism. When electricity is needed, the mass descends, converting potential energy
into kinetic energy, which drives generators to produce electricity. PRAK Energy’s Gravient lifted-
weight energy storage system is capable of rapidly responding to energy demand. 1t can provide
[frequency, energy, and voltage stability, as well as ancillary support for the transmission grid.
However, live line maintenance on transmission lines connected to such energy storage systems requires
special considerations, including response to flashovers, reclose response, high utilization of the
connected transmission lines, potentially higher conductor temperatures, and management of power
Slow to the connected renewable generation. This paper outlines the fundamentals of lifted-weight
energy storage technology and its key considerations for live-line maintenance operations.
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I. INTRODUCTION

In modern society, the reliable and safe operation of electricity systems plays a central role.
Unlike traditional approaches, contemporary electricity systems are now inseparable from
Renewable Energy Sources (RES) [1]. However, the integration of RES introduces several
challenges, including the need for enhanced flexibility and substantial storage capacity to
ensure stable and efficient operation [2]. Electricity storage offers numerous benefits for the
overall operation of the electric grid. High storage capacity and rapid response times provide
an effective solution to address potential disruptions or imbalances between energy
production and consumption [3]. The stored energy increases the security of the supply and
can also be used for voltage and frequency regulation. The storage of the resulting excess
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production (renewables off-peak) can help cover power shortages during peak periods,
thereby ensuring system balance and facilitating the integration of additional renewable energy
sources into the system [4]. In the event of significant disruptions, the stored energy can also
provide the electricity needed to restart the power plants, thereby complementing the gas
turbine units with black start capability [4].

In addition to secutrity of supply considerations, storage units can also be utilized in the
capacity and energy markets. Profits can be generated by purchasing electricity at low rates
during off-peak periods, storing it, and then selling it at higher rates during peak periods,
thereby engaging in arbitrage [5].

II. ENERGY STORAGE SYSTEM

A. Grid-scale Energy Storage

An energy storage system is more suitable for grid-scale purposes if it can deliver higher power
economically over a longer period. In the range where the capacity of the storage unit exceeds
1 MW or the stored energy reaches 4 MWh, the most widespread are pumped storage power
plants operating on a mechanical principle and storage systems operating on an
electrochemical principle, such as lithium-ion batteries [6]. At the technological level,
compressed air, hydrogen, superconducting magnetic, and flywheel solutions are also
available [7]. According to the operating time of the energy storage systems, we distinguish
between short-term (less than 4 hours), long-term (more than 4 hours), long-duration (7 to
28 days), and even seasonal systems (up to 12 months).

B. Operating Principle of a Gravity Energy Storage System

Gravity-based is one of the energy storage systems that operate on a mechanical principle,
similar to the pumped hydro energy storage plant [8].
The essence of this type of energy storage is that available energy periods, such as large
weights like compressed earth or concrete blocks, are lifted to higher elevations, thereby
increasing their potential energy [9]. When energy is required, for example, during peak energy
demand time, the weights are lowered, allowing the potential energy to be converted back
into electrical energy using a generator [10].

Such storage units most often require mines or tall buildings to operate. Previously, the
high investment costs of traditionally constructed tall buildings hindered the widespread
adoption of technology.
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Fig. 1. Gravient Gravity Storage, Custom-made Building for Operation [9]

Today, however, these structures are already composed of prefabricated elements, and the
construction process is almost entirely automated, supplemented by robotic technology and
artificial intelligence support. Gravity storage systems constructed in this way can also be
competitive in terms of costs with battery solutions [10]. Unlike geothermal energy storage,
gravitational energy storage does not require special geographical conditions and has a much
smaller negative impact on the ecosystem. Such solutions are already available in the United
States, China, Switzerland, and Scotland [9][11].

Fig. 2. Interior of a Gravient Gravity Energy Storage Unit [9]
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C. Benefits of Gravity Energy Storage

One of the essential advantages of Gravient energy storage is its long lifespan: while lithium-
ion batteries typically last 6-10 years, gravity storage can last up to 50 years or more without
performance degradation. This results in significantly lower long-term operating costs
[12][13].

It is also a more favorable choice in terms of the levelized cost of storage (LCOS), as the
LCOS of Gravient storage is less than 0.03 USD/kWh. From an environmental perspective,
gravity energy storage is also a more favorable alternative, as it does not require rare earth
metals or polluting materials, such as lithium or cobalt [14]. No hazardous waste is generated
during operation; however, the management of used chemical battery cells poses a significant
challenge to waste management. Gravient’s operational safety is also outstanding, as gravity
storage does not contain flaimmable or unstable materials, so unlike lithium-ion batteries,
there is no risk of fire or explosion. In terms of capacity, Gravient energy storage can be built
into systems ranging from 20 MWh to 1,200 MWh, making it suitable not only for smoothing
consumption peaks but also for long-duration energy storage [4][10]. The round-trip
efficiency of the Gravient system is 85% [15]. Moreover, efficiency does not degrade during
the facility's lifetime.

III. DESCRIPTION OF THE GRAVIENT ENERGY STORAGE SYSTEM

The overall system operates by lifting the main weight using a belt and pulley system, thereby
storing potential energy. When energy is needed, the weight can descend, converting the
stored potential energy back into electricity via the motor-generator unit.
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Fig. 3. Schematic Diagram of Gravient’s Lifted Weight Gravity Energy Storage System [16]

A breakdown of the key components of such a system is shown in Figure 3. Gravient’s
energy storage system and their functions [16]:

1)  Weight: The central component of the system, the weight is lifted and lowered to
store and release energy.

2) Carriage: The carriage supports the weight, holding it securely as it is lifted or
lowered by the belt system.

3) Trolley: The system features a trolley mechanism that moves horizontally along a
track, accessing the various vertical locations of the lifted weight sets through the
carriages and carrying the weight to be lifted or lowered.
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5

)

7

8)

9)

(Electric) Motor-Generator: This component converts electrical energy into
potential energy to lift the weight and, conversely, converts potential energy back
into electrical energy when the weights are lowered.

Driving Pulley: Connected to an electric motor-generator, the driving pulley powers
the belt's movement. When the weight is being lifted, the motor uses electricity to
rotate the driving pulley. When the weight is being lowered, the descending motion
drives the generator to produce electricity through the driving pulley.

Idler Rollers: These components are used to guide the belt and ensure it runs
smoothly through the system, preventing slippage and maintaining tension and
horizontal alignment.

Belt: A belt runs through the various pulleys and idlers, responsible for lifting and
lowering the weights. The belt connects all the elements and is driven by a driving
pulley attached to a motor-generator.

Belt Clamp: Located at the end of the belt system, the belt clamp secures the belt in
place, preventing unwanted movement when the system is not in operation.

Brace Weight: This is a weight used to stabilize the system, balance the belt during
operation, and maintain constant belt tension.

One of the significant innovations of this technology is the belt system, which enables a single
motor-generator to work in conjunction with a set of weights [16]. This makes the system
more cost-effective compared to one where every weight has its own motor-generator.

Table 1. Major Properties of the Gravient Energy Storage System

Type Description Value
Discharge duration 0.25 - 24 hours
Depth of discharge 100%
= Storage degradation 0% / yeat
,8_. Operating modes Grid-forming or Grid-following
9 Output voltage 20-35 kV AC, 3 phase delta
= Grid frequency 50, 60 Hz
Round-Trip Efficiency 85% (grid-to-grid)
Ramp rate (0 to 100%) <1 sec (from Idle)
Lifetime 50 years
Ei Ambient temperature range | -40 to 45 °C
'§ Energy density 80 to 90 m2/MWh
S Height 140 m to 200 m
§ Seismic system All seismic zones
System safety No hazardous material/fire/flood risk

IV. LIVE LINE MAINTENANCE WORKING CONSIDERATIONS

Suppose that a gravity energy storage unit is given and is operating normally. In the literature,
there is no investigation into how connecting such a unit to the grid (or operating it in stand-
alone mode) affects live working and the necessary regulations and safety requirements.

In the case of the gravity storage unit presented in the previous section, an inverter unit
is required to connect the energy storage system to the grid [9]. This inverter unit can operate
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in both grid-forming and grid-following modes. This means that both grid feeding and
islanded operation are possible and real options.

The inverter limits the voltage if it is set correctly. If the inverter control is set incorrectly,
voltage fluctuations may occur; however, this is irrelevant to whether work is being done on
the grid or not, and it is not a problem specific to energy storage. The grid-following inverter
(or inverter mode) only follows the grid; i.e., the stability or instability of the grid determines
the frequency [17]. This is also independent of the gravity energy storage unit. If a grid-
forming mode is enabled, it can stabilize the frequency, maintaining it at a constant value. In
extreme cases, frequency fluctuations may occur during islanded operation; however, this has
a minor impact on live line maintenance (LLM).

The Gravient storage unit can deliver up to 100% of its power in under a second [9].
When selecting protection systems, it is essential to consider whether this significant current
changing characteristic can cause problems within the inverter and how this effect will ripple
through the grid.

A. Grid-connected Operation of the Gravient Storage Unit

The output voltage of the presented energy storage unit is 20-35 kV AC, preferably a 3-phase
delta mode [9]. This means that the gravity storage unit is connected to a distribution or sub-
transmission grid when a step-up transformer is not in place. When a step-up transformer is
applied, the unit can directly affect line sections with higher voltage levels.

For voltage levels ranging from 69 kV to 230 kV, the hot stick is the standard method for
LLM work [18]. In some areas, this is also combined with the use of rubber gloves. In the
former case, the intervention is carried out using insulated plastic rods; in the latter case,
insulated rubber and plastic products ensure the safety of those performing the work [19].
Under the influence of the energy storage unit, neither the frequency nor the voltage changes
abruptly. However, the load on the phase conductor may increase significantly (from 0 to
100% within 1 second) [9]. One of the indirect effects of this is increased heat generation,
which can cause the maximum temperature of the conductors to be reached. This value is
maximized in the case of ACSR conductors; if sized correctly, the temperature should not
exceed 90-93 °C [20]. At this temperature, the aluminium conductor filaments begin to soften,
a process known as annealing, which results in a decrease in tensile strength and can lead to
accelerated ageing and potential failures of the conductor.

Fig. 4. Rubber Gloves Method LLM (left); Hot Stick Method LLM (right) [19]
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In the case of a hot stick LLLM, the rapid increase in load does not directly affect the
worker, as it is only connected to the live parts via rods. The increased thermal effect also
poses no risk in this case, as heat spreads slowly and poorly through these insulated devices.
The situation is similar during the rubber gloves method, where there is no direct contact
with the network due to the use of rubber gloves and plastic accessories. This may be relevant
if a step-up transformer is located very close to the network connection, which is connected
to a high-voltage transmission line. When performing barehand LLM on this line, the
temperature of the conductor must be monitored, as conductive clothing is not designed to
protect against temperatures above 80 °C [20].

AL TN |

Fig. 5. Live Line Maintenance with the Barehand Method [21]

During LLM operations, it is also questionable what happens if there are no normal
operating conditions and some failure occurs. In many parts of the world, special protection
setting states are used for these cases. The essence of this is that in the event of any fault, the
protection must trip with a smaller short-circuit current than the standard setting, and the
operation of the automatic reconnection devices is hindered. If a fault or short circuit occurs
in the network, the protection devices must work as quickly as possible. Since the gravity
storage unit can rapidly feed a significant amount of energy back into the network, the circuit
breakers must be sized to open as fast as possible, even under high electrical load conditions.
In addition, it is essential that the gravity unit at the connection point also detects failure and
stops the movement of the weights as quickly as possible, thereby halting the power supply
back into the network.

If it is not LL.M work but vicinity work, then the degree of induction due to the change
in load increase may be a factor that needs to be examined in more detail. The question is
how standard double-circuit transmission lines are at the voltage level under investigation,
and how common are the cases where induced currents can develop due to crossing lines
[22]?

B. Islanded Operation of the Energy Storage Unit
In this case, the main question is whether it is a permanent islanded operation (an area that is

not electrically connected to the grid) or a solution that can, in some cases, also feed back into
the grid. A crucial question is who owns the rights, obligations, and responsibilities for
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maintaining the network parts that are in islanded operation. This determines who, with what
authorization, can perform LLM work on those network parts.

In cases where an islanded operation is also physically possible, special attention must be paid
to the conditions for network power supply. Suppose work is carried out on the de-energized
network (even work in the vicinity). In that case, it must be ensured that the grid-forming
inverter providing the islanded operation supply does not accidentally feed back into the grid.
If such a case occurs, it can result in electric shock and serious injury, the extent of which

depends on the amount of energy fed into the grid.
V. DISCUSSION

During the connection of the examined gravitational energy storage unit to the grid, no
phenomenon was detected that would fundamentally influence the LLM operation performed
on the grid. Two factors were identified that could require further investigation in some cases.
One is the high local current load due to the high input power. The heat development
following this phenomenon can reach a level that warrants attention during LLM work over
a sufficiently long period. This may not be a problem primarily with the hot stick and rubber
gloves method, but rather with the barehand case. If a high load also occurs on the high-
voltage grid due to the step-up transformer, then monitor the temperature of the phase
conductors locally. A good solution for this may be the permanent or periodic use of line
monitoring sensors, which are becoming increasingly widespread [20].

Fig. 6. GridGuard Conductor Temperature Monitoring Sensor [20]

Another potential source of danger associated with the high load is the induced current
in nearby grid sections. However, this is less generalizable, and the risk analysis for each
location can only be conducted with knowledge of the specific grid conditions. To avoid
potential accidents, a suitable solution in this case may be unique conductive clothing, also
known as induction clothing, which provides additional protection when used in conjunction
with Temporatry Protective Grounding (TPG) [22]. Induction clothing is designed to catry
away such a proportion of the possible induced current (up to 50 A) that the current in the
human body does not exceed the 6 mA limit for the let-go current [22]. This allows all vicinity
work to be carried out safely, even in the event of an accident.
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Fig. 7. Induction Suit Set (left); Induction Suit on the Field (right) [21]

Opverall, we have not identified any significant issues with the energy storage unit presented
so far that would substantially impact the practice of LLM operations.

VI. CONCLUSION

Grid-scale gravity-based energy storage systems, such as Gravient, may require special
considerations for live line maintenance. However, no fundamental issues are preventing the
integration of both systems. As with other LLLM work, careful planning, thorough training,
well-defined procedures, focused execution, and strict safety measures must be in place to
ensure safe operations.
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