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Abstract: In the future, there will be more and more abandoned oil-gas wells with the exploitation
of onshore oilfield resources. However, the large height difference in abandoned oil-gas wells can
be used as building blocks for gravity power generation, thus maximizing the economic value
of abandoned oil-gas wells. In this study, a scheme of gravity power generation by virtue of the
spud-in casing depth of oil-gas wells is proposed, and a gravity power generation model based on
abandoned oil-gas wells is established. The parameters and economic benefits of gravity energy
storage are calculated for oil-gas wells in the Huabei oilfield, the Daqing oilfield, and the Xinjiang
oilfield. It is shown that the power density and discharge time of the gravity energy storage system in
abandoned oil-gas wells are suitable for distributed power generation. In addition, the fast response
characteristics of energy storage in abandoned oil-gas wells are verified, which makes the system
suitable for correcting continuous and sudden frequency and voltage changes in the power grid but
not suitable for energy arbitrage under a high number of annual cycles. Furthermore, the leveling cost
of storage of the gravity system in abandoned oil-gas wells is more economical with the high number
of annual cycles. The analysis of this work provides a significant investigation of the feasibility of
gravity power generation by using abandoned oil-gas wells.

Keywords: abandoned oil-gas wells; gravity power generation; energy storage; economic benefits;
case study

1. Introduction

With the implementation of the strategic goal of carbon dioxide peaking and carbon
neutrality in China [1], new energy power generation techniques, such as wind power and
photovoltaic power, have exhibited rapid growth. This puts forward higher requirements
for energy storage technology. Energy storage, as a flexible peaking power regulation
approach, can effectively hedge the fluctuation and security problems brought by new
energy power generation and plays a key role in new energy consumption, peak regulation,
and frequency regulation. In the “Guiding Instructions on Accelerating the Development of New
Energy Storage” issued in China in July 2021, it was proposed that by 2025, the installed
scale of new energy storage would reach more than 30 million kW [2]; by 2030, new energy
storage would be fully marketed.

At present, the energy storage market in China mainly relies on pumping energy
storage, and its market share is about 90% [3]. Although pumping storage has been proven
to have a long-life cycle, it requires a large amount of land and needs to be located near
water resources. Moreover, the pumping energy storage system is not extensible upon
completion and faces significant challenges in meeting the expected market growth due to
the high cost and environmental impacts of constructing man-made reservoirs [4]. Some
chemical components in other forms of renewable energy storage technologies, such as
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lithium-ion battery technology, require scarce raw materials (such as cobalt) to produce
batteries. This can be subject to cyclical supply chain challenges and has a high carbon
footprint in transportation and production. Nevertheless, the chemical composition of
batteries also degrades over time. Such batteries also contain harmful substances and pose
safety and fire risks [5]. Similarly, geothermal energy storage and flow batteries require
relatively high capital investments and high operating costs but have a relatively low
efficiency level. Moreover, they are not modular and have geological limitations [6]. Table 1
gives a comparison of the parameters of common energy storage technologies.

Table 1. Technical parameters of common energy storage technologies [7].

Energy Storage Technologies Rated Power (MW) Efficiency (%) Lifetime (Years) Cycle Cost ($/kWh)

Pumping energy storage 100-5000 75-77 40-60 0.1-14
Compressed air 5-300 52-75 20-40 2-4
Na-S battery 0.05-8 70-90 10-15 8-20

Li-ion battery 0-0.1 85-89 5-15 15-100

Lead acid battery 0-20 70-90 5-15 20-100
Flywheel energy storage 0-0.25 >80 0-15 3-25
Supercapacitor energy storage 0-0.3 <75 or >95 20+ 2-20

In addition to the common energy storage methods mentioned above, gravity energy
storage has attracted increasing attention in recent years. Compared with pumping energy
storage, gravity storage systems mainly use customized “moving blocks” to replace water.
They can increase the stored energy by stacking “moving blocks” and release energy by
lowering the “moving blocks” back to the ground. This type of energy storage is completely
free from the strict, low-quality requirements of pumped storage power stations, and the
“moving blocks” can be made from various materials. Taking advantage of the existing
shafts of abandoned oil-gas wells, the gravity of energy storage based on abandoned oil-gas
wells was calculated, and the corresponding economic benefits are analyzed. Tong et al.
have explained the important advantages of solid gravity energy storage, including the
sustainability of this energy storage method which uses natural materials, produces no
pollution, has no fire or explosion risk, and is safe and reliable [8]. In addition, Berrada
et al. have conducted a life-cycle assessment of the large-scale application of gravity
energy storage systems, for which there are no fuel and emissions-related costs because the
systems do not consume fuel or generate carbon emissions during operation. Their detailed
economic analysis also shows the cost competitiveness of gravity storage compared to
pumped hydro energy storage and compressed air energy storage [9].

This paper mainly studies the feasibility of gravity energy storage in abandoned oil-gas
wells and calculates the parameters and economic benefits of using this storage technique
in oil-gas wells in the Huabei oilfield, the Daging oilfield, and the Xinjiang oilfield. Based
on the obtained results and analyses, some conclusions are drawn at the end of this paper.

2. Overview of Gravity Energy Storage Methods and Selection of Energy
Storage Shafts

2.1. Basic Concepts of Gravity Energy Storage Technology

Gravity energy storage, a type of mechanical energy storage, uses energy storage
media made of water and solid materials to charge and discharge the energy storage system
by lifting and lowering the energy storage media based on height difference.

Due to the strong fluidity of water, the water-medium gravity energy storage system
can make use of well-sealed pipes, shafts, and other structures. The flexibility of site selec-
tion and the energy storage capacity are limited by the terrain and water sources. In this
regard, it is easier to build large-scale energy storage systems near natural water resources.
A solid heavy-object gravity energy storage system mainly makes use of mountains, under-
ground shafts, and artificial and other structures. The heavy objects are generally materials
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with a relatively high density, such as metal, cement, sand, and stone, specifically chosen to
achieve a higher energy density.

2.2. Underground Shaft Gravity Energy Storage

Based on basic technical principles, gravity energy storage can be preliminarily divided
into the following categories: new-type pumped energy storage and undersea energy
storage; gravity energy storage based on the height differences of structures; gravity energy
storage based on mountain drops; and gravity energy storage based on underground shafts;
in addition to other special gravity energy storage types. The characteristics of various
gravity energy storage technologies are presented in Table 2.

Table 2. Comparison of various gravity energy storage technologies [10].

Gravity Energy .Storage Energy Storage Power Efficiency (%) Lifetime (Years) Response Time (s)
Technologies Value

GPM 1.6-6.4 GWh 40 MW-1.6 GW 75-80 30+ >10
HHS/GBES 1-20 GWh 20 MW-2.75 GW 80 40+ >10
Undersea energy storage 20 MW 5-6 MW 65-70 — >10
Energy storage tower 35 MWh 4 MW 90 — 2.9

MGES 0.5 MWh 500 kW 75-80 — Seconds level

Underground shafts 1-20 MWh <40 MW 80-90 50+ Seconds level

Since the gravity energy storage system is greatly affected by the weather and the
environment, it has become a research trend to develop underground gravity energy
storage systems. Xiao et al. have made a detailed introduction to the development of
underground energy storage [11]. Among the gravity energy storage systems based on
underground shafts, the abandoned drilling platforms and mine gravity energy storage
systems developed by the Gravitricity Company in England have attracted large attention
from the whole industry [12]. The main principle of this system is to pull the drilling rig
to the top of the abandoned mine when electric energy is abundant to store gravitational
potential energy through the electric winch. When electrical energy is required, the drilling
rig is dropped to release gravitational potential energy, which is then converted into
electrical energy. The company also reported that the response time of the system was
within 0.5 s. In addition, it was highlighted that the efficiency can reach 90% and that the
service life is up to 50 years [13]. In addition to the Gravitricity Company, many scholars
have also conducted various studies on gravity energy storage based on underground
shafts. Morstyn et al. [14] estimated the energy storage capacity of the system by taking an
abandoned mine in Central England as a case study. They reported that the system only
relied on steel wire ropes to lift and release heavy objects cyclically for a long time, which
would cause greater wear to steel wire ropes. In another study, Botha et al. [15] performed
detailed calculations for dry-type gravity energy storage, especially gravity energy storage
based on underground shafts. They proposed two lifting methods with different attributes
and different storage application modes. In addition, Botha et al. [16] carried out a design
optimization and cost analysis on a gravity energy storage system based on a linear vernier
motor. They then demonstrated the potential competitiveness of this kind of gravity energy
storage system.

2.3. Considerations for Choosing Abandoned Oil-Gas Wells as Gravity Energy Storage Shafts

The specific concept of abandoned oil-gas wells can be found in two enterprise stan-
dards reported by Chen [17] wherein abandoned oil-gas wells are divided into the following
three categories:

(1) Abandoned oil wells due to geological reasons, engineering accidents, various dam-

ages, etc.
(2) Exploratory wells where there is no oil or gas after drilling.
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(3) Old oil wells that have reached the end of their useful lives after years of oil and gas
extraction, as well as oil wells with long-term shutdown or low production.

2.3.1. Significance of Establishing the Utilization Mechanism of Abandoned Oil-Gas Wells

There had been about 92,000 abandoned oil wells in the petroleum mining areas of
China at the end of 2010 [18]. With the continuous development of oil and gas exploration
work, the number of newly drilled wells and abandoned wells continues to increase every
year. In fact, the number of abandoned oil and gas wells could be as high as 10 percent of
the existing field. This is undoubtedly a huge waste of resources and a security risk. In
addition, it has been noted that the depth, well structure, and casing routine of these wells
have the potential to be reconstructed. Hence, it is recommended to realize the utilization
mechanism of abandoned oil-gas wells by referring to the disposal of abandoned mines. A
small amount of fund investment in the reconstruction of these abandoned oil exploration
wells can improve the return rate of the exploration and development investment. It
can also increase the overall economic benefits of oil and gas fields, thus maximizing the
economic value of abandoned oil and gas wells. Therefore, combining gravitational energy
storage with underground space is one of the best ways to solve these problems.

2.3.2. Status of the Development and Utilization Technologies for Abandoned

Oil-Gas Wells
Among the development and utilization technologies of abandoned oil wells, the

exploitation of geothermal energy in abandoned oil and gas wells is a relatively mature

technology. Geothermal reconstruction by using abandoned wells has the following advan-

tages [19]:

(1) The existing wellbore can be used for geothermal reconstruction, which greatly reduces
well drilling and well capping costs.

(2) The existing production data can be used for setting up scientific and reasonable
development schemes.

(3) Geothermal reconstruction using abandoned wells contributes to the promotion and
utilization of geothermal energy.

Moreover, there are a lot of field experiments on the geothermal reconstruction of
abandoned oil and gas wells in China. In this regard, Zhou et al. carried out a field
pilot test on the geothermal reconstruction of abandoned wells in the Dongpu Depression.
They developed a set of relatively perfect geothermal well testing technologies [20]. In
another study, Hu et al. conducted a direct heat transfer test on the ZK1 oil well in the
Hulunbuir area. They achieved a good application effect with a single-well heat exchange
power of 162 kWh and a heat exchange rate of 90 W/m [21]. In addition, the Shenyang
Geological Survey Center of China Geological Survey and the Heilongjiang No.1 Institute of
Hydrogeology and Engineering Geological Survey successfully carried out the geothermal
reconstruction of a SYY-1 well. This is a clear example of the reconstruction and utilization
of abandoned oil-gas wells in Daqging [22].

Compared with the geothermal utilization of abandoned oil-gas wells, there are
relatively few studies worldwide on the reconstruction of abandoned oil-gas wells into
gravity energy storage systems. However, gravity energy storage by virtue of abandoned
oil-gas wells also has similar advantages to geothermal reconstruction. For example, the
existing wellbore can be reconstructed for gravity energy storage instead of building new
shafts. Furthermore, the existing production data of abandoned oil-gas wells can be used as
a reference in the establishment of energy storage units. In this paper, the feasibility of using
abandoned oil-gas wells for gravity power generation will be explored. Currently, there are
few studies on the gravity energy storage system of abandoned oil-gas wells. In this regard,
the existence of abandoned oil-gas wells can greatly reduce the excavation cost of gravity
energy storage systems in underground shafts, which leads to major advantages. Since
the spud operation can produce the largest well diameter of oil-gas wells, the subsequent
calculations in this paper will only consider gravity power generation at the spud depth of
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oil-gas wells. In this case, the power generation benefits will be analyzed, and a case study
will be conducted.

2.3.3. Challenges of Constructing Gravity Energy Storage Systems for Abandoned Oil and
Gas Wells

The difficulties and challenges of using abandoned oil and gas wells to generate
electricity by gravity storage are mainly focused on the following three aspects:

(1) There is little space in abandoned oil and gas wells, so designing and making full use
of the weight of the heavy objects will be very important.

(2) Unlike the energy storage tower structure, the integrity of heavy objects in the gravity
storage system of abandoned oil and gas wells affects the shape control of heavy
objects and makes it difficult to automate intelligently.

(3) Although abandoned oil wells have the possibility of reuse, reutilizing them success-
fully is one of the key problems to be overcome.

It is worth emphasizing that the research of this paper is still in the preliminary
conception stage. Considering the importance of reforming abandoned oil and gas wells
and protecting the environment, the temperature studied by Zhang et al. may have an
important reference value for the oil and water separation of horizontal separators [23]. In
addition, Jang et al.’s microgrid economic optimization based on demand-response and
water wave optimization algorithms further demonstrates the possibility of grid-connected
energy storage systems [24]. This work provides inspiration for our further study on the
integration of gravity storage systems in abandoned oil and gas wells into the grid.

3. Gravity Power Generation Model by Virtue of Abandoned Oil-Gas Wells

As shown in Figure 1, the gravity energy storage power station is mainly composed
of a winch, a cable, a heavy object, a wellhead, and a power consumption storage device.
In the power-consuming stage, the winch lifts the heavy object to the wellhead through
the cable. On the other hand, in the electric storage stage, the winch puts down the heavy
object and converts the gravitational potential energy of the heavy object into electrical
energy through the energy storage device. This completes the energy conversion cycle with
electricity consumption and power generation. The key technologies involved in gravity
energy storage in abandoned oil-gas wells include:

(1) Abandoned-well evaluation and optimization technology: There is a need for a well-
bore adaptability evaluation of abandoned wells and technical research on wellbore
cement plugging, wellbore wall support, and wellbore lining to solve the problems of
selection, plugging, and supporting abandoned wells.

(2) Energy conversion technology of underground gravity energy storage systems: There
is a need to develop traction and control tools for underground gravity energy storage
in addition to underground tracklaying and sliding control systems to solve the
problems of the underground movement and control of heavy objects.

(3) Ground control technology for gravity energy storage: There is a need to carry out
digital factory simulations to simulate the operation effects of real numerical control
systems and real scheduling algorithms. In addition, flexible-cable parallel robots
should be designed.

(4) Gravity energy storage power generation technology: There is a need to adopt a
co-simulation platform to evaluate the energy storage system, optimize the buffer
energy storage system, and achieve a large capacity and stable power response.

Furthermore, a schematic diagram of a gravity energy storage model by virtue of
an abandoned oil-gas well is provided in Figure 1. The gravity energy storage system
of the abandoned oil-gas well converts electric energy into gravitational potential energy
and releases it at an appropriate time to provide electric energy in the abandoned oil-gas
wells. Figure 1 shows the schematic diagram of a gravity power generation station by
an abandoned oil-gas well, and Figure 2 depicts the piston model of a gravity energy
storage system.
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Figure 2. A model of the gravity energy storage system.

3.1. Capacity of Gravity Energy Storage

In order to further study the relationships between the parameters of the gravity
energy storage system, an equation was established to describe the storage capacity, energy
density, and power density. In addition, the economic benefits of the system were analyzed
based on the established equation.

If the heavy object is in the form of a cylindrical piston, the gravitational potential
energy stored by the piston can be expressed as:

E =mgh €))

where E is the gravitational potential energy of the piston, J; m is the mass of the piston, kg;
g is the gravitational constant, 9.81 m/s?; and  is the falling height of the piston, m.
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The mass of the piston can be defined as the product of its density p and the volume
Vp of the piston. According to Figure 2, the mass expression of the piston can be further
expanded and obtained by Equation (2).

2
m= pn(dzp) Ly 2

where p is the density of the piston, kg/m?; d,, is the undersurface diameter of the piston,
m; and L, is the height of the piston, m.

The dominant unit used in the energy calculations is watt-hour (Wh), and the conver-
sion between watt-hour and Joule (J) is given by:

1kWh = 3.6 x 10°] (3)

Using Equations (1) and (2), the gravitational potential energy of the piston can be
found by:

dp\?
E=pn - Lygh (4)

Moreover, when the depth of the abandoned well (H) is known, the falling height of
the piston is 1 = H - L, and the stored gravitational potential energy in kWh is calculated
by Equation (5).

Ly (dp)?
S =278x10 7p7((2p) L,g(H — Lp) (5)

The energy density of the system can be expressed as:

278 10*7pn(%)2L,,g(H —Lp)
vs n(%)ZLS

where Sp is the energy density, kWh/m?; L is the length of the oil-gas well along the
falling depth of the piston, m; and Vs is the volume of the oil-gas well along the falling
depth of the piston, m3.

Assuming that the piston can fall to the bottom of the first spud of the oil-gas well,
then Ls = H — L. Since the difference between the spud diameter of the oil-gas well (ds)
and the diameter of the piston is relatively small, namely ds ~ d,, Equation (6) can be

simplified as:

(6)

sp =278 x 107pL,g @)

Similarly, the power density of the system can be obtained by Equation (8).

_ 278 10~7pLyg

D = ®)
where Pp, is the power density, kW/m?, and t,;, is the discharging time, h.
3.2. Response Time Required by Piston Movement
The force required to lift the piston is given by Equation (9).
F=FK+F )

where a = dv/dt and a is the gravitational acceleration. The differential equation
describing the motor motion is given by:

d
T = Frs+ ]d—(j: = mgrg + mars + rla (10)

s
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where T is the motor torque, N-m; w is the angular velocity, rad/s; | is the moment of
inertia, kg‘m2 ; and s is the radius of the traction pulley, m.
The output power of the motor can be obtained by multiplying Equation (10) by w.

P =mvg+ (m + ,,]2)‘/” (11)

When the system maintains a constant speed v (m/s), the steady-state power at this
time can be given by:
Pss = mvg (12)

Moreover, the energy storage system must provide power within a given response
time in order to achieve a fast response. Assuming that the gravitational acceleration is
constant and that the piston can transit from the static state to the constant state of full
speed in the required response time 7 (s), we find:

v Pgg
a = — =
T  mgtT

(13)

According to Equation (13), the relationship between the response time and the steady-
state power can be obtained by Equation (14):

PSS
T= mga (14)

3.3. Cost-Benefit Analysis Model of Gravity Energy Storage Power Generation

The leveling cost of storage (LCOS) is one of the important indicators used to measure
the economic feasibility of an energy storage system. It provides all the economic parame-
ters affecting the cost of energy storage technology and thus can be used to compare energy
storage systems with different costs and structures. Therefore, it is widely regarded as an
important method to evaluate the economic benefits. The equation of LCOS was given
in [25], and can be expressed as follows:

t=n At
CAPEX+) ! Ty

thn Sout
t=1 (1+i)
In Equation (15), the numerator CAPEX represents the initial capital expenditure,
which can be divided into energy investment cost and equipment investment cost. A; is
the annual cost of the gravity energy storage system, which increases every year during
the normal working life n of the energy storage system and is discounted by the discount
rate i. Lastly, the denominator Sy is the sum of the annual power generation of the energy

storage system, which is discounted at the same discount rate i.
As mentioned above, CAPEX can be divided into different parts as shown in Equation (16).

LCOS = (15)

CAPEX = Ce + Cpyy + Cr (16)

where C, is the energy investment cost, which in this study mainly refers to the material
cost of the piston, prr is the investment cost of the electronic equipment of the system,
and C;, is the mechanical equipment cost.

The annual cost A can be divided into the following parts:

At = COPEX + CAPEXye 4 C¢,Si — R (17)

where COPEX is the annual operating cost of the energy storage system; CAPEX, is the
annual replacement cost of specific components in the system; C,; is the cost of electric
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energy; S, is the input electrical energy; the product of C,; and S;, is the cost of power
supply; and R can be regarded as a recovery value when the system’s life is exhausted.

In addition, the sum of the annual power generation in the denominator can be
calculated by Equation (18).

Sout = DoD - Meycles - (1Srated) (18)

In Equation (18), DoD is the depth of discharge, 71¢es is the number of annual cycles
of charging and discharging, S, is the rated energy of the system, and 7 is the efficiency
of the round trip.

4. An Idealized Case Study of Abandoned Oil Wells
4.1. Calculation of Storage Capacity of Gravitational Potential Energy

Since the production data of real oil-gas wells in major oilfields are concerned with
the confidentiality of oilfield management, oil-gas wells in the Huabei Oilfield, the Daging
oilfield, and the Xinjiang oilfield are selected as examples to calculate various parameters in
addition to the economic benefits of gravity energy storage based on the above-established
mathematical model. In this regard, the casing strength calculation standards of the
American Petroleum Institute (API) [26] are used along with the calculation example
analysis of Deng et al. [27] and Du et al. [28]. The relevant parameters of the selected
oilfields are provided in Table 3.

Table 3. Parameters of the abandoned wells in the three selected oilfields.

Oilfield Wells Number of Abandoned Wells  Spud Diameter (m) = Well Depth (m)

Huabei Oilfield 9528 0.273 150
Daging Oilfield 33,294 0.273 200
Xinjiang Oilfield 782 0.273 687

Using Equation (5), when the material density and the well depth are known, the
storage capacity of the gravitational potential energy depends on the bottom radius d, and
the height L, of the piston. On this basis, before determining the storage capacity of the
gravitational potential energy, the most appropriate materials should be selected. In this
regard, the relevant properties of different materials are provided in Table 4.

Table 4. Properties of common building materials.

Materials Density (kg/m3) Price (CNY2022/t)
Aluminum 2712 18,350
Copper 8940 62,780
Iron 7850 3649
Lead 11,340 15,050

Considering the cost and density of various materials [29,30], iron is selected as the
piston material in this case study. Once the piston material is determined, Figure 3 can be
generated by using Equation (5) and the information in Tables 3 and 4.

It can be clearly seen in Figure 4 that the storage capacity of the gravity energy storage
in the oilfields can reach its maximum value when the piston diameter is equal to the spud
diameter of the abandoned oil well. The conditions for finding the maximum value can be
obtained from Figure 3.
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Figure 4. Variation of the power density with the discharge time of the gravity energy storage system
in the three major oilfields.

In addition, it can be seen from Figure 4 that the maximum storage capacity of the
gravity energy storage system is achieved when the piston length is half of the well
depth. However, in the actual system, the diameter of the piston must be smaller than
the spud diameter of the abandoned oil well. In this case, the diameter of the piston is
253 mm. Moreover, it is difficult in practice to design the piston length to be half the
well depth, although it can be achieved by means of multiple piston mounts. Hence,
the considered case study only provides theoretical reference significance. According to
Equations (5) and (8), the information in Table 5 can be obtained. In the upcoming sections,
subsequent calculations will be performed based on the maximum energy storage capacity
in Table 5.

Table 5. Energy storage capacity and energy density of the three major oilfields.

Maximum Energy Storage

1L . 3
Oilfield Wells Capacity (KWh) Energy Density (kWh/m®)
Huabei Oilfield 6.19 1.6058
Dagqing Oilfield 11.00 2.1410
Xinjiang Oilfield 129.79 7.3543
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4.2. Power Density and Discharge Time of Gravity Energy Storage

According to Equation (7) and the information in Table 5, Figure 5 can be generated.
Based on the results, it is clear that the power density of the gravity energy storage system
mainly depends on the discharge time when the material density and length of the piston
are fixed.

1.4 Xinjiang
Daging
1.2 Huabei
@
o 1.0
£
Fos
@
2
Q0.6
w
<5}
0”04}
02}
=]

O_ Loy |y e—p—
00 01 02 03 04 05 06 07 08 09 10
Acceleration {m/s?)

Figure 5. Variation of the response time with the acceleration of the gravity energy storage system in
the three major oilfields.

Nevertheless, Figure 4 clearly shows that the optimal discharge time of the system
is between 0 and 2 h, and that the system power density of the Xinjiang oilfield is higher
than that of the Huabei oilfield or the Daqing oilfield. Similarly, the low power density,
low energy density, and short discharge time of the gravity energy storage system in
abandoned oil-gas wells in the three major oilfields make it very suitable for distributed
power generation. They are particularly well-suited for peak regulating services, which can
aid in the correction of short-term power imbalances and upgrade delays. These findings
are consistent with the findings reported by Botha [15]. In the considered case study,
the discharge time has an optimal value of 0.5 h for subsequent calculations. Thus, the
steady-state power of the three major oilfields is obtained and reported in Table 6.

Table 6. Steady-state power of the three major oilfields.

Oil-Gas Wells Steady-State Power (kW)
Huabei Oilfield 12.38

Daging Oilfield 22.00
Xinjiang Oilfield 259.58

4.3. Response Time and Steady-State Power of Gravity Enerqy Storage System

It takes a certain response time for the piston to accelerate from the stationary state to
the steady state. This time can be calculated using Equation (15), and the variation of the
response time with the acceleration is illustrated in Figure 5.

As seen in Figure 5, within an acceleration range of 0.2-1.0 m/s?, the response time
of the system is basically within 0.2 s. In this regard, the response time of the system in
the Xinjiang oilfield is shorter than that in the Huabei oilfield or the Daqing oilfield. This
indicates the possibility of a fast response of the gravity energy storage system. Although
there may be slight differences between the hoist in abandoned oil wells and the mining
hoist in the current study case, the acceleration of the mining hoist is adopted in the
conducted calculations. The acceleration of the mining hoist is usually in the range of
0.5-0.75 m/s? [31]. In this study, an acceleration of 0.5 m/ s? is selected when the piston is
accelerated from the stationary state to the steady state. Thus, the energy storage capacity
and energy density of the three major oilfields are provided in Table 7.
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Table 7. Fast response time for three major oil fields.

Oil-Gas Wells Response Time (s)
Huabei Oilfield 0.085
Daging Oilfield 0.064
Xinjiang Oilfield 0.019

In addition, the fast response time of the abandoned oil-gas wells in the three major
oilfields makes the gravity energy storage system suitable for primary response in energy
storage applications and helps in correcting continuous and sudden frequency and voltage
changes in the network [32]. These findings are consistent with the previously mentioned
characteristics of distributed power generation.

4.4. Leveling Cost of Storage of the Gravity Energy Storage System

In this study, the leveling cost of storage (LCOS) is selected as an indicator to evaluate
the economic benefits of the gravity energy storage system. The LCOS provides a detailed
calculation of the discounted cost per unit of energy storage. It considers all the economic
and technical parameters that affect the lifetime cost of the energy storage technology. In
addition, it can also be used for comparing the cost of an energy storage system with that
of other storage systems with different cost structures. On the other hand, it is also an
indicator that is very difficult to measure accurately because it can be affected by many
factors, such as the installation and operation modes of the system and the proportions of
operating and maintenance costs. To perform the theoretical research, many parameters
were simplified in this case study.

In order to calculate the LCOS of the system employing Equation (15), it is necessary
to determine all the parameters step by step. The CAPEX is the initial capital expenditure
of the system which consists of the energy investment cost and the equipment investment
cost. The excavation cost should have also been included but is ignored in this work due to
the existence of ready-made abandoned wells. In addition, the energy investment cost is
represented by the piston cost. In this regard, the piston costs of gravity energy storage
systems in abandoned oil-gas wells in the three considered oilfields are shown in Table 8.

Table 8. Piston costs of gravity energy storage systems in abandoned oil-gas wells in the three
considered oilfields.

Abandoned Wells Piston Mass (t) Piston Cost (CNY)
Huabei QOilfield 29.583 107,948.367
Dagqing Oilfield 39.444 143,931.156
Xinjiang Oilfield 135.490 494,403.010

Furthermore, the equipment cost includes the costs of electronic and mechanical
equipment. Both costs are priced per kilowatt, and the pricing method employed in this
study is adopted from [33]. The cost of electronic equipment is priced at 597 CNY per
kilowatt, and that of mechanical equipment is around 65 times the rated power of the
system [15]. Thus, the CAPEX of the system can be obtained using this information. The
annual cost of the system consists of the operational cost (COPEX), CAPEX,., power cost,
and the final recovery value. The operation cost of COPEX can be regarded as a proportion
of CAPEX. In this investigation, it is assumed that the COPEX is 0.5% of the initial capital
expenditure. The CAPEX, is one of the important factors affecting the LCOS, and it
accounts for a specific proportion (5%) of the equipment investment cost in this study case.
Nevertheless, the power cost and the final recovery value are ignored in this study case.
This is because the power cost varies widely at different time periods and different places,
and the final recovery value of the piston material is difficult to estimate at the end of the
system’s lifetime. Thus, the cost parameters of the gravity energy storage systems in the
three major oilfields considered are listed in Table 9.
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Table 9. Cost parameters of the gravity energy storage systems in the three major oilfields.

Abandoned Wells CAPEX (CNY) COPEX (CNY) CAPEXre (CNY)
Huabei Oilfield 596,353.035 2981.765 24.,420.233
Daqing Oilfield 1,011,855.444 5059.277 43,396.214
Xinjiang Oilfield 10,735,120.587 53,675.603 512,035.879

Other system technical information can be given in Table 10 based on information
from the literature presented in previous chapters.

Table 10. Attribute examples of the gravity energy storage system.

Attribute Value
Discharge time 30 min
Depth of discharge 1
Efficiency n 85%
Discount rate 10%
System lifetime 50 years

Thus, the variation of the LCOS with the annual cycle times of the gravity energy
storage system by virtue of the abandoned wells in the three considered oilfields was

calculated and presented in Figure 6.
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Figure 6. Variation of the LCOS with the annual cycle times of the gravity energy storage system by
virtue of the abandoned wells in the three major oilfields.

Figure 6 clearly shows that the LCOS of the abandoned oil wells is more economically
feasible under high annual cycle times. In addition, Table 11 presents the LCOS values
of the gravity energy storage system by virtue of abandoned oil wells in the three major
oilfields when the annual cycle times are set to 5000.

Table 11. LCOS values of the gravity energy storage system by virtue of abandoned oil wells in the

three major oilfields with annual cycle times of 5000.

Abandoned Wells LCOS (CNY/kWh)
Huabei Oilfield 3.3279
Daging Oilfield 3.2195
Xinjiang Oilfield 2.9884

As shown in Table 11, the LCOS of the gravity energy storage system by virtue of
abandoned oil-gas wells has a better economy with annual cycle times of 5000. However, it
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should be noted that these results were obtained assuming ideal and simplified conditions.
Thus, the findings” guiding significance for practical applications is very limited. In
addition, the application of gravity energy storage systems is also very important.

5. Conclusions

The benefits and feasibility of reconstructing abandoned oil wells into gravity energy
storage wells were investigated and highlighted in this paper. The main conclusions are
as follows:

(1) The power density and discharge time of gravity energy storage systems by virtue of
abandoned oil-gas wells are suitable for distributed power generation.

(2) The fast response time of gravity energy storage systems by virtue of abandoned
oil-gas wells makes them suitable for correcting continuous and sudden frequency
and voltage changes in the power grid. Such systems, however, are unsuitable for
energy arbitrage over a large number of annual cycles.

(3) The leveling cost of the gravity energy storage system by virtue of abandoned oil-gas
wells is more economical under a high number of annual cycles.
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