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Abstract
Energy storage gained vital resource in the highly competitive energy market. The study looked at storing liquefied petroleum 
gas (LPG), in depleted reservoirs that have run dry. A synthetic reservoir model was built. It featured constant porosity and an 
initial oil in place of 0.25858E+09 STB. Also, it had an initial gas in place of 0.32839E+12 SCF using a numerical simulator. 
Different scenarios were simulated to assess reservoir behavior in various circumstances. LPG injection and production scenar-
ios varied widely during tests. Results showed the potential benefits of using depleted reservoirs for LPG storage. Challenges 
remained regarding long-term viability. The research highlighted both successes and failures in the approach taken to store LPG 
effectively. Further studies could explore alternative methods for energy storage. The findings indicated that utilizing depleted 
reservoirs for LPG could have lasting impacts on energy management strategies moving forward. The study results provided 
fresh perspectives on storing LPG in empty reservoirs. Also, LPG had a unique response to pressure. It became clear that mon-
itoring reservoir pressure was vital for the fuel performance. Further, the established technology demonstrated potential for 
testing with other energy fluids. Natural gas and hydrogen were among those tested. This opened up substantial and ecologically 
possibilities for energy storage
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1. Introduction
Energy storage has assumed a critical significance within 
contemporary energy systems. It served to alleviate interruptions 
in supply. Such interruptions originated from a variety of sources. 
One contributing factor was the limited capacity for production. 
Additionally, disruptions in transportation emerged as a concern. 
Constraints imposed on refining processes further compounded the 
difficulties faced. Through the establishment of a strategic reserve 
of energy resources, nations were able to safeguard their local 
requirements. This strategy also contributed to the enhancement 
of energy sovereignty [1]. Storage solutions were necessary 
throughout the petroleum value chain. They existed at different 
value chain. Crude oil storage was essential first. Then there were 
intermediate products that needed storing too. Finally, finished 
fuels required effective storage before ultimate consumption. In 
summary, effective energy storage systems ensured stability in an 
unpredictable environment while supporting national autonomy 

in energy matters [2]. Tanks are prevalent in the petroleum 
sector. Spherical and cylindrical configurations represent the 
most extensively utilized forms. For liquefied petroleum gas, two 
primary alternatives  are  available.  Cylindrical  and  spherical 
structures function as repositories. Liquefied petroleum gas (LPG) 
is characterized as the lightest (possessing the lowest density) 
liquid fuel generated within a refinery. Its density is comparatively 
lower than that of alternate fuels. The management of this supply is 
imperative for economic stability. The methodologies for storage 
are contingent upon the modalities of storage and transportation. 
Subterranean storage presents numerous advantages. It appeared 
to be a feasible substitute for conventional methodologies. This 
category of storage utilized underground spaces for diverse 
purposes. It contributed to the conservation of surface land. 
Furthermore, it afforded protection against climatic conditions and 
various hazards. The notion gained prominence in the latter part of 
the 20th century. There was a growing emphasis on more efficient 
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methods for resource storage. Traditional storage frequently 
encountered constraints such as spatial and security challenges [3].

There are three main methods that hydrocarbons can be stored 
underground:
• Mined Tunnels: These are excavated using conventional mining 
techniques and are suitable for liquid or liquefiable products.

• Salt Cavern Storage: This method involves dissolving rock salt 
to create large cavities in salt deposits. It is suitable for all liquid, 
gaseous, and liquefied hydrocarbons.
• Aquifers and Depleted Fields: These natural formations can be 
repurposed for gas or oil storage, providing a cost-effective and 
environmentally friendly solution [4].
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Today, liquefied petroleum gas (LPG) is extensively 
employed by both industrial operators and private 
individuals in their mobile endeavors. When combined, LPG 
can also function as a fuel source for vehicles (LPG-c).The 
primary constituents of LPG, propane and butane, exist in a 

gaseous state at standard atmospheric pressure (1 bar) and 
ambient temperature (15°C). Nevertheless, these substances 
can be readily converted into liquid form, facilitating 
efficient handling, transportation, and storage in compact 
volumes: 

- One liter of liquid butane yields 239 liters of gas (at 
15°C under 1 bar of pressure).  

- Conversely, one liter of liquid propane generates 311 
liters of gas (at 15°C under 1 bar of pressure). 

Propane and butane exhibit variations in the temperature and 
pressure conditions required for their transition from 
gaseous to liquid states. Under standard atmospheric 
pressure (1 bar): 

- Propane transitions to liquid state when the temperature 
decreases below -42°C, while butane liquefies when the 
temperature falls below 0°C. 

- LPG fuel, comprising a mixture of propane and butane, 
possesses a distinct liquefaction temperature compared 
to its individual constituents, transitioning to liquid at -
25°C under atmospheric pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast, methane (CH4), the predominant component of 
natural gas, requires either elevated pressure (47 bar at -
82°C) or extremely low temperature (1 bar at -161°C) to 
achieve liquefaction. The critical point of a pure substance 
is defined as the location on the temperature-pressure 

Features Mined cavity Saline cavity Storage in aquifers and porous 
media 

Waterproofing hydrodynamics intrinsic intrinsic (cover and bottom) 
Setting up Excavated (machines / 

explosives) 
Leached (fresh water) Natural voids (porous network) 

Stored products Natural gas, crude and refined 
oil 
and compressed 
air 

Liquid hydrocarbons 
(crude oil, naphtha, 
LPG), compressed air and 
hydrogen 

Natural gas (high pressure: 30 
bar to 
200 bar) and CO2 

depth Shallow Variable depth (300 to 2000 
m) 

Depth : 500 to 3000 m 

Form Horizontal development Vertical development Closed structures in antiform / 
bell 

Dimension Height 15 to 30m, width 10 to 25 
m, length 100 to 
1000 m, section 
4          5670 

Height 100 to 300 m, 
diameter 30 to 70 m 

Natural network of kilometer 
extension 
(similar to natural hydrocarbon 
reservoirs) 

Volume Volume 100 000 to 500 000 m3 
(10 
000 - 1 000 000 m3) 

Volume 150 000 to 650 000 
m3 

Useful volume 0.5 to 4 billion 
Nm3 plus a gas cushion 

Access Physical access by tunnel or 
shaft 

Only access to drilling 
(leaching & exploitation) 

Several drillings 
(exploration, exploitation & 
follow-up) 

 Table 1: Summarizes the Different Types of Underground Storage Media and Their Characteristics

Today, liquefied petroleum gas (LPG) is extensively employed 
by both industrial operators and private individuals in their 
mobile endeavors. When combined, LPG can also function as 
a fuel source for vehicles (LPG-c).The primary constituents of 
LPG, propane and butane, exist in a gaseous state at standard 
atmospheric pressure (1 bar) and ambient temperature (15°C). 
Nevertheless, these substances can be readily converted into liquid 
form, facilitating efficient handling, transportation, and storage in 
compact volumes:

• One liter of liquid butane yields 239 liters of gas (at 15°C under 
1 bar of pressure).
• Conversely, one liter of liquid propane generates 311 liters of gas 
(at 15°C under 1 bar of pressure).

Propane and butane exhibit variations in the temperature and 
pressure conditions required for their transition from gaseous to 
liquid states. Under standard atmospheric pressure (1 bar):

• Propane transitions to liquid state when the temperature decreases 
below -42°C, while butane liquefies when the temperature falls 
below 0°C.
• LPG fuel, comprising a mixture of propane and butane, possesses 
a distinct liquefaction temperature compared to its individual 
constituents, transitioning to liquid at - 25°C under atmospheric 
pressure.

In contrast, methane (CH4), the predominant component of natural 
gas, requires either elevated pressure (47 bar at - 82°C) or extremely 
low temperature (1 bar at -161°C) to achieve liquefaction. The 
critical point of a pure substance is defined as the location on the 
temperature-pressure diagram where the liquid-gas equilibrium 
curve terminates [5]. The critical temperature (TC) and critical 
pressure (PC) represent the specific temperature and pressure 
at which a substance transitions. The molar volume and density 
corresponding to these parameters are referred to as the critical 
volume and critical density, respectively. When the temperature 
and pressure exceed the critical values, no phase transition 
between liquid and gas occurs, and the substance is classified as 
supercritical. Supercritical fluids display distinctive properties, 
amalgamating traits of both liquids and gases, thereby rendering 
them advantageous for a myriad of industrial applications [6].

2. Materials and Methods
2.1 Model Design
To construct the reservoir model, we utilized the CMG software, 
specifically the Builder and Imex interfaces. To simplify the model, 
several assumptions were made:
• Temperature Effects: The influence of temperature on reservoir 
properties was neglected.
• Rock Compressibility: Rock compressibility was assumed to be 
constant.
• Injection and Production Operational and Monitoring Variables: 
they were set at their maximum and minimum allowable.
• Simulation Time step: was defined as annual.
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• Water Salinity: Injected water was assumed to be non- saline.
• Gas Composition: The gas that was injected consisted of 12% 
ethane, 38% propane, and 50% butane.

A non-sealing fault that crosses the model was incorporated into a 
three-layered synthetic Cartesian grid that was constructed for the 
case study. The directional permeabilities in the model are varied, 
but the porosity was fixed as a constant at 30%. A five-spot well 
layout that was inverted was used in the first production plan. It 
is possible that the well types will need to be modified in order 
to achieve the remaining production, injection, and LPG storage 
milestones. A black oil model, which uses partial differential 
equations to explain fluid flow behavior, was used to simulate fluid 
flow. The following are the equations for the extended black oil 
model [7]. 

Where:
• ϕ: Porosity
• Sw: Water saturation
• So: Liquid phase saturation
• Sg: Vapor phase saturation
• Bo: Formation oil volume factor
• Bw: Formation water volume factor
• Bg: Formation gas volume factor
• Rs: Ratio of gas solution in oil phase
• Rv: Ratio of vaporized oil in gas phase
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Figure 1. Typical phase diagram of black oil 
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Figure 3: Relationship Between Oil and Gas Viscosity as Function of Pressure
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Figure 4: Relationship Between Relative Oil and Water Permeability as Function of Water Saturation
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Figure 6: Ternary Plot of Water, Oil and Gas Saturation

 

 

 

Figure 3. Relationship between oil and gas viscosity as 
function of pressure 

 

Figure 4. Relationship between relative oil and water 
permeability as function of water saturation 

 

Figure 5. Relationship between relative permeability of oil 
and gas as function of liquid saturation 

 

Figure 6. Ternary plot of water, oil and gas saturation 

Primary and Secondary Recovery 

 

Figure 7. Distribution of vertical permeability 

 

Figure 8. Distribution of horizontal permeability 

 

 

 

Figure 3. Relationship between oil and gas viscosity as 
function of pressure 

 

Figure 4. Relationship between relative oil and water 
permeability as function of water saturation 

 

Figure 5. Relationship between relative permeability of oil 
and gas as function of liquid saturation 

 

Figure 6. Ternary plot of water, oil and gas saturation 

Primary and Secondary Recovery 

 

Figure 7. Distribution of vertical permeability 

 

Figure 8. Distribution of horizontal permeability 
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Table 2: Reservoir Parameters

Figure 9: Declination Curves According to the Drive Mechanism

 

 

Figure 9. Declination curves according to the drive 
mechanism 

Table 2. Reservoir parameters 

Density of the oil 46.244 lbm/ft3 
Density of the gas 0.0647 lbm/ft3 
Density of water 62.238 lbm/ft3 
Water-oil contact depth 9500 ft 
Gas-oil contact depth 7000 ft 
Compressibility of the rock 3.0E-6 
Bubble point pressure 4014.7 Psi 
Tank pressure 4805 KPa 
Volume of oil initially in place 0.25858E+09 

STB 
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5 years Gas injection by the 4 wells 

Stage 
11 

3 years Production by the 4 wells 

Producer 2 was closed after primary recovery due to its 
proximity to the fault. 

Results and discussion 

Primary Recovery 
The reservoir produced a total of 28,871 MSTB of oil, 
264,779 MMSCF of gas, and 35,336 MSTB of water during 
the natural depletion period. As a consequence, the reservoir 
contained 229,684 MSTB of oil, 63,473 MMSCF of gas, and 
105,603 MSTB of water. With 12% oil and 80% gas, the 
hydrocarbon recovery percentage was 46%. During 
production, the reservoir pressure dropped dramatically and 
got close to the bubble pressure. In the reservoir, gas 
saturation rose noticeably (Tarek, 2010). 
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Figure 14. Oil saturation at the end of primary recovery. 

Secondary Recovery 
After primary recovery, 54% of hydrocarbons remained in 
the reservoir. Water injection through wells wl3 and wl4 was 
implemented to sweep remaining oil towards the producer. 
Water injection led to a rapid decrease in gas saturation. 
Over five years, 3,090 MMSTB of water was injected, 
resulting in a total hydrocarbon recovery of 64%, an 18% 
improvement over primary recovery (41% oil and 81% gas) 
(Martines et al., 2022). 
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Gas Injection, Storage, and Production 
Over 64% of the hydrocarbon reserves in the reservoir were 
produced, an estimated 108.6 MMSTB of oil and 286,288 
MMSCF of gas were extracted. In all, 2,708 MMSTB and 
3,092 MMSTB of water were generated and injected. At 
standard pressure settings, this implies a 284,593 MMSCF 
storage potential. Taking into account the compressibility 
characteristics of the gas alongside the elastic properties of 
the reservoir, an increased volume of gas may be introduced. 
The occurrence of fractures in the cap rock may arise from 
elevated pressure within the reservoir, which could 
subsequently threaten the overall stability of the reservoir 
(Matveev et al., 2019). 

Gas Injection (4 wells) 
After water injection, an increase in reservoir pressure was 
observed. The pressure distribution differed from water 
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3. Results and Discussion
3.1 Primary Recovery
The reservoir produced a total of 28,871 MSTB of oil, 264,779 
MMSCF of gas, and 35,336 MSTB of water during the natural 
depletion period. As a consequence, the reservoir contained 

229,684 MSTB of oil, 63,473 MMSCF of gas, and 105,603 MSTB 
of water. With 12% oil and 80% gas, the hydrocarbon recovery 
percentage was 46%. During production, the reservoir pressure 
dropped dramatically and got close to the bubble pressure. In the 
reservoir, gas saturation rose noticeably [9].
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3.3 Gas Injection, Storage, and Production
Over 64% of the hydrocarbon reserves in the reservoir were 
produced, an estimated 108.6 MMSTB of oil and 286,288 MMSCF 
of gas were extracted. In all, 2,708 MMSTB and 3,092 MMSTB of 
water were generated and injected. At standard pressure settings, 
this implies a 284,593 MMSCF storage potential. Considering 
the compressibility characteristics of the gas alongside the elastic 
properties of the reservoir, an increased volume of gas may 
be introduced. The occurrence of fractures in the cap rock may 
arise from elevated pressure within the reservoir, which could 
subsequently threaten the overall stability of the reservoir [11].

3.4 Gas Injection (4 wells)
After water injection, an increase in reservoir pressure was 
observed. The pressure distribution differed from water injection 
due to the diagonal well placed. Water injection resulted in a 
pressure increase from injectors towards the center, reflecting 
water mobility. Gas injection through four wells led to a more 
homogeneous pressure distribution. Gas saturation remained 
relatively unchanged, suggesting two possibilities:
• Injected gas dissolved in residual oil.
• LPG remained in the liquid phase, treated as oil by the simulator.
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3.4.2.1 Periodic Production of the Central Well (50%)
To maintain gas release, the central well was kept open 50% of the 
time. This led to a decrease in oil saturation and an expansion of 
free gas in the upper reservoir layers.

3.4.2.2 Production by Central Well
Bubble pressure decreased, leading to gas release and improved 

gas saturation.

3.4.2.3 Production and Periodic Injection from Central Well
Periodic injection and production resulted in increased gas 
saturation and significant gas expansion at the surface. Oil 
accumulated in the lower layers, particularly near the central well.

 

 

injection due to the diagonal well placed. Water injection 
resulted in a pressure increase from injectors towards the 
center, reflecting water mobility. Gas injection through four 
wells led to a more homogeneous pressure distribution. Gas 
saturation remained relatively unchanged, suggesting two 
possibilities (Vizika & Egermann, 2000): 

- Injected gas dissolved in residual oil. 

- LPG remained in the liquid phase, treated as oil by the 
simulator. 

 
Figure 16. Oil saturation after injection 

Rest and Observation 
During the resting period, pressure, bubble pressure, and gas 
saturation remained stable. However, a slight increase in oil 
saturation was observed, possibly due to gas dissolution into 
the oil phase. To release dissolved gas, reservoir 
depressurization would be necessary to reduce bubble 
pressure (Yukun et al., 2022). 
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Figure 17: Bubble Pressure Distribution After Gas Injection

3.4.2 Production by the Central Well
To depressurize the reservoir, the central well was opened, leading 
to oil migration towards the depressurization zone. This reduced 

bubble pressure in oil-saturated zones and resulted in a significant 
release of dissolved gas.
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Figure 21: Distribution of Bubble Pressure in 2050
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A second injection phase was conducted to evaluate gas 
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Figure 22. Oil saturation in end stage 

Production by the 4 Wells 
Oil reserves that were kept close to the injectors were 
produced as a result of simultaneous production from all 
operating wells. Gas saturation was rising as oil collected 
close to producer 2. Reservoir pressure and bubble pressure 
both decrease significantly (Alabri et al., 2020). 

In order to ascertain which theory about gas dissolution was 
right, Figures 23 and 24 were examined. 

 
Figure 23. Gas production from wells 

3.5 Central Production and Rest
Reservoir pressure decreased due to central well production. The 
resting phase aimed to assess gas expansion slowing. However, oil 
migrated from lower layers to the surface, changing phase.

3.6 Gas Injection by the 4 Wells
A second injection phase was conducted to evaluate gas dissolution 
and free gas behavior. Injection increased reservoir pressure, 
facilitating gas dissolution and limiting free gas expansion. Bubble 
pressure increased significantly in the upper layers..
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Figure 20: Gas Saturation in 2040

3.7 Production by the 4 Wells
Oil reserves that were kept close to the injectors were produced as 
a result of simultaneous production from all operating wells. Gas 
saturation was rising as oil collected close to producer 2. Reservoir 

pressure and bubble pressure both decrease significantly [13].

In order to ascertain which theory about gas dissolution was right, 
Figures 23 and 24 were examined.



Petro Chem Indus Intern, 2025 Volume 8 | Issue 2 | 12

 

 

 
Figure 24. Oil production from wells 

The simulator’s treatment of LPG as oil indicates that it 
remained in the liquid phase underground, as indicated by 
the model’s increasing gas saturation and the notable drop in 
gas production. The LPG gas phase, which can be viewed as 
losses because of its growth restricting storage capacity, is 
represented by the measured gas saturation (Markus et al., 
2023). 

Conclusion 

The approach established in this work examined the 
effectiveness of LPG storage in depleted petroleum deposits 
and examined the fundamental mechanisms controlling gas 
flow and storage. Gas production and storage were 
conducted after primary and secondary recovery procedures 
to ascertain the best storage conditions. 

The following are the main conclusions of this work: 

• Liquid Phase Storage: Until the LPG bubble point 
pressure is not achieved, LPG stays in the liquid phase 
in the reservoir. For LPG storage to be successful, 
reservoir pressure monitoring is therefore essential for 
controlling the LPG phase (Qiuju et al., 2022). 

• Multi-Phase Production: Light oil, water, and gas 
make up the mixture that is created (Ali et al., 2014). 

• Production Difficulties: Production abandonment 
may result from damage to reservoir structures, 

excessive water production, and pressure decline (Qi 
et al., 2017). 

• Pre-Injection Studies: Laboratory experiments 
should be run to evaluate rock-fluid interactions 
between the reservoir, formation fluids and injected 
fluid. This could help to predict for instance 
miscibility occurrences and capillary changes after 
LPG injection (Barton & Quadros, 2019). 

• Versatility: Underground reservoirs could be used to 
store different kinds of gas (Tománek & Hlinčík, 
2023). 

• Long-Term Planning: Successful implementation 
requires extensive reservoir studies and planning to 
establish optimal production and injection scenarios. 

• Well Configuration: Multiple injectors per producer 
can maintain pressure balance, promote fluid 
migration, and limit degassing. A control well and 
water injector should be maintained for reservoir 
purging (Nasser & Ben, 2021). 

Underground storage in porous media offers substantial 
potential for repurposing abandoned oil formations into 
storage facilities for natural gas, liquefied petroleum gas, 
carbon dioxide (CO₂), or methane. These formations vast 
storage capacity and resistance to mechanical deformation 
have contributed to their widespread adoption. 
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different kinds of gas [18].
• Long-Term Planning: Successful implementation requires 
extensive reservoir studies and planning to establish optimal 
production and injection scenarios.
• Well Configuration: Multiple injectors per producer can maintain 
pressure balance, promote fluid migration, and limit degassing. A 
control well and water injector should be maintained for reservoir 
purging [19].

Underground storage in porous media offers substantial potential 
for repurposing abandoned oil formations into storage facilities 
for natural gas, liquefied petroleum gas, carbon dioxide (CO₂), or 
methane. These formations vast storage capacity and resistance 
to mechanical deformation have contributed to their widespread 
adoption [20-44].
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