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Abstract. At present, the technical research and construction of underground gas
storage for reservoir reconstruction are carried out. It is necessary to deeply study
the mechanism of storage capacity expansion and the efficiency of gas injection
and oil drive for reservoir reconstruction, and to understand the law of capacity
expansion, so as to facilitate the scientific design of storage capacity parameters
for reservoir type gas storage. Guided by the theory of percolation mechanics and
molecular dynamics of oil and gas reservoirs, this paper expounds 10 mechanisms
of oil and gas flooding and oil expansion in reservoir gas storage, and defines that
the injection pressure difference driving is the main mechanism of oil flooding
and oil expansion, accounting for more than 70% of the total expansion capacity.
Through innovative experimental research on gas injection and production of full
simulation gas storage, it is concluded that gas displacement efficiency of conven-
tional reservoir is positively correlated with injection and production cycles, but
when injection and production are 8—10 cycles, the gas displacement efficiency of
single cycle approaches 0, and the total gas displacement efficiency reaches the
maximum value. The total gas displacement efficiency of high, medium and low
permeability reservoirs is about 45%, 40% and 30%. The corresponding storage
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capacity is about 45%-30% of the volume of crude oil according to the stor-
age height, medium and low permeability conditions. This result has a guiding
significance for the design of reservoir storage parameters.

Keywords: Reservoir gas storage - Capacity expansion mechanism - Oil
displacement efficiency - Storage capacity

Reservoir gas storage is a type of gas storage that is built by injecting and producing
natural gas into a reservoir and implementing peak regulation to replenish the energy
supply to the market. According to the latest statistics of the International Gas Union
(IGU), reservoir type gas storage accounts for 6% of the world’s gas storage [1]. In recent
years, Chinese oil fields such as Daqing and Jidong have also carried out reservoir recon-
struction project research, and domestic units such as Chongqing University of Science
and Technology, China National Petroleum Corporation Limited Exploration and devel-
opment Research Institute have carried out gas displacement efficiency experiment of
reservoir reconstruction gas storage, and made some progress. In this context, on the
basis of theoretical research and experimental results, this paper expounds the capacity
expansion mechanism of reservoir reconstruction gas storage, evaluates the efficiency of
gas injection oil displacement, and strives to provide help for the technology of reservoir
reconstruction gas storage that has been established in China.

1 Reservoir Type Gas Storage Capacity Expansion Mechanism

Reservoir-type gas storage is achieved by injecting gas into the reservoir to replace the
space occupied by crude oil. The process of injecting gas to replace the volume of crude
oil in order to increase the volume of gas in storage is known as the expansion process.
Due to different reservoir characteristics and different operating modes of gas injection
and production from different reservoir gas storage, there are some differences in the
expansion mechanism of the crude oil replaced by gas injection from different storage,
but the overall expansion mechanism includes the following 10 aspects.

1.1 Differential Pressure Driven Capacity Expansion Mechanism

The injected gas in the gas injection well creates a high-pressure zone at the bottom
of the well, while the crude zone is a relatively low-pressure zone. Under the action of
the displacement pressure difference, the gas drives the flow of crude oil into the low
pressure region, leaving space occupied by the crude oil to form a gas storage volume
that gradually increases with the injected gas. This is the most important reservoir gas
storage expansion mechanism, accounting for more than 70 percent of the total expansion
capacity.

1.2 Oil Production Capacity Expansion Mechanism

Since the injected gas and the formation crude oil form a mixed distribution of oil and
gas, a portion of the crude oil will necessarily be produced in the gas production process,
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thereby vacating the formation pore space occupied by the crude oil and enabling gas
storage expansion. This is a secondary mechanism of reservoir gas storage expansion
and accounts for about 10-20% of the expansion capacity.

In addition, to accelerate reservoir expansion, oil production expansion is sometimes
achieved by setting up production wells.

1.3 Dissolved Gas Driven Capacity Expansion Mechanism

In the process of depressurizing gas production in storage, the formation pressure will
drop below the saturation pressure, and the dissolved gas in the oil will separate and
aggregate to form bubbles that will expand and drive the crude oil.

1.4 Expansion Mechanism of Rock Elastic Drive

Gas storage operations are characterized by multi-cycle injection and production and
high and low pressure reciprocity. As a result, the elastic expansion energy of the reser-
voir rock can drive the flow and expansion of crude oil during gas production and
depressurization.

1.5 Expansion Mechanism Driven by Gas Cap Pressure

Conventional reservoir gas storage generally uses a gas injection method in the high part
of the structure and gradually expands to the low part. The gas cap will gradually form
during the initial phase of construction. As can be seen from the molecular kinematics, the
gas is composed of a large number of molecules in irregular motion, which continuously
collide with the surface of the crude oil to generate shock forces. The result of successive
collisions of a large number of gas molecules is reflected in the pressure of the gas at
the surface of the crude. The more molecules there are, the more collisions there are,
and the greater the pressure created. Therefore, the pressure of the gas cap can promote
the flow and expansion of the crude oil to the low pressure region during the continuous
increase of the injected gas and the gradual increase of the gas cap.

1.6 Expansion Mechanism of Liquid Column Driven by Gravity

Gas reservoirs reconstructed from anticlinal and syncline reservoirs typically have a
column of oil at a certain height at the initial stage of reservoir construction, or even a
column of oil-water mixed liquid in a flood reservoir. The columns of liquid drive the
oil by their own gravity, expanding the capacity.

1.7 Mechanism of Dissolved Gas Viscosity Reduction and Capacity Expansion

Injected natural gas and crude oil are hydrocarbon mixtures with similar chemical struc-
tures, with dissolving properties in crude oil. Under the condition that the formation
temperature is treated as a constant value, the higher the pressure and the higher the
recombination fraction, the easier it is to dissolve in crude oil. After the gas dissolves in
the crude oil, it has a certain expansion and viscosity reduction effect on the crude oil,
which makes it easier for the crude oil to displace the flow and accelerate the capacity
expansion.
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1.8 Gas Molecular Displacement Dilatation Mechanism

The injected gas is dominated by methane, which has a tetrahedral stable structure and is
a polar standing molecule. With a diameter of only 0.4 nm, methane can easily enter the
tiny pore throat to replace the residual oil of the nonwetting phase. Under the continuous
action of the injected pressure difference, the displacement space can be expanded in
order to achieve inflation.

1.9 Oil and Gas Miscible Expansion Mechanism

The injected gas and crude oil are hydrocarbon mixtures with similar chemical struc-
ture and similar compatible properties. During the contact between injected gas and
reservoir crude oil, component mass exchange is generated, and the heavy hydrocarbon
C2 + component in natural gas is more easily miscible with the light hydrocarbon C2-
C6component in crude oil, forming a more fluid hydrocarbon mixture, which improves
oil displacement efficiency and accelerates capacity expansion.

In particular, because the injected gas is mainly methane, and the miscible heavy
hydrocarbon C2 + component of oil is less, and the oil reservoir is often conventional
black oil or even heavy oil, the light hydrocarbon C2-C6component of crude oil is less,
so unless the light oil reservoir, the general black oil reservoir is difficult to miscible,
the miscible pressure is about 40MPa.

1.10 Mechanism of Gravity Expansion of Gas Column

It is common for materials on Earth to have a gravitational pull due to the attraction of
the Earth, and the pull is straight down. It can drive oil flows and expand in areas of
low pressure. The gravity on the gas and the formed gas column can be calculated by
formula (1):

G=pg-V (1)

In the formula:

G: Gravity of the air column, N(kg.m/s3 );

p: The density of the air column, kg/m3;

g: Gravitational acceleration,9.8m/s%;

v: Column volume, m3.

Gas columns form under high-pressure, high-temperature conditions where the vol-
ume of gas is greatly compressed, typically 200 to 250 times smaller than the standard
state of the ground, resulting in a greater increase in gas density than in the ground.
Correspondingly, the gravitational pull of the gas column increases, so the mechanism
of gravitational displacement of the gas column cannot be neglected.

In particular, it has been pointed out that when the gas column relies on gravity to
drive the crude, the crude forms an upward buoyant force. The buoyancy principle states
that the gravitational displacement of the volume of crude oil during the sinking of the
gas column is only positively correlated with the density of the crude oil and the volume
displaced. Formula (2) for calculating its buoyancy:

F=po-g-Vo ()
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In the formula:

F: Buoyancy generated by crude oil, N(kg.m/s3);

p: The density of the crude oil,kg/m>.

g: Acceleration of gravity,9.8m/s>.

v: Displacement of crude volume, m

Since the density of the crude oil is greater than the density of the gas column, but
the volume of the displaced crude oil is less than the volume of the gas column, the
buoyancy of the liquid is greater than the gravity of the intrusive gas volume, causing
the intrusive gas volume to float above the crude oil.

For crude oil itself, buoyancy does not cancel the gravitational effect of the gas col-
umn. Thus, the gravity of the air column is one of the driving forces for the displacement
of the oil.

3

2 Efficiency of Reservoir Gas Storage Expansion

For the problem of gas flooding efficiency, there have been many laboratory experiments,
and the conclusion shows that gas flooding efficiency can reach 50.61% [2—4]. There is
also published literature on the efficiency of oil displacement in reservoir gas storage.
However, from the existing literature, they mainly use full-diameter long core and short
rock samples as a medium, and mainly perform high and low pressure experiments.
There are some deviations from the simulation in terms of injection and production times,
gas injection and production rates, and reservoir construction in terms of injection and
production inter-flood patterns, which are mostly within the experimental results of the
semi-simulations. To this end, in this paper, we conduct a fully simulated experimental
study of gas storage injection and production gas displacement. The variational law of
gas displacement efficiency is understood, which provides an experimental basis for
storage capacity calculations and storage capacity variational laws.

2.1 Design of Full Simulation Experiment Scheme

@ Experimental model: reservoir plane model; Approximate to reservoir formation.

@ Physical properties parameters: low porosity and low permeability, medium
porosity and medium permeability, high porosity and high permeability sandstone;
approximate to reservoir.

® Formation fluid: regular black oil; similar to conventional reservoir oil.

@ Displacement patterns: unidirectional, bidirectional, multidirectional, positive and
negative displacement; similar to gas storage injection and production relations.

® Injected gas: methane gas; Similar to injected gas.

® Gas injection and production intensity: The range of variability in gas well pro-
duction is first higher and then lower; Variations similar to gas storage injection and
production well production.

@ Injection and production times: Gas injection times, gas production times and
intermittency times are controlled in proportion to gas storage operation times; Similar
to gas storage injection and production cycle.
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Injection and production cycles: more than 5 cycles, producing regular data;
Similar to the multi-cycle operation of gas storage.

® Experimental pressure: 7-20 MPa (model pressure limit); Proportional to the
operating upper and lower limit pressure of the gas storage.

Experimental temperature: 100 °C; Similar to the gas storage formation temper-
ature.

2.2 Full Simulation Experiment Test Method

Use “Test method for gas/water interdrive seepage characteristics of gas storage in
multiple rounds” (Fig. 1).

Fig. 1. Gas/water interdrive seepage experimental device and flow of gas storage

2.3 Test Results of Full Simulation Experiment

For the reconstruction of the black oil reservoir, the experimental data for the gas dis-
placement efficiency are shown in Table 1, the individual circular displacement efficiency
is shown in Fig. 2, and the cumulative displacement efficiency is shown in Fig. 3.

Based on the experimental results, we summarize the variation of the gas-oil
displacement efficiency as follows.

(1) Variation of the gas-to-water efficiency law for a single round of gas storage.

@ As the injection and production cycles increase, the gas displacement efficiency
for a single cycle gradually decreases, reaching a very small value after five cycles, and
it is estimated that the gas displacement efficiency tends to end after 8 - 10 cycles; the
expansion rate of the gas reservoir first increases rapidly, then slows down and finally
approaches a fixed value.

@ The efficiency of the first round of gas displacement is the largest, up to more than
10 percent, and the extent of the expansion is the largest.
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Table 1. Experimental data of gas displacement efficiency of gas storage

Injection and Single displacement efficiency(%) | Cumulative displacement
production rounds efficiency(%)
hypotonic | infiltration | hypertonic | hypotonic | infiltration | hypertonic
1 9.3 10.1 13.6 9.3 10.1 13.6
2 52 7 9.2 14.5 17.1 22.8
3 4.5 6.5 5.8 19 23.6 28.6
4 29 4.1 3.7 21.9 27.7 323
5 1.6 3.8 2.9 23.5 315 352
16
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hypotonic infiltration hyperosmolar
12
¥ 10
\'; [)
i
i
2

1 2 3 4 5

Injection and production rounds

Fig. 2. Variation curve of single round gas displacement efficiency in gas storage

® The range of gas displacement efficiencies is largest in high permeability reser-
voirs, with the highest efficiency in the first and second rounds, but slightly lower than
in medium permeability reservoirs after the third round;

@ The range of gas displacement efficiencies in the intermediate permeability reser-
voir is intermediate, with higher gas displacement efficiencies in the first and second
rounds followed by a slightly decreasing trend.

® The range of variability in the gas displacement efficiency is smallest for low
permeability reservoirs, where the gas displacement efficiency per cycle is lower than
for high and medium permeability reservoirs.

(2) Variation of gas displacement efficiency for multiple rounds of gas storage.
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Fig. 3. Changing curve of multi-round gas displacement efficiency of gas storage

@ As the number of gas storage injections and production rounds increases, the
cumulative gas displacement efficiency gradually increases, with the growth rate slowing
after five rounds and eventually stabilizing at a maximum;

@ The maximum cumulative gas displacement efficiency for a high permeability
reservoir can exceed 35%, and it is estimated that as subsequent injection and production
rounds increase, the cumulative gas displacement efficiency can eventually reach 45%;
the gas displacement efficiency of medium permeable reservoirs can reach over 31%
and is estimated to reach 40% with subsequent injection and production rounds. The
gas displacement efficiency of low permeability reservoirs can reach over 23% and
is estimated to eventually reach 30% with the addition of subsequent injection and
production rounds.

3 Result Verification

Currently, there is no successful example of gas storage in a reservoir in China to demon-
strate the experimental results, but this can be confirmed by referring to the xxx gas
storage in the xxx gas storage cluster [5-8]. The xxx gas storage is the first underground
gas storage in China to be reconstructed from a depleted condensate reservoir with an
oil ring. The gas storage has been in operation for 18 years since it was completed in
2003, and the gas displacement efficiency and capacity expansion process of the oil ring
site reflect the capacity expansion characteristics of reservoir gas storage (Fig. 4).

The northern gas storage is an anticlinal structure with a buried depth of -2706m at
the high point of the structure and a structural amplitude of 94m. The upper 60m is gas-
bearing, the lower 30m is oil-bearing, and the lower part is water-bearing. The gas storage
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Fig. 4. Structure diagram of XXX Gas Storage

reservoir is a sandstone formation of the Lower Tertiary Shoshone Formation. The sand
bodies have a large thickness, a broad distribution in the plane, and good connectivity.
The porosity of the reservoir sandstone is 13.7 ~ 26.3%, and the permeability is 40.7 ~
780.1 x 10~3wm, which is the medium porosity and high permeability reservoir. The
original formation pressure of the gas reservoir is 30.5MPa, the formation temperature
is 102°C, which is the normal temperature and pressure system. The oil ring has an
oil-to-gas ratio of 0.84 and is light oil. The gas bearing area is 7.6km?, the geological
reserves of condensate gas are 33.13 x 108m?>, the oil ring oil bearing area is 4.2km?,
and the geological reserves of crude oil are 170 x 10%*t.

In 2003, when the XXX gas reservoir was converted to gas storage, the oil ring and
gas cap were used as a whole to implement gas injection and gas recovery operations.

At present, the overall storage capacity has increased by 13 x 108m3, of which
16.69 x 10*m?3is produced by oil and gas Wells, and the converted storage capacity
has increased by 0.83 x 103m?>, accounting for 6% of the total expansion capacity. In
addition, the water production expansion capacity is about 4%, and the displacement
expansion of oil and water driven by pressure difference of high-pressure gas injection
accounts for about 90% of the total expansion capacity (Fig. 5).
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Fig. 5. Gas and oil production curve of XXX Gas storage

4 Conclusions and Suggestions

(1) The reservoir gas storage capacity expansion mechanism is complex and comprises
10 aspects, where the differential pressure driven capacity expansion mechanism domi-
nates, followed by the oil recovery capacity expansion mechanism, with other capacity
expansion mechanisms playing minor roles.

(2) The gas displacement efficiency of reservoir gas storage reflects the capacity
expansion efficiency. Simulations show that the gas-to-water efficiency depends on the
injection and production cycles. The gas-to-water efficiency of the first cycle is about
10%, and the gas-to-water efficiency of a single cycle gradually decreases with the
number of injection and production cycles, reaching zero after 8—10 cycles.

(3) The final gas displacement efficiency can be as high as 45 percent for high
permeability reservoirs, 40 percent for medium permeability reservoirs, and 30 percent
for high permeability reservoirs.
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