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ARTICLE INFO ABSTRACT

Handling editor: A. Olabi In the context of gas injection in reservoirs, the dilution process of components’ thermodynamic properties has
not been adequately represented in traditional numerical simulation methods. This study focuses on the Dalaoba
condensate underground gas storage (CUGS) in China and establishes a dynamic pseudo-component model to
identify the equilibrium point for gas storage facility efficiency and the condensate oil recovery rate. Using a
multi-objective particle swarm optimization approach, thermodynamic parameters are estimated as functions of
the injected gas volume. This dynamic pseudo-component model is then utilized to find the optimized lower
pressure limit for CUGS by assessing condensate oil production, gas flow capability, and water encroachment.
Results show that the dynamic pseudo-component model can represent the process of thermodynamic property
changes towards lighter components during natural gas injection. The case study demonstrates that conventional
models overestimate condensate oil production, while the dynamic model achieves an accuracy rate of 92.8 %
with historical data. The dynamic pseudo-component model offers valuable insights for large-scale gas injection
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simulation, promoting stable and efficient natural gas storage and supply in CUGS.

1. Introduction

As clean and efficient natural gas gradually gains importance in the
new energy landscape, underground gas storage (UGS) facilities have
become increasingly recognized for their peak-shaving capability. These
facilities, characterized by summer injection and rapid winter produc-
tion, play a crucial role in today’s energy market by meeting expanding
consumer demand. A recent report by the International Energy Agency
(IEA) indicates that UGS capacity has now reached 110 billion cubic
meters in the United States and 98 billion cubic meters in the European
Union [1]. UGS facilities can be developed using various media,
including depleted reservoirs, salt caverns, and aquifers, as shown in
Fig. 1. Salt caverns and aquifers are common geological formations
worldwide. However, assessing their suitability for gas storage requires
thorough evaluations considering factors like sealing, connectivity, and
volume [2-4]. While salt caverns have been extensively studied in

Europe, depleted reservoirs remain the preferred choice because of their
enhanced safety, ample storage capacity, and cost-effectiveness all over
the world. For depleted reservoirs among the three underground storage
types, as depicted in Fig. 2, China, the United States, Canada, and the
European Union have adoption rates of 93 %, 87 %, 78 %, and 58 %,
respectively [1,5-7].

In case where depleted gas reservoirs are repurposed as UGS facil-
ities, the practice of repurposing depleted condensate gas reservoirs is
becoming increasingly popular [8-10]. One primary reason for this
trend is that depleted condensate gas reservoirs often contain a signifi-
cant amount of condensate oil in a layer that has not been fully recov-
ered [11]. This situation has caused numerous oil and gas projects to
operate at a loss, posing a significant challenge for the industry [12]. In
some high condensate oil content reservoirs, the condensate oil recovery
factor can be as low as 30 %, meaning that around 70 % of crude oil
remains unrecovered in the reservoir [13-15]. Rebuilding a depleted
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condensate gas reservoir as condensate underground gas storage (CUGS)
involves injecting substantial amounts of natural gas during an off-peak
natural gas demand season. This process can help restore formation
pressure and facilitate the retrograde vaporization of condensate oil into
a gas phase. As a result, this helps to restore a reservoir’s mobility and
gradually produces the original, heavier condensate components during
a subsequent natural gas peak season [16]. Therefore, transforming a
nearly exhausted condensate gas reservoir into CUGS not only helps
achieve stable energy supply targets but also improves the condensate
oil recovery factor and reduces the amount of wasted condensate oil
resources [8].

However, CUGS facilities operation is different from the conven-
tional development of condensate gas reservoirs. In traditional devel-
opment, it has become widely accepted that maintaining the reservoir
pressure close to or above the dew point pressure through cyclic gas
injection helps to minimize condensate oil accumulation [17,18]. On the
other hand, when a condensate gas reservoir is converted into a CUGS
facility, it must meet a large-scale gas production requirement [19-21].
As shown in Fig. 3, if the pressure is maintained above or near the dew
point during this operation, the CUGS can minimize condensate pre-
cipitation and water encroachment but will face a limited working gas
capacity, which will compromise its ability to provide substantial
amounts of natural gas in peak demand season. Furthermore, exces-
sively high pressure can lead to fracture activation and increased risk of
gas leakage [22-24]. In contrast, operating below the dew point results
in a larger working gas capacity, however, it also leads to considerable
condensate oil precipitation and water encroachment for CUGS. These
issues represent the primary technical obstacles and economic risks
faced by such facilities [25,26]. Therefore, a relatively safe development
method for CUGS facilities is to find the optimal lower pressure limit,
which keeps reservoir contamination within a controllable range, and
gradually remove condensate oil through multiple injection and pro-
duction cycles [27-29]. Naturally, this requires a thorough under-
standing of the actual conditions and phase transitions within the CUGS.

Due to the high computing requirements and long calculation time of
fully compositional simulation, a pseudo-component technique is
frequently utilized in a CUGS simulation model [18,30,31]. The general
approach is to adjust the molar fractions of pseudo-components at each
time step while keeping other component thermodynamic properties
constant to simulate phase transition processes [32,33]. This traditional
numerical simulation method is accurate in simulating the depletion
development stage of a condensate gas reservoir, but it fails to calculate
the phase change process for a CUGS precisely as an amount of injected
natural gas almost entirely replaces the original condensate gas during
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injection process [18,34]. Heavy component condensate fluids under-
ground mix with the newly injected light component natural gas,
causing dramatic changes in the thermodynamic properties of the
original pseudo-components [30,35,36]. As a result, the key fluid
properties, such as the dew point, bubble point, viscosity, and other
parameters calculated using the original pseudo-component thermody-
namic properties are no longer accurate.

In this research, we established a dynamic pseudo-component model
that links the relationship between the thermodynamic properties of
pseudo-components and the amount of injected natural gas. Using the
Dalaoba CUGS as an example, we simulated the lower pressure limit of
this facility. When compared to the traditional pseudo-component
model, the dynamic model increases the workload of fluid property
experiments. However, it facilitates the accurate determination of
thermodynamic properties under varied natural gas injection levels,
thereby enhancing the precision of fluid properties and flow states in
CUGS simulations. The rest of this paper is structured as follows: Section
2 describes the key geological and phase information for the Dalaoba
CUGS in China. Section 3 analyzes the dynamic pseudo-component
simulation model from governing equations and fluid flow. Section 4
applies the dynamic approach to history matching for 25 years and
predicts the lower pressure limit for the upcoming five years. Section 5
summarizes the key findings of this work.

2. Study area

UGS construction in China began in the late 1960s and has entered a
period of rapid growth over the past five years. The number of UGS
facilities in China has reached 22, with more than 500 x 10% m® storage
capacity and 180 x 10 m® working capacity. Most of the UGS facilities
in China are built in depleted oil and gas fields, and only two of them are
situated in salt caverns [21].

The Dalaoba reservoir is situated in the northern part of the Tarim
Basin, covering an area of nearly 7.6 km?, as shown in Fig. 4. The for-
mation is approximately 25-35 m thick and is primarily distributed
across two sub-layers [37,38]. The upper layer has experienced rela-
tively high recovery of condensate gas in recent years, is where the
Dalaoba CUGS facility located. The middle interlayer is a mudstone
layer with a thickness of about 140-160 m. Given this significant
mudstone barrier, the issue of evaporation from the lower layer is not
taken into consideration.

The Dalaoba CUGS facility is situated in a depleted condensate gas
reservoir, renowned for its high pressure and considerable content of
condensate oil. The reservoir lies at a depth of approximately 5000 m,

Aquifers

Fig. 1. Three main types of UGS.
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which generates an initial pressure of over 50 MPa [39]. Additionally,
the reservoir contains a substantial amount of condensate, with a con-
tent of around 750 g/m?, which significantly complicates the process of
condensate oil recovery. As a result, at the conclusion of the depletion
development stage roughly 64 % of condensate oil remains, presenting
significant challenges to the construction of this storage facility.

Since there is still a large amount of condensate oil remaining in the
reservoir, it is crucial to design a reasonable lower pressure limit. If the
lower pressure limit is too low, the condensate will continues to pre-
cipitate in large quantities, and some of the condensate oil may become
trapped in pore throats, which will severely damage the gas relative
permeability of the formation. On the other hand, if the lower pressure
limit is set too high, the gas in the CUGS cannot be produced sufficiently.
Therefore, a reasonable lower pressure limit needs to be determined to
balance the CUGS capacity and efficiency.

3. Methodology
3.1. Model description

The compositional simulator in t-Navigator 2021.4 was utilized to
simulate both the depletion and the CUGS development stage. Table 1
shows the details of the numerical simulation model properties. Three
scenarios were simulated in this research: (1) a 19-year depletion
development phase with a high-precision history matching rate to verify
the accuracy of the conventional model; (2) six rounds of CUGS injection
and production simulations conducted using both the standard pseudo-
component model and the dynamic pseudo-component model; and (3)
five rounds of CUGS operation simulations carried out using the dy-
namic pseudo-component model to determine the optimal lower pres-
sure limit. This dynamic pseudo-component model can dynamically
adjust according to the composition of the injected natural gas. The next
section will explain the specific techniques in detail.

The raw data used for numerical simulation in this research were
obtained from seismic interpretation results and production logging.
The accuracies of these data are usually 1 m and 0.125 m, respectively.
Due to the extensive size of the reservoir, reaching 7.2 km?, a slight
coarsening of the geological model was performed to improve the
computational speed and reduce the possibility of non-convergence.
Consequently, the final model comprised over ten million grids,
featuring grid dimensions of 212 x 503 x 95. The model’s horizontal
resolution is set at 15 m, while the vertical resolution is 0.4 m. This
degree of grid precision ensures that the model can accurately depict
geological information.

For large-scale real reservoir simulation tasks, a history matching
process is necessary, where the model parameters are iteratively
adjusted to match the actual production data. This process may require
hundreds of runs of the model, and if the model computations are slow,
the history matching work becomes almost impossible to complete,
rendering the previously constructed fine geological model meaningless.
Therefore, for this realistic model, the convergence difficulty and
computation time of the model become crucial considerations. Since
phase equilibrium calculations are required for each component within
every grid cell, they take up most of the computation time for numerical
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simulation processes. Consequently, having more components in the
model leads to longer a calculation time. To reduce the phase balance
computational burden caused by ten million grids, a simplified model
with seven pseudo-components was introduced in this research.

3.2. Dynamic pseudo-component simulation workflow

The traditional simulation workflow for pseudo-components is
illustrated in Fig. 5(a). The process commences by fitting fluid properties
using phase behavior experiments, e.g., constant composition expansion
(CCE) and constant volume depletion (CVD). Through these experi-
ments, the thermodynamic properties of each pseudo-component are
ascertained, including its critical temperature, critical pressure, and
acentric factor. The model employs these constant thermodynamic
properties to compute properties for each grid and each step, namely,
viscosity, volume coefficients, and others [33]. Subsequently, it iden-
tifies the lower pressure limit based on the model’s production perfor-
mance. Consequently, in the traditional simulation workflow, the
thermodynamic properties of each pseudo-component are kept constant,
with only the mole fractions being adjusted at every step.

However, the diversity of thermodynamic properties during the
CUGS stage becomes more complex when natural gas is injected, leading
to extensive mixing with pre-existing condensate components. Conse-
quently, the thermodynamic properties of the pseudo-components un-
dergo changes, making the previously determined phase equilibrium
parameters insufficient. To address this, our study introduces a work-
flow depicted in Fig. 5(b) for the dynamic pseudo-component model,
ensuring an accurate simulation of the phase change process in CUGS.

With the comparison in Fig. 5, it is evident that the dynamic pseudo-
components simulation workflow was established based on the foun-
dation of CCE and CVD experimental results. Compared to traditional
methods, this approach incorporates multiple experiments, thus
increasing the complexity of the simulation process. However, for the
development of a large-scale CUGS facility, the initial investment may
reach hundred million dollars. Integrating the traditional process with
these experiments is both essential and efficient, as the dynamic model
enhances the accuracy of the equilibrium calculation processes, facili-
tating a precise assessment of condensate oil variations.

3.2.1. Constructing the initial pseudo-component model

To create an accurate model, the initial pseudo-component model
should be developed into a seven-pseudo-components model (COgz, Ng,
C1, C2-C3, C4-C6, C7-C10, C11+), which is adjusted to match relative
volumes, bubble point pressure, dew point pressure, and the dissolved
gas-oil ratio based on CCE and CVD test results [40,41]. Additionally,
the seven-pseudo-components model should be utilized for numerical
simulation and matched with historical production data, including gas,
condensate oil, and water production rates, and pressure changes. Once
the correlation ratio attains 90 %, the numerical model can be consid-
ered reliable for further analysis and informed decision-making.

3.2.2. Determining the dynamic pseudo-components properties
To determine a relationship between pseudo-component thermody-
namic properties and various volumes of natural gas injection, we tested
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Fig. 2. Percentage of UGS types in different regions.
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Fig. 3. Comparison of CUGS operating with different lower pressure limit.
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Fig. 4. Tarim Basin and position of Dalaoba CUGS.

Table 1

Basic parameters of the model.
Reservoir Property Value Unit
Reservoir Area 7.2 km?
Depth 4900.0 m
Initial Pressure 57.0 MPa
Thickness 31.9 m
Initial Reservoir Temperature 409.4 K
Average Porosity 17.2 %
Average Permeability 45.3 mD
Rock Compressibility 1.6 x 107> MPa
Gridding Size - I, J, K 15x15x 1 m
Total Grid Number 1013 x 10* value

four mixed gas samples and one pure natural gas sample. Throughout
these tests, each sample’s volume remained consistent, with experi-
ments conducted under the prevailing temperature and pressure con-
ditions of the Dalaoba gas reservoir, specifically 409 K and 40 MPa. The
volume proportions of natural gas in the mixed samples were 20 %, 40

%, 60 %, and 80 %, respectively, and the pure sample was 100 %.
Subsequently, the five samples were to undergo CCE and CVD tests to
track changes in their relative volume, bubble point pressure, dew point
pressure, and dissolved gas-oil ratio. By employing multiple objective
particle swarm optimization techniques, the critical temperature, crit-
ical pressure, and acentric factors in the pseudo-components can be
adjusted to match the test results of these five samples. Finally, a
comprehensive understanding of the relationship between the injected
natural gas volumes and the three thermodynamic parameters (critical
temperature, critical pressure, and acentric factors) can be established.

3.2.3. Conducting the dynamic pseudo-components numerical simulation
After converting the condensate reservoir into a CUGS facility, a
dynamic pseudo-component simulation method was implemented. The
procedure involves several key steps to ensure accurate results. First, the
mole fraction of the injected natural gas in each grid is derived from the
component numerical model. This fraction aids in determining the
thermodynamic parameters of each pseudo-component, grounded on
the previously established thermodynamic property relationships [40,
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(b) Dynamic pseudo-components simulation workflow.

Fig. 5. The workflow for CUGS simulation. P-C: pseudo-components, NS: numerical simulation.

41]. Subsequently, phase balance calculations are conducted using the
updated pseudo-component properties. This step enables the determi-
nation of fluid properties, such as viscosity and a volume coefficient.
Once this calculation is complete, the process is repeated in the next
time step, until the completion of the simulation process concludes.

3.3. Governing equations

The dynamic pseudo-component simulation process depends on
several factors, including the timely updating of molar weight, critical
temperature, critical pressure, and acentric factor at each computational
time step. In the numerical simulation process, the molar weight of each
pseudo-component can be accurately determined using the component
numerical model, as described in Section 3.3.1. The thermodynamic
properties were then derived by regressing multiple experimental test
results using the multiple objective particle swarm optimization
(MOPSO) method, detailed in Section 3.3.2. Furthermore, the Peng-
Robinson equation of state (PR-EOS), discussed in Section 3.3.3, is
employed to calculate the fluid properties with the obtained dynamic
thermodynamic properties. The detailed equations are outlined below.

3.3.1. Component numerical model

In the compositional numerical model, there are three types of
governing equations: mass conservation for each component, Darcy’s
equation, and the equation of state (EOS). These equations are inter-
connected as follows [40-42].

The governing mass conservation equations for each component can
be expressed as Egs. (1) and (2):

Water component:

0
V- () =5 (95,6,) + O W
i-th component:

d
(oo +5i8)) + O @

-V (xiénu{? +))i§gug) :E

where ¢, &, and &; is the molar density of each phase, which can be
obtained from Egs. (3)-(5):
Water phase:

_ Py
Sv= M, (€))

Oil phase:

g =7t @)
o xiM;
i=1
Gas phase:
2} yiM;
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where u; is the velocity of each phase, including water, oil, and gas, can
be solved by following Darcy’s equation:

kk,; ,

p 2. [Vp; — 1070,V Z] 6)

J
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The equation of state (EOS) approach is utilized to represent
instantaneous thermodynamic phase equilibrium according to the
principle of equal fugacity in liquid and gas phases:

3 Xne) =fig(D T3 Y1, Y25+ 5 Yae) @)

Additional linear constraints are imposed on the component phase
compositions and phase saturations, as follows.

fi,l(pa T,)C[,Xz, t

Ne

Zx,-:l (8)

i=1

> yi=1 )
i=1

Water, oil and gas phase:
Sy S, + 5, =1 (10)

The above equations characterize the multiphase compositional
model, in which subscripts w, o and g represent the water, oil and gas
phase, respectively; subscripts i represent different components; sub-
scripts j signifies distinct phases; Q is an injected or produced flow rate
[mg/s] ; u is the Darcy velocity [m/s]; ¢ is the rock porosity [unitless]; s
is the fluids saturation [unitless]. p is the mass density [kg/m3]; gis the
gravitational acceleration [9.8 m/sz]; M is the molar weight [kg/mol]; f;
i and fg; are the fugacities of the i-th component in the liquid and gas
phase, respectively [unitless]; x; and y; respectively represent mole
fractions of the i-th component in the liquid and gas phase [unitless]; u is
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the fluid viscosity [cP]; k is the rock permeability [mD]; k; is the rela-
tively permeability [unitless]; p is the fluid pressure [MPa]; T is the
reservoir absolute temperature [K].

3.3.2. Multiple objective particle swarm optimization

Coello proposed a MOPSO method, which has the advantage of
optimizing multiple objectives within the same convergence system
[43]. In the study of the dynamic pseudo-component model, the ther-
modynamic properties, including the critical pressure, critical temper-
ature, and acentric factor, were obtained by fitting CCE and CVD
experimental results of the five samples with different natural gas
fractions. Consequently, Eqs. (11) and (12) serve to calculate the
regressed properties of the pseudo-component across distinct natural gas
fractions.

VEL; =W x VEL; + Ry X (Ppey; — POP;) + Ry x (REP, — POP;) (11)
POP; = POP; + VEL, 12)

where W is an inertia weight [unitless] and takes a value of 0.4; R; and
Ry are random numbers in the range of [0,1]; Ppes,i is the best position
that particle i has had; Gpes,i is the best position that group i has had;
REPy, is a value that is taken from a repository; h is the index selected
from the standard MOPSO calculation process; VEL; is the speed of
particle i; POP; is the current value of particle i.

3.3.3. Fluid model

The PR-EOS is a well-established method for predicting phase pa-
rameters across various temperatures and pressures. Although the PR-
EOS has been employed in the industry for an extended period, its
long-standing application further attests to its effectiveness. The PR-EOS
boasts several advantages: its parameters are defined by critical and
acentric factors, most of which are exclusively related to temperature,
pressure, and composition. Moreover, the PR-EOS can achieve remark-
able accuracy near a critical state, especially for compression factor and
fluid density calculations [44-46]. Because of its effectiveness in
gas-liquid two-phase equilibrium calculations, the PR-EOS is widely
embraced by the petroleum industry. In light of these benefits, our phase
equilibrium discussion will employ the PR-EOS.

The PR-EOS for multi-component hydrocarbon systems is as follows:

_ 1305.3390RT 145.0377(ac),,
0.1419V — 5b,,  0.0008V2 + 0.0567b,,V — b,,>

13)

where V is the molar volume [m3/Ibmol]. The mixture parameters,
(aa)m and by, are determined as functions of the properties of the indi-
vidual components, using the following mixing rules:

Zc,-cj (a),(aa); (1 - &;) a4

i J

(aa),, =

b, = i: cib; (15)

where §; is binary interaction coefficient between the i-th and j-th
components, symmetric in i and j with §; = 0; c is the molar composition
[%] and the sum of the molar compositions of all components is 100 %;
(aa); is dimensional attraction parameter for the i-th component in the
mixture fluids; b; is the dimensional co-volume parameters for the i-th
component in the mixture, which can be calculated using Egs. (16) and
(18).
22
(aa), =469.90 541 (1 - 70%)] (16)

ci

RTci
b; =261.05— a7

ci

Energy 285 (2023) 129505

18
0.3796 + 1.4851w; — 0.1644w? + 0.0170} (@; > 0.49) 1s)

B { 0.3746 + 1.5423w; — 0.26990? (w; < 0.49)
where T; is the absolute critical temperature of the i-th component [K];
Ty is the reduced temperature, which is the ratio of the sample’s tem-
perature to the critical temperature [unitless]; p; is the critical pressure
of the i-th component [MPa]. w; is Pitzer’s acentric factor [unitless]; R is
the universal gas constant [8.314 x 10~% MPa m3/mol-K].

4. Result and discussion

In order to demonstrate the entire process of determining the lower
pressure limit for CUGS, the dynamic pseudo-component simulation
method was employed on an example system. This example involves the
establishment of a pseudo-component model with seven components
using the K-means clustering method. Subsequently, a dynamic pseudo-
component model for the Dalaoba CUGS is constructed. The dynamic
pseudo-component model was then used to predict the condensate oil
production rate. Finally, using the calibrated dynamic model, a total of
five cycle cases were conducted to determine the lower pressure limit for
Dalaoba CUGS.

4.1. Dynamic pseudo-component model establishment

4.1.1. Pseudo-components lumping rule

The criteria for lumping pseudo-components are based on the vary-
ing thermodynamic properties of the individual components. Due to the
distinct thermodynamic properties of carbon dioxide and nitrogen,
combined with their notable molar compositions of 0.83 % and 3.04 %
in the Dalaoba condensate reservoir, they are not typically lumped into a
single pseudo-component. C11+ is an aggregation of all components
which cannot be accurately measured and should be treated as an in-
dependent pseudo-component. To determine other pseudo-component
lumping schemes, the K-means clustering analysis technique is
employed by utilizing Eq. (19) for the acentric factors, as it serves as an
indicator of the curvature associated with the pure component vapor
pressure curve. The classification results are presented in Table 2, where
pseudo-component 1 represents C2-C3, pseudo-component 2 represents

C4-C6, pseudo-component 3 represents C7-C10, and pseudo-
component 4 represents C11+.

k n )
I=22 Ik —a 19)

=1 =l

where J is the objective function, || x; - a; || is the Euclidean distance
between the data point x; and the cluster center aj, k is the number of

Table 2
Pseudo-components lumping scheme.

Component  Acentric K-means cluster Lumping scheme
factor center

N, 0.038 0.038 Component 1 (N3)

CO, 0.228 0.228 Component 2 (CO2)

Cl 0.012 0.012 Component 3 (C1)

Cc2 0.100 0.126 Pseudo-component 1

c3 0.152 (C2-C3)

1C4 0.184 0.223 Pseudo-component 2

NC4 0.200 (C4-C6)

IC5 0.228

NC5 0.252

Ccé6 0.250

Cc7 0.280 0.331 Pseudo-component 3

c8 0.312 (C7-C10)

co 0.348

C10 0.385

Cl1+ 0.662 0.662 Pseudo-component 4

(C114)
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clusters, and n is the number of cases.

4.1.2. Pseudo-components thermodynamic properties

Lee proposed a static sample component regrouping model that
utilized mixing rules as the characterizing approach to determine the
thermodynamic properties of the pseudo-component [47]. First, we
calculate a lumped fraction according to Eq. (20), and then compute the
pseudo-components’ critical temperature, critical pressure, and acentric
factor using Egs. (21)-(23), respectively.

L

g=
>z

i
i€l

(20)

L

pe=Y_(zpei) (1)

ieL

T, = Z(Z;«Td) 22)

L

.= (o) (23)

i€L

where z; is the mole fraction of component i [unitless]; L is a collection of
regrouping components; z;* the pseudo-component lumped fraction
[unitless]; T, is the pseudo-component critical temperature [k]; P, is the
pseudo-component critical pressure [MPa]; w, is the pseudo-component
acentric factor [unitless].
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4.1.3. Dynamic pseudo-component model

By utilizing MOPSO, the uncertain thermodynamic parameters of
pseudo-component 1-4 are determined. Fig. 6(a) to 6(c) represent the
pseudo-component’s critical temperature, critical pressure, and acentric
factor across different natural gas contents. Moreover, Fig. 6(d) illus-
trates the relative change of pseudo-component within the range of
HCPV from O to 1. As natural gas is gradually introduced, the thermo-
dynamic properties of pseudo-component begin to change noticeably.
Specifically, the critical temperature and acentric factors decrease,
while the critical pressure increases significantly. These changes become
even more noticeable as the amount of natural gas injected increases.
Nonetheless, the data also indicates that different pseudo-components
exhibit different changing trends. For lighter components below C7,
the changes in the three properties are relatively minor, with differences
of no more than 18 %. In contrast, heavier components above C7
experience substantial changes, with the critical pressure being the most
affected property, sometimes increasing by up to 133 %.

Fig. 7 illustrates the phase behavior of pseudo-component under
different injection volumes. In Fig. 7(a), as the volume of injected nat-
ural gas increases, the envelope line consistently contracts, with the
critical condensation pressure decreasing from 51 MPa to 32 MPa. At the
Dalaoba CUGS formation temperature of 409K, the dew point pressure is
around 28 MPa with original condensate gas. However, during pro-
duction, when the temperature drops to the surface temperature of
298K, the dew point pressure decreases from 46 MPa to 17 MPa with a
40 % natural gas mixture. A 60 % mixture is sufficient to prevent
condensate oil precipitation. The change in the equilibrium constant
during the phase equilibrium calculation process can represent the
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Fig. 6. Pseudo-component thermodynamic properties (P—C: Pseudo-component).
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Fig. 7. Dynamic pseudo-component property changes.

precipitation rate of condensate oil. Fig. 7(b) shows that in the early
stage of CUGS gas injection, the precipitation rate of condensate oil is
fast, and subsequently gradually slows down. Once the injection sur-
passes 0.4 PV, the precipitation rate stabilizes at a reduced level. Fig. 7
(c) illustrates the variations in the gas viscosity, which rises when the
pressure exceeds 20 MPa, suggesting a gradual decline in the gas flow
capacity as the CUGS develops. This range of fluctuations is

350

approximately within 27 %. Lastly, Fig. 7(d) displays the variations in
the condensate oil viscosity, which remains nearly constant above 20
MPa. However, since the operating pressure for the CUGS is generally
not set so low, a change in the condensate oil viscosity has little impact
on CUGS.
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Fig. 8. Historical data and two simulation models for condensate oil production rate.
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4.2. Dynamic pseudo-component history matching

The Dalaoba CUGS, established in a condensate gas reservoir, pre-
sents a 25-year production and injection history, as illustrated in Fig. 8.
The first 19 years are marked by the depletion development stage, fol-
lowed by a 6-year CUGS construction phase that includes six injection
and production cycles. In consideration of the geological characteristics
and reservoir engineering principles, we have performed multiple ad-
justments to a traditional numerical model for the Dalaoba condensate
gas reservoir, including modifying relative permeability, rock proper-
ties, and fault characteristics. These adjustments enable the model to
effectively capture the actual seepage during the depletion stage. As
demonstrated in Fig. 8, the historical data, denoted by gray dots, closely
aligns with the blue dashed line representing the traditional model
throughout the initial 19 years. However, during the CUGS phase which
began in the 20th year, it was noticed that the traditional model over-
estimated the amount of condensate oil in each production cycle when
contrasted with the actual historical data.

As previously stated, this primarily stemmed from the substantial
injection of natural gas into the formation following the conversion of
the gas reservoir into the CUGS, leading to a pronounced alteration in
the thermodynamic properties of the underground hydrocarbon sub-
stances. The traditional model continued to use the original pseudo-
component properties, leading to its inability to reflect the actual un-
derground conditions. In contrast, by applying the dynamic pseudo-
component model introduced earlier during the CUGS phase, a satis-
factory fit is achieved, as illustrated by the red curve in Fig. 8. This
suggests that the dynamic component model can effectively simulate
phase balance behavior during the gas injection phase and accurately
represent the actual subsurface conditions.

4.3. Lower pressure limit determination

The lower pressure limit is a crucial parameter in the operation of
UGS. An inaccurate lower pressure limit may result in significant water
intrusion into the reservoir, which is the major concern for UGS. Several
key reference indicators are currently employed, such as reservoir ca-
pacity, a water intrusion volume, and gas storage production capacity
[26,48-50]. For CUGS, alterations in the lower pressure limit can impact
the condensate oil content, which affects the flow capacity of the for-
mation in return. This study takes into account factors like retrograde
condensation, gas flow capacity, and water encroachment.

’ |
(a) 55 MPa

T—

(c) 35 MPa
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4.3.1. Retrograde condensation

In the dynamic pseudo-component simulation process, the gas-liquid

ratio of each component under the corresponding temperature and

pressure conditions can be calculated according to Egs. (24) and (25),

which determine the amount of free condensate oil produced due to the

retrograde condensation process:
Ci

Tt fu(Ki— 1)

Vn = nz(xivb(p
1

(24)

Xi

(25)

where fy, is the vapor/liquid molar fraction [unitless]; K; is the equi-
librium constants [unitless]; V3 is the volume of grid cell [m3]; V, is the
free condensate oil volume [m®].

Fig. 9 illustrates the oil saturation at the end of the five rounds of the
Dalaoba CUGS production cycles using the dynamic pseudo-component
simulation model. As illustrated in Fig. 9(a), some regions may still
contain condensate even when the pressure returns to its original level
due to reservoir heterogeneity, particularly in areas with low perme-
ability. Fig. 9(a) to 9(d) indicate a substantial increase in oil saturation
as pressure declines, especially when the pressure falls below 35 MPa.

Fig. 10 displays a correlation between the volume of free condensate
oil and reservoir pressure in the Dalaoba CUGS. The volume of free
condensate oil evidently increases exponentially as the reservoir pres-
sure declines. The regression analysis indicates that the turning point is
at 41 MPa. This signifies that when the CUGS pressure drops below this
value, free condensate oil is generated at a fast pace, causing distur-
bances to the reservoir’s flow environment. The turning pressure of the
free condensate oil volume provides an important reference for setting
the minimum operating pressure for the CUGS.

4.3.2. Gas flow capacity

Using the dynamic pseudo-compositional model, five cycles of gas
injection and production analyses were conducted within a lower
pressure range of 35 MPa-47 MPa. Each cycle involved gas injection for
six months with a volume of 58 x 10° m®, followed by a production stage
of six months with a fixed gas production rate of 32 x 10* m®/d. The
variations in gas and water production were plotted against different
lower pressure targets, as shown in Fig. 11. The following observations
can be made from the study: (1) The CUGS’s gas production capacity
improves with escalating production cycles within a constant lower
pressure target, which means the CUGS’s flow environment will

=

(b) 45 MPa

(d) 25 MPa

Fig. 9. The oil saturation with different lower pressure limits.
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Fig. 11. Gas and water production rate with different lower pressure limits.

gradually improve with the natural gas injection. (2) Setting a higher
lower pressure limit target resulted in a reduced water production rate in
the CUGS, but it also led to a decrease in the gas supply capacity. For
example, when the lower pressure limit was set at 47 MPa, there was a
decline in the gas production rate of up to 40.2 %. Since the lower
pressure limit is the target pressure set for production wells, a higher
pressure limit indicates a smaller production pressure drop and a
reduction in production capacity. (3) Conversely, a significantly lower
pressure limit target boosted the gas supply capacity but led to a sub-
stantial rise in the water production rate. For example, when the lower
pressure limit was set at 35 MPa, the maximum water production
reached 103 m3/d. This made surface dehydration more challenging and
suggested that significant water encroachment had occurred under the
CUGS formation. (4) Considering the need for a stable gas supply and
minimized water production, the lower pressure limit for the Dalaoba
CUGS should be maintained at approximately 41 MPa. At this pressure,
the daily gas supply should be no less than 25 x 104 m®/d.

4.3.3. Water encroachment
An additional critical factor linked to the CUGS’s lower pressure

limit is water encroachment. As the pressure target decreases, there’s a

general increase in the volume of aquifer influx, adversely affecting the
effective storage capacity of the CUGS. Therefore, maintaining the lower
pressure limit to protect the reservoir from large-scale water encroach-
ment is a crucial consideration. Fig. 12 demonstrates the variations in
the water encroachment volume in CUGS at distinct lower pressure
limits. The volume increases rapidly as the pressure target decreases,
especially when the pressure drops below 41 MPa. With the same lower
pressure limit target, the water encroachment volume grows as more
cycles are conducted, and this growth range is more pronounced at a
higher pressure target. For example, with lower pressure limits set at 47
MPa and 35 MPa, the difference in the water encroachment volume
between the first and fifth cycles are 19.5 % and 3.3 %, respectively. This
phenomenon can be attributed to variations in the capillary force in wet
rocks, which complicates the displacement of water from the layer

following a water influx.

4.4. Industrial application scenarios

This study introduces a dynamic pseudo-component model for
calculating the Lower Pressure Limit of the Dalaoba CUGS. The
described dynamic simulation methods and technical processes are

10
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applicable to diverse industrial Application scenarios.

(1) The dynamic pseudo-component model: This model is beneficial
for optimizing parameters related to condensate gas reservoirs
development through natural gas injection. It also helps in
simulating CUGS performance under various production systems
and improves recovery rates through natural gas injection in oil
reservoirs. In these industrial application scenarios, large-scale
natural gas injection alters the thermodynamic properties of the
reservoir’s original fluids. By utilizing the dynamic pseudo-
component model, accurate thermodynamic properties can be
obtained in real-time, and precise phase equilibrium calculations
can be conducted.

The calculation workflow for determining the lower pressure
limit of gas storage: This approach is applicable to various gas
storage types, including traditional sandstone gas and oil reser-
voir UGS, condensate gas reservoir UGS, and aquifer UGS. This
study establishes methodologies for parameters such as conden-
sate oil yield, gas production capacity, and a water encroachment
volume. These methodologies are also applicable to other gas
storage facilities.

2

—

5. Conclusions

This paper introduces a dynamic pseudo-component model that
employs a million-grid scale to simulate a CUGS facility converted from
a condensate gas reservoir. Taking into account factors like condensate
oil production, gas flow capacity, and water encroachment, the research
offers recommendations for determining the lower pressure limit for the
CUGS. The main conclusions reached are as follows.

(1) A dynamic pseudo-component model has been introduced. While
this model increases the workload and necessitates five addi-
tional sets of experiments, it overcomes the limitations of tradi-
tional models that rely on constant thermodynamic properties. In
the numerical simulation process, the model dynamically updates
thermodynamic parameters based on the volume of the injected
natural gas. This approach provides an accurate representation of
condensate gas properties when they are diluted with injected
natural gas and enables more precise phase equilibrium calcula-
tions. Consequently, the accuracy of condensate oil production
calculations is enhanced after substantial natural gas injection.

The dynamic pseudo-component model is suitable for large-scale
natural gas injections in condensate gas reservoirs. This model
facilitates the conversion of depleted condensate reservoirs to

(2)

11

CUGS and aids in maintaining pressure during the development
of such reservoirs. The dynamic pseudo-component model is
based on CCE and CVD experiments that involve the mixing of
condensate gas and natural gas samples, which accurately
determine a relationship between thermodynamic properties and
the volume of the mixed gas.

(3) Converting abandoned condensate gas reservoirs into CUGS fa-
cilities allows for the restoration of reservoir pressure through
multiple gas injection cycles. Additionally, during the gas pro-
duction stage, there is continuous dilution of the heavy compo-
nent content in the reservoir. Both aspects contribute to
enhancing the reservoir’s flow environment during the CUGS
phase.

(4) The lower pressure limit for a CUGS facility is a vital operational
parameter that influences gas production stability, a condensate
oil production volume, and water encroachment into the forma-
tion. In practice, the interplay among these three factors often
leads to conflicts, necessitating the use of numerical simulation
methods to ascertain and set an optimal value for the lower
pressure limit.
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