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ABSTRACT: The construction and operation of sulfur-containing gas storage are often more difficult than a non-
sulfur storage facility due to the need to prevent environmental contamination from H,S leaks, as well as the corrosive
effects of H,S on production facilities. Rapid elutriation of H,S from the reservoir during the construction of the gas
storage is an effective way to avoid these problems. However, the existing H,S elutriation method has low efficiency
and high economic cost, which limits the development of reconstructed gas storage of sulfur-containing gas reservoirs.
To improve the efficiency of H,S elutriation in sulfur-containing gas reservoirs and enhance the economic benefits,
a numerical simulation model of multiphase flow components was established to study the migration law of H,S in
the multi-cycle operation of gas storage. Based on the H,S migrate law, the displacement H,S elutriation method was
developed, and the elutriation mechanism and elutriation efficiency of the two methods were compared and analyzed. In
addition, the main controlling factors affecting the H,S elutriation efficiency were investigated, and the H,S elutriation
scheme of H gas storage was optimized. The results indicate that H,S migrates between near-well and far-well regions
under pressure differentials. The traditional H,S elutriation method relies on concentration gradient diffusion, whereas
the displacement elutriation approach leverages pressure differentials with higher H,S elutriation efficiency. For the
displacement elutriation method, higher reservoir permeability enhances the peak-shaving capacity of the gas storage
but has a minor impact on H,S elutriation when the formation permeability is between 30 and 100 mD. The elutriation
efficiency is significantly higher when wells are drilled in the high structural parts of the reservoir compared to the low
structural parts. Longer displacement elutriation time within a cycle improves H,S elutriation efficiency but reduces the
working gas volume of the storage. Therefore, the optimal displacement time for H gas storage is 60 days. An optimized
H,S elutriation scheme enabled the working gas to meet the national first-class natural gas standard within 10 cycles.
This study elucidates H,S migration patterns, H,S elutriation mechanisms, and key influence factors on H, S elutriation
efficiency, offering valuable technical insights for sour gas storage operations.

KEYWORDS: Underground sour gas storage; H,S migration; H,S elutriation; numerical simulation;
elutriation efficiency

1 Introduction

As the global energy structure shifts towards cleaner sources, natural gas has emerged as a key energy
source due to its high combustion efficiency and low emissions [1,2]. Underground gas storage plays a crucial
role in meeting gas demand and ensuring energy security [3-5]. Globally, most underground gas storage
facilities are converted from non-sulfur-containing depleted gas reservoirs, which are relatively safe and
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straightforward to operate [6,7]. However, due to geological constraints, a significant portion of the gas
storage facilities built and under construction in China are sour gas storage [8]. For example, the Yong
22 and Changgqing Shan 224 gas storage facilities in North China, as well as the Tongluoxia, Huangcaoxia,
Laowengchang, and Moujiaping gas storage facilities under construction in the Sichuan Basin, are all sour gas
storage facilities [9,10]. These facilities must not only prevent environmental pollution and human poisoning
accidents caused by gas leaks but also address the corrosion issues caused by acidic H,S on production
equipment and pipelines. This significantly increases the difficulty of construction and operation [11-13].
Currently, the industry commonly uses corrosion-resistant operational equipment to extract high-sulfur gas
and inject sulfur-free or micro-sulfur natural gas mixtures, followed by desulfurization purification [14-16].
Prolonged desulfurization not only leads to high operational costs but also increases the risk of hydrogen
sulfide leakage due to intensive injection and production [17,18]. Therefore, efficient handling of reservoir H,S
is crucial for the safe construction, sustainable operation, and economic efficiency of sour gas storage [19].
Given this, it is necessary to conduct in-depth research on H,S-related issues in sour gas storage.

Despite extensive research on H,S corrosiveness and solubility, studies on H,S elutriation mechanisms
in sour gas storage remain limited [20-24]. Chen et al. [24] used numerical simulation to study the
distribution of H,S and the changes in H,S mole fraction in produced gas during injection and production,
finding that there is an internal low H,S concentration zone near the wellbore, an external high H,S
concentration zone, and a transient medium H,S concentration zone between the internal and external
zones. Yang et al. [25] studied the production of H,S under different engineering parameters, finding that
the peak H,S production increases with the number of operation cycles when the depletion gas reservoir
recovery rate is below 70% and decreases when the recovery rate is above 70%. The higher the working gas
ratio, the higher the H,S Elutriation Efficiency. Besides, the gas production rate has a negligible impact on
H,S elutriation. Lin et al. [26] found that sulfur-free natural gas injected into the formation displaces H,S to
the far end, and H, S migrates towards the production well during production. Wang et al. [27] suggested that
the H,S content in the produced gas decreases logarithmically, and the elutriation of acidic gases accelerates
with increasing gas production.

In summary, existing studies have mainly focused on the impact of gas storage operating parameters
on the production of H,S, with gaps in the mechanism of H,S elutriation and insufficient understanding of
H, S migration during the injection and production process. We use numerical simulation to study the above
problem for a high sulfur-containing gas reservoir in China, design a new H, S elutriation method, and study
the key factors affecting the efficiency of H,S elutriation. Our investigation can provide scientific guidance
for the conversion of sulfur-containing gas reservoirs into gas storage.

2 Background of H Gas Storage

H gas storage is located in the Sichuan Basin of China, belonging to a high-steep anticline structure
trending northeast-southwest. The main reservoirs are Jia-1 and Jia-2, with an elevation difference of
100-300 m. Core and logging interpretations indicate that the properties of the upper and lower reservoirs
are different, with average porosities of 5.4% and 4.6% and average permeabilities after acidification of 23 mD
and 22 mD, respectively. The original formation pressure of the gas storage is 14 MPa, and the remaining
pressure after depletion is about 0.5 MPa. The upper limit pressure for storage construction is 13.1 MPa, the
lower limit pressure is 6.8 MPa, and the total storage capacity is 18.4 x 10 m’. Both main reservoirs of H gas
storage contain sulfur. Table 1 shows the fluid compositions of the two gas reservoirs.
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Table 1: Fluid compositions of Jia-1 and Jia-2

Layer st, % N2, % COz, % CH4, % Czl‘Is, % C3Hg, % Total, %

Jia-1 0.14 0.74 0.02 98.13 0.80 0.17 100
Jia-2 2.00 0.60 0.02 96.60 0.66 0.12 100

3 H,S Migration and Elutriation Mechanisms
3.1 H,S Migration

To analyze the migration of H,S during injection and production, a numerical simulation model of the
gas storage was established based on the 3D geological interpretation data, cross-section data, and production
data by tNavigator numerical simulation software. The model is divided into three layers, from bottom to
top: Jia-1 gas reservoir, interlayer, and Jia-2 gas reservoir (Fig. 1). The physical property parameters of the
model are shown in Table 2. Based on the well stream fluid analysis results, the Peng-Robinson equation of
state was used to establish the fluid composition model of the gas storage [28-31]. The model is set up with
two injection-production wells, with combined injection and production in Jia-1 and Jia-2. After evaluating
the productivity of the gas well and calculating the critical erosion flow and critical liquid carrying flow, the
injection and production rate of the gas well is designed according to the peak regulation requirement of gas
storage. The injection rate is 140 x 10* m?/day for 6 months, followed by a 2-month shut-in period, and then
a production rate of 270 x 10* m*/day for 4 months, simulating one cycle of H,S elutriation.

Depth X H 1

Figure 1: Schematic of the multilayered conceptual model

Table 2: Physical property parameter of the model

Layer Porosity, % Permeability mD NTG Effective thickness, m

Jia-1 5.4 23.00 0.077 15.30
Jia-2 4.6 22.00 0.238 9.50

From the distribution of H,S in the reservoir before injection, after injection, after shut-in balance,
and after production (Fig. 2), it can be seen that after injecting sulfur-free/micro-sulfur natural gas into the
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reservoir, three regions are formed: a sulfur-free/micro-sulfur region (H,S mole fraction below 0.0040),
a medium-sulfur region (H,S mole fraction between 0.0040 and 0.0120), and a high-sulfur region (H,S
mole fraction above 0.0120). Some regions have H,S mole fractions exceeding the original formation H,S
mole fraction. After the shut-in balance, a small portion of H,S diffuses towards the operation wells. After
one operation cycle, the highest H,S content in the reservoir decreases, with a significant decrease in H,S
concentration near the wells. Notably, after production, the H,S concentration in a large area of the reservoir
increases again, with only a small area near the wells becoming a medium-sulfur zone. The simulation results

are similar to Yang et al. [25] and Lin et al. [26].
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Figure 2: Distribution of H,S concentration in the reservoir at different stages: (a) before gas injection, (b) after gas
injection, (c) after well shut-in, (d) after gas production

Our investigation shows that during gas injection, under the pressure differential displacement between
the injection pressure and formation pressure, H S in the near-well region is displaced to the far-well region
and accumulates differentially between wells. At this time, an H,S concentration gradient is formed, and
H,S from the high-concentration far-well region diffuses towards the low-concentration near-well region.
Similarly, during production, H,S migrates towards the low-pressure region under the pressure differential,
asshownin Fig. 3. Additionally, the concentration gradient diffusion of H, S is much smaller than the pressure
differential displacement effect. The injection-production cycle causes some H,S in the reservoir to migrate
back and forth between the far-well and near-well regions under the pressure differential.
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Figure 3: Conceptual sketch of H,S migration during cycle operation: (a,b) pressure distribution, (c-e) H,S con-
centration distribution (The yellow arrows show the flow of gas between the wellbore and the formation during the
injection and production process; The change in color in each subplot indicates the change in formation pressure and
H,S concentration, the darker the color, the greater the pressure or H,S concentration)

3.2 H,S Elutriation
3.2.1 Traditional Elutriation Method

The traditional H,S elutriation method (Scheme 1) involves gas injection and production operations
through the same well. Both concentration diffusion and pressure differential displacement of H,S are
evident during the elutriation process, which spans the entire operation cycle of the gas storage. The
elutriation mechanism is illustrated in Fig. 4. During the gas injection phase, sulfur-free or low-sulfur natural
gas is injected into the native high-sulfur reservoir. The high-sulfur gas in the near-well region is gradually
displaced to the far-well region, resulting in a significantly higher average H,S concentration in the far-well
region compared to the near-well region. At this stage, driven by the H,S concentration gradient, the high-
concentration H,S in the far-well region begins to diffuse towards the near-well region. During the well
shut-in and pressure equilibrium phase, H,S diffuses further as pressure equilibrates, leading to a continuous
increase in H,S concentration in the near-well region. In the gas production phase, the H,S that has diffused
into the near-well region is carried out by the produced natural gas, thereby achieving the objective of
H,S elutriation.
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Figure 4: Mechanism of H, S elutriation in Scheme 1

3.2.2 Displacement Elutriation Method

Based on the migration patterns of H,S during the injection and production processes, an H,S
displacement and elutriation method using separate wells (Scheme 2) was designed. This method involves
distinct wells for injection and production operations. Specifically, a subset of wells is used for gas injection
to displace H,S, while another subset is utilized for gas production to elutriate H,S. This approach also
incorporates both pressure differential displacement and concentration diffusion processes. The elutriation
mechanism is illustrated in Fig. 5. During the gas injection phase, the peripheral production wells are shut
in, while the central injection wells inject sulfur-free or low-sulfur natural gas into the reservoir, displacing
the high-sulfur gas from the near-well regions to the far-well regions for enrichment. In the displacement
and elutriation phase, gas is injected through one set of wells while the previously shut-in wells are opened at
appropriate times to produce the displaced high-sulfur gas. During the well shut-in and pressure equilibrium
phase, H,S continues to migrate and diffuse under the influence of the concentration gradient. In the gas
production phase, all injection and production wells are opened to elutriate H,S from the reservoir rapidly.

3.2.3 Method Comparison

When using Scheme 1 for H, S elutriation, all wells are simultaneously opened or closed throughout the
process. Under this scheme, the majority of H,S in the reservoir migrates back and forth between the near-
well and far-well regions driven by the pressure differential, while a small portion of H,S may become trapped
in the narrow pores of the reservoir and remain immobile. Since the pressure-driven displacement effect is
significantly stronger than the concentration-driven diffusion effect, the direction of H,S diffusion due to the
concentration gradient during the gas injection phase is opposite to that of the pressure-driven displacement.
As a result, the elutriation of H,S primarily relies on concentration-driven diffusion and migration during
the well shut-in and pressure equilibrium phase. The more H,S that diffuses and migrates to the production
wells during the operation cycle, the more H,S is carried out by the produced natural gas. H,S in the near-
well region can be elutriated more quickly due to the shorter diffusion distance to the wells, whereas H,S in
the far-well region, with its longer diffusion distance, may require multiple injection-production cycles to
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be gradually elutriated. Additionally, as the H,S concentration in the reservoir decreases, the concentration-
driven diffusion effect diminishes. In cases of strong reservoir heterogeneity, the differentially accumulated
H,S in the far-well region may not be effectively elutriated.
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Figure 5: Mechanism of H, S elutriation in Scheme 2

In contrast, Scheme 2 primarily relies on the pressure-driven displacement effect during the gas injection
phase. If the injected sulfur-free or low-sulfur natural gas effectively displaces the high-sulfur gas toward the
far-well production end, and the production wells are opened at the appropriate time for H,S elutriation,
this approach can rapidly reduce the H,S content in the reservoir. Unlike Scheme 1, the concentration-driven
diffusion effect in Scheme 2 is not conducive to H,S elutriation, as the goal of gas injection displacement is
to drive high-concentration H,S toward the production wells. However, concentration-driven diffusion may
cause the differentially accumulated H,S to migrate in the opposite direction of displacement, particularly
during the well shut-in and pressure equilibrium phase, where H,S diffuses back toward the injection wells.

Simulations of 20 cycles were conducted to evaluate the performance of different H,S elutriation
methods. In Scheme 1, two wells simultaneously injected gas at a rate of 140 x 10* m*/d for 6 months, followed
by a 2-month shut-in period, and then produced gas at a rate of 270 x 10* m*/d for 4 months (Fig. 6). In
Scheme 2, Well W1 injected gas at a rate of 100 x 10* m*/d for 6 months, during which Well W2 produced
gas at a rate of 50 x 10* m*/d for 2 months starting from the 4th month. Subsequently, both wells produced
gas simultaneously at a rate of 270 x 10* m?/d for 4 months after a 2-month shut-in period (Fig. 7).
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Figure 6: Injection and production gas rate as a function of time under Scheme 1
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Figure 7: Injection and production gas rate as a function of time under Scheme 2

Based on the H,S concentration distribution around the wells at the end of the production phase
for different cycles (Figs. 8 and 9), both schemes effectively elutriated H,S from the reservoir. However,
the H,S elutriation efficiency of Scheme 2 was significantly higher than that of Scheme 1. Additionally,
due to the limited pressure propagation range of the injection and production wells, H,S in the far-well
regions could not be fully elutriated within a short period. This was particularly evident in the traditional
elutriation method (Scheme 1), where a substantial amount of H,S remained in the far-well regions even

after 20 elutriation cycles.
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Figure 8: Distribution of H,S concentration after a certain cycle under Scheme 1: (a) the first cycle, (b) the fifth cycle,
(c) the fifteenth cycle, (d) the twentieth cycle
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Figure 9: Distribution of H,S concentration after a certain cycle under Scheme 2: (a) the first cycle, (b) the fifth cycle,
(c) the fifteenth cycle, (d) the twentieth cycle

From the temporal variation of the H,S mole fraction in the produced natural gas over the cycles
(Fig. 10), it is evident that the H,S mole fraction in Scheme 2 consistently decreases, whereas in Scheme 1,
it initially rises slowly before gradually declining. In the early cycles, the H,S mole fraction in Scheme 2 is
significantly higher than that in Scheme 1 and exhibits a stepwise decrease. After 7 cycles, due to the
substantial reduction in reservoir H,S content, the H,S mole fraction in Scheme 2 drops to a relatively low
level. In contrast, the H,S mole fraction in Scheme 1 remains in an upward trend at this stage. The H,S
elutriation efficiency (the amount of H,S e elutriated per cubic meter of produced natural gas) for different
elutriation schemes across various injection-production cycles was calculated, as shown in Fig. 11. The H,S
elutriation efficiency of Scheme 2 is significantly higher than that of Scheme 1, enabling a rapid reduction in
reservoir H,S content within a shorter number of cycles. From the temporal variation of the remaining H,S
content in the reservoir over the 20 cycles (Fig. 12), it is observed that Scheme 1 retains approximately 35%
of the original H,S content after 20 cycles, whereas Scheme 2 nearly elutriates all the H,S from the reservoir
within the first 10 cycles.
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Figure 10: Value of H,S fraction in recovered natural gas as a function of time
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Figure 11: H,S elutriation efficiency as a function of operation cycles
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Figure 12: Residual H,S content in reservoirs as a function of time

3.3 Summary

Our investigation reveals that the migration of H,S in the reservoir is primarily driven by the pressure
differential during gas injection and production, causing H,S to move back and forth between the near-well
and far-well regions along the direction of the pressure gradient. However, although concentration-driven
diffusion also contributes to H,S migration, its effect is significantly weaker compared to that of the
pressure differential.

Both traditional H,S elutriation and displacement elutriation methods can reduce the H,S content in
the reservoir, but the latter demonstrates far superior elutriation efficiency compared to the former. For the
traditional H,S elutriation method, if the goal is to rapidly elutriate H,S from the reservoir, its efficiency is
much lower than that of the displacement elutriation method. Even if the objective is to achieve the national
Class I natural gas standard for H,S content (GB17820-2018, <6 mg/m?*), this method remains unsuitable due
to its irregular elutriation efficiency and the fact that the H,S content often significantly exceeds 6 mg/m?® over
extended periods. Therefore, for gas storage reservoirs with high sulfur content, the displacement elutriation
method is recommended to reduce the reservoir H,S content.
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Additionally, it should be noted that the H gas reservoir is a typical high-steep anticlinal structure. The
H,S is mainly distributed in the high part of the structure, and the Wells in the high part may wash out more
H,S in the first few cycles of operation. However, H gas storage is heterogeneous, and if there is a dominant
seepage channel or a local pressure drop funnel, part of H,S may not be elutriated. In contrast, drilling wells
in the low part of the reservoir structure can increase the area of displacement and displace more H,S into
the production wells, which in turn improves the efficiency of H,S elutriation. Therefore, the third chapter
of this paper studies the influence of well location on H,S elutriation efficiency. Displacement elutriation is
the process of gas injection in some Wells and gas production in some Wells simultaneously. The longer the
displacement elutriation time, the better the effect of H,S elutriation may be, but the working volume of gas
storage will decrease. Therefore, the third chapter also studied the influence of displacement elutriation time
on H,S elutriation efficiency to get the best H,S elution effect while meeting the peak demand of gas storage.
In addition, the flow capacity of the formation fluid is different under different permeability conditions, and
the ability of natural gas to carry H, S is also different during gas recovery. Therefore, the influence of reservoir
permeability on H,S elutriation efficiency is also discussed in Section 3.

4 Factors Influencing H,S Elutriation Efficiency
4.1 Well Location

Two well placement scenarios were designed, with injection and production wells located in the
structural high and low points of the reservoir, respectively, as illustrated in Fig. 13. The injection and
production controls for both scenarios were identical and consistent with the displacement elutriation
scheme described in Section 2. Simulations of 10 injection-production cycles were conducted for both
scenarios. From the temporal variation of the remaining H,S content in the reservoir over the 10 cycles
(Fig. 14), it is observed that placing wells in the structural high points rapidly reduces the reservoir H,S
content, whereas placing wells in the low points results in a slower elutriation of H,S. After 10 cycles, the
remaining H, S content in the reservoir with wells in the low points is still approximately 35% of the original
content, while wells in the high points nearly elutriate all the H,S from the reservoir. The H,S elutriation
efficiencies for the two well placement scenarios are shown in Fig. 15. For wells in the high points, the H,S
elutriation efficiency decreases steadily from its peak and rapidly drops to a lower level. In contrast, the
elutriation efficiency for wells in low points fluctuates significantly over time.

Btd pore volume a...
rm3

Figure 13: Injection wells at different tectonic sites: (a) well drilling in the low part of the reservoir, (b) well drilling in
the high part of the reservoir
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Figure 14: Residual H,S content in reservoirs as a function of time
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Figure 15: H,S elutriation efficiency as a function of operation cycles

4.2 Displacement Time

Displacement elutriation durations of 30, 60, 90, 120, and 150 days were designed, with a shut-in
equilibrium period of 65 days and a gas production peak-shaving period of 120 days. Simulations of
10 injection-production cycles were conducted for each scenario, with injection and production rates
consistent with the displacement elutriation scheme described in Chapter 2. The injection and production
timelines for each scenario are summarized in Table 3. From the variation of H,S elutriation efficiency over
the operational cycles (Fig. 16), it is observed that in the first three cycles, longer displacement elutriation
durations result in higher elutriation efficiencies. After the fourth cycle, the reservoir H,S content decreases
significantly, leading to a rapid decline in elutriation efficiency. The average H,S elutriation efficiency
over the first five cycles increases with longer displacement elutriation durations (Fig. 17). The remaining
H,S content in the reservoir (Fig. 18) indicates that longer displacement durations yield better elutriation
outcomes. However, extending the displacement elutriation time reduces the working gas volume of the
storage reservoir, thereby shortening the duration of high production capacity during the peak-shaving
period, as shown in Fig. 19. Therefore, the H,S elutriation strategy for gas storage reservoirs must carefully
balance elutriation efficiency and working gas volume.
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Table 3: Allocation of time for different phases of one cycle

Schemes Injection time, day Displacement time, day Shut-in time, day Production time, day

1 150 30 65 120
2 120 60 65 120
3 90 90 65 120
4 60 120 65 120
5 30 150 65 120
140
—&— Dispcalement 150 days

= 120 .

'{Qf, ~#—Dispcalement 120 days

= 100 —a&— Dispcalement 90 days
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Figure 16: H,S elutriation efficiency as a function of operation cycles
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Figure 17: Average H,S elutriation efficiency with different displacement times in first 5 cycles

4.3 Permeability

To investigate the influence of reservoir permeability on H,S elutriation performance, four scenarios
with permeabilities of 30, 50, 80, and 100 mD were established, maintaining consistent and identical injection
and production controls across all cases. Simulations encompassing 10 H,S elutriation cycles were performed
for each permeability scenario. The temporal variations in injection and production rates, as illustrated
in Fig. 20, demonstrate that permeability exerts a significant influence on the reservoir’s injection and
production capacities. Specifically, during the gas injection phase, reservoirs with higher permeability exhibit
an extended duration of sustained high injection rates at the injection wells. Nevertheless, once a threshold
injection volume is attained, the injection capacity in high-permeability reservoirs undergoes a rapid decline,
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in contrast to the more gradual reduction observed in low-permeability reservoirs. This pattern is similarly
reflected in the gas production phase, where higher permeability facilitates prolonged periods of elevated
production rates at the production wells, followed by a sharp decline in productivity upon reaching a
specific production volume. The accelerated gas flow rates characteristic of high-permeability reservoirs
leads to more rapid internal pressure equilibration, consequently reducing the time required to reach the

upper-pressure limit.
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Figure 18: Residual H,S content in reservoirs as a function of time
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Figure 19: Natural gas recovered a function of time
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Figure 20: Injection and production gas rate as a function of time in one cycle

The analysis of H,S elutriation efficiency across injection-production cycles for varying permeabilities,
as depicted in Fig. 21, along with the average H,S elutriation efficiency during the initial five cycles (Fig. 22),
reveals that an increase in permeability is associated with a marginal reduction in H,S elutriation efficiency.
Furthermore, the evaluation of the remaining H, S content within the reservoir (Fig. 23) and the cumulative
volume of produced natural gas over time (Fig. 24) demonstrates that while higher permeability leads to a
greater total volume of gas production, the quantity of H,S elutriated exhibits only negligible fluctuations.
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Figure 21: H,S elutriation efficiency as a function of operation cycles
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Figure 22: Average H,S elutriation efficiency with different permeability in 10 cycles
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Figure 23: Residual H,S content in reservoirs as a function of time

4.4 Summary

Our investigation reveals that wells drilled at the structural highs of the reservoir exhibit significantly
higher H,S elutriation efficiency compared to those at the structural lows. The displacement elutriation
approach can markedly reduce the H,S content in the reservoir within relatively fewer cycles, especially
during the initial cycles of injection and production, where the H,S elutriation efficiency at highs is more
than double that at lows. Prolonged displacement and elutriation time enhance the H,S elutriation efficiency;
however, it concurrently reduces the working gas volume of the gas storage and shortens the peak shaving
duration of high productivity. It is recommended that the displacement and elutriation time for H gas
storage be set at 60 days. This duration not only meets the peak shaving operational requirements of the gas
storage but also maximizes the H,S elutriation from the reservoir. Higher reservoir permeability enhances
the injection and production capacity of gas wells, thereby improving the peak-shaving operational capability
of the gas storage. Nevertheless, the impact of reservoir permeability on H, S elutriation in sulfur-containing
gas storage is minimal. When the permeability does not exceed 100 mD, the H, S elutriation efficiency slightly
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decreases with increasing permeability, and the overall H,S elutriation effect across multiple cycles shows
little variation.
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Figure 24: Total amount of natural gas recovered as a function of time

5 Optimization of H,S Elutriation Scheme

Based on the aforementioned research findings, a numerical simulation model for H gas storage was
built (Fig. 25) to optimize the H,S elutriation strategy. We used the method of fitting wellhead oil pressure
with a fixed daily gas volume and achieved production history fitting through inter-well permeability
adjustment and local fine-tuning porosity. The fitting curve of some well production history is shown
in Figs. 26 and 27. The fitting accuracy is high, and the model can be used for the prediction of subsequent
projects. The gas storage facility comprises 11 injection-production wells, organized into four well pads, as
shown in Fig. 28. Owing to the pronounced heterogeneity of the reservoir, the accumulation and migration
of H,S exhibit irregular patterns. Consequently, four distinct H,S displacement and elutriation schemes were
designed by modifying the injection-production controls of the well pads. The specific injection-production
parameters for each scheme are detailed in Table 4 and Fig. 28. Taking into account the influence of the
structural positioning of the injection-production wells, the duration of displacement, and elutriation on
H,S elutriation efficiency while ensuring the gas storage’s peak-shaving operational requirements, wells were
strategically drilled at the structural highs of the reservoir. During the gas injection phase, the injection wells
operated at a rate of 100 x 10* m*/d for 120 days. In the displacement and elutriation phase, the production
wells operated at a rate of 50 x 10* m*/d for 60 days. All wells were shut in for 65 days during the well
shut-in phase. In the net gas production phase, all wells operated at a rate of 100 x 10* m’/d for 120 days.
A comprehensive 20-cycle injection-production simulation was performed for each scheme to evaluate
their effectiveness.
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Figure 25: Numerical simulation model of H gas storage reservoir
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Figure 26: History fitting curve of well Cl: (a) gas production fitting curve, (b) pressure drop fitting curve
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Figure 27: History fitting curve of well C5: (a) gas production fitting curve, (b) pressure drop fitting curve
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Wellsite 2

Wellsite 1

Injection well: ccl, cc5, cc6, cc7, cc8 Injection well: cc2, cc3, cc4, cc9, ccl0, ccll

Production well: cc2, cc3, ccd, cc9, ccl0 , ccll 7 Production well: ccl, cc5, cc6, cc7, cc8 o

Wellsite 3

Wellsite 4

Injection well: cc2, cc3, cc4, cc7, cc8, Injection well: cel, ce5, cc6, cc9, ccl0, ccll

Production well: ccl, cc5, cc6, cc9, ccl0, ccll Production well: cc2, cc3, cc4, cc7, cc8 ¥

Figure 28: Wellsite distribution and allocation for the four H,S elutriation schemes: (a) Scheme 1, (b) Scheme 2,
(c) Scheme 3, (d) Scheme 4

Table 4: H,S elutriation schemes

Elutriation schemes Wellsite allocation Injection & production control

Producti llsite: 1, 4
Scheme 1 roduction werstte Middle injection, side elutriation
Injection wellsite: 2, 3

Scheme 2 Pro.duc‘t ton well‘sne: 2,3 Side injection, middle elutriation
Injection wellsite: 1, 4

Production wellsite: 2, 4 L Lo
Scheme 3 . . Alternate injection and elutriation
Injection wellsite: 1, 3

Production wellsite: 1, 3 o -
Scheme 4 L . Alternate injection and elutriation
Injection wellsite: 2, 4

As illustrated in Fig. 29, the gas injection and production volumes per cycle are identical across all
schemes. Since the initial cycles of the gas storage involve a capacity expansion and production ramp-up
process, the total gas injection volume exceeds the total gas production volume. The H, S elutriation efficiency
under different schemes and cycles, as shown in Fig. 30, indicates that the elutriation efficiency of all schemes
initially increases with the number of cycles. Among them, Scheme 2 achieves the highest elutriation
efficiency after the first cycle and significantly outperforms the other schemes in the subsequent four cycles.
After five cycles, due to a substantial reduction in H,S content within the reservoir, the elutriation efficiency
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of all schemes gradually declines. Within the first five cycles, Scheme 2 exhibits the highest average H,S
elutriation efficiency, as depicted in Fig. 31. The variation in the remaining H,S content in the reservoir over
time, as shown in Fig. 32, reveals that after 10 cycles of elutriation, the remaining H,S content in the reservoir
for each scheme is 53%, 47%, 58%, and 60% of the original content, respectively. Scheme 2 demonstrates the
best H,S elutriation performance, with the H,S content in the produced natural gas decreasing to 6 mg/m”,
meeting the national Class I natural gas standard.
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Figure 29: Injection and production gas volume as a function of time
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Figure 30: H,S elutriation efficiency as a function of operation cycles
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Figure 31: Average H,S elutriation efficiency with different schemes in the first 5 cycles
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Figure 32: Residual H,S content in reservoirs as a function of time

This study investigated H,S migration and elutriation mechanisms in a medium-sulfur gas storage

facility in China through numerical simulation. The optimized H,S elutriation scheme for the gas storage
leads to the following conclusions:

L

H, S migrates back and forth between near and far wells. It is primarily driven by pressure differences,
with concentration gradients playing a secondary role.

The displacement elutriation method, which leverages pressure differentials, is significantly more
efficient than the traditional elutriation method relying on concentration gradient diffusion.

Higher reservoir permeability enhances the gas storage’s peak-shaving capacity but has a limited impact
on H,S elutriation efficiency. Wells drilled at the structural highs of the reservoir exhibit significantly
better H,S elutriation efficiency than those at the lows. An optimal displacement time of 60 days is
recommended, as longer displacement durations reduce the working gas volume and shorten the high-
productivity period.
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4.  For H gas storage, the optimized displacement elutriation scheme involves drilling wells at the structural
highs, a net gas injection period of 120 days, and a displacement elutriation period of 60 days. Using
Well Pads 1 and 4 for injection and Well Pads 2 and 3 for production, this scheme can effectively elutriate
H,S while meeting the gas storage’s peak-shaving requirements. The produced natural gas meets the
national Class I natural gas standard after 10 cycles.
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