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Abstract

A simulation study was carried out to investigate the temporal evolution of H,S in the Huangcaoxia underground gas stor-
age (UGS), which is converted from a depleted sulfur-containing gas field. Based on the rock and fluid properties of the
Huangcaoxia gas field, a multilayered model was built. The upper layer Jia-2 contains a high concentration of H,S (27.2 g/
m?), and the lower layer Jia-1 contains a low concentration of H,S (14.0 mg/m>). There is also a low-permeability interlayer
between Jia-1 and Jia-2. The multi-component fluid characterizations for Jia-1 and Jia-2 were implemented separately using
the Peng-Robinson equation of state in order to perform the compositional simulation. The H,S concentration gradually
increased in a single cycle and peaked at the end of the production season. The peak H,S concentration in each cycle showed
a decreasing trend when the recovery factor (RF) of the gas field was lower than 70%. When the RF was above 70%, the
peak H,S concentration increased first and then decreased. A higher reservoir RF, a higher maximum working pressure,
and a higher working gas ratio will lead to a higher H,S removal efficiency. Similar to developing multi-layered petroleum
fields, the operation of multilayered gas storage can also be divided into multi-layer commingled operation and independent
operation for different layers. When the two layers are combined to build the storage, the sweet gas produced from Jia-1 can
spontaneously mix with the sour gas produced from Jia-2 within the wellbore, which can significantly reduce the overall H,S
concentration in the wellstream. When the working gas volume is set constant, the allocation ratio between the two layers
has little effect on the H,S removal. After nine cycles, the produced gas’s H,S concentration can be lowered to 20 mg/m?>.
Our study recommends combining the Jia-2 and Jia-1 layers to build the Huangcaoxia underground gas storage. This plan
can quickly reduce the H,S concentration of the produced gas to 20 mg/m?, thus meeting the gas export standards as well
as the HSE (Health, Safety, and Environment) requirements in the field. This study helps the engineers understand the H,S
removal for sulfur-containing UGS as well as provides technical guidelines for converting other multilayered sour gas fields
into underground storage sites.

Keywords Underground gas storage - Multilayered gas field - Sour gas reservoir - Hydrogen sulfide removal -
Compositional simulation

1 Introduction

Globally, depleted petroleum reservoirs are the most com-
monly selected candidates for underground gas storage
(UGS) construction (Ma et al. 2018; Ma 2021; Azin and
Izadpanahi 2022). The Sichuan Basin is China’s largest
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gas-producing province, and three (Huangcaoxia, Moujia-
ping, and Laowengchang) of its four gas storage facilities
are planned to be converted from H,S-containing gas fields
due to the extensive distribution of sour gas reservoirs in
the Sichuan Basin. Therefore, it is vital to understand and
optimize the H,S removal for operating UGS in the Sichuan
Basin as well as other H,S-containing gas storage in the
world. Conventional underground gas storages are mostly
converted from sulfur-free gas reservoirs, so there is lim-
ited experience regarding the construction of H,S-containing
gas storage. At present, China has built H,S-containing gas
storages such as Yong-22 and Shan-224 (Lin et al. 2016;
Lyu et al. 2017). Among them, the H,S concentration of the
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Yong-22 reservoir is 0.57—1.3 g/m?, and the H,S concentra-
tion of the Shan-224 reservoir is 0.554 g/m>. At present, the
Huangcaoxia UGS has the highest initial H,S concentration
among all UGS facilities in China. At the end of depletion,
the H,S concentration of some wells is as high as 29.60 g/
m?, which almost reached the lower limit of 30 g/m® of high
H,S-containing gas reservoirs under the China Petroleum
Industry Standard. The produced gas from Huangcaoxia
contains a significant amount of H,S, which is a kind of
highly toxic and corrosive substance and may lead to HSE
(APIRP1171 or GB17820-2018 standard) accidents if not
properly managed. Meanwhile, Huangcaoxia is a multilay-
ered gas field, which is the first of its kind in China. Its Jia-1
layer only contains a minor amount of H,S with an average
concentration of 0.0136 g/m?, while its Jia-2 layer contains
a significant amount of H,S with an average concentration of
27.2 g/m3 . Therefore, it is necessary to understand the evo-
lution of H,S concentration during the operation of Huang-
caoxia gas storage, as well as critical to managing the H,S
content in the withdrawn gas to avoid the HSE risks in the
field, especially for such a multi-layered H,S-containing gas
field.

Most of the present studies on the multi-cycle operation
of gas storage in the existing literature are based on sweet
gas reservoirs, which only contain trace amounts of hydro-
gen sulfide. There are relatively fewer studies on the changes
in hydrogen sulfide during the operation of H,S-containing
gas storage (Zhang et al. 2020, 2022; Li et al. 2021, 2022;
Mao 2021). Azin et al. (2014) used the compositional simu-
lator to study the injection of sweet and sour gas into under-
ground gas storage. They found that the presence of CO,
and H,S components in the sour gas stream decreases the
compressibility factor of the injection gas and causes less
pressure rise than that without CO, and H,S. But their study
mainly focused on the difference between sour gas and sweet
gas during the UGS operation, rather than H,S removal.
Chen et al. (2016) used compositional simulation to study
the evolution of H,S production during the operation of the
H,S-containing Shan-224 UGS in the Ordos Basin. They
found that the injection of external clean (sweet) gas could
reduce the H,S concentration surrounding a well and the
peak H,S concentration in each cycle will gradually decrease
and eventually fall below the safety limit (20 mg/m>) after
five injection-production cycles. But the initial H,S concen-
tration (0.554 g/m3) of Shan-224 UGS is much lower than
that of Huangcaoxia UGS (27.2 g/m3). Zhao et al. (2020)
based on the field monitoring data of H,S in the Yong-22
UGS, found that the H,S concentration in the withdrawn
gas will keep increasing in the same operation cycle, but the
peak H,S concentration in each cycle will keep decreasing;
however, the initial H,S concentration in Yong-22 reservoir
was also low, ranging from 0.57 to 1.3 g/m>, whose peak
H,S concentration was even less than the lowest value in
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Huangcaoxia Jia-2 layer. Wang et al. (2022) established a
mathematical model for H,S-containing gas storage based
on the X gas storage, which is the first low-permeability
H,S-containing gas storage in China. Their findings showed
that the H,S concentration of the produced gas decreases
logarithmically with the increase of operation cycles and
that the H,S concentration decreases with the increase of
gas production rate. But it should be noted that their research
was limited to the UGS containing low concentration of
H,S, and thus, the observed trends may not necessarily
apply to the UGS containing medium-high concentration
of H,S or more importantly multilayered H,S-containing
UGS. Zeng et al. (2023) conducted a retrospective study
of the Puguang gas field, which is the largest sour gas field
in China as well as the second-largest sour gas field in the
world. They highlighted a series of challenges faced in the
development of high H,S-containing gas reservoirs, along
with the corresponding key techniques. However, the pri-
mary focus of their study was on the efficient development of
H,S-containing gas reservoirs, rather than on the conversion
of such reservoirs into underground gas storage. It can be
seen that the existing studies on H,S removal mainly focus
on the single-layer UGS or the UGS containing low concen-
trations of H,S. Therefore, further studies are needed for the
temporal evolution of H,S in the multi-layer sulfur-contain-
ing gas field such as the Huangcaoxia gas storage. This study
establishes a mechanistic model for the UGS operation based
on the rock and fluid properties of the Huangcaoxia gas field.
Compositional simulation is utilized to study the temporal
evolution of hydrogen sulfide removal in this multilayered
H,S-containing gas field, which can in turn guide the optimi-
zation of the operation plan of the Huangcaoxia gas storage
and provides a reference case for the construction of other
H,S-containing gas storage facilities.

2 Reservoir modeling of the Huangcaoxia
UGS

2.1 Overview of the Huangcaoxia gas field

The Huangcaoxia gas field is located within the Chang-
shou and Fuling districts of Chongqing city and is located
in the highly folded area of the southeastern Sichuan
Basin (Fig. 1). The lower Triassic Jialingjiang formation
in the Sichuan Basin is a restricted platform sedimentation
with limestone, gypsum, and dolomite developed. The Jia-2?
mainly consists of inner-shelf and salt-lake facies, domi-
nated by limestone and dolomite, with gypsum developed.
And the Jia-2? reservoir is mainly composed of thin-bedded
dolomite. It can be divided into three layers from the bot-
tom to the top, based on the bottom surface of Jia-1 of the
Jialingjiang formation (Lei et al. 2019). The first layer is
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Fig. 1 Location map of the Huangcaoxia gas field in the Sichuan Basin (modified from Yang et al. 2017)

the Jia-2'—Jia-1 gas layer (hereinafter referred to as Jia-1),
with an average methane molar fraction of 98.27%, as well
as 0.8% of ethane, 0.17% of propane, and 0.001% of H,S.
The average permeability is 15 mD, and the average poros-
ity is 4.41%. The second layer is an interlayer, with very
low porosity and hence can be treated as impermeable. The
third layer is the Jia-22 layer (hereinafter referred to as Jia-2),
and its major fluid component is methane, with an average
molar fraction of 96.6%, as well as 0.66% of ethane, 2% of
hydrogen sulfide. The average permeability is 5 mD, and its
average porosity is 5.85% as shown in Table 1. Till now, the
cumulative gas production from the Jia-2 gas reservoir of the
Jialingjiang formation was 3.52 x 10® m? and the cumulative
water production was 193 m®, which is negligible compared
with gas production. The cumulative gas production from
the Jia-1 gas reservoir was 16.10x 108 m® and the cumula-
tive water production was 7 m>. Since the water is mainly
produced in the form of condensate rather than in the aque-
ous phase, it is reasonable to assume that the gas phase is
the only mobile phase in the reservoir.

Table 1 Model input for Huangcaoxia underground gas storage

2.2 Mechanistic modeling of multilayered UGS

The modeling software Petrel was used to establish the
mechanistic model of the Huangcaoxia gas reservoir by
combining the geological data and production data. The
mechanistic model was established using a relatively neat
area of the geological model (as shown in Fig. 2) as a ref-
erence. It makes the established mechanistic model more
realistic. The model has a size of 1600 m X 800 m X 160 m,
with a uniform grid block size of 25 m in both I and J direc-
tion, The model is divided into three major layers in the
vertical K direction based on the stratification data of the
Jialingjiang formation (as shown in Fig. 3): the first layer
is the Jia-2! ~Jia-1 layer of the Jialingjiang formation with
its elevation ranging from — 560 m to — 660 m, which is
divided into 25 sublayers. The second layer is the interlayer,
with its elevation ranging from — 540 m to —560 m, which
is divided into 10 sublayers. The third layer is the Jia-22,
with its elevation ranging from — 500 m to — 540 m, which
is divided into 20 sublayers. The total number of grid blocks
in the multilayer mechanistic model of the Huangcaoxia gas

Layer Permeability ~ Porosity (%) Storage capacity (m®) Average H,S concen- Net gross ratio H,S concentration in
(mD) tration (g/m3) the injected gas (g/
m?)
Jia-2 5 5.85 0.75% 108 272 0.74 0.004
Jia-1 15 4.41 2.49%108 0.0136 0.53 0.004
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Fig.2 Schematic of the geological model of the Huangcaoxia gas field
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Fig.3 Schematic of the multilayered conceptual model

storage is 112,640. Two vertical wells are set up with a hori-
zontal spacing of 800 m.

In this model, the initial reservoir pressure of the Jia-2
layer is 14.1 MPa, and the initial gas saturation is 0.76, which
leads to an original gas in the underground of 75 million
cubic meters. The initial reservoir pressure of the Jia-1 layer is

@ Springer

-well

14.2 MPa and the initial gas saturation is 0.83, which leads to
an original gas in the underground of 249 million cubic meters.
To carry out the compositional simulation, multi-component
fluid characterization for the Jia-2 and Jia-1 layers was imple-
mented separately using the Peng-Robinson equation of state
(as shown in Table 2), with the fluid composition derived from
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Table 2 Gas composition of the

.. Fluid composition
compositional model

H,S (mol %) N, (mol %) CO, (mol %) CI1 (mol %) C2 (mol %) C3 (mol %)

Jia-2 layer 2 0.6 0.02 96.6 0.66 0.12
Jia-1 layer 0.001 0.739 0.02 98.27 0.8 0.17
External Injected gas 0.00029 0 0 99.99971 0 0
the experimental analysis of the well stream, with an initial Q RT? ) Q,RT.
. . Cl Cl
H,S molar fraction of 0.001% (0.0136 g/m3) for the Jia-1 layer  4; = P [1 + Ki(T/ Tci)] b; = P
ci ci

and 2% (27.2 g/m?>) for the Jia-2 layer.

The mass balance equations (Eq. (1)) for compositional
simulation are shown below, where a chemical species (e.g.
H,S) move in phases but are conserved in terms of compo-
nents. Advection of H,S can happen either in the gas (g) or
water (w) phase governed by Darcy’s law (Eq. (2)). Phase
equilibrium calculation is governed by the equality of the
chemical potential of a species in different phases (Eq. (3)),
and the cubic equations of state specifically the Peng-Robinson
equation of state (PR EOS) is used (Eq. (4)).

o 0[PP Sui + PS5

=V - (P XiVy + PeYiVy) +4; = ot “

L Kk

Vp ===V (P +pysZ) @
B

Hiw = Hig )

Z~(1-B)Z2+(A-2B-3B)Z— [AB-B* - B*| =0
)

For a pure substance, the above constants in Eq. (4) can be
written as

7 = PV A= _apP_ B= bP

RT R2T2 RT
Q RT? RT
[1+K(1—\/T/T )] b=0,—=

C

k = 0.37464 + 1.542260 — 0.26920°

Q, =0.457235530 €, =0.077796074

For a mixture of multiple components, the PR EOS
employed the following mixing rule by Zudkevitch and Joffe
(1970)

nc nc nc

a—ZZxx ( 5B’C> b=inbi

=1 j=1 i=1

k; = 0.37464 + 1.54226w; — 0.2699260?

For the base case, two vertical wells are set as cyclic
injectors (also known as “huff-and-puff”). Gas is injected or
produced simultaneously via two vertical wells. To simulate
the effect of acidization before production, the permeability
within the 150 m radius of the Jia-2 wellbore was increased
from 5 to 15 mD. The base case set the maximum operat-
ing pressure to the original reservoir pressure. The well is
first produced with a constant rate of 5x 10* m?/d. If this
rate cannot sustain, then it will switch to depletion under a
constant bottom-hole pressure of 6.7 MPa until 95% of the
OGIP (Original Gas In Place) is produced. Then the clean
gas is injected until the pressure is restored to the original
reservoir pressure. After that, each case is first produced at
40 % 10* m%d (may switch to a constant bottom hole pressure
of 6.7 MPa if this rate cannot be maintained) for 120 days,
followed by a shut-in (simulating facility maintenance in
spring) period of 16 days, and then injected at 24 x 10* m*/d
(maximum bottom hole pressure of 14 MPa) for 200 days,
followed by a shut-in period of 29 days (simulating facility
maintenance in fall), with each operating cycle being one
year. A total of 40 cycles are simulated in all cases.

3 Simulation study of hydrogen sulfide
removal

3.1 Effect of gas reservoir development strategies

In this paper, the removal efficiency of H,S is defined as
the number of cycles required for the H,S concentration to
decrease to 20 mg/m® (China GB17820-2018 standard for
Class II gas) after the conversion of the sour-gas reservoir
into gas storage. Since the H,S concentration of the Jia-1
layer was already below the China Class II gas standard at the
time of reservoir conversion, only the Jia-2 layer which has
a high H,S concentration was simulated in this subsection.
Simulation results (black solid line in Figs. 4 and 5)
show that: at the beginning of each operating cycle, the H,S
concentration in the withdrawn gas is the lowest because
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Fig.4 H,S concentration in the first 10 cycles after 50% of reservoir depletion
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Fig.5 H,S concentration in the first 10 cycles after 95% of reservoir depletion

the working gas injected during the gas injection stage
can drive the H,S-containing gas into the region that is far
away from the wellbore. As gas production proceeds, the
H,S-containing gas in this region will start to flow back
towards the wellbore together with the working gas. As a
whole, the H,S concentration in the produced gas gradually
increases and reaches a peak (represented by the value above
the black solid line in both Fig. 4 and Fig. 5) at the end of the
gas production stage. This is also consistent with the trend
of field data published by Zhao et al. (2020), which to some
extent can be seen as the validation of the above mechanistic
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model. At a low depletion level, the peak H,S concentra-
tion shows a decreasing trend in each cycle (red dashed
line in Fig. 4). This is similar to the simulation results by
Zhang (2016) and Chen et al. (2016). However, at a higher
depletion level (red dashed line in Fig. 5), the peak H,S
concentration in each cycle will increase first and then starts
to decrease after a peak. This is because the external clean
(i.e., cushion and working gas) was injected to supplement
the highly depleted reservoir and it can dilute the original
H,S-containing gas near the well as well as displace the
sour gas into the region that is far away from the wellbore.
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Therefore, the gas produced in the early cycles was mainly
external clean gas injected during the initial construction of
gas storage, whose H,S concentration was very low. Then,
the H,S-containing gas will start to flow back to the near-
well region, and the peak H,S concentration in each cycle
would gradually increase. Finally, the peak H,S concentra-
tion in each cycle would start to decrease, as the original
H,S-containing gas was being depleted.

3.1.1 Gas recovery factor at the time of gas storage
construction

To further demonstrate the effect of the gas recovery fac-
tor on the operation of H,S-containing gas storage, the
H,S concentration variation in each cycle was obtained by
simulating the establishment of gas storage after different
levels of depletion (50%, 60%, 70%, 80%, 95%). Every
curve in Fig. 6 represents the peak H,S concentration in
each cycle after different levels of reservoir depletion. For
example, the black curve with the square marker in Fig. 6
corresponds with the red dashed line in Fig. 4 and the
purple curve with a diamond marker in Fig. 6 corresponds
with the red dashed line in Fig. 5. It can be seen that a
higher depletion level at the time of gas storage construc-
tion corresponds with less remaining H,S in the gas reser-
voir, hence will witness a lower H,S concentration during
the cyclic injection and production stage.

The peak H,S concentration at the end of each cycle
decreases rapidly with the increase of the number of oper-
ating cycles when the gas recovery factor is 70% or less
(black, red, and blue curve shown in Fig. 6). However,
when the gas recovery factor is above 70%, the peak H,S

concentration at the end of each cycle increases first and
then decreases (green and purple curve shown in Fig. 6).
Therefore, a higher gas recovery factor will be more
favorable for the H,S removal during the operation of
H,S-containing gas storage.

It is also recommended to increase the depletion level of
acid gas reservoirs as much as possible if it is not conflicting
with the project deadline. At present, the gas recovery factor
of both layers in the Huangcaoxia gas field is around 90%,
so the subsequent calculations also assume the gas reservoir
recovery factor as 95% before starting the simulation of the
gas storage operation.

3.1.2 Maximum operating pressure for underground gas
storage

The maximum operating pressure is the highest value that
can be reached during the normal operation of underground
gas storage. Specifically, for an injector well in this study,
gas is first being injected at a constant rate of 24 x 10* m*/d.
Then if the bottom-hole pressure (BHP) reaches the maxi-
mum operating pressure, the well then switches to constant
BHP injection. So, the maximum operating pressure deter-
mines the upper limit of the gas storage capacity. In this
study, its value is first set as 14MPa, which is the origi-
nal reservoir pressure. And the effects of different maxi-
mum operating pressures (11.2 MPa, 12.6 MPa, 14 MPa,
15.4 MPa, 16.8 MPa) on H,S removal were then simulated.
As shown in Fig. 7, under a higher maximum operating pres-
sure, more external clean gas can be injected and hence the
original H,S in the reservoir can be better diluted; thus sig-
nificantly reducing the H,S concentration in the produced
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Fig.6 Peak H,S concentration in each cycle after different levels of reservoir depletion
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Fig.8 Peak H,S concentration in each cycle under different working gas ratios

gas. Eventually, it can improve the removal efficiency of H,S
in sulfur-containing gas storage.

3.1.3 Working gas ratio

The working gas ratio represents the ratio of working gas
volume to total storage capacity when the gas storage is
operating. Unlike the cases studying the maximum operat-
ing pressure above, the cases here change the working gas
ratio by adjusting the minimum operation pressure of gas

@ Springer

storage under a constant storage capacity. We hence simu-
lated different work gas ratios including 20%, 30%, 40%,
50%, 60%, and 65%. As shown in Fig. 8, a higher work-
ing gas ratio corresponds with a larger amount of external
clean gas that can be injected in each cycle. Hence the initial
H,S-containing gas can be better diluted, which leads to a
higher H,S removal efficiency. Consequently, fewer cycles
are hence required for the produced gas to reach the Chinese
National Standard for Class II gas, whose H,S concentration
needs to be below 20 mg/m°.
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3.1.4 Gas withdrawal rate

The effect of different withdrawal rates on the removal
effect of H,S was investigated by setting the single well
production rates as 38 X 104, 46 x 10%, 54 x 10%, 62 x 10*,
and 70 x 10* m*/d, respectively. As shown in Fig. 9, a lower
withdrawal rate will only slightly improve the H,S removal
effect for underground gas storage under a constant working
gas volume. This is because under a constant working gas
capacity, a lower gas withdrawal rate corresponds to a longer
production time. Thus, the injected clean gas has more time
to contact and mix with the H,S-containing gas, which is
similar to adjusting the soaking time during cyclic gas injec-
tion into an oil reservoir (Tian et al. 2021). But in general,
the impact of the withdrawal rate on the H,S removal effi-
ciency is minor under a constant working gas volume.

The comparison of different simulation cases above shows
that if the underground gas storage is constructed only on the
high H,S-containing Jia-2 layer, it will require more than 22
cycles to reduce the H,S concentration to be less than 20 mg/
m? which is tediously long and hence impractical. Therefore,
we propose to adjust the injection and production strategy,
such as combining the medium H,S-containing Jia-2 reser-
voir with the low H,S-containing Jia-1 reservoir to reduce
the overall H,S concentration within the produced gas of this
underground gas storage.

3.2 Influence of injection and production strategy
Similar to developing multi-layered oil and gas fields, the

operation of multi-layer gas storage can also be divided into
multi-layer commingled injection and production (hereafter

referred to as commingled operation) and independent injec-
tion and production by each layer (hereafter referred to as
separate operation). The commingled operation refers to the
development of multiple layers through the same well, where
the produced gas from each layer can be mixed directly in
the wellbore, thus effectively reducing the H,S concentra-
tion in the wellbore. In contrast, the separate operation is the
development of each layer by deploying multiple wells (or
multiple branching wellbores) at the same location, where
the produced gas from each layer does not have direct con-
tact with each other. For the same layer, injection and pro-
duction methods can also be divided into single-well huff-n-
puff and inter-well flood. The single well huff-n-puff scheme
is the same as the cases discussed in the earlier section. For
the inter-well flood scheme, the gas storage is set to inject
gas for 160 days during the injection period of each cycle
and shut down the injector wells during the gas withdrawal
period (e.g., winter). The production wells will produce for
160 days during the gas withdrawal period of each cycle
and will shut down during the gas injection period (e.g.,
summer). The number of days for well shutdown and main-
tenance is the same as that of the single well huff-n-puff
scheme.

The above combinations can lead to four different operat-
ing regimes, that is (1) Commingled operation plus flood,
(2) Commingled operation plus huff-n-puff, (3) Separate
operation plus flood, and (4) Separate operation plus huff-
n-puff. Figure 10 compares the simulation H,S concentration
concerning time for these four different schemes. It can be
seen that the H,S removal efficiency of the inter-well flood
is consistently higher than that of the single well huff-n-
puff whether under commingled or separate operation. The
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Fig. 11 Peak H,S concentration in each cycle under different gas allocation ratios between Jia-2 and Jia-1

inter-well flood can make the H,S concentration in the prod-
uct gas to be less than 20 mg/m® (Chinese National Standard
for Class II gas) after 9 cycles. Meanwhile, the single well
huff-n-puff scheme will need more than 23 operating cycles
to reach the same standard.

The temporal evolution of H,S concentration in the pro-
duced gas under different gas allocation ratios between the
two layers was further investigated for the inter-well flood
scheme, as shown in Fig. 11. The simulation results show

@ Springer

that when the total working gas capacity is set constant,
more gas injection/withdrawal within the Jia-2 layer will
witness a higher H,S peak concentration for early operating
cycles. However, gas allocation ratios between the two layers
overall have very limited effects on the H,S removal effi-
ciency as all scenarios can reduce the H,S concentration of
the produced gas to be below 20 mg/m? around the 9th cycle.

When the two layers are combined to build the under-
ground gas storage, the gas allocation ratio between Jia-2
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and Jia-1 is determined by the ratio of each layer’s deliver-
ability, which is estimated to be 1:3. Therefore, the temporal
variation of H,S concentration under commingled operation
is approximately the same as that of the scheme with an
allocation ratio of 1:3.

However, the clean gas produced from the Jia-1 layer will
spontaneously mix with the medium H,S-containing gas pro-
duced from the Jia-2 layer in the wellbore during the commin-
gled operation which can significantly reduce the overall H,S
concentration in the well stream. This can further significantly
reduce the corrosion possibility of the wellbore, wellhead, as
well as other surface facilities associated with H,S. Our simu-
lation hence recommends combining Jia-2 and Jia-1 layers to
establish the underground gas storage. The gas storage should
first be operated by the inter-well flood in order to reduce the
H,S concentration of the product gas to be below 20 mg/m’
as soon as possible, thus meeting the market standard and the
HSE requirements.

4 Conclusions

(1) The H,S content gradually increased during the same
operation cycle and peaked at the end of the produc-
tion stage. The peak H,S concentration in each cycle
showed a decreasing trend when the depletion level of
the gas reservoir was lower than 70%. When the deple-
tion level was above 70%, the peak H,S content in each
cycle increased first and then decreased.

(2) A higher reservoir depletion level, a higher maximum
working pressure, and a higher working gas ratio will
lead to a higher H,S removal efficiency. Under the con-
dition of constant working gas volume, a lower with-
drawal rate will only slightly improve the removal of
H,S, and the overall effect on the removal efficiency is
negligible.

(3) The H,S removal efficiency under the inter-well flood
is significantly higher than that of single well huff-n-
puff, whether the commingled or separate operation.
The inter-well flood can make the H,S concentration of
the produced gas lower than 20 mg/cm? after 9 opera-
tion cycles, while the single-well huff-n-puff scheme
needs over 23 cycles.

(4) When the working gas volume is set constant, the allo-
cation ratio of the two layers has little effect on the H,S
removal. The produced gas’s H,S concentration can be
lowered to 20 g/cm? after the 9th cycle. When the two
layers are combined to build the gas storage, the clean
gas produced from the Jia-1 layer can spontaneously
mix with the sour gas produced from the Jia-2 layer
within the wellbore, which can significantly reduce the
overall H,S concentration in the well stream.

(5) In summary, this study recommends combining Jia-2
and Jia-1 to build the Huangcaoxia underground gas
storage. It can be operated with inter-well flood first
in order to dilute the original sulfur-containing gas,
which can quickly reduce the H,S concentration of the
produced gas to 20 mg/m?, thus meeting the gas export
standards as well as the HSE requirements in the field.
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