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Abstract
Carbonate gas reservoirs in China are rich in reserves. In the development process, there are many reserves with low per-
meability, low efficiency and low recovery degree. It is difficult to stabilize gas well production and prolong its life cycle. 
Under the condition of original water saturation (Sw) of 0%, 20%, 40%, 55% and 65%, respectively, the physical simulation 
experiment of gas reservoirs depletion development was carried out by using long core multi-point embedded pressure 
measuring system. The long cores with average gas permeability of 2.300 mD, 0.485 mD and 0.046 mD (assembled from 
10 carbonate cores) were used to carry out this experiment. During the experiment, the pressure dynamics at different posi-
tions inside the long core and the gas production dynamics at the outlet were recorded in real time to reveal the production 
performance and reserves utilization law of carbonate gas reservoirs. The results show that the stable production period of 
tight reservoir in carbonate gas reservoirs is short, and the low production period is relatively long. The stable production 
time and recovery rate of gas reservoir increase with the increase of reservoir permeability and decrease with the increase 
of water saturation. The production of tight carbonate gas reservoirs with permeability less than 0.1 mD is greatly affected 
by pore water, and the reservoir pressure distribution shows a steep pressure drop funnel, and the reserves far from well are 
rarely used. Therefore, the reserves far from well should be utilized by closing well to restore formation pressure balance, 
densifying well pattern or transforming reservoir. The variation range of water saturation in the development of carbonate gas 
reservoirs is influenced by reservoir permeability and water saturation, and closely related to formation pressure gradient in 
production process. It decreases with the increase of reservoir permeability and increases with the increase of original water 
saturation. The research results provide a theoretical basis for understanding the relationship between physical properties of 
carbonate gas reservoirs and production performance, reserves utilization law, and realizing balanced utilization, efficient 
development and long-term stable production of carbonate gas reservoirs.

Keywords Carbonate gas reservoirs · Permeability · Water saturation · Production performance · Formation pressure 
profile · Reserves utilization

Introduction

The global carbonate gas reservoirs are rich in resources 
and widely distributed, occupying an important position 
in the field of oil and gas exploration and development in 

the world (Xie et al. 2009). Carbonate gas reservoirs also 
play an important role in the exploration and development 
of oil and gas resources in China. At present, large marine 
carbonate gas fields have been discovered in Tarim Basin, 
Sichuan Basin and Ordos Basin (Jia et al. 2013; Ma et al. 
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2017, 2019; Li et al. 2018, 2020; Mei et al. 2020). Gas res-
ervoirs at home and abroad mainly rely on reservoir energy 
for depletion development and production, but in the mid-
dle and late stages of production of some water-bearing 
gas reservoirs with low permeability, problems of water 
production from gas wells and oil pressure approaching the 
delivery pressure of gas wells generally occur. Gas reser-
voirs with low permeability and low efficiency face great 
challenges such as low recovery degree, difficulty in sta-
ble production and in life cycle continuation (Yuan et al. 
2005; Hu et al. 2019; He and Ou 2020). How to reasonably 
understand the production law of gas reservoirs, reveal the 
mechanism of reserves utilization, evaluate the degree of 
reserves utilization and predict the remaining reserves is 
of great significance for realizing the balanced utilization, 
efficient development and long-term stable production of 
carbonate gas reservoirs.

The existing research methods about reserves utilization 
mainly include fine description of gas reservoirs (Zhao 
et al. 2011; Yang et al. 2015), production dynamic analy-
sis and numerical simulation (Wang et al. 2000; Ghanaei 
and Rahimpour 2010; Denney 2012; Ye and Ayala 2013; 
Zhang 2014; Tao 2018; Zhang et al. 2019a, b; Xie et al. 
2020; Wang and Ayala 2020; Ruan et al. 2021) as well as 
conventional experiments (Lago et al. 2002; Bondino et al. 
2011; Shen et al. 2021), but there are few experimental 
studies on production dynamic and reserves utilization 
mechanism in carbonate gas reservoirs development pro-
cess. There are many theoretical studies on the propaga-
tion of pressure disturbance in the development of low 
permeability reservoirs, all of them believe that there is 
a threshold pressure gradient for oil and gas to flow in 
low permeability reservoir, and the pressure disturbance 
propagation has a dynamic boundary, which cannot reach 
infinity instantaneously like that of high permeability res-
ervoir (Pascal 1981; Shi et al. 2011; Nobakht and Clarkson 
2012). However, there is still a lack of experimental means 
to systematically study the influence of different reservoir 
permeability levels and different original water saturation 
on pressure disturbance propagation. At present, the physi-
cal simulation technology of gas reservoirs development is 
mainly to conduct the depletion development experiment 
after the full-diameter core or plunger core is pressurized 
and saturated, so as to obtain the instantaneous gas pro-
duction and cumulative gas production, pressure dynamics 
and the change of water saturation before and after the 
experiment. Limited by equipment conditions and core 
size, only the pressure dynamics at both ends of the core 
can be obtained, and the pressure dynamics along the core 
cannot be obtained. In some experiments, multiple core 
holders are used in series or parallel to increase the pres-
sure measuring point, but it is always unable to monitor 
the pressure change inside the core (Hu et al. 2016; Zhang 

et al. 2019a, b; Fang et al. 2019). In this paper, a new set 
of long core multi-point embedded pressure measuring 
physical simulation experiment method and device is inde-
pendently developed to carry out the physical simulation 
experiment of the depletion development of carbonate gas 
reservoirs (Hu et al. 2020; Xu et al. 2020; Li et al. 2021). 
The pore pressure dynamics at different positions in the 
core and the gas production dynamics at the outlet end are 
monitored online and real time, revealing the production 
performance and reserves utilization mechanism of car-
bonate gas reservoirs, providing experimental technical 
support for the study of reserves utilization evaluation and 
mechanism in the process of gas reservoirs development.

Experimental section

Experimental design

Reservoir permeability and original water saturation are 
important factors affecting the production capacity of 
gas reservoirs (Lin et al. 2021), but there is still a lack of 
laboratory simulation experiments for quantitative study. 
Therefore, according to three types of permeability levels 
(K > 1 mD, 1 mD > K > 0.1 mD, K < 0.1 mD), 10 carbonate 
plunger cores with similar permeability of 2.5 cm in diame-
ter in  T2 l11 gas reservoirs of Moxi gas field were selected, and 
the head and tail were spliced as long core group. Consider-
ing that the original water saturation of  T2 l11 gas reservoirs 
is between 21.3 and 50.0%, and the average water saturation 
is 44.0%, in order to conform to the actual situation of the 
gas reservoirs and considering the comparability of experi-
mental conditions, the water saturation of type I core group 
is set as 0%, 20%, 40%, 55% and 65%, respectively. Type II 
and Type III core groups were set with water saturation of 
0%, 20%, 40% and 55%, respectively. Each core group was 
saturated with moist nitrogen to the initial formation pres-
sure of 25 MPa under different initial water saturation states.

Considering the difference of gas state between labo-
ratory conditions and bottom hole, according to the gas 
motion equation, the average gas supply velocity of bottom 
hole gas layer is transformed into the gas seepage velocity 
of core ending face. After calculation, the typical gas well 
production allocation of low permeability and ultra-low 
permeability reservoirs is 3 ×  104  m3/d, which is converted 
to laboratory production allocation of 0.030 L/min. The 
typical gas well production allocation of tight reservoir is 
1.5 ×  104  m3/d, which is converted to laboratory produc-
tion allocation of 0.015 L/min.

The core group with different permeability is produced 
under the corresponding production allocation. The param-
eters and schemes of the core group in the physical simu-
lation experiment of depletion development are shown in 
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Table 1. After the stable production period, 0.003 L/min 
was selected as the abandoned condition of gas reservoirs.

Experimental equipment and process

As shown in Fig. 1, A set of long core multi-point embedded 
pressure measuring system is independently developed. Mul-
tiple pressure measurement holes are arranged on the rubber 
sleeve inside the core holder, so as to online and dynami-
cally detect the change of pore pressure along the core in the 
process of gas reservoirs depletion development experiment.

Experimental procedure

Step 1: Select several carbonate plunger cores with similar 
permeability, weigh them after saturated water, then air dry 

them naturally and weigh them in real time until the weight 
reaches the initial designed water saturation, form long core 
groups in series, and put them into long core multi-point 
embedded pressure measuring holder;

Step 2: Slowly saturate moist nitrogen from both ends 
of core group to design pressure through high pressure gas 
cylinder;

Step 3: Close the high pressure gas cylinder, check the 
sealing of the device to ensure the pressure stability;

Step 4: Slowly unscrew the valve at the outlet end of the 
core holder until the gas reaches the designed flow rate to 
simulate the depletion development of the gas reservoirs at 
a certain production allocation;

Step 5: The data acquisition system records the accu-
mulated time, instantaneous gas flow, accumulated gas 

Table 1  Physical simulation 
experiment scheme for 
depletion development

Type of core group Average 
permeability 
(mD)

Average 
porosity 
(%)

Core 
length 
(cm)

Average 
Sw (%)

Initial pore 
pressure 
(MPa)

Experimental produc-
tion allocation (L/
min)

Type I 2.300 13.200 49.5 0 25 0.030
20
40
55
65

Type II 0.485 9.867 49.6 0 25 0.015
20
40
55

Type III 0.046 4.940 49.1 0 25 0.015
20
40
55

Fig. 1  Long core multi-point 
embedded pressure measuring 
physical simulation experiment 
system
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production and pressure at each pressure measuring point 
in real time;

Step 6: When the gas flow at the outlet end of the core 
holder is displayed as 0 and the pressure of each pressure 
measuring point remains unchanged, the experiment is 
finished.

Results and discussion

Gas production law of depletion development 
in water‑bearing carbonate reservoir

Production dynamics and characteristics

Figure 2 is the instantaneous gas production curve under 
different water saturation, which can directly reflect the 
production dynamic and stable production time of the gas 
reservoirs. The envelope area under the curve is the cumu-
lative volume of gas production. Figure 3 is the diagram of 
the relationship between recovery degree and water satura-
tion in stable production period. As shown in Figs. 2 and 3, 
under the same production allocation for the same type of 
reservoir, the stable production time, the cumulative gas pro-
duction during the stable production period and the recovery 
degree during the stable production period decrease with 
the increase of water saturation. After the stable production 
period of Type I and II reservoir with permeability greater 
than 0.1 mD, the gas production rate decreases rapidly until 
production stops. Type III reservoir with permeability less 
than 0.1 mD has short stable production period and rela-
tively long low production period. Further analysis of Fig. 3 
shows that the recovery degree of type I and II reservoir in 
stable production period is less affected by pore water. When 
water saturation reaches 55%, the recovery degree in stable 
production period is still greater than 70%. The recovery 
degree of Type III reservoir in stable production period is 
greatly affected by pore water. When the reservoir is not 
water-bearing, the recovery degree in stable production 

period is 75.3%; when the water saturation is 55%, the recov-
ery degree in stable production period decreases to 24.9%.

In order to further compare and analyze the influence 
degree of water saturation on stable production time of reser-
voir with different permeability, and to exclude the influence 
of geological reserve difference under experimental condi-
tions with different water saturation, the stable production 
time is normalized. The method is as follows:

where Tsn is the normalized stable production time under 
a certain water saturation; Ts is the stable production time 
under such water saturation, Ts (Sw = 0) is the stable produc-
tion time without pore water, and the unit of stable produc-
tion time is min.

The relationship curve between stable production time 
and water saturation after normalization is shown in Fig. 4. 
It can be seen from Fig. 4 that the stable production time 
of reservoir with different permeability decreases with the 
increase of water saturation, but the degree of influence 

Tsn =
Ts

Ts
(

s
w
= 0

)

⋅

(

1 − s
w

) × 100%

Type I reservoir Type II reservoir Type III reservoir(b) (c)(a)

Fig. 2  Instantaneous gas production curves of three types of reservoir with different water saturation

Fig. 3  Influence of water saturation on recovery degree of three types 
of reservoir in stable production period
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is significantly different. For type I reservoir with per-
meability greater than 1 mD, the stable production time 
is least affected by pore water, and the stable production 
time decreases gently with the increase of water saturation. 
When the water saturation is greater than 40%, the stable 
production time decreases greatly. When the water satura-
tion reaches 65%, the stable production time can still reach 
85.2% of the stable production time under anhydrous condi-
tions. For type II reservoir with an average permeability of 
0.485 mD, the influence of pore water on stable production 
time is greater than that of type I reservoir. The stable pro-
duction time of type III reservoir with permeability less than 
0.1 mD is significantly affected by pore water. When the 
water saturation is less than 40%, the stable production time 
decreases linearly. When the water saturation is 40%, the 
stable production time decreases sharply by 56.5%. When 
the water saturation is greater than 40%, the stable produc-
tion time decreases relatively slowly, but when the water 
saturation is 55%, the stable production time is only 33.9% 
of the stable production time under anhydrous conditions.

The experimental understanding reveals the development 
characteristics of carbonate gas reservoirs with different per-
meability: for Type I and II reservoir, the stable production 
of gas wells is maintained under reasonable production allo-
cation, the stable production time is long, and the recovery 
degree is high during the stable production period. For Type 
III reservoir with permeability less than 0.1 mD, the seepage 
channel is not developed, and the pore water further occu-
pies the gas seepage channel, which leads to the difficulty of 
gas flow. Therefore, the pore water has a great influence on 
the recovery degree of tight reservoirs in stable production 
period, thus the reservoir reconstruction measures should 
be taken to increase the seepage channel, prolong the sta-
ble production time of gas wells and improve the recovery 
degree in stable production period.

Recovery characteristics

As shown in Figs. 2 and 5, for the same type of reservoir 
with the same production allocation, the production time, 
cumulative gas production and recovery under abandoned 
conditions decrease with the increase of water saturation. 
For the type I reservoir, when water saturation is 55%, the 
recovery decreases to 95.8%, and the recovery basically does 
not decrease anymore when water saturation continues to 
increase. For the type II reservoir, recovery decreased by 
83.7% at a water saturation of 20%, and the decrease was 
small as water saturation continued to increase. For Type III 
reservoir, pore water has a great influence on recovery, when 
water saturation is 0%, 20%, 40% and 55%, the recovery 
is 90.5%, 77.9%, 49.2% and 36.3%, respectively. It can be 
concluded that the recovery of carbonate type III reservoirs 
with permeability less than 0.1 mD is significantly affected 
by water saturation. When water saturation is greater than 
20%, the recovery decreases sharply. When water satura-
tion is greater than 40%, the recovery decreases to less than 
50%. For carbonate reservoir of type I and II with perme-
ability greater than 0.1 mD, the recovery is slightly affected 
by water saturation.

Reserves utilization law of different types 
of reservoir

During the experiment, the pressure along the core group 
was monitored in real time, and the utilization distance and 
the measured pressure were plotted into a curve. The outlet 
end of the core group is regarded as the bottom of the gas 
well. Through the dynamic pressure profile, it can intuitively 
reflect the real-time utilization of the internal reserves of the 
gas reservoirs in the process of gas well depletion develop-
ment and provide important experimental methods and ana-
lytical means for analyzing the law of reserves utilization.

Fig. 4  Relationship between stable production time and water satura-
tion of three types of reservoir after normalization

Fig. 5  Relationship of recovery and water saturation for three types 
of reservoir
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Assuming that the gas well is in homogeneous carbon-
ate reservoir with equal thickness and gas saturation, the 
experimental method and pressure profile designed in this 
paper, as shown in Fig. 6, can reflect the utilization range 
of reserves and pressure drop characteristics in the process 
of gas reservoirs depletion development and compare the 
degree of reserves utilization by area method.

Effect of reservoir permeability

Taking type II and type III reservoir as examples, by com-
paring the pressure profiles of 10 min, 30 min, 90 min and 
180 min with the same production rate of 0.015 L/min under 
the condition of 40% water saturation (Fig. 7), the reserves 
utilization law of carbonate reservoir with different permea-
bility is intuitively shown. The comparative analysis of pres-
sure profiles shows that the pressure variation characteristics 
of these two types of reservoir are obviously different in 
the process of depletion development of water-bearing gas 
reservoirs, indicating that there are significant differences in 
the law of reserves utilization: (1) For type II reservoir with 
permeability greater than 0.1 mD, the pressure drop funnel 
is relatively flat, indicating that the reserves utilization is 
relatively balanced, and the utilization range has been spread 
to the boundary of the rock body when time is 10 min, and 
the utilization range is large and limited by the boundary of 
the rock body; (2) For type III reservoir with permeability 
less than 0.1 mD, the pressure drop spreads slowly from 
the near wellbore to the periphery, and the pressure profiles 
present a pressure drop funnel with steep concave surface. 
The rock boundary is still basically not used passively after 
30 min of production; (3) Under the same production alloca-
tion conditions and the same production time of gas wells, 

it can be seen by area method that the reserves utilization 
of type III reservoir is significantly smaller than that of type 
II reservoir.

By comparing the pressure profiles of the three types of 
reservoir with different recovery degrees at 55% water satu-
ration (Fig. 8), it is found that the recovery degree of the 
type I reservoir is the highest, reaching 95.8%. For type II 
reservoir, the recovery degree reaches 81.5%. The recovery 
degree of type III reservoir is significantly affected by pore 
water, and the concave surface of pressure drop funnel is 
very steep. Until the abandoned condition is reached, the 
distal reserves far from gas wells are still basically unused, 
and the recovery degree is only 36.3%.

Effect of reservoir water saturation

As shown in Fig. 9, under abandoned conditions, the pres-
sure profiles of three types of reservoir under different water 
saturations are compared. For the same type of reservoir, the 
higher the water saturation is, the steeper the concave sur-
face of the pressure drop funnel is, indicating that the more 
uneven the reserves utilization is, the lower the reserves uti-
lization degree calculated by the area method is. Under the 
same water saturation state, the lower the reservoir perme-
ability is, the steeper the concave surface of the pressure 
drop funnel is, and the more difficult the reserves utilization 
is. When there is no pore water in the reservoir, the three 
types of reservoir are completely exploited. When the water 
saturation is higher than 40%, the distal reserves of type 
III reservoir are almost not utilized. No matter the water 
saturation is high or low, the utilization degree of type I and 
II reservoir is higher, more than 81.5%. Therefore, it can be 
considered that the influence of pore water on the develop-
ment of carbonate reservoir with permeability greater than 
0.1 mD is small, because the reservoir permeability is high, 
and the gas flow ability is strong, so the reservoir pressure 
decreases synchronously, and the reservoir is balanced. Pore 
water has a great influence on tight carbonate reservoir with 
permeability less than 0.1 mD, and it is difficult to utilize 
remote reserves when water saturation is high, which is the 
main reason for low stable production capacity and small 
controlled reserves of single well in some gas reservoirs. It is 
difficult to achieve economic production without fracturing 
stimulation measures.

At present, most of the gas reservoirs are facing the prob-
lem of low oil pressure in the middle and later stage of pro-
duction. For example, oil pressure of 96% of the production 
wells in the west of  T2 l1

1
 gas reservoirs at the end of 2018 

was lower than 5.0 MPa (close to the delivery pressure of 
4.5 MPa), and the production accounted for 85% of the total 
production in the West. In order to explore the causes of 
low oil pressure but low recovery in gas wells, the pres-
sure profiles in the depletion development process of long 

Fig. 6  Schematic diagram of evaluation method of reserves utiliza-
tion in different parts of gas reservoirs
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carbonate core with permeability of 0.046 mD and water 
saturation of 55% were selected for in-depth analysis. As 
shown in Fig. 10, the outlet pressure of the core is regarded 
as the oil pressure of the gas well in the physical simulation 
experiment. When the oil pressure of the gas well decreases 
from 25 to 5 MPa, the recovery degree is only 9.4%. From 
the pressure profiles, it is found that the pressure in the near-
well area decreases rapidly, but the pressure in the far-well 
area decreases very little, indicating that the oil pressure 

of the gas well decreases rapidly in the tight gas reservoirs 
with high water saturation, but the reserves utilization is 
extremely uneven and the recovery degree is very small. 
When the oil pressure of the gas well continues to drop 
to 4.5 MPa, the recovery percent increases only from 9.4 
to 10.8%, the recovery percent reaches 24.8% at the end 
of the stable production period, and the recovery reaches 
30.9% when the abandoned condition is reached. Although 
the recovery rate of the gas well increases by 21.5% from 

  

time=10 min time=30 min 

  

time=90 min time=180 min 

(b)

(c) (d)

(a)

Fig. 7  Pressure profiles of type II and III reservoir (Sw = 40%)

   
Type I reservoir Type II reservoir Type III reservoir (c)(b)(a)

Fig. 8  Pressure profiles of three types of reservoir (Sw = 55%)
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5 MPa to abandoned conditions, the pressure drop range is 
only near the well area, and there is almost no pressure drop 
at the far end. Therefore, it is considered that when the tight 
carbonate gas reservoirs is developed to the point where the 
oil pressure of the gas well is close to the delivery pressure, 
the recovery degree is very low, and the reserves at the far 
end of the gas well are almost not utilized. It is necessary to 
shut in the well to restore the balance of formation pressure 
distribution, or to fully utilize the reserves through infill well 
or reservoir transformation.

Variation characteristics of water saturation 
before and after gas reservoirs production

The cores were weighed before and after the depletion 
development experiment, and the change of water saturation 
before and after the gas reservoirs production was evaluated 
by subtracting the core water saturation after the experi-
ment from the core water saturation before the experiment. 
As shown in Fig. 11, before and after the experiment, the 
change of water saturation of type III reservoir is the larg-
est, and the change of water saturation of type II reservoir is 

the smallest. For the same type of reservoir, the higher the 
original water saturation, the greater the change of water 
saturation before and after the experiment. Combined with 
the variation characteristics of water saturation before and 
after the experiment of three types of reservoir and the above 
pressure profiles analysis, it is known that the variation char-
acteristics of water saturation before and after gas reservoirs 
production are closely related to the formation pressure gra-
dient. For the same type of reservoir, the smaller the original 
water saturation of the gas reservoirs is, the smoother the 
formation pressure profile is in the production process, and 
the smaller the pressure gradient is, the smaller the displace-
ment effect of gas phase to pore water in the development 
process is, and the smaller the water saturation decreases. 
Under the same water saturation, the smaller the reservoir 
permeability is, on the one hand, the smaller the seepage 
channel is; on the other hand, the greater the pressure gradi-
ent in the production process is, the greater the displacement 
effect of gas phase to pore water in the production process is, 
and the greater the water saturation decreases.

Type I reservoir Type II reservoir Type III reservoir(a) (b) (c)

Fig. 9  Pressure profiles under abandoned production conditions

Fig. 10  Pressure profiles of type III reservoir (Sw = 55%) Fig. 11  Changes of water saturation in core group before and after 
experiment
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Conclusions

Based on the production performance, pressure profiles and 
water production characteristics of long core multi-point 
embedded pressure measuring depletion development physi-
cal simulation experiment, the reserves utilization law and 
production performance of water-bearing carbonate gas res-
ervoirs are clarified, and the reserves utilization mechanism 
is revealed. The following conclusions are drawn:

(1) The stable production period of tight reservoir in car-
bonate gas reservoirs is short, and the low produc-
tion period is relatively long. The stable production 
time and recovery of gas reservoirs increase with the 
increase of reservoir permeability and decrease with 
the increase of water saturation.

(2) The production of carbonate gas reservoirs with permeabil-
ity greater than 0.1 mD is less affected by pore water, and 
the range of reserves utilization is large. The production of 
tight carbonate gas reservoirs with permeability less than 
0.1 mD is greatly affected by pore water, the reservoir pres-
sure distribution presents a steep pressure drop funnel, and 
the reserves far from well are rarely utilized. Therefore, the 
reserves utilization range should be expanded by closing 
well to restore formation pressure balance, densifying well 
pattern or transforming reservoir.

(3) The variation characteristics of water saturation during 
the development of carbonate gas reservoirs are affected 
by reservoir permeability and water saturation, which are 
closely related to the formation pressure gradient in the 
production process. The higher the original water satura-
tion of gas reservoirs is, the greater the formation pres-
sure gradient in the process of depletion development, the 
stronger the effect of gas driving water, and the greater the 
decline of water saturation. Under the same water satura-
tion, the lower the reservoir permeability is, the greater 
the formation pressure gradient in the process of depletion 
development, the stronger the effect of gas driving water 
is, and the greater the decline of water saturation is.
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