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a b s t r a c t

The synergistic production of gas hydrates and deep gas reservoirs assisted by the geothermal energy 
transport via circulating water is significantly influenced  by the temporal coordination of reservoir 
production schedules. However, the correlation between production timing and system performance 
remains unexplored. This work has for the first time systematically demonstrated the decisive role of 
choosing the production timing in determining the production efficiency. Four combined extraction 
methods for the co-operation of hydrate reservoirs and deep gas reservoirs have been designed. 
Experimental results demonstrate that deep gas reservoirs maintain high productivity independent of 
hydrate decomposition dynamics. This finding highlights the critical role of deep gas production timing 
in modulating geothermal energy transport to accelerate hydrate dissociation. Strategic delay of deep 
gas production until after initial hydrate reservoir depressurization was found to elevate circulating 
water temperatures, thereby expanding the heat distribution within the hydrate reservoir. This 
approach increased hydrate production efficiency  by 6.79% compared to simultaneous production of 
both reservoirs. To maximize this thermal enhancement effect, deep gas production was further delayed 
to the early and middle stages of the hydrate reservoir's constant-pressure phase. Results revealed that 
sustained high-temperature water circulation until the mid-constant-pressure stage could boost cu
mulative geothermal energy release, achieving a 10.49% further improvement in hydrate production 
efficiency. These findings  establish a positive correlation between deep gas production timing and 
hydrate recovery performance. The study provides actionable insights for optimizing field-scale  co- 
production strategies, where deliberate sequencing of reservoir production can significantly enhance 
geothermal-driven hydrate dissociation rates.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Commercial production of natural gas hydrate (NGH) presents a 
viable solution for enhancing national energy security while 

supporting environmental objectives related to carbon peak and 
carbon neutrality (Cozzi et al., 2025; Ma et al., 2024; Zhang et al., 
2025b). However, field trials conducted worldwide have revealed 
critical challenges, including low gas production rates and limited 
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sustained production capacity, which hinder large-scale NGH 
production (Anderson et al., 2011; Sohn et al., 2024; Yamamoto 
et al., 2014, 2019). When employing the depressurization 
method for hydrate production, the initial rapid pressure decline 
in the reservoir provides a strong driving force for hydrate disso
ciation (Chen et al., 2020; Ji et al., 2026; Zhang et al., 2025a). 
However, as production transitions into the prolonged constant- 
pressure stage, the slow heat transfer from surrounding forma
tions leads to a significant  reduction in dissociation efficiency 
(Chen et al., 2023; Gong et al., 2025; Kim et al., 1987). To address 
this limitation, geothermal energy, a clean, naturally abundant, 
and globally distributed resource, has been explored as an effective 
heat source to enhance dissociation kinetics (Feng et al., 2024; 
Hussain et al., 2017; Song et al., 2018). Current geothermal- 
assisted hydrate production strategies can be categorized into 
two approaches: Artificial injection: artificially injecting working 
fluids (e.g., CO2 or water) into the geothermal layer, and then the 
high-temperature working fluids  are injected into the hydrate 

layer (see Fig. 1(a) and (b)) (Liu et al., 2018, 2019; Qin et al., 2025). 
Natural drive: The inherent pressure differential between 
hydrothermal/gas-rich layers and the hydrate reservoir facilitates 
the influx of hot fluids (see Fig. 1(c) and (d)) (Cheng et al., 2023; Liu 
et al., 2020; Yang et al., 2023). Studies indicate that CO2 injection 
not only enhances natural gas production by 305% but also enables 
CO2 sequestration (2.11 × 107 m3) (Li et al., 2024; Liu et al., 2018; 
Wei et al., 2022). Alternatively, water injection promotes dissoci
ation of ~25% of reservoir hydrates, yielding 1.60 × 107 m3 of 
natural gas (Chen et al., 2022; Hu et al., 2024). For natural drive 
systems, geothermal gases (shallow/deep-sourced) have been 
shown to improve production efficiency, mitigate thermal deple
tion, and enhance heat exchange between the hydrate layer and 
surrounding formations (Li et al., 2026; Zhao et al., 2022b, 2025a). 
Despite these advances, existing geothermal-assisted methods 
exhibit critical limitations: CO2-based systems increase post- 
processing costs due to elevated CO2 content in produced gas 
(Cai et al., 2025; Niu et al., 2023; Wang et al., 2025). Water- 

(a) CO2-assisted geothermal transport (b) Water-assisted geothermal transport
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Fig. 1. Diagram of geothermal energy injection methods (the images were adapted from Ref. (Liu et al., 2020; Liu et al., 2018; Liu et al., 2019; Zhao et al., 2025a)).

K.-J. Shi, Y.-L. Li, Y.-C. Zhang et al. Petroleum Science 23 (2026) 6929–6940

6930



dominated systems impede mass transfer by forming liquid films 
around hydrate particles (He et al., 2022; Jiang et al., 2025; Kou 
et al., 2023). Gas-driven systems suffer from low thermal effi
ciency due to the poor heat capacity of rising gases (Fan et al., 
2025; Jin et al., 2024; Qiu et al., 2026). To overcome these con
straints, this study proposes an innovative geothermal develop
ment concept: a circulating water pipeline linking the production 
platform, hydrate layer, and deep gas reservoir. This system le
verages heat absorption-release cycles to efficiently  extract and 
deliver geothermal energy. Coupled with hydrate-deep gas co- 
production, this approach aims to synergistically enhance gas re
covery while reinforcing hydrate dissociation dynamics, offering a 
sustainable pathway for commercial NGH production (Li et al., 
2023; Wang et al., 2025; Ye et al., 2025b).

Our prior research has demonstrated that geothermal transport 
characteristics of circulating water critically influence  hydrate 
production efficiency (Shi et al., 2024b). During hydrate-deep gas 
co-production, the production timing of these reservoirs alters 
geothermal transport dynamics by modulating reservoir temper
ature evolution, thereby impacting overall production perfor
mance. Consequently, optimizing production timing is essential 
for maximizing production efficiency. Existing studies have 
explored production timing strategies for combined depressur
ization and thermal stimulation methods: for hot water injection, 
high injection rates lead to thermal inefficiency  and the loss of 
water-lock effects, which in turn results in excessive water pro
duction. To address this, a slow post-depressurization water in
jection technique has been proposed (Lin et al., 2023; Ye et al., 
2025a; Zhang et al., 2024). Electric heating: Continuous heating 
exhibits low energy efficiency (Yang et al., 2016; Zhao et al., 2022a; 
Zhou et al., 2026); Instead, stage-specific  heating aligned with 
production dynamics is recommended (Hou et al., 2024; Wang 
et al., 2026). An optimized approach includes: pre- 
depressurization heating to accelerate reservoir warming; heat
ing during secondary hydrate formation to enhance dissociation; 
well-closure heating to sustain decomposition, followed by post- 
opening cessation (He et al., 2021; Sun et al., 2024). Hybrid ther
mal methods: To leverage the rapid heat release advantage of 
steam condensation and the extensive heating coverage benefit of 
hot water, an alternating steam-water injection strategy has been 
developed. This approach involves first  injecting steam near the 
wellbore to achieve rapid hydrate dissociation, followed by hot 
water injection to extend the heated zone, thereby preventing 
localized overheating issues. (Ma et al., 2025; Zhang et al., 2025c). 
Sequential thermal strategies: Given the superior early-stage 
performance of hot water (vs. delayed electric heating effects), a 
hot water → electric heating sequence post-depressurization has 
been proposed (Wei et al., 2023; Zhao et al., 2025b). The research 
mentioned above provides a preliminary understanding of the 
production timing when using the combined method. However, 
there are still many challenging problems to be solved; particularly 
interesting is the mechanism by which the production timing of 
hydrate and deep gas affects the co-production characteristics. 
Unfortunately, there is no systematic study on this issue at present.

In this study, based on the independently-built geothermal- 
driven hydrate-deep gas co-production experimental platform 
(which is fundamentally different from the existing single- 
reservoir experimental devices), a systematic investigation was 
conducted on the coupling influence mechanism of the production 
timing from two reservoirs on the characteristics of the combined 
production and the geothermal transport. These innovative 
achievements not only revealed the law of the effect of time 
sequence regulation on enhancing the decomposition efficiency of 
hydrates, but also provided a new idea for the development of the 

next-generation hydrate-geothermal combined production 
technology.

2. Experimental methodology

This section presents the experimental procedures for 
geothermal-assisted co-production of hydrate and deep gas, 
including both field tests and laboratory simulations (Section 2.1). 
The computational methods for energy analysis and performance 
evaluation are described in Section 2.2.

2.1. Recovery process description

The field  test employed a dual-well system consisting of two 
vertical wells penetrating the hydrate layer and deep gas reservoir, 
respectively (Fig. 2(a)). A thermally assisted production system 
was implemented through engineered water circulation pipelines 
connecting the production platform to both reservoirs. Notably, 
the injection pipeline to the hydrate layer incorporated a 
“casing + packer” configuration  to enable simultaneous water 
injection and return within a single wellbore (see Fig. 2(a) inset).

Laboratory simulations were conducted using two reactor 
vessels packed with marine sediment, deionized water, and 
methane gas to represent the hydrate and gas reservoirs (Fig. 2(b)). 
Each reactor was equipped with a vertical production well, inter
connected by a water circulation system driven by a peristaltic 
pump. Detailed physical diagram of the experimental platform 
(Fig. S1), sample preparation parameters (Table S1), production 
schemes (Table S2), and experimental results (Table S3) are pro
vided in the Supplementary Materials. Note: all the conclusions of 
this study are based on laboratory data, not on field systems. The 
dimensions and capacity of the reactor, as well as the position and 
accuracy of the sensors, have been provided in our previous work 
(Shi et al., 2024a). The specific details of sample preparation and 
production experiments in the laboratory can be found in our 
previous work (including sediment porosity, depressurization 
operations, etc.) (Shi et al., 2024c).

2.2. Energy and performance parameter calculations

The energy balance analysis considered eight distinct energy 
components associated with the hydrate reactor, circulating water, 
and ambient environment: Sensible heat of the hydrate reactor 
(Qs;CH

); Endothermic heat of hydrate dissociation (Qh); Gas pro
duction work (Wpush, pro); Environmental heat transfer (QFE); 
Circulating water heat exchange (Qwa;CD

; Qwr;CD → CH
; Qwr;CH

;

and Qwa;CH → CD
). The performance evaluation incorporated the 

water heat absorption efficiency  (ηheat utilization of water) as a key 
metric. Complete derivations of energy conversion relationships 
and detailed calculation methodologies are available in our prior 
work (Shi et al., 2024c). Furthermore, the production efficiency 
mentioned in the discussion is the reciprocal of t90.

3. Results and discussion

This section presents a comparative analysis of production 
performance under four distinct co-production scenarios, differ
entiated by the timing of deep gas production initiation: (1) 
simultaneous with hydrate production, (2) post-hydrate depres
surization completion, and (3) with 1 or 3 h delays following hy
drate production commencement. It should be noted that the 
production of deep gas at 1 or 3 h after the production of the hy
drate layer corresponds to the early and middle stages of the 
constant pressure stage of the hydrate layer, respectively.
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3.1. Production behavior of geothermal-assisted co-production of 
gas hydrate and deep gas

Fig. 3 illustrates the temperature evolution profiles  in both 
hydrate and deep gas reservoirs, along with circulating water 
temperatures, during simultaneous geothermal-assisted produc
tion. Key observations reveal a characteristic temperature trajec
tory in both reservoirs, exhibiting an initial decline followed by 
gradual recovery. In the hydrate reservoir, the middle layer 

experiences the most pronounced temperature reduction 
(ΔTmax= 3.52 ◦C), while the upper layer shows the least thermal 
variation (ΔTmin= 3.08 ◦C). This phenomenon results from 
competing thermal mechanisms: while the upper layer experi
ences strong Joule-Thomson cooling near the production well, the 
middle layer's proximity to the water circulation pipeline facili
tates enhanced hydrate dissociation, leading to greater endo
thermic cooling. The deep gas reservoir demonstrates an inverse 
thermal gradient, with maximum cooling (ΔTmax= 5.95 ◦C) 

(a) Field test (b) Laboratory experiment
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Fig. 2. Schematic diagrams of (a) field test configuration showing geothermal energy utilization through water circulation for hydrate and gas co-production, with detailed well 
completion design, and (b) laboratory-scale experimental setup simulating the field production process.
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occurring in the upper production zone and minimal temperature 
variation in the lower layer. This spatial thermal distribution re
flects  both the production well positioning and reservoir heat 
transfer characteristics. Considering that the higher gas flow rates 
near the production well would trigger a more significant  Joule- 
Thomson effect, the upper layer experiences the greatest tem
perature drop. In contrast, the lower layer, which is the farthest 
from the production well, has the lowest gas flow  rate and the 
weakest Joule-Thomson effect, thus resulting in the smallest 
temperature drop. Comparative analysis reveals two fundamental 
differences between reservoir thermal behaviors: The deep gas 
reservoir exhibits slower cooling rates due to the absence of 
endothermic dissociation processes. Accelerated temperature re
covery occurs in the deep gas reservoir, attributable to higher 
formation temperatures in the surrounding strata.

Water temperature evolution under co-production conditions 
maintains the characteristic three-phase profile  observed in 
single-reservoir production: rapid initial change, progressive sta
bilization, and sustained equilibrium (see Figs. 2(b) and 3 in our 
previous work (Shi et al., 2024c)). However, co-production in
troduces distinct modifications:  Enhanced cooling rates emerge 
during late-stage depressurization, resulting from reduced water 
heat absorption capacity due to sensible heat losses in the deep gas 
reservoir. Temperature stabilization occurs during the thermal 
recovery of the deep gas reservoir, where continuous hydrate 
decomposition maintains a heat absorption effect. This process 
drives the circulating water to release substantial absorbed heat, 
thereby preventing concurrent temperature increase with the 
recovering gas reservoir.

The gas production behavior exhibits distinct characteristics 
(Fig. 4). Three critical inflection points (A, B, C) mark the hydrate 
reservoir's free gas production phase: Point A: a sharp production 
rate increase occurs as high-velocity gas flow clears initial channel 
blockages. Point B: subsequent rate reduction results from par
ticulate redeposition in production channels. Point C: gradual 
decline reflects both free gas depletion and diminishing pressure 
differential. Subsequently, the hydrate reservoir enters the hydrate 
decomposition gas production stage and shows the characteristic 
that the gas production rate gradually decreases. Based on the 
evolution characteristics of the gas production rate, the time- 
varying law of cumulative gas production in the hydrate reser
voir can be deduced (that is, it increases rapidly and slowly in the 

depressurization and constant pressure phases, respectively, see 
the inset (a) in Fig. 4). It should be noted that the t90 of the hydrate 
reservoir under co-production conditions was 6.19 h, which was 
12.60% higher than 6.97 h under single production conditions (see 
Table 1 in our previous work (Shi et al., 2024c)). This is due to the 
enhanced heat exchange between the water and the deep gas 
reservoir in the co-production, which enables more heat to be 
transported by the water to the hydrate reservoir. A similar phe
nomenon has been confirmed  in our previous work (Yang et al., 
2025).

The gas production dynamics of deep gas reservoirs differ 
fundamentally from hydrate reservoirs, exhibiting two key dis
tinctions: 1) Stable production phase: after an initial rapid in
crease, the gas production rate stabilizes for an extended duration. 
Sustained low-amplitude oscillations during this phase arise from 
intermittent blockage and clearance of gas flow channels due to 
high-velocity particulate transport. 2) Termination at constant 
pressure: deep gas production ceases upon entering the constant- 
pressure phase, unlike hydrate reservoirs where dissociation- 
driven production persists (see the inset (b) in Fig. 4). Notably, 
the deep gas reservoir achieves t90 in 0.33 h—an order of magni
tude faster than the hydrate reservoir (t90 = 6.19 h). This efficiency 
stems from the absence of endothermic dissociation processes. 
Strategically, deep gas production can thus be timed to optimize 
geothermal heat transport, enhancing hydrate production 
efficiency.

The energy conversion characteristics within the system were 
presented in Fig. 5 up to 6 h, using the hydrate reactor and water as 
the thermal system. It can be observed that although 166.73 kJ of 
geothermal energy was transported by water to the hydrate 
decomposition process, most of the energy required for hydrate 
decomposition still originated from heat transfer from the sur
rounding strata (up to 944.07 kJ). This phenomenon reveals the 
bottleneck of the current geothermal transport efficiency: signif
icant heat loss occurs during the pipeline transportation of hot 
water from the deep gas layer to the hydrate layer. To address this 
issue, this study drew on the insulation technology of deep-sea oil 
and gas pipelines and aimed to minimize the heat loss rate by 
using multiple layers of polyethylene materials. Additionally, the 
heat absorbed by water during its transportation from the hydrate 
reservoir to the deep gas reservoir (116.59 kJ) was at the same level 
as the heat absorbed by water in the deep gas reservoir (177.73 kJ). 
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Fig. 5. Energy conversion within the thermal system up to 6 h (with hydrate reser
voirs and circulating water as the thermal system). Note: the area of the pattern 
corresponding to each type of energy reflects the magnitude of the energy, but this is 
not drawn in proportion to the energy.
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Similar situations still exist during the exothermic process, indi
cating that by optimizing the coordinated design of pipeline 
insulation and heat extraction from the strata, the gap between the 
two can be further narrowed. This result verifies the importance of 
appropriate heat extraction from the strata and highlights the key 
role of pipeline insulation technology in achieving the multi-win 
goal of “utilizing the geothermal gradient to increase heat ab
sorption, shortening drilling depth and reducing heat transport 
losses”.

In summary, the geothermal-assisted hydrate-deep gas co- 
production accelerates the rate of water temperature drop, en
hances the heat exchange intensity between water and deep gas 
reservoirs, and ultimately increases the production efficiency  of 
hydrate reservoirs by 12.60% compared to the situation of 
geothermal assisted hydrate production alone. In addition, the 
production of gas from deep gas reservoirs is highly efficient 
because there is no hydrate decomposition stage. Therefore, uti
lizing the mechanism of deep gas production on geothermal 
transport to enhance the efficiency of hydrate reservoir production 
is an important basis for determining the timing of deep gas 
reservoir production.

3.2. Strategy 1: producing the deep gas after completing the 
hydrate depressurization stage

The above work confirms  the negative impact of producing 
deep gas reservoirs on water temperature. In order to increase the 
temperature of water as much as possible during the depressur
ization stage of the hydrate reservoir, thereby promoting more 
hydrate decomposition during this stage. This study conducted a 
co-production scheme for deep gas reservoirs after depressuriza
tion of the hydrate reservoir (Case 2). The production results are 
shown in Fig. 6. It can be seen that the production efficiency of the 
hydrate reservoir in Case 2 was 6.79% higher than that in Case 1. At 
the same time, the production efficiency of the deep gas reservoirs 
in both cases was nearly identical, which not only verified  the 
effectiveness of the new co-production scheme in promoting hy
drate decomposition but also indicated a weak correlation be
tween the timing of deep gas production and its production rate. 
Further analysis of the stage hydrate decomposition rate revealed 
that, in Case 2, the rate during depressurization did not increase as 
expected; instead, it decreased significantly. In the constant- 
pressure phase, the hydrate decomposition rate in Case 2 
increased by 0.71% compared to Case 1, which ultimately led to an 

increase in production efficiency. The reasons for the evolution of 
the hydrate decomposition rate will be explained in combination 
with the temperature evolution characteristics of the two reser
voirs and water during the production process (see Fig. 7).

The temperature drop in each layer of the hydrate reservoir in 
Case 2 was different from that in Case 1 (see Fig. 7(a)). Further 
analysis of the evolution of water temperature revealed that dur
ing the depressurization phase of the hydrate reservoir, the new 
co-production method did indeed increase the average water 
temperature in both reservoirs (see points A, B, and C in Fig. 7(b)). 
However, the temperature drop in the hydrate reservoir induced 
by the high-temperature water still increased, and the hydrate 
decomposition rate decreased significantly  during this stage, 
indicating that there was almost no blockage in the pore channels 
when free gas was produced, and then a more pronounced Joule- 
Thomson effect occurred. In addition, the preferential production 
of free gas also restricts the diffusion and migration of gas from 
hydrate decomposition during the same period, thereby weak
ening the hydrate decomposition rate during the depressurization 
stage. When the production enters the early stage of the constant- 
pressure phase of the hydrate reservoir, it can be observed that the 
average temperature of water in Case 2 in both reservoirs is higher 
than that in Case 1, which is related to the fact that the deep gas 
reservoir has just begun production and the reservoir temperature 
has not dropped significantly at this time. The higher-temperature 
water enters the hydrate reservoir and has a greater temperature 
difference with the reservoir, which not only helps to enhance the 
heat exchange intensity between the water and the reservoir, but 
also enables the heat released by the water to spread over a wider 
range, thereby promoting the rapid hydrate decomposition (see 
Fig. 7(c) and (d)). It should be noted that the rapid hydrate 
decomposition also absorbs more geothermal energy, ultimately 
increasing the temperature drop in the deep gas reservoir. When 
the production enters the warming stage of the deep gas reservoir, 
the water temperature in Case 2 does not increase accordingly, 
similar to the evolution of the water temperature in Case 1. The 
continuous hydrate decomposition for heat absorption is also the 
main reason why the water temperature in Case 2 has not risen.

In summary, producing the deep gas reservoirs after the 
depressurization of hydrate reservoirs increases the temperature 
of water in the early stage of the constant-pressure phase, in
tensifies the heat exchange intensity between water and hydrate 
reservoirs, expands the influence range of heat released by water 
in hydrate reservoirs, and ultimately increases the production ef
ficiency of hydrate reservoirs by 6.79%.

3.3. Strategy 2: producing the deep gas 1 h after hydrate 
production

The experimental results in Section 3.2 validate the positive 
effect of high-temperature water at constant-pressure phase on 
enhancing hydrate decomposition. To extend the duration of this 
effect, the production time of the deep gas reservoir in this section 
was delayed by 1 h after the hydrate reservoir production (Case 3). 
The production results are shown in Fig. 8. The entire production 
process is divided into three production nodes of 0.5, 1.0, and 3.0 h 
according to the depressurization phase, the early, middle, and late 
stages of the constant-pressure phase of the hydrate reservoir, 
with a total of four production stages. It can be found that the 
amount and rate of hydrate decomposition in Cases 2 and 3 are 
basically the same at each production stage, indicating that 
delaying the production timing of deep gas reservoirs is difficult to 
enhance the hydrate decomposition rate. The specific reasons will 
be explained in the discussion below.
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The time-varying characteristics of the water average temper
ature in the two reservoirs of Cases 2 and 3 are presented in 
Fig. 9(a). It can be observed that during the 0–0.5 h stage, the 
water temperatures in the two cases were basically the same, and 
thus the hydrate decomposition characteristics were similar at this 
time (see Fig. 8). When entering the 0.5–1.0 h stage, the average 
water temperature in Case 2 is lower than that in Case 3, which is 
related to the decrease in temperature of the deep gas reservoir in 

Case 2 due to its own gas production at this time. At this point, the 
hydrates in each layer of Case 3 receive more heat from the release 
of water, which is conducive to promoting the hydrate decompo
sition (see Fig. 9(b)). However, during the production of the deep 
gas reservoir in Case 3, the water temperature began to drop 
rapidly (see the A–B stage in Fig. 9(a)), and in some cases it was 
lower than in Case 2 (the B–C stage). This led to a rapid decline in 
the heat that had stimulated hydrate decomposition in Case 3, 

Fig. 7. (a) Time-varying temperature characteristics of each layer of the hydrate reservoir and deep gas reservoir in Cases 1 and 2. (b) Time-varying characteristics of the average 
temperature of water in both cases in the two reservoirs. Schematic diagram of the heat transfer of water in the two reservoirs at time t1 and its effect on hydrate decomposition (c 
and d). Note: time t1 is indicated in (b).
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which could not sustain sustained and efficient  hydrate decom
position. Therefore, the hydrate decomposition characteristics at 
each production stage in Case 3 are not significantly different from 
those in Case 2.

In summary, delaying the production time of deep gas reser
voirs to the early stage of the constant-pressure phase of the hy
drate reservoir is beneficial for further prolonging the effect time 
of high-temperature water on hydrate decomposition. However, 
due to the short duration of the action, the hydrate decomposition 
characteristics did not change significantly.

3.4. Strategy 3: producing the deep gas 3 h after hydrate 
production

Considering that in Section 3.3, the production of deep gas in 
the early stage of the constant-pressure phase of the hydrate 
reservoir is not conducive to the continuous exothermic release of 
high-temperature water to promote hydrate decomposition. In 
Case 4, the production of deep gas was further delayed by 3 h after 
the hydrate reservoir was produced to make fuller use of 
geothermal energy for rapid hydrate decomposition. The produc
tion results are shown in Fig. 10. It can be observed that the 
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amount and rate of hydrate decomposition in Case 4 at each pro
duction stage are higher than those in Case 2, suggesting that 
extending the duration of high-temperature water can accelerate 
the hydrate decomposition. In particular, during the 1.0–3.0 h 
phase, the increase in the amount of hydrate decomposition in 
Case 4 was the greatest. In addition, as production progresses to 
the 3.0–6.0 h stage, the difference in hydrate decomposition rate 
between the two cases are minimal. The specific reasons will be 
explained in the discussion below.

The time-varying characteristics of water temperature in the 
two reservoirs of Cases 2 and 4 are shown in Fig. 11(a). It can be 
observed that delaying the production time of deep gas reservoirs 
further prolongs the duration of high-temperature water. By 
comparing the time-varying characteristics of water temperature 
in Cases 3 and 4, it was found that during the 0.5–1.0 h stage, the 
water transfer heat received by hydrates at each layer was basi
cally the same in both (see Figs. 9(b) and 11(b)); But the difference 
occurred in the 1.0–3.0 h stage: when the high-temperature water 
in Case 4 was still circulating continuously in the hydrate reservoir, 
which allowed the heat release from the water to be continuously 
transferred to the hydrate, thereby stimulating the continuous 
hydrate decomposition. The increase in the amount of hydrate 
decomposition was most significant during this stage (see Fig. 10). 
In addition, the water temperature in Cases 3 and 4 was decreasing 
when the two reservoirs were co-produced (see the A–B stage in 
Figs. 9(a) and 11(a)). Interestingly, in the subsequent production 
phase (the B–C stage), the water temperature in Case 4 was even 
higher than that in Case 2, which did not occur in the experimental 
results of Case 3. The reason for this result is that at this time, there 
is less undecomposed hydrate remaining in Case 4 than in Cases 2 
and 3, which causes less heat loss of water in the hydrate reservoir 
and a faster rate of temperature increase.

In summary, delaying the production of deep gas reservoirs to 
the middle of the constant-pressure stage of the hydrate reservoir 
can effectively prolong the duration of heat release from high- 
temperature water into the hydrate reservoir, leading to a signif
icant increase in the hydrate decomposition rate during this stage.

Finally, the co-production method used in Cases 1–4 is shown in 
Fig. 12(a). The performance of all cases in terms of production ef
ficiency, reservoir temperature drop, and heat utilization from 
water transport is shown in Fig. 12(b). This study sets the maxi
mization of hydrate production efficiency as the primary optimi
zation goal (this is a key indicator determining the commercial 

feasibility), while also taking into account the secondary consid
eration of thermal energy utilization efficiency. It should be noted 
that production efficiency  and reservoir temperature drop are 
summarized separately for the hydrate reservoir and the deep gas 
reservoir. It can be seen that, in terms of the production efficiency 
of the hydrate reservoir, delaying the production timing of the 
deep gas reservoir enhances the hydrate production efficiency. In 
particular, in Case 4, the production efficiency was 17.28% higher 
than that in Case 1. In terms of the production efficiency of the 
deep gas reservoirs, the efficiency of all cases fluctuated between 
of 2.9 and 3.3 h− 1, indicating that the production efficiency of deep 
gas reservoirs was minimally affected by production timing and 
the production performance of the hydrate reservoir. In addition, 
regarding the temperature drop range in hydrate reservoirs, Case 4 
had the largest temperature drop and Case 1 had the smallest, 
which was related to the increased sensible heat loss of the 
reservoir due to the accelerated hydrate decomposition rate. In 
terms of the temperature drop in deep gas reservoirs, it was found 
that gradually delaying the production timing of deep gas reser
voirs lowered the minimum temperature. The reason for this 
result is that the delayed production time requires the deep gas 
reservoir to provide more heat during the single hydrate produc
tion stage. Furthermore, in terms of the utilization ratio of heat 
transport, Case 2 has the highest ratio and Case 4 has the lowest, 
indicating that the utilization ratio of heat transport is lower 
during the single hydrate production stage. Long periods of single 
exploitation can have a significant  negative impact on the heat 
transfer utilization. It should be noted that although Case 4 ach
ieves the highest production efficiency, its thermal energy utili
zation rate is relatively low. This indicates that in practical 
applications, a balance between production capacity and energy 
efficiency needs to be sought based on specific requirements (such 
as energy prices, equipment costs, etc.). For regions with abundant 
geothermal resources, Case 4 can be given priority; while for areas 
with limited energy supply, Case 2 may have a more comprehen
sive advantage.

Although this study systematically revealed the mechanism by 
which the production timing affects the efficiency of the combined 
production of hydrates and deep gas, it still has certain limitations 
and provides directions for further research: 1) Limitations of 
experimental scale: this study was based on laboratory-scale 
simulation experiments, which could precisely control variables 
and reveal the mechanism. However, the geological conditions of 
actual reservoirs (such as heterogeneity, permeability variations, 
multiphase flow coupling, etc.) may affect the applicability of the 
extraction timing strategy. Future research can combine numerical 
simulation or field tests to verify the economic and feasibility of 
this strategy in real reservoirs. 2) Simplification  of geological 
conditions: The laboratory-prepared reservoirs have an ideal ho
mogeneous structure, while actual reservoirs may contain com
plex geological structures (such as faults, fractures, interlayers, 
etc.). These factors may affect the efficiency of geothermal trans
port and the optimization of production timing. Future research 
can explore the adaptability of production timing strategies under 
different geological conditions and study how to combine reser
voir engineering to optimize the plan. 3) Economic and engi
neering challenges: Although the experiment proved that 
producing deep gas during the constant pressure stage can in
crease efficiency by 10.49%, economic factors such as drilling costs, 
insulation technology, and energy consumption of the circulating 
water system need to be considered in practical applications. 
Future research can conduct technical and economic evaluations 
to optimize the balance point between production timing and 
engineering implementation, in order to enhance the commercial 
potential. 4) Coupling optimization of multiple factors: This study 
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Fig. 11. (a) Time-varying characteristics of the average water temperature in the hydrate reservoirs and the deep gas reservoir in Cases 2 and 4. (b) Schematic diagrams of the 
hydrate decomposition in the pores of each layer of the reservoirs in the two cases under the effect of exothermic water. t0, t1, and t2 correspond to the initial time of the hydrate 
reservoir production, the early stage of the constant-pressure phase (0.5–1.0 h), and a certain time in the middle stage of the constant-pressure phase (1.0–3.0 h).

Fig. 12. (a) Summary of the hydrate-deep gas co-production method used in Cases 1 to 4. (b) Summary of the performance of all cases in terms of production efficiency, reservoir 
temperature drop range, and heat transfer utilization ratio of water.
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focused on the influence  of production timing, but actual pro
duction may involve the synergy of multiple factors (such as heat 
injection methods, depressurization rates, reservoir modification, 
etc.). Future research can combine intelligent optimization algo
rithms (such as machine learning, genetic algorithms) to explore 
multi-parameter coordinated control strategies to further improve 
production efficiency. In summary, this study provides important 
theoretical basis and experimental support for the combined 
production of hydrates and deep gas. In the future, it can be 
combined with numerical simulation, field  tests, and economic 
analysis to promote the technology towards engineering 
application.

4. Conclusions

This study systematically investigated the influence  of pro
duction sequencing on the co-production characteristics of hy
drate and deep gas reservoirs, with particular emphasis on 
optimizing hydrate decomposition efficiency  by strategically 
timing deep gas production. The key findings are summarized as 
follows:

(1) Geothermal-assisted co-production of hydrate and deep gas 
reservoirs improves hydrate recovery efficiency  by 12.60% 
compared to standalone geothermal-assisted hydrate pro
duction. The high production efficiency of deep gas reser
voirs (without hydrate dissociation) highlights the 
importance of optimizing production timing to enhance 
geothermal heat transfer and boost hydrate production.

(2) Initiating deep gas production following hydrate reservoir 
depressurization elevates water temperature during the 
early constant-pressure phase. This thermal enhancement 
intensifies  heat exchange between water and the hydrate 
reservoir, extends the spatial influence of heat diffusion, and 
ultimately increases hydrate production efficiency by 6.79%.

(3) Postponing deep gas production to the early constant- 
pressure phase of hydrate extraction prolongs the thermal 
stimulation effect of high-temperature water on hydrate 
dissociation. However, the short-term behavior of this 
thermal contribution results in only marginal improve
ments in decomposition dynamics.

(4) Further delaying deep gas production to the mid-constant- 
pressure phase significantly  extends the duration of heat 
transfer from high-temperature water to the hydrate 
reservoir, leading to a marked acceleration in hydrate 
decomposition rates during this stage. Comparative analysis 
across all experimental cases confirms  that optimized 
timing of deep gas production improves overall production 
efficiency.

These findings  provide critical insights for designing efficient 
co-production strategies in hybrid hydrate-gas systems, empha
sizing the importance of thermal management and production 
sequencing to maximize energy recovery.
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