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ABSTRACT

In the drilling process of hydrates, hydrate decomposition and regeneration can cause wellbore collapse
and plugging. Herein, phase change materials (PCMs) were introduced into the drilling fluids to regulate
their temperature for controlling hydrate decomposition. The binary composite PCM and polymethyl
methacrylate (PMMA) were used to prepare PCM microcapsules (PCMMs) by suspension polymerization.
Basic characteristics of PCMM were studied, and its temperature-regulating effect, inhibitory performance
on hydrate decomposition and regeneration, strength, and compatibility with drilling fluids were sys-
tematically investigated. The phase change temperature of the binary composite PCM could be regulated
from 16 to 20 °C through the optimization of the ratio of dodecanol and fatty alcohol. When the ratio of
dodecanol was 90%, the phase change temperature of PCMMs was 18 °C with the enthalpy 0f 93.9 ] g LIn
the heating process from 16 to 22 °C, 5% and 8% PCMM could smartly cool down the suspension through
phase change energy storage to prolong the temperature rise time by 40% and 74%, respectively. Under the
condition that the fluid temperature is from 2 °C around the seafloor to 25 °C at the bottom of the well in a
simulation drilling process, in the heating period, 8% PCMM demonstrated superior efficacy compared to
lecithin in prolonging the hydrate decomposition time by its cold release effect. In addition, the decrease in
drilling fluid temperature was also hindered by the cold storage effect during the cooling stage, and the
hydrate regeneration time was prolonged by 52.1%. Therefore, PCMM can reduce the risk of wellbore
instability and plugging caused by hydrate decomposition and regeneration. Meanwhile, PCMMs
exhibited good shearing strength and sealing property under alkaline conditions of drilling fluids and
showed relatively minor impacts on the basic drilling fluid properties with a concentration of no more than
8%. This study offers a new method to maintain the safety of the hydrate drilling wellbore.
© 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

indeep-seasediments (Lietal.,,2022; Sunetal., 2023). However, the
drilling operation can change the stress conditions of the formation,

Gas hydrates are the potential candidate for the future clean
energy resources because of their global abundance and high en-
ergy density. Worldwide, more than 90% of the hydrates are found
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and the drill bit cutting rocks and the friction between drill tool and
borehole wall generate a large amount of heat, consequently, the
hydrates bearing in the sediments undergo decomposition (Yang
et al,, 2015; Li et al,, 2021). The presence of water and the sub-
stantial volume of gas released from the hydrate decomposition led
to the increase in the pore pressure and reduction in the formation
strength, causing wellbore instability. Moreover, natural gas pro-
duced from the hydrate decomposition shows the potential to
reconstitute hydrate within the low-temperature drilling fluid,
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causing flow barriers (Yanget al., 2019; Zhao et al., 2024; Phan et al.,
2025; Lietal.,2025). Therefore, hydrate decomposition is one of the
significant technical problems for drilling in hydrate sediments
(Wei et al., 2019; Zhang et al., 2022).
During the hydrate drilling process, the drilling fluid directly
interacts with the hydrate, and the direct method to restrain the
hydrate decomposition is to lower the drilling fluid temperature
(Dong et al., 2023; ghao et al, Z023). The ideal approach involves
the implementation of a real-time control of the drilling fluid
temperature in the entire drilling process. To achieve this, the key
is to explore smart temperature-control additives for hydrate
drilling conditions.
Phase change material (PCM) is a type of material that uses
latent heat to store, transform, and utilize heat (Kt et al;, 2019; £
ETarZ0Z3), thus, it shows potential application in the domains of
air conditioning and refrigeration, refrigerated transportation,
smart temperature-adjusting textiles, and building energy con-
servation ([fan et al,, 2009; P et al., 2024; [t et al., 2029). In the
presence of PCM, a liquid-solid phase change occurs when the
drilling fluid circulates in the wellbore, which is cooled down by
the seawater. Once the fluid temperature increases to the phase
change temperature of PCM in the wellbore, the PCM gets con-
verted from the solid state to the liquid state to release cold energy [ ] [ ]
(heat storage), and the drilling fluid cools down to slow down the
temperature rise, thus inhibiting the hydrate decomposition. The
temperature of the drilling fluid drops when it is circulated to the
cold seawater well part, and the low-temperature condition raises
the possibility of hydrate formation and regeneration in the
borehole. As soon as the temperature drops to the PCM's phase (|
change temperature, it changes from liquid to solid state releasing /]
heat (cold storage). It can then heat the cold drilling fluid in the
wellbore, raise its temperature, and prevent the hydrate formation C——
and regeneration. This provides a new potential solution to
address the drawbacks of traditional thermodynamic hydrate in-
hibitors (THIs) and kinetic hydrate inhibitors (KHIs).
As is well known, current deepwater drilling fluids rely on the
addition of THIs to suppress hydrate formation, typically sodium
chloride, methanol, and ethylene glycol. The concentration of
thermodynamic inhibitors is very high, usually ranging from 10%
to 50%, which comes with disadvantages such as high costs, | I |
environmental unfriendliness, and negative impacts on drilling
fluid performance. Particularly when drilling in natural gas hy- —
drate formations, high concentrations of THIs can fillern ot i@y} ek B WM FBBF..Ycnpk CC.YFYcnpk TpHYFYFYHYFYFYTnp Mtheilarl2 YTjpHY
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of the core material presented in Section 3.1.2. The peak temper-
ature of phase change is 19.9 °C, that is, the core material begins to
melt when the drilling fluid temperature exceeds 18 °C, and
gradually releases cold energy to play a role in cooling, so as to
avoid or delay the fluid temperature rise to the hydrate decom-
position temperature. The enthalpy value of phase change is high,
that is 93.9 ] g~!, which can ensure good phase change tempera-
ture control efficiency.

3.3.2. Phase change temperature control performance

Fig. 11 shows the temperature-time curve during the heating
process with 0.1% XC solution and added 5% and 8% phase change
microcapsules, respectively. The starting test solution temperature
was fixed at 16 °C, and the test solution temperature required
53 min to increase from 16 to 22 °C without adding microcapsules.
After the addition of PCMM, the suspension shows an obvious
temperature step at 18-20 °C because of the release of cold energy
during its phase change. Moreover, the time for the suspension to
heat up to 22 °C extends to 74 and 92 min by using 5% and 8%
PCMM, respectively, that is, the heating time is respectively pro-
longed by 40% and 74%. The results show that the PCMM can
significantly delay the temperature rise of the suspension through
phase change.

3.3.3. Hydrate decomposition and regeneration inhibition
performance

During hydrate drilling, the fluid temperature rise causes hy-
drate decomposition, and the time for the produced gas and water
to regenerate hydrate is shorter than that for the first generation of
hydrate, which is called “Memory Effect” (Parent and Bishnoi,
1996; Takeya et al., 2000). Therefore, the gas generated by hy-
drate decomposition is more likely to again produce hydrate in the
wellbore, resulting in wellbore plugging. Fig. 12 shows a graph
comparing pressure, temperature, during hydrate decomposition
and regeneration in a 0.1% XC solution, 0.1% XC solution with 0.5%
lecithin, and a 0.1% XC solution with 8% PCMM.

As illustrated in Fig. 12(a—c), during the heating phase,
compared to the 0.1% XC solution, the addition of 0.5% lecithin to
the 0.1% XC solution extended the hydrate decomposition time
from 2.5 to 2.8 h. Under identical conditions, PCMM further pro-
longed the decomposition time from 2.5 to 3.0 h. Mechanistically,
lecithin inhibited hydrate dissociation by adsorbing onto the hy-
drate surface via its choline groups and methyl-functionalized
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Fig. 11. Temperature-time curves of PCMM suspension.

fatty acid chains. This adsorption delays heat transfer, mitigates
structural disruption of the hydrate clathrate framework, and
prevents methane escape (Chen et al., 2025). Compared to lecithin,
PCMM suppressed hydrate decomposition by delaying the tem-
perature rise in the autoclave through its phase-change cooling
effect. Fig. 13 exhibits a temperature comparison curve of the hy-
drate decomposition and regeneration processes in the three
groups of samples, and Fig. 14 presents a comparative analysis of
methane release or consumption using the Peng-Robinson equa-
tion. Fig. 13 indicates that lecithin did not alter the temperature in
the autoclave, resulting in a temperature profile that nearly over-
laps with that of the 0.1% XC solution. In comparison, the phase-
change cooling effect of the PCMM extended the time required
for the system to heat up from the initial temperature to 25 °C by
0.5 h (from 2.3 to 2.8 h). Fig. 14 demonstrates that lecithin reduced
the maximum instantaneous methane release from hydrate
decomposition by 0.15 mol at the same time point, while the
PCMM achieved a significantly higher reduction of 0.39 mol due to
its phase-change cooling effect.

Notably, during the cooling phase, compared to the 0.1% XC
solution, lecithin shortened the hydrate formation time from 4.8 to
4.4 h, failing to exhibit inhibition effects and even promoting hy-
drate reformation, thereby increasing the risk of blockages. In
contrast, PCMM extended the time required for the system to cool
from 25 °C to the same temperature by 0.7 h (from 4.9 to 5.6 h)
through its phase-change cold storage capacity. Additionally,
PCMM prolonged the hydrate formation time from 4.8 to 7.3 h and
reduced the maximum instantaneous methane consumption for
hydrate formation by 0.4 mol at the same time. Thus, PCMM
demonstrates superior efficacy in inhibiting hydrate generation
compared to lecithin.

The effect of PCMM on inhibiting hydrate regeneration in the
cooling stage is more obvious than the effect on inhibiting hydrate
decomposition in the heating stage. Notably, when the micro-
capsules release heat during phase change, they may cause the
residual methane dissolved in water produced during hydrate
decomposition to be released. These bubbles remaining in the
water produced by hydrate decomposition are an important
reason for shortening the induction period of hydrate regeneration
(Uchida et al.,, 2016; Zhang et al., 2018). Therefore, the “Memory
Effect” of secondary formation of hydrate gets weakened, and the
induction period of secondary formation of hydrate is prolonged.
Moreover, Fig. 12(a—c) clearly reveal that the pressure drop is
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Fig. 12. Comparison curves of temperature, pressure in the course of hydrate decomposition and regeneration when injecting different test solutions.

Fig. 13. Comparison curves of temperature in the course of hydrate decomposition
and regeneration when injecting different test solutions.

Fig. 14. Comparison curves of methane release or consumption in the course of hy-
drate decomposition and regeneration when injecting different test solutions.

divided into two stages after the temperature drop starts at
800 min. The pressure drop in the first stage may be caused by the
re-dissolution of methane released by hydrate decomposition in

3381

water (mainly water produced by hydrate decomposition).
Compared with Fig. 14, it is observed that no hydrate is produced
during the first stage, while decrease in the autoclave pressure
during the second phase is caused by the formation of copious
hydrate.

The above-mentioned experimental results indicate that the
PCMM prepared in this study exhibits good performance of
inhibiting hydrate decomposition and regeneration, which is
conducive to reducing the risk of wellbore instability caused by
hydrate decomposition and wellbore plugging caused by hydrate
regeneration in marine natural gas hydrate drilling.

3.3.4. Strength of microcapsule wall material
(1) Shear resistance

Fig. 15 shows the PCMM breakage rate at various centrifugal
shear rates in different pH environments. The results show that the
wall materials of some PCMMs were broken by high-speed stirring
and shearing, and the breakage rate of PCMM increased with
increasing shear rate. At 10,000 r min~, the breakage rate was 8%,
and the PCMM exhibited good shear strength. Notably, as the pH
increased, the mass loss curves of PCMMs showed negligible de-
viation from those at a pH value of 7, demonstrating that PCMMs
maintain excellent shear resistance under alkaline conditions of
drilling fluids, even at a pH value of 12.

Fig. 15. Damage rate of PCMM at different shear rate.
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