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The work continues experimental studies of a modified method for methane recovery from porous gas
hydrate reservoirs by its replacement with carbon dioxide using thermodynamic inhibitors of hydrate formation.
The experiments show that changes in inhibitor concentration affect the rates of methane hydrate dissociation,
flow and penetration of fluid (methane + water + inhibitor mixture) through the reservoir, and secondary CO,
hydrate synthesis. The processes of pore methane release and synthesis of secondary hydrated CO, by successive
injection of inhibitors and CO, are expected to be self-regulated.

Methane hydrate, gas production from hydrates, replacement method, thermodynamic hydrate inhibitor

INTRODUCTION

Natural gas hydrates, a promising source of hyd-
rocarbons [Kuznetsov et al., 2003; Soloviev, 2003], re-
side mainly in marine environments but are also quite
abundant in onland permafrost [Soloviev, 2003; Yaku-
shev et al., 2003]. The properties of hydrates and
methods for natural gas recovery from hydrate re-
servoirs are subjects of extensive ongoing research
[DOE, 2015; Gang and Sen, 2015]. There are several
methods for methane production, used alone or in
various combinations: depressurization (pressure re-
lease to below equilibrium), thermal stimulation
(temperature increase to above equilibrium), inhibi-
tion (injection of thermodynamic hydrate inhibitors),
and replacement (replacement of methane hydrate
with carbon dioxide hydrate) [ Gang and Sen, 2015].
The efficiency of depressurization, thermal stimula-
tion, and inhibition is restricted by large heat con-
sumption for methane dissociation and low thermal
conductivity of hydrate-bearing rocks. Their thermal
conductivity is too low to keep up reservoir cooling
which decelerates methane release in the zone of
methane hydrate decomposition. Furthermore, all
methods based on hydrate dissociation may trigger
slope instability, seabed destruction, and other envi-
ronmental hazards.

Production of methane by its replacement with
CO, is advantageous as heat consumption during
hydrate dissociation is balanced by heat release dur-
ing formation of CO, hydrate, while the reservoir re-
mains stable as it does not lose solid hydrates. The

method additionally provides sequestration of green-
house CO, which becomes bound into hydrate.

However, the CH; — CO, replacement in this
method is very slow due to the presence of nitrogen in
the commonly used CO,—N, gas mixtures [ Liao et al.,
2013; Gang and Sen, 2015]. Unlike carbon dioxide,
nitrogen was found to preferably replace methane in
small hydrate cages thus accelerating the population
of the hydrate structure and decelerating the diffu-
sion rate of CO, in the hydrate phase, leading to a low
CH, recovery rate [Zhou et al., 2015]. The use of a
carbon dioxide-in-water emulsion as a replacement
agent [ Zhou et al., 2008 provides much faster CH, to
CO, hydrate conversion. However, making the emul-
sion requires vigorous stirring and using a surfactant
(emulsion stabilizer) whereby methane production
becomes more complex and expensive. Emulsions of
this kind contain coarse particles that can penetrate
only through large pores and fractures in gas reser-
voirs [Kotenev and Andreev, 2004]. Therefore, low-
viscosity gaseous CO,, rather than its liquid or emul-
sion forms, is a better agent for hydrate reservoirs
known to be commonly low permeable [Gang and
Sen, 2015].

In this respect, a new modification of the replace-
ment method was suggested, which combines the re-
placement and inhibition approaches [Khlebnikov et
al., 2016a]. The slow process of CH, displacement
from its solid hydrate gives way to two fast processes
in the presence of a thermodynamic hydrate inhibi-
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tor: methane hydrate dissociation and synthesis of
secondary CO, hydrate from the released carbon di-
oxide and water. This work continues experimental
research on the inhibition-replacement method of
methane production from hydrate reservoirs. The
first results of method testing were reported in our
previous publications [Khlebnikoov et al., 2016a,D].

METHODS
Reservoir model

The physical model simulating a porous methane
hydrate reservoir consisted of powdered river sand
containing quartz and clay minerals, similar to com-
mon natural polymictic hydrate-bearing rocks. Per-
meability variations were reproduced by mixing of
different size fractions of sand obtained by gravity
separation in water. The sand was poured into stain-
less steel tubes, 35 cm long and 3 c¢m in diameter, with
screw thread on the inner wall, saturated with deion-
ized water (under vacuum), and weighed to estimate
the pore volume. Bound water was produced by air
expulsion: tubes filled with water-saturated sand
were set upright and gas (air) was pumped from the
top to expulse pore water. The air flow direction
changed periodically by turning the tubes upside
down. Water saturation was measured by weighing.

Synthesis of methane hydrate in a reservoir model

Prior to the synthesis, sand with a user-specified
gas saturation was frozen and kept at —15 to —20 °C
for at least 10—12 h and then heated to room tem-
perature after removing pore air. The freezing-thaw-
ing cycle reduced the induction period of hydrate
formation due to the water memory effect [Buleiko
and Grigoriev, 2016]. At the next preparation step,
CH, was slowly injected into sand to the required
pressure.

The experiments were performed using a modi-
fied automatic system UIK-5V (Fig. 1) with PC-con-
trolled constant pressure (constant fluid injection
rate). The PC control also provided real time moni-
toring of pressure, pressure drop, temperature, phase
interface position in an ultrasonic flow meter, and the
fluid output.

The ultrasonic flow meter with a separator sys-
tem was used to measure the output amount of fluid,
which was pore gas and/or liquid injected into and
filtered through sand. All fluids were collected into a
container (a piston cylinder) mounted at the system
output. Pressure from the injected fluid gradually ex-
pulsed water from under the piston, and the amount
of released water was measured in real time by weigh-
ing to an accuracy of 0.01 g. Pressure in the system
was maintained by a back-pressure valve, to an accu-
racy of 0.001 MPa.

The hydrate forming gas for generation of pore
methane hydrate was injected from both ends of the
sand-filled tube. The volume of absorbed gas was in-
ferred from the amount of vaseline oil (pumped into
the sub-piston space) required for maintaining pres-
sure. Note that the system was operated in the con-
stant pressure mode and the pump counter measured
the input gas amount. Gas flooding was applied be-
fore and after methane hydrate synthesis (at room
and run temperatures, respectively), in order to esti-
mate the permeability of sand for the gas phase with
methane hydrate. The experiments were run with
reference to methane and carbon dioxide viscosity
from published evidence [Zagoruchenko and Zhurao-
lev, 1969; Altunin, 1975].

The model was cooled down using a liquid cryo-
stat-thermostat with a cooling agent (tosol) in a jack-
et tightly coiled around the sand-filled tube (Fig. 1).
Temperature was measured by a Pt thermistor moun-
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Fig. 1. Experimental system layout.

1 — piston cylinder container with fluid (CH,, methanol solution or CO,); 2 — pump control pressure gauge; 3 — high pressure
valves; 4 — differential pressure gauge; 5 — air valves; 6 — sand-filled tube (reservoir model) with a cooling jacket; 7 — cryostat-
thermostat; 8 — ultrasonic gas flow meter; 9 — back-pressure gauge; 10 — fluid collector (piston cylinder); 11 — back pressure valve;

12 — analytical scale with a cup.
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ted on the tube surface. Fluids (methane, hydrate in-
hibitors, and carbon dioxide) were injected into sand
using pistons. After the experiments, the hydrates
were decomposed thermally and the released gas was
weighed at the output using a system for maintaining
pore pressure.

Gas saturation of sand was estimated by mass
balance calculations assuming the volume of hydrates
to be equal to the initial water volume. The amount of
gas was estimated with the ideal gas equation.

RESULTS

Methane recovery from natural hydrates:
the method rationale

Methane-to-carbon dioxide hydrate replacement
is the best existing strategy for methane recovery
from natural gas hydrate reservoirs. However, the
slow rate of the process poses problems, which re-
quires increasing the rate (and depth) of methane
hydrate dissociation while keeping high CH,/CO,
replacement ratio. The basic idea of the suggested
modification to the method is that, instead of slow
solid-state CH, — CO, hydrate replacement, two
fast processes occur in the presence of a thermody-
namic inhibitor of hydrate formation: (i) methane
hydrate decomposition into methane and water and
(ii) synthesis of secondary hydrate from CO, and free
water. The approach stems from the fact that CH,
and CO, hydrates have different stabilities to hydrate
inhibition [Haghighi, 2009], i.e., this is a combined
inhibition-replacement method of methane produc-
tion from hydrates.

The processes are expected to be self-regulated.
As the inhibitor reaches a concentration exceeding
the stability limit of CO, hydrate at the current P—T
conditions, the process becomes limited to heat-con-
suming methane hydrate dissociation into gas and
water, whereby the involved reservoir domain cools
down. The release of free gas increases pore pressure
and the hydrate water dilutes the inhibitor thus in-
creasing the stability of CO, hydrate. Synthesis of
CO, hydrate is accompanied by heat release and
binds free water which warms up the respective reser-

voir domain and increases the inhibitor concentra-
tion, whereby CO, hydrate formation slows down.
The concurrent action of the two processes provides
self-regulation of methane recovery.

Physical modeling of different stages
in the inhibition-replacement process

First modeling was applied to study pore meth-
ane hydrate dissociation and secondary CO, hydrate
synthesis in the presence of a methanol solution
[Khlebnikov et al., 2016a,b].

Run 21/13 (Table 1) reproduced dissociation of
pore methane hydrate in sand upon injection of 30%
methanol solution. This concentration was chosen to
provide formation of additional conduits for fluid per-
colating through low permeable hydrate-bearing ma-
terial and to decelerate methane hydrate decomposi-
tion with release of diluting free hydrate water which
the injection of 100 % alcohol would cause. The use of
30 % methanol corresponds to a process at some dis-
tance from the wellbore. This degree of dilution for
1 ton of methanol can be provided by dissociation of
~2.3 m® of methane hydrate.

Methane hydrate generated with the above sand
model contained 0.3336 mol of gas and reduced the
sand permeability to 0.000 067 pm?. Therefore, gas
injection was stopped to avoid complete plugging.

Injection of 30 % methanol into sand led to
methane release and cooling as a result of heat-con-
suming hydrate dissociation. Pressure drop changed
with volume of injected solution in a complicated
way: first it increased to a maximum and then de-
creased monotonically, indicating the dissociation of
pore methane hydrate.

The methane recovery rate slowed down as the
dissociation progressed because less methane re-
mained in the system while methanol became diluted
with the released water. Altogether, 0.2268 mol CH,
released for 19 h, i.e., most of methane hydrate had
dissociated. Sand absorbed 0.3346 mol CH, (0.3226 +
+0.0110) but released 0.3223 (0.2038 + 0.1185) mol
CH, (Table 1), the difference being due to gas satura-
tion decrease during the run and dissolution of some
methane in the methanol solution.

Table 1. Model description, experimental conditions and results: run 21,/13
L Dura- Injection Change in Maxﬂilﬁnum Pressure drop, | Injection | Tempera- | Pressure,
Operation ; volume, methane pressure .
tion, h MPa rate, mL/h | ture, °C MPa
pore volume | amount, mol | drop, MPa

Creation of residual water 2.25 - - - 0.0080-0.0096 - 27.0 0.10
saturation (air expulsion)
Methane hydrate synthesis 23.7 - +0.3226 - - - 0.67 6.43
Methane injection 2.0 0.153 +0.0110 0.0874 0.0847 6.0 0.77 6.43
Injection of 30 % methanol 19.0 2.20 —-0.2068 0.2070 0.0301 6.0 0.66-0.77| 6.42
Thermal hydrate dissociation | 1.0 - —-0.1185 - - - 0.66-22.5| 6.42

Note. Model: powdered river sand. Gas permeability 1.36 um?; pore volume 78.5 mL; length 34.5 cm; diameter 3.0 cm;

saturating fluid: distilled water; initial water saturation 64.7 %.
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Run 22/13 (Table 2) simulated synthesis of pore
CO, hydrate in the presence of 5 % methanol (a ther-
modynamic hydrate inhibitor). The low methanol
concentration represented strong dilution with water
released from hydrate. Synthesis of CO, hydrate be-
gan almost immediately after sand cooling and was
very rapid. However, it consumed much less carbon
dioxide (0.0876 mol) than the formation of methane
hydrate (Tables 1, 3), for several reasons. First, CO,
is highly soluble in water (and the dissolved species is
likewise spent on hydrate formation). Second, the
methanol concentration apparently increases as some
water becomes bound into hydrate. The process con-
tinued as CO, filtered through sand, judging by ab-
sorption of CO, and temperature rise due to heat re-
lease during hydrate formation. The amount of ab-
sorbed CO, was inferred from difference between its
input and output amounts. The estimate was approx-
imate because of pressure drop variations during in-
jection (pressure drop increase led to compression of
gas in the input cylinder).

Comparison of CO, hydrate synthesis in static
and dynamic conditions shows that fluid flow is an
important agent in pore hydrate formation. In static
conditions, the process may be additionally inhibited
by local methanol concentration increase around
growing CO, hydrate particles. However, synthesis
resumes as the injected CO, induces mixing and flow
of the liquid and gas phases around the hydrate par-
ticles. The third reason why CO, hydrate formation
may slow down is that the inhibitor concentration
may also increase on or near the surfaces of the grow-
ing hydrate particles.

The reliability of the results was confirmed by
mass balance calculations for thermal decomposition
of CO, hydrate. Altogether 0.0876 + 0.0824 =
= 0.170 mol CO, was consumed during synthesis of
its hydrate and 0.1714 mol CO, was released during
hydrate dissociation.

Successive injection of hydrate formation inhibitors
(MgCl,, methanol and ethylene glycol) and CO,

Another series of experiments was undertaken to
study successive injection of hydrate inhibitors and

CO, into methane hydrate-saturated sand (Table 3),
with different inhibitors and methanol concentra-
tions. The consideration below is limited to descrip-
tion of one run (8-13/16), as all runs were qualita-
tively similar.

Run 8—13/16 (Table 3; Figs. 2, 3). Standard pro-
cedures were applied to prepare the sand model, gen-
erate methane hydrate, estimate gas permeability of
hydrate-bearing sand, and reduce pressure from 5.0 to
3.2 MPa. Gas permeability was ~0.11 um?; sand ab-
sorbed 0.2388 (0.2541 + 0.0067 — 0.0220) mol CH,
in total.

Injection of 10 % methanol in deionized water
into sand (Fig. 2) induced dissociation of pore meth-
ane hydrate, as indicated by notable excess of gas re-
covery rate over the rate of injection. Pressure drop
increased early during injection, as pore methane
hydrate dissociated rapidly releasing large amounts
of water and gas; but it decreased after reaching the
maximum.

First the output fluid consisted of gas only, and
then some liquid appeared. The gas-liquid mixture
appeared after 0.23—0.24 pore volume of solution had
been injected; then the output fluid contained mixed
liquid (water + methanol) and methane, while gas re-
covery rate reduced slightly. Sand cooled down,
which was additional evidence of methane hydrate
dissociation. The rates of methanol injection and gas
recovery became similar in the run end, as most of
pore hydrate had dissociated (Table 3; Fig. 2).

Finally, the gas recovery was 0.2123 mol CHy:
0.2515 mol released from sand and some gaseous
methane became replaced with the methanol solu-
tion. The dissociation ratio was 0.2123-100,/0.2388 =
= 88.9 %, without methane dissolved in the injected
solution.

Pressure drop during CO, injection was smaller
than in the case of water + methanol (Fig. 3). Unlike
the case of methanol, the rate of CO, injection ex-
ceeded that of recovery, which suggests synthesis
of pore CO, hydrate. In total, 0.5060 mol CO, was
injected into sand and 0.2056 mol was released
(or 0.2188 mol, taking into account saturation
change). Thus, the sand model had absorbed

Table 2. Model description, experimental conditions and results: run 22/13
Operation Dura- Iggﬁ&? ggshsgl%z;nt I\g‘rl:sl;ﬁ?én Pressure | Injection Tempeura- Pressure,
tion, h lur . dron. MPa drop, MPa | rate, mL/h | ture, °C MPa
pore volume mo D,

Saturation with 5 % methanol| - 1.0+1.03 - - 0.0040 43.4 23.0 2.10

Injection of gaseous CO, - 1.68 - - 0.0039 24.7 23.6 3.30

CO, hydrate synthesis 21.5 - +0.0876 - - - 0.95 3.28

CO, injection 23.0 2.51 +0.0824 0.0966 0.0254 0-18.5 0.99 3.30

Thermal hydrate dissociation | 7.0 - -0.1714 - - 0-125 |0.99-16.7 3.30

Note. Model: powdered river sand. Gas permeability 2.01 pm?; length 34.5 cm; diameter 3.0 ¢m; saturating fluid: distilled

water; initial gas saturation 27 %; pore volume 80.1 mL.
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Fig. 2. Injection of 10 % methanol into methane hydrate-bearing porous sand (run 8-13/16).

1 — temperature; 2 — output liquid amount; 3 — output methane amount; 4 — pressure drop.
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Fig. 3. CO, injection, run 8—-13/16.

T

3
Volume of injected fluid, pore volume

1 — amount of methane absorbed in sand; 2 — temperature; 3 — fluid flow rate; 4 — injection rate; 5 — pressure drop; 6 — averaged

curve based on experimental data on methane absorption.

0.5060 — 0.2188 = 0.2872 mol CO, (this is an overes-
timated value, without gas dissolved in the wa-
ter + methanol mixture in sand and in gas flow me-
ter). The CH; —» CO, replacement ratio was
0.2872-100,/0.2388 (120 %), i.e., pore methane hy-
drate can be successfully replaced with carbon diox-
ide hydrate.

The high replacement ratio is consistent with
the gas permeability of sand bearing CO, hydrate
much lower than that with methane hydrate (0.0015—
0.0006 um? against 0.11 pm?).

DISCUSSION

The studied models of a gas hydrate reservoir
were quite similar in terms of gas permeability and

initial water saturation, and the experiments were
performed at the same pressure. Therefore, the results
can be compared to estimate how the type and con-
centration of hydrate formation inhibitors influence
the rates of pore hydrate dissociation and CO, ab-
sorption and on fluid expulsion from sand.

In the beginning of the experiments (within
0.05-0.20 pore volume of injected inhibitor), injec-
tion volume dependence of methane recovery was ap-
proximately linear (Fig. 4). The methane recovery
rate was estimated from slope of linear (or nearly lin-
ear) curve segments in the coordinates ‘methane re-
covery — injected inhibitor volume’. First the meth-
ane recovery rate increased linearly as the methanol
concentration increased (Fig. 5) and reached a pla-
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Fig. 4. Effect of inhibitor concentration and compo-
sition on methane recovery during methane hydrate
dissociation.

17— 20 % MeOH (run 8-12/16); 2 — 10 % MeOH (run
8-13/16); 3 — 5 % MeOH (run 22/16); 4 — 10 % MgCl, (run
23-3/16).
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Fig. 5. Effect of inhibitor concentration and com-
position on methane recovery rate during methane
hydrate dissociation.

71— MeOH; 2 — 10 % MgCl,; 3 — 50 % ethylene glycol.

teau in the range 20-44 % where it became indepen-
dent on the inhibitor concentration. Injection of 10 %
MgCl, and 50 % ethylene glycol provided methane
recovery at a rate about the maximum for the case of
methanol. Therefore, at high inhibitor concentra-
tions, methane hydrate dissociation depends mainly
on the surface area of the hydrate-inhibitor interface
but is weakly dependent on the inhibitor composi-
tion.

The breakthrough of fluid (gas + liquid mixture)
confirms the previously revealed dependence of the
methane recovery rate on the injected inhibitor vol-
ume (Fig. 6). The fluid breakthrough retarded as
methane hydrate dissociation sowed down, at low

o
w
J

0.2 A

breakthrough, pore volume

Volume of injected inhibitor at fluid

0.1+ o1
o2z
A3

T T T T T 1

0 10 20 30 40 50 60

Inhibitor concentration, %

Fig. 6. Effect of inhibitor concentration and compo-
sition on fluid breakthrough during methane hydrate
dissociation.

71— MeOH; 2 — 10 % MgCl,; 3 — 50 % ethylene glycol.
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methanol concentration, but became independent of
the inhibitor composition at high concentrations of
methanol and MgCl, (10 %). In the case of more vis-
cous 50 % ethylene glycol, the fluid broke through
sand later than in the case of other inhibitors.
Injected CO, became absorbed by sand as a re-
sult of dissolution and synthesis of pore CO, hydrate.
The amount of absorbed CO, linearly (or quasi-lin-
early) depends on the volume of injected CO, within
a range of 0.5-2.0 pore volume, and this dependence
can be used to estimate the rate of CO, hydrate for-
mation. This rate decreased rapidly as methanol con-
centration increased (Fig. 7), while the rates of CO,
absorption after injection of 10 % MgCl, and 50 %

0.12
0.10 A
0.08 A
0.06

o2
A3

CO, absorption rate,
mol/pore volume

0.02

T T T T 1

T
0 10 20 30 40 50 60
Inhibitor concentration, %

Fig. 7. Effect of methanol concentration on CO,
absorption (formation of secondary CO, hydrate).

71— MeOH; 2 — 10 % MgCl,; 3 — 50 % ethylene glycol.
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ethylene glycol approached those for 10 and 20 %
methanol, respectively.

The experiments on successive injection of hy-
drate inhibitors and CO, show that

* the rate of methane hydrate dissociation beco-
mes weakly dependent on the type of inhibitor and
independent of its concentration when this concen-
tration is high;

* the use of ethylene glycol instead of methanol
can decelerate methane hydrate dissociation, retard
the penetration of the gas + liquid mixture through
sand, and accelerate CO, hydrate synthesis, appar-
ently, due to viscosity difference in inhibitors, as dem-
onstrated by comparison of experiment results with
20-44 % methanol and 50 % ethylene glycol
(Figs. 5-7);

* the penetration of fluid (gas + liquid) through
porous materials (sand in our case) depends on meth-
ane dissociation rate: breakthrough occurs sooner at
faster dissociation but is independent of methanol
and MgCl, concentrations when they are high;

* the properties of methanol make it a promising
inhibitor of methane hydrate formation in the com-
bined inhibition-replacement method of methane
production from gas hydrate reservoirs. It is an effi-
cient agent in methane dissociation, technologically
simple, cheap, and widely used in gas industry.

CONCLUSIONS

We continue to study a modification to the
CH, —» CO, replacement method for methane pro-
duction from natural gas hydrates. The basic idea is
to use two fast processes of (i) methane hydrate dis-
sociation in the presence of a thermodynamic hydrate
inhibitor and (ii) synthesis of secondary hydrate from
CO, and free water instead of the slow CH; — CO,
replacement in a solid hydrate phase. The approach
stems from difference in thermodynamic stability of
methane and CO, hydrates to alcohol-based inhibi-
tors.

Changes in inhibitor concentration lead to chan-
ges in the rates of methane hydrate dissociation, flow
and breakthrough of fluid (methane + water + inhibi-
tor mixture), and secondary CO, hydrate synthesis.
Thus, the combined inhibition-replacement methane
recovery and CO, sequestration are controllable pro-
cesses. They may be self-regulated in the case of suc-
cessive injection of hydrate inhibitors and CO.,.

The study was supported by the Ministry of Sci-
ence and Education of Russia and was carried out as
part of government assignment No. 13.1926.2014,/K on
design research.
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