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ABSTRACT: The “guest exchange” of methane (CH4) by carbon dioxide
(CO2) in naturally occurring gas hydrates is seen as a possibility to
concurrently produce CH4 and sequester CO2. Presently, process
evaluation is based on CH4−CO2 exchange yields of small- or medium-
scale laboratory experiments, mostly neglecting mass and heat transfer
processes. This work investigates process efficiencies in two large-scale
experiments (210 L sample volume) using fully water-saturated, natural
reservoir conditions and a gas hydrate saturation of 50%. After injecting 50
kg of heated CO2 discontinuously (E1) and continuously (E2) and a
subsequent soaking period, the reservoir was depressurized discontinuously.
It was monitored using electrical resistivity, temperature and pressure
sensors, and fluid flow and gas composition measurements. Phase and
component inventories were analyzed based on mass and volume balances.
The total CH4 production during CO2 injection was only 5% of the initial
CH4 inventory. Prior to CO2 breakthrough, the produced CH4 roughly equaled dissolved CH4 in the produced pore water, which
balanced the volume of the injected CO2. After CO2 breakthrough, CH4 ratios in the released CO2 quickly dropped to 2.0−0.5 vol
%. The total CO2 retention was the highest just before the CO2 breakthrough and higher in E1 where discontinuous injection
improved the distribution of injected CO2 and subsequent mixed hydrate formation. The processes were improved by the succession
of CO2 injection by controlled degassing at stability limits below that of the pure CH4 hydrate, particularly in experiment E2. Here, a
more heterogeneous distribution of liquid CO2 and larger availability of free water led to smaller initial degassing of liquid CO2. This
allowed for quick re-formation of mixed gas hydrates and CH4 ratios of 50% in the produced gases. The experiments demonstrate
the importance of fluid migration patterns, heat transport, sample inhomogeneity, and secondary gas hydrate formation in water-
saturated sediments.

1. INTRODUCTION

Methane (CH4) hydrate reservoirs are considered another
player in the field of energy supply and as a possible sink for the
greenhouse gas CO2 if CO2 is used to produce CH4 from these
reservoirs in a gas exchange process.1−4 Methane hydrate-
bearing sediments abundantly occur along the continental
margins and in permafrost regions, storing a total of 700−1300
Gt CH4.

5−8 On a molecular level, gas hydrates are clathrates
composed of water cages stabilized by a number of possible
guest molecules, including CH4 or CO2.

9,10 Their formation
requires a high gas concentration, abundant water, low
temperatures, and elevated pressures.9 Given suitable conditions
such as natural CO2 vent sites, CO2 hydrates form readily11,12

and tend to be thermodynamically more stable than the CH4

hydrate under a wide range of pressure−temperature (p−T)
conditions in marine sediments.
The injection of CO2 into a CH4 hydrate reservoir is one of

the techniques currently tested for CH4 production from gas
hydrate reservoirs.4 It is supposed to allow for sequestration of

CO2 while producing CH4 with CO2 being converted into solid
gas hydrates by the exchange of guest molecules, given stability
conditions. Not only would CO2 be retained but the formation
of CO2 hydrate could facilitate possible impediments related to
CH4 production from hydrates, such as the production of
additional water, cooling caused by the endothermic decom-
position of the CH4 hydrate,

9 and a possible deterioration of
sediment mechanical stability.
Several amendments of pure CO2 injection were tested to

enhance gas production, including the use of additives such as
nitrogen (Ignik Sikumi Field Experiment, Alaska13) or gas
hydrate inhibitors (e.g., review Zhao et al.4). It was also
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considered to combine production mechanisms, for example,
combining the injection of CO2 with depressurization

13 or with
thermal stimulation.14,15 Schicks et al.16 focus on experimental
conditions simulating the Ignik Sikumi Field experiment in the
pilot-scale laboratory setup by electing to mix CO2 with N2,
whereas the experiments presented here investigate the CO2
injection with thermal stimulation in a first process step and
depressurization by controlled degassing in a second step.
Numerous small-scale (μL) tomedium-scale (70 l) laboratory

studies have been carried out to elucidate the processes
determining the kinetics3,17−19 and efficiencies of CO2 retention
and CH4 production.

14,15,20 The exchange of guest molecules is
immediate, given a direct contact between the CH4 hydrate and
CO2.

3,18 However, the formation of pure CO2 or mixed CO2−
CH4 hydrate layers on the original gas hydrate surfaces
decelerates the process as mass transfer becomes diffusion-
limited, for example.17,21 Additional parameters determining the
efficiency of guest exchange include the solubility of the
molecule in the aqueous phase, surface area of gas hydrate
grains, permeability of a porous sedimentmatrix, and viscosity or
surface tension of the liquid phases (e.g. Jung et al.19). Other
authors highlight the dependence of CH4−CO2 exchange on
fugacity differences between gas and gas hydrate phases,3,20

which mayif alteredalso lead to a reversibility of the gas
exchange.17 The complexity of the exchange process results in
experimental exchange yields varying between 10 and 100% in
sediment-free systems and 10−64% in sands.
The dependency of the CH4−CO2 hydrate conversion on

pressure−temperature (p−T) conditions was recently taken up
in medium-scale experiments (2 and 0.25 L).14,22 Deusner et
al.14 measured the highest efficiency for the guest exchange at 8
°C and 13MPa with a CH4 production yield of 41%. They argue
that transport conditions are most suitable at these conditions.
Conditions deeper within the CO2 hydrate stability region led to
enhanced clogging by newly formed CO2 hydrate, whereas
conditions outside pure CO2 hydrate stability conditions
induced a fast breakthrough of liquid CO2 through the sample.
The experiments by Deusner et al.14 and other recent studies use
samples composed of sand and gas hydrate rather than pure gas
hydrates to more closely simulate natural conditions.20,22−24

Further, Deusner et al.14 replaced any free CH4 gas with (salt)-
water before CO2 injection since an initial and continuous gas
phase allows for fast diffusion that is strongly reduced by the

water phase commonly present in natural reservoirs as was also
emphasized by Birkedal et al.20 Further, the solubility of CH4 in
saltwater is rather limited.25 The free water phase also alters
mass transport by enabling secondary gas hydrate formation,
which affects the sediment permeability and overall exchange
rates. Consequently, it is crucial for both, CH4 production and
CO2 sequestration, in natural sediments.
Upscaling is a vital aspect for transferring laboratory results to

field-scale since small- and medium-scale experiments do not
account for or underestimate the importance of transport
processes. However, there are very few large-scale systems
suitable for research on gas hydrates. The high-pressure system
LARS (LArge Reservoir Simulato) used in this study is one of
the largest laboratory-based systems with a sample size of 210
L.26,27 It allows for gas hydrate formation from dissolved CH4
without an initial free gas phase being present and with final
hydrate saturations of up to 90%. Earlier production tests have
shown that the LARS is one of the few systems large enough to
reproduce heterogeneous and complex transport processes.28,29

In this study, we took over the experimental p−T conditions
fromDeusner et al.14 and up-scaled the reservoir size by 2 orders
of magnitude using the LARS (Figure 1). We carried out two
separate experiments with a continuous (E1) and discontinuous
(E2) injection of approximately 50 kg of heated CO2 into a
sample of gas hydrate-bearing sand with an initial CH4 hydrate
saturation of ∼50%. In both experiments, overall injection
periods were followed by controlled depressurization to
elucidate depressurization-assisted CH4−CO2 hydrate ex-
change.

2. MATERIAL AND METHODS
This section gives a short introduction to the LARS with an emphasis
on specific system requirements for the injection of heated CO2 (2.1)
and the experimental procedures for CO2 injection and depressuriza-
tion (2.2). For further details with respect to the general setup of the
LARS, see ref.26,27,30 Section 2.3 reports on the data processing and
summarizes important terms and definitions. Section 2.4 describes the
procedures for analyzing phase and component distributions. Data used
for calculations and figures apart from the electrical resistivity
tomography (ERT) data are available in the GFZ Data Services
(DOI: review link, see Chapter Data availability).

2.1. Large-Scale Reservoir Simulator. The LARS allows for
large-scale investigation of processes in gas hydrate-bearing sediments
under simulated in situ conditions at p: 0.1−25 MPa and T:−10 to +40

Figure 1. Sketch of the experimental setup including the LARS, the CO2 injection setup, ERT, and GC. The icon in the sample’s center indicates the
reactor that was used for thermal stimulations in earlier experiments and was still installed. The brine and later on the heated CO2 are injected through
sinter metal showers (filter disc) at the bottom of the LARS for a better distribution of the brine and CO2, respectively, within the sample.
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°C. The pressure vessel can hold a cylindrical sample of 210 L (h = 130
cm, d = 46 cm). The sample is confined in a neoprene jacket equipped
with 375 electrodes arranged in 25 circular rings for ERT measure-
ments. Since the LARS has conductive steel closures on both ends of
the sample, electrodes do not cover the first 14.5 cm of the jacket. The
full resolution is reached about 30 cm from the top and the bottom of
the sample. Resolution is dependent on size and resistivity contrasts.
From tests with aluminum and plastic cylinders (2 cm in diameter and
5−10 cm long) and the experiences we gathered during our various
experiments, we know that we can resolve resistivity changes greater
than 5% if they appear in areas with length scales between 5 and 10 cm.
For details on the ERT system, please see the publication by Priegnitz et
al.26

Confining pressure and temperature are mediated by a fluid and
pressure is regulated using 500 mL Teledyne ISCO dual pumps
operated in constant pressure mode. Temperature is controlled using a
circulation thermostat UNISTAT 510W connected to the pressure
system via a heat exchanger. All pressure data originate from recordings
of the ISCOpump pressure sensors, which can encounter a drift of 0.3−
0.4 MPa throughout multi-day experiments. The pore pressure is
further displayed on analogous pressure sensors at the inlet and outlet
of the vessel. Temperatures within the sample are monitored with high
time resolution using up to 12 spatially distributed Pt100 temperature
sensors (platinum resistance thermometers, PRTs; nominal resistance:
100 Ω at 0 °C).
In the water-saturated sediment, the CH4 hydrate forms from

circulating CH4-saturated brine with free gas being absent at all times
during gas hydrate formation.30 This allows for the formation of pore-
filling or, at higher concentrations, frame-building gas hydrate
morphologies that are assumed to be typical for most natural reservoirs
but that are rarely formed in the laboratory.30 To avoid early gas hydrate
formation and clogging, the temperature within the external CH4
charging system is kept just above the equilibrium temperature of
CH4 hydrate at a given pressure. The circulating brine is cooled in the
sediment. The bulk gas hydrate saturation (Sh) is determined by (a)
repeated measurement of the electrical conductivity of the circulating
brine (WTW LF 340; error: 0.5%) and (b) the ERT data, which can be
converted into gas hydrate distribution using a processing routine based
on Archie’s equations.26

The upstream injection of heated CO2 is controlled using a dual
ISCO pump (Figure 1). The pump is cooled to −2 °C to reach a CO2
density of nearly 1000 kg m−3 at a pressure of 13 MPa to simplify mass
estimations during the experiment. The pressurized CO2 is heated to 95
°C, following Deusner et al.14 (Figure 1) before being transported into
the LARS through steel tubing equipped with a trace heater. In both
experiments, the trace heating needed to be turned off at an early stage
to keep reservoir temperatures at 8 °C, which led to a substantial
cooling of the CO2 before being injected at the bottom of the reservoir
through a filter plate.
During injection and depressurization, effluent water and gas are

separated in a water trap. While the water quantity is measured by
weighing discrete samples, the gas flow is calculated from total pump
flow rates (see Section 2.3). A compact gas chromatograph fromGlobal
Analyser Solutions enables the determination of the gas composition of
effluent gas. The flame ionization and thermal conductivity detectors
allow for the quantification of CH4, O2, N2, and CO2 with an analytical
error below 3%. Gas standards withmixtures of 0.2−90%CH4 and 0.1−
40% CO2 were used for calibration. The listed CH4 and CO2 data for
the effluent gas are based on the assumption that the produced gas is dry
and free of oxygen and nitrogen.
In experiment E2, seven temperature sensors used in E1 were

replaced by a 12 m long fiber-optic distributed temperature sensing
(DTS) cable installed on the central plastic mesh within the sample.
The DTS cable recorded average temperatures over a distance of 0.5
m.31 The accuracy is 0.3 °C. For the position of the sensors and the
central point of measurements of the cable, please see Section 3.1.1.
Silicon membranes were mounted on the central plastic mesh to test
their applicability for the spatial monitoring of CH4 and CO2 within a
gas hydrate reservoir.32

2.2. Experimental Procedure. The experiments were carried out
at a pore pressure of 13 MPa and a reservoir temperature of 8 °C,
following results from Deusner et al.14 The sediment was a loose
uniform quartz sand (U = 2) with a grain size spectrum of 0.2−1 mm
(D50 = 0.8 mm) from Wolff & Müller. The sand was not repacked
during three successive experiments, two of them presented here. The
grain size distribution was determined before the first and after the last
CO2 injection experiment. Changes of effective pressure and
consequent breakage of grains had led to a slight decrease in grain
sizes and porosity of E1 compared to E2 (Table 1). Gases had a purity
of 99.5% (Air Liquid).

Starting conditions for both experiments were similar (Table 1) with
an initial Sh of 50% and an initial gas hydrate distribution that was only
slightly more homogeneous in E2 (see Results). The experiments E1
and E2 covered two different CO2 injection strategies: discontinuous
(E1) and continuous (E2) injections. In E1, CO2 was injected in five
injection intervals of 3−7 h each, with approximately 10 kg of CO2
being injected at a constant rate of 100mL/min in each interval (Figure
2a,b). Each injection interval was followed by a CO2 soaking period of
20−40 h. Small leakages at the feedthroughs of the LARS were
accounted for by subtracting the constant CO2 influx that was observed
at the end of the soaking periods (Table 1). After the soaking periods, a
loss of permeability due to gas hydrate formation and consequent
plugging was a re-occurring issue, which was resolved by manipulation
of differential pressures within the LARS, dynamic adjustment of the
injection rate, and on one occasion by reversal of the flow direction. A
total of 0.45 kg CO2 was injected at the top of the sample (second
injection period). This was reflected in the effluent gas composition and
corrected for during data evaluation. The overall injection of CO2 in E1
was completed after 5.2 days. E2 was carried out with continuous
injection of 55 kg of CO2 at a constant rate of 100mL/min over a period
of 15 h (Figure 2c,d). Two maintenance breaks due to water in the gas
chromatograph interrupted injection of CO2 toward the end of the
experiment. Plug formation was a minor issue in E2.

In both experiments, the overall injection period was followed by a
soaking period of 14 and 4 days, respectively, before gas production via
depressurization was initiated. The effluent flow was again controlled
using the dual outlet pump with a continuous flow of 100 mL/min

Table 1. Initial Conditions and Experimental Parameters of
Experiments E1 and E2

experiment E1 experiment E2

temperature (°C) 8 8
confining pressure (MPa) 17 17
pore pressure (MPa) 13 13
salinity (g/L) 4.17−6.51 4.14.−6.53
CH4 hydrate saturation (% pore space) 50 50
sediment quartz sand quartz sand
pore space (L) 82.3 76.1
CH4 hydrate volume (L) 41.15 38.05
CH4 bound in hydrate (kg) 4.844 4.479
CH4 bound in hydrate (mol) 302.0 279.3
mode of CO2 injection discontinuous continuous
CO2 injected (L) 54.6 (63.5)a 57.8 (61.7)a

CO2 injected (kg) 52.0 (60.4)a 55.0 (58.7)a

CO2 injected (mol) 1181 1249
injection rate mL/min 100 100
soaking period before depressurization 14 d 4 d

aThe values refer to reservoir temperature and are corrected for
apparent leakage at the feedthroughs in the lid of the pressure vessel.
The numbers in brackets show the uncorrected values, including the
overnight addition of CO2 to keep constant pressure. The calculation
of CO2 in liters is based on the density of CO2 at reservoir conditions
(8 °C; 13 MPa): 943 kg/m3. The calculation of CH4 bound in
hydrate is based on a hydration number of n = 6.
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when possible. Once pore pressure had reached 0.2−0.3 MPa,
measurements were stopped.
2.3. Data Processing and Definitions. The calculation of fluid

mass and volume balances as well as CH4 and CO2 budgets is based on
the combination of three different data sets: (1) pressure and volume
data recorded from the inflow and outflow pumps (time interval, Δti =
5−65 s); (2) gas chromatographic measurements with irregular spacing
of 3−6 min; (3) weights of the manually collected water with Δti,GC of
5−30 min depending on effluent water volumes. Pressure changes of
pump 3, controlling the confining pressure, are negligible.
The calculation of the injected CO2 volume (CO2,infl) is based on the

flow rates of the inflow pumps. The flow rate (Fi) is assumed to be
constant during single time intervals (Δti). The mass (kg) and amount
(mol) of the CO2 are calculated from the influent CO2 volume using the
measured pressure data at constant temperature conditions. The
density of CO2 at given p−T-conditions was calculated from the
equation of state given by33,34 using the SUGAR toolbox.35

The calculation of the produced CH4 (CH4,effl) and CO2 (CO2,effl)
volumes is based on the differences in effluent pump volume in each
time intervalΔt (Veffl,Δt), measured gas composition, and quantification
of the amount of effluent water to account for the amount of dissolved
gases. Gas composition and water production rate were assumed to be

constant over each time interval Δti,GC. Volumes of produced gases
were calculated as the difference between Veffl,Δt and effluent water
volume H2Oeffl,Δt during each Δti,. If water was being produced, CH4

production was calculated considering the amounts of dissolved CH4

(CH4,sol) and gaseous CH4 (CH4,gas). The pressure recordings and
constant temperature control of the effluent pump allowed for the
conversion of the produced CH4 and CO2 volumes into mass (kg) and
amounts (mol) using the SUGAR toolbox.35 It is assumed that the
effluent water (H2Oeffl) is only saturated with CO2 after the first
equilibration phase in experiment E1, which amounts to 11.8 L and 16.2
mol CO2 (CO2,sol). This is below 3.5% of CO2,effl and is neglected.

Calculation of amounts and compositions of produced fluids during
stepwise depressurization in E1 and E2 was carried out analogously to
injection periods.

Data processing is based on high-resolution pressure and flow
measurements. However, pressure and composition measurement data
were averaged to derive start and end values for individual
depressurization steps in E1 and E2. These values were calculated
from averaging pressure and gas composition data inside the time
interval of the first and last 10 GC measurements of each
depressurization step (see Figure 6 in Results).

Figure 2. Cumulative mass/amount of injected CO2 and inlet pore pressure over time in experiments E1 [discontinuous; (a,b)] and E2 [continuous;
(c,d)].

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.0c03353
Energy Fuels 2021, 35, 10641−10658

10644

https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03353?fig=fig2&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c03353?rel=cite-as&ref=PDF&jav=VoR


Measurements and calculated mass balances are partly influenced by
process issues with uncontrolled gas hydrate formation and clogging of
the pore space. In these cases, it was necessary either to reduce pressures
in inflow and outflow regions or to reverse the flow direction over short
time intervals. Important events are reported in the Results section.
Apart from the reverse flow, which was explicitly excluded from the
budget, the impact on mass balances of these individual events was
considered to be within the error range. Data were corrected for
apparent leakage rates of 4.283 × 10−4 molCO2/s during injection in E1
and 1.05 × 10−4 molCO2/s during injection in E2. These rates were
based on CO2 injection rates during equilibration periods once
temperatures were constant and injection rates were stable toward the
end of the periods. Referring to mass balancing and overall recovery of
CH4 and CO2 at the end of each experiment, we consider an
experimental and measurement error of ±15%.
The experimental processes were evaluated in terms of efficiencies

and yields as defined in Table 2. Process efficiencies are defined based
on the amounts of injected CO2 for the evaluation of injection intervals
and based on the amounts of effluent CO2 during depressurization. The
definition of production yields and efficiencies during injection and
depressurization refers to respective time intervals. Thus, the
production rates are not synonymous to CH4−CO2 hydrate conversion
rates as defined in other studies but summarize the contributions of
numerous gas hydrate reactions and transport processes inside the
reservoir. Throughout this study, we often refer to “CH4 hydrate” and
“CO2 hydrate” for simplicity. However, the formation of mixed
CH4:CO2 hydrates is very likely, and especially during depressurization,
the presence of mixed gas hydrates in addition to pure gas hydrates
needs to be considered because of the marked differences in stability
boundaries. Volume balancing takes into account phase volumes of gas
hydrates (VGH), water (Vw), and gas (Vg) and is based on fluid densities
at p−T conditions inside the reservoir.
2.4. Calculation of Phase and Component Distributions.

Phase and component distributions were calculated based on phase
volumes (VGH, Vg, Vw) considering reservoir p−T conditions. For
calculation of phase volumes, the amounts of CH4, CO2, and water in
the reservoir were taken as calculated based on bulk fluid inventories
and effluent fluid composition.
In the first step, all potential phase partition states of CH4 and CO2

were calculated based on the assumption that the compounds CH4 and
CO2 could be present as part of a (mixed) gas phase or of a (mixed) gas
hydrate phase. Similar to the bulk data evolution, dissolved CH4 and
CO2 are not taken into account since these amounts are negligible
compared to amounts in the gas hydrate phases. A partition coefficient
of 0 corresponds to the state in which the compound (CH4 or CO2) is
only present in the gas or liquid phase, whereas a partition coefficient of
1 indicates that the compound is exclusively bound in the gas hydrate
phase.
In the second step, based on all potential partition states with

partition coefficients spanning the open interval [0, 1], possible phase
compositions and component distributions were identified. This was
achieved by considering three individual constraints: (a) the phase
saturation closure condition 1 = Sh + Sg + Sw, (b) the measured effluent
gas composition, and (c) the water availability, which defines an upper

bound for Sh. Eventually, a range of overall possible partition states, i.e.,
the possible distribution of CH4 and CO2 between the gas and gas
hydrate phase, was defined as the range of partition states which was in
accordance with all three individual constraints.

The analysis of bulk phase and component distributions was based
on a number of simplifying assumptions: (1) assuming homogeneous
p−T conditions in the reservoir (p: effluent pressure, T: reservoir
boundary T = 8 °C), (2) assuming that it is valid to consider average
phase compositions and neglecting that both gas and gas hydrate
compositions are likely to be not constant on the reservoir and even on
the grain scale, and (3) neglecting water production during
depressurization in E2 and the presence of dissolved gas, both of
which are of minor importance. Rather than the presence of pure CH4
or CO2 hydrate, the presence of a mixed CH4−CO2 hydrate phase is
assumed with an overall hydration number of 5.75.

Mixed CH4−CO2 fluid density calculations are carried out using the
SUGAR toolbox.35 To account for measurement errors and mass
balance uncertainties, an error of ±10% of bulk saturation (VGH + Vg +
Vw = 0.9 to 1.1) was allowed when identifying overall possible partition
states. The CSMGem software9 was used to evaluate chemical and
thermodynamic equilibrium conditions based on the calculated mean
gas or gas hydrate composition and given reservoir p−T conditions.

3. RESULTS

Two large-scale studies were carried out in a simulated CH4
hydrate reservoir, comparing the efficiency of discontinuous
(E1) and continuous (E2) injection of heated CO2 and
subsequent depressurization with regard to CH4 production,
CH4−CO2 hydrate conversion, and CO2 retention. In both
experiments, the sample represented a sandy gas hydrate
reservoir, void of free gas, and with a hydrate saturation of
∼50% of the pore space. The inlet and outlet are separated,
similar to an injector-producer well design.
The Results section is organized to present data from

experiments E1 and E2 separately. For the injection intervals,
we first present the bulk fluid inventories followed by
observations on the phase distributions based on the electrical
resistivity contrasts and observations on the temperature
evolution. Subsequently, we summarize observations on fluid
inventories and temperature evolution during depressurization.
While quantitative conclusions in this study are mainly derived
from bulk fluid inventories, high-resolution ERT and temper-
ature measurements illustrate the differences in transport-
reaction characteristics between the experiments. No ERT data
are presented for the depressurization since gases, CO2 fluids,
and gas hydrate cannot be distinguished using ERT.

3.1. Experiment E1. 3.1.1. CH4−CO2 Exchange Applying
Discontinuous CO2 Injection. A total of 1181 mol (52 kg) CO2
was discontinuously injected into the LARS sample in a total of
five injection intervals separated by overnight soaking periods

Table 2. Parameter Definitions (Similar to and Based upon Deusner et al.14)

CO2 injection depressurization

CH4 production efficiency E
Y

nCH
CH

CO
4

4

2,infl

=
∑

E
Y

nCH
CH

CO
4

4

2,effl

=
∑

CO2 retention efficiency E
S

nCO
CO

CO
2

2

2,infl

=
∑ E

n

n Y
1CO

CO

CO CH
2

2,effl

2,effl 4

= −
∑

∑ +

CH4 yield Y nCH CH4 4,effl∑= Y nCH CH4 4,effl∑=

CO2 retention S n n( )CO CO CO2 2,infl 2,effl∑= − S n n( )CO CO CO2 2,ret 2,effl∑= −

H2O retention S m m( )H O H O H O2 2 init 2 effl∑= − S m m( )H O H O H Oret effl2 2 2∑= −
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(Figures 2 and 3a, Table 3). Prior to the CO2 breakthrough
during interval 3, CO2 was almost fully retained (ECO2 = 1) and
balanced by the water discharge that largely ceased during
interval 4 and was absent in interval 5. The cumulative volume of
H2Oeffl was 22.4 L with production rates of 81−108 g/min
during intervals 1−3. In the last two intervals, the CO2 influx and
efflux were nearly balanced (Figure 3a). Overall, 694 mol (30.57
kg; 28 L) of CO2 was retained. Before the CO2 breakthrough, no
CO2 production was observed.
The amount of CH4,effl equaled the amount of CH4,sol of the

effluent water (1.8 mol or 0.7% of total CH4 inventory, ECH4 =
0.004−0.005) (Figure 3a).Water production proceeded with no
additional effluent gases prior to the CO2 breakthrough during
interval 3 (CO2, infl = 600 mol; 26.43 kg; 28 L). The methane
production was highest immediately after CO2 breakthrough
(gas CH4:CO2 molar ratio R < 0.1) but decreased with ongoing
CO2 injection (R < 0.01). Elevated ratios were only encountered
at the very beginning of injection intervals 4 and 5, that is, after
the soaking periods following the CO2 breakthrough. Through-
out the overall injection, the CH4 production yield (YCH4) was
15.2 mol, that is, approximately 5.0% of the reservoir CH4
inventory was recovered in the bulk effluent fluid. The CH4
production efficiency (ECH4; Table 2) of 0.013 was low.
Figure 4 shows a selection of ERT data for experiments E1

(top) and E2 (bottom) that visualize the spatial distribution of
conductive pore water versus insulating phases, that is, gas
hydrate, liquid and/or gaseous CO2 or CH4. At the initial stage
of E1 (Figure 4A top), the resistivity was slightly elevated
throughout the sample, especially in the marginal areas of the
lower third where obviously Sh was higher than in the overall
sample. This area underwent a significant increase in resistivity
over the first CO2 injection interval (Figure 4B top) followed by
a homogenization in resistivity in the lower sample and a clear
front with a strong resistivity contrast that rose toward the center
of the sample over the course of the injection interval 2 (Figure
4C top). During the third injection interval, a wider channel of
slightly increased resistivity (greenish-yellow) formed in the top
third of the sample and expanded at the very top of the sample

(Figure 4D top). Concurrently, CO2 was detected in the effluent
gas during this injection interval. At the end of the experiment,
only small marginal areas showed a slightly lower resistivity,
whereas the majority of the sample including the upper part was
high in resistivity (Figure 4E top). The electrical conductivity of
the effluent water slightly increased during the intervals after the
CO2 breakthrough (interval 3: 10.82−12.12 mS/cm; interval 4:
14.64 mS/cm) due to the consumption of freshwater by CO2
hydrate formation.
Figure 5a shows temporal and spatial temperature changes

within the sample during the first injection interval and
equilibration period. With the onset of CO2 injection,
temperatures close to the inlet (T10) rose to 30 °C, showing
high sensitivity toward interruptions or changes in the influx rate
of heated CO2, as did temperatures 0.35 m above the inflow
(T12) in an only slightly weaker manner. Sensors T7, T8, T9,
and T11 mounted in a horizontal line 0.48 m from the bottom
plate concurrently detected a sharp temperature increase shortly
before the end of the first injection interval, whereas temper-
atures in the upper half of the sample (T1−T4) were
comparably stable. The equilibration period showed a gentle
temperature decrease toward reservoir temperatures of 8 °C by
all sensors. This was interrupted by a temperature increase of up
to 0.8 °C at the inlet and within the high resistivity area in the
lower right (Figure 5a inlet) roughly 7 h after completion of the
first CO2 injection interval. During this period, an elevated
addition of confining fluid was needed to keep the pressure on
the sample constant, indicating a slight volume decrease of the
sample. In addition, there was an increase in CO2 injection for
maintaining constant pore pressure. Both observations indicated
enhanced gas hydrate formation. Starting injection interval 2,
temperatures in the lower half of the reservoir increased
immediately and rose in a moderate manner in the top half.
Temperatures at the inlet were 25 °C compared to 30 °C during
interval 1, which at least in parts is due to the trace heater being
turned off (see Material and Methods).
The third injection interval saw a continuous injection for

about 1 h followed by the CO2 breakthrough. In this period, the

Figure 3. Cumulative amounts and volumes of produced gas and water compared to the cumulative injection of CO2 for experiments E1 (a) and E2
(b). The calculation excludes minor periods of pressure drops leading to small amounts of gas hydrates being dissociated in the top part of the sample
(Figure 2b) since they have no impact on the overall budgeting.
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steepest temperature increase was detected in the top area of the
sample (T0−T4) with a lower gradient in the top center. The
CO2 breakthrough coincided with the highest temperatures at
the uppermost sensors, while temperatures in the central part of
the sample (T5−10) were stable. During injection interval 4,
temperature changes were small apart from a temporary drop of
4−6 °C (T0, T1) in the top part of the sample closest to the top
valve. This is likely related to a temporary pressure decrease and
gas expansion at the top valve (Figure 2) due to clogging. During
the fifth injection interval, temperature gradients throughout the
sample were low. Temperatures at the inlet (T10 and T12) had
not changed throughout the injection intervals 2−5. Overall,
temperatures did not rise above 12 °C in the bulk sample.
3.1.2. Depressurization. With the onset of depressurization

after a final soaking period of 14 days (constant flow; see
Materials and Methods for details), pore pressure quickly

dropped to around 4.3 MPa, where it stabilized (Figure 6a;
Table 3).
At a temperature of 8 °C, this pressure coincides with the

vaporization line of CO2. Until the pressure dropped to <4 MPa
(CO2,effl = 150 mol; CH4,effl = 16 mol) pore-filling liquid CO2

that was present throughout the sample (Figure 4E, top)
accounted for the CO2,effl. Small contributions of effluent CH4

(R = 0.02−0.14) could originate from CH4 dissolved in liquid
CO2 or from the residual pure CH4 hydrate that became
unstable at T > 6 °C given p = 4MPa (for equilibrium curves see
Chapter 4). However, the decomposition of the gas hydrate and
the gas expansion lead to cooling, thus decreasing the
equilibrium pressure for the gas hydrate. At day 4, the pressure
finally dropped and CH4:CO2 ratios in the production gas
increased until they stabilized during subsequent intervals at R =
0.54−0.60. For mixed hydrates with R = 0.60, the equilibrium
pressure ranges between 2.0 and 4.0 MPa at T = 2−8 °C

Table 3. Results Table of Injection and Depressurization Phases of Experiment 1a

Injection

interval time CO2,infl H2Oeffl CH4,effl CO2,effl R ECH4 ECO2
YCH4

SCO2
SH2O

Cumulative

d mol L mol mol mol b mol L

1 start 0 0 0 0 0 min 0
end 0.11 220 9.17 0.95 0 max 1 0.004 1 0.95 0.003 220 31.2 0.78

2 start 0.99 242 9.23 0.96 0 min 0.05
end 1.22 418 17.6 1.83 0 max 1 0.005 1 0.87 0.003 177 23.6 0.58

3 start 2.00 461 17.9 1.83 0 min 0.54
end 2.05 611 22.0 7.90 4 max 0.88 0.041 0.97 6.07 0.020 146 19.3 0.47

4 start 3.03 650 22.0 10.50 15 min 0.01
end 3.12 800 22.4 13.65 162 max 0.09 0.021 0.03 3.15 0.010 4 18.8 0.46

5 start 5.02 859 22.4 13.75 178 min 0
end 5.12 1181 22.4 15.16 487 max 0.01 0.005 0.04 1.41 0.005 12.5 18.8 0.46

overall 0.013 0.59 15.2 0.050 694 18.8 0.46
Depressurization

interval time CH4,effl CO2,effl R ECH4 ECO2
YCH4

SCO2

d mol mol mol c mol d

1 start 0 0 0 0.02
end 0.25 0 0 0.04 n.a. n.a 0 0 693 1

2 start 0.93 0.2 1.7 0.14
end 1.15 7.5 106.1 0.12 0.071 0.066 7.4 0.026 589 0.849

3 start 4.05 13.5 106.1 0.08
end 4.19 15.9 149.5 0.03 0.054 0.051 9.7 0.034 546 0.787

4 start 4.92 15.9 150.5 0.06
end 5.27 33.2 346.3 0.23 0.088 0.081 27.0 0.094 350 0.505

5 start 5.92 33.2 346.4 0.31
end 6.23 67.8 387.2 0.57 0.847 0.459 61.6 0.215 309 0.446

6 start 6.92 70.0 388.7 0.57
end 7.30 104.8 416.1 0.59 1.277 0.561 96.5 0.336 282 0.406

7 start 7.92 105.7 416.6 0.60
end 9.11 245.3 508.7 0.54 1.517 0.603 236.2 0.823 190 0.274

8 start 11.00 248.6 511.4 0.57
end 12.60 280.2 560.09 0.02 0.651 0.394 267.8 0.934 141 0.203

overall 0.500 0.238 280.2 0.977 133.4 0.192
Recovery

CH4 % 97.8
CO2 % 88.7

aPlease see Figure 2 for details on the timing of the injection intervals and soak periods. bUpper case numbers refer to reference values in
calculation of yields YCH4 and YCO2 initial CH4 inventory.

cretained amount of CH4 prior to depressurization. dretained amount of CO2 prior to
depressurization.
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(CSMGem9) with the highest pressure belonging to the lowest
temperatures. The change in R coincided with a significant drop
in temperatures (2 °C) throughout large parts of the sample.
The cooling is due to gas hydrate dissociation, which was also
apparent from the pressure increase during the hold periods.
3.2. Experiment E2. 3.2.1. CH4−CO2 Exchange Applying

Continuous CO2 Injection. In E2, a total of 1249 mol (55 kg) of
CO2 was injected continuously over a period of only 15 h with
interruptions toward the later course of the experiment (CO2infl
∼ 910 mol; 42.4 L; 40 kg) due to maintenance work on the gas
chromatograph (Figure 2c,d). Persistent plugging was not
encountered. As in E1, CH4,effl was limited to CH4 dissolved in
effluent pore water before the CO2 breakthrough. The H2Oeffl
amounted to 15.0 L at the CO2 breakthrough (3.8 h; CO2,infl =
392 mol; 17.3 L; 16.3 kg), increasing to 17.6 L at CO2infl = 500
mol (22 kg; 23.3 L). The water production was 20% less
compared to that of E1 (Figure 3b). Consequently, the overall
CO2 retention was lower (510 mol) in E2. The CO2
breakthrough was rapid with CH4:CO2 ratios dropping to
0.025 within 15 min, indicating a clear channeling of the CO2
flow. The ratio decreased further (Table 4); however, the
decrease was slightly slower compared to that of E1 (Table 3).
Throughout the overall injection, the CH4 production yield
(YCH4) was 13.2 mol, that is, approximately 4.7% of the reservoir

CH4 inventory. Considering experimental errors, the overall
CH4 production efficiencies of both experiments are comparable
(E1: ECH4 = 0.013; E2: ECH4 = 0.011). The overall CO2 retention
efficiency was clearly lower in E2 (ECO2 = 0.41) compared to E1
(ECO2 = 0.59).
The bottom panels of Figure 4 show a selection of ERT data

visualizing significant stages of experiment E2. Before CO2
injection (Figure 4b, bottom), areas of high resistivity indicate
the presence of gas hydrates in the lower third of the reservoir.
Although, the higher resistivity reached slightly further into the
center of the sample, the initial pattern was similar to that
observed for E1 (Figure 4A, top). With the onset of CO2
injection, the initial regions of elevated resistivity intensified
immediately (Figure 4B, bottom), indicating displacement of
pore water from these regions.
During the CO2 breakthrough (Figure 4C, bottom), the

region of high resistivity only partly expanded toward the top of
the sample, whereas resistivity in large parts of the sample
appeared to be unaffected (Figure 4C,D, bottom). A narrow
lateral channel of elevated resistivity formed and intensified
throughout the CO2 injection (Figure 4D, bottom). Fifteen
hours after the injection of CO2 had stopped, regions of high
resistivity were still restricted to the lower third of the sample
and parts of the sample top area. The channel of elevated

Figure 4. Selected 2D profiles of the resistivity distributions in the LARS calculated from ERTmeasurements at discrete stages during experiments E1
(a, top) and E2 (b, bottom). The abovemeasurements visualize measurements several hours after a CO2 injection in case of E1, that is, once the system
was close to equilibrium in temperature. The selected 2D profiles for E2 represent similar stages of CO2 injection. The ERT 2D sections were chosen to
coincide with the location of the plastic grid used to mount the temperature sensors/DTS cable and thus to match the temperature sections.
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resistivity in the middle of the sample had slightly weakened
(Figure 4E, bottom). Large parts of the sample did not undergo

any increase in electrical resistivity, indicating that fluid
migration characteristics were significantly different between

Figure 5. (a) Temperature distribution during the first injection interval (∼2.5 h) and the beginning of the first equilibration period in experiment E1
until changes became minimal; the inlets show the locations of the sensors in the sample and a close-up of sensors with lower temperatures (b)
temperature development throughout the continuous injection of CO2 in experiment E2. Sensor locations are T0 (central top), T3 (upper right), and
T5 (lower left middle). A number of interpolated 2D plots show DTS temperatures at a given time of the day. For temperature developments during
the following injection intervals of E1 and heat maps of injection interval 1 of E1, please see the Supporting Information (S3, S4) and the GFZ Data
Services for the complete data (DOI review link, see Chapter Data availability).

Figure 6.Cumulative productions of CH4 and CO2 during intermittent depressurization in E1 (a) and stepwise depressurization in E2. Pressure of the
production pump at the LARS outlet (sample pressure) in yellow (averaged for volume/mass calculation; see Materials and Methods) and blue
(original data). Pressure readings were not available once production stopped. For CH4 ratios, see Figure 7 (Chapter 4). The dashed vertical line shows
the position of t2 used for the calculations presented in Figure 8 (Chapter 4.4.1).
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the discontinuous CO2 injections in E1 and the short
uninterrupted CO2 injection in E2. During E2, a considerable
volume of CO2 remained in the lower part of the sample.
After a moderate increase in conductivity of the effluent water

during early injection in E2, the conductivity decreased to the
initial level later in the experiment, indicating that the secondary
gas hydrate appeared to be limited at least in the top of the
sample (data see GFZ Data Services: DOI: review link, see
Chapter Data availability).
The three Pt100 sensors (Figure 5b) show a steep increase in

temperature throughout the sample, reaching 11 °C at the time
of CO2 breakthrough, similar to E1. Sensor T0, in the central
top, showed a later and more gradual increase, while at T3
(upper right of 2D plot) and T5 (lower left middle of 2D plot),
the increase was nearly instantaneous. After the CO2 break-
through, the temperature development was different at the three

positions. Whereas temperatures in the central top (T0) were
constant, they decreased at T3 and T5 during further CO2
injection. At T5, a second temperature rise occurred and
temperatures were prone to short-term variations, possibly
indicating changes of pathways, local pressure, and gas hydrate
dynamics. At 11 °C and 13MPa, pure CO2 hydrate is not stable,
unlike mixed CO2−CH4 hydrates and pure CH4 hydrate. The
overall temperature decrease was likely caused by reduced CO2
injection rates in the later injection intervals (see Materials and
Methods).
The 2D temperature profiles (DTS cable; inlets Figure 5b)

showed an early temperature rise in the same area where ERT
data visualized localized fluid transport (Figure 4, bottom).
Following the CO2 breakthrough, the temperature rise
propagated throughout the sample, maintaining slightly higher
temperatures on the right of the images (Figure 5b). Cooling

Table 4. Results Table of Injection and Depressurization Phases of Experiment 2a

Injection

interval time CO2,infl H2Oeffl CH4,effl CO2,effl R ECH4 ECO2 YCH4 SCO2 SH2O

cumulative

d mol L mol mol mol b mol L

1 start 0 0 0 0 0 min 0.96
end 0.15 251 10.6 1.27 0 max 0.99 0.005 1 1.23 0.004 251 27.8 0.67

2 start 0.15 251 10.6 1.23 0 min 0.01
end 0.24 499 17.1 3.75 83 max 0.99 0.010 0.67 2.53 0.008 165 21.0 0.51

3 start 0.24 501 17.1 3.75 83 min 0.01
end 0.37 749 17.5 8.21 303 max 0.04 0.018 0.11 4.47 0.015 27 20.6 0.50

4 start 0.37 751 17.5 8.27 307 min 0.01
end 0.56 999 17.7 11.53 526 max 0.02 0.013 0.11 3.26 0.011 27 20.4 0.49

5 start 0.56 1001 17.7 11.53 526 min 0.01
end 0.66 1249 17.8 13.21 739 max 0.01 0.007 0.14 1.68 0.006 35 20.3 0.49

overall 0.011 0.41 13.2 0.047 509 20.3 0.49
Depressurization

interval time CH4,effl CO2,effl R ECH4 ECO2 YCH4 SCO2

d mol mol mol c Mol d

1 start 0.05 0 0 0.01
end 0.17 3.8 54.9 0.57 0.069 0.065 3.8 0.014 455 1

2 start 1.03 8.5 65.8 0.29
end 1.39 45.3 129.6 0.54 0.578 0.366 40.7 0.153 391 0.860

3 start 1.97 48.7 131.4 0.65
end 2.38 93.6 171.2 0.44 1.126 0.530 85.5 0.321 351 0.772

4 start 7.01 95.3 172.6 0.57
end 7.42 136.2 220.4 0.40 0.855 0.461 126.4 0.475 303 0.667

5 start 7.86 137.8 222.4 0.45
end 8.40 178.6 278.5 0.41 0.727 0.421 167.2 0.629 247 0.543

6 start 8.96 179.6 279.6 0.48
end 9.21 196.3 305.8 0.30 0.637 0.389 183.9 0.691 221 0.486

7 start 10.01 196.8 307.0 0.31
end 10.19 203.8 328.4 0.19 0.325 0.246 190.8 0.717 199 0.439

8 start 11.02 204.0 329.3 0.20
end 11.39 205.4 340.8 0.04 0.123 0.110 192.3 0.723 188 0.414

9 start 15.04 205.4 341.2 0.10
end 15.19 205.7 344.3 0.05 0.106 0.096 192.6 0.724 185 0.267

overall 0.598 0.374 205.7 0.773 165 0.324
Recovery

CH4 % 78
CO2 % 87

aEvenly spaced intervals (approximately 250 mol CO2,infl) were chosen for comparison with intervals in E1. Please see Figure 2 for details on the
timing of the CO2 injection.

bUpper case numbers refer to reference values in calculation of yields YCH4 and YCO2 initial CH4 inventory.
cretained

amount of CH4 prior to depressurization. dretained amount of CO2 prior to depressurization.
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propagated from the rim to the center of the sample since the
temperature of the cooling agent was kept to 8 °C. When CO2
injection was resumed after maintenance work, the temperature
quickly increased.
3.2.2. Depressurization. Depressurization of E2 was carried

out in a similar manner to E1; however, the soaking period
between injection and depressurization was considerably shorter
(3.5 d compared to 14 d). The CO2 retention during continuous
CO2 injection in E2 was clearly lower (SCO2 = 518 mol, Table 4,
Figure 6b) than in E1 (SCO2 = 693 mol) and the CO2 phase
distribution was distinctly heterogeneous (Figure 4, bottom). As
a result, the degassing characteristics were different. Unlike E1, a
large volume of water (6 L; data see GFZ Data Services: DOI:
review link, see Chapter Data availability) was produced in
addition to CO2-rich fluid during the first degassing interval (P
≈ 4.1 MPa). A prolonged period of degassing at the phase
boundary of gaseous and liquid CO2 (approx. 4.3 MPa at 8 °C)
with low R was absent in E2. Instead, rather dry CO2 with
increasing loads of CH4 in the effluent (0. 29 < R < 0.6) was
produced from the second interval onward. Once the pressure
reached 1.9 MPa, significant water production reoccurred,
resulting in a total of H2Oeffl = 11.5 kg compared to 2.1 kg in E1.
Temperatures during the depressurization intervals decreased to
4−6 °C in most parts of the sample. The temperature decrease
was not apparent at sensor T5 during the first degassing interval
and still less pronounced in the second degassing interval (for
data seeChapter Data availability), supporting ERT data (Figure
4, bottom) that indicated low gas hydrate saturations in this area.

4. DISCUSSION
Two pilot-scale experiments studied the CO2−CH4 exchange
method for the production of CH4 from a gas hydrate reservoir
and a simultaneous storage of CO2. The gas exchange method
was initially combined with thermal stimulation by injecting
heated CO2 in discontinuous (E1) and continuous (E2) modes,
respectively. Subsequently, a production period induced by
depressurization followed a soaking period in both setups. The
results of both experiments demonstrated the importance of the
injection mode, the transport processes, and the state of pore
fluid on the flow characteristic and production efficiency.
4.1. CH4 Production. The CH4 yield during injection of

heated CO2 was approx. 5%, with 5.0 ± 0.8% for the
discontinuous CO2 injection (E1, Table 3) and 4.7 ± 0.8% for
the continuous injection (E2, Table 4). These yields are up to 1
order of magnitude below most results reported in other studies
(see, e.g., recent compilation by Stanwix et al.36), demonstrating
the increased impact of fluid migration, heat transport, sample
inhomogeneity, and secondary gas hydrate formation in the
LARS pilot-scale sample.
CH4 production prior to the breakthrough of CO2 is limited

to CH4,sol while gaseous CH4 is produced after the CO2
breakthrough in limited amounts and withmaximum efficiencies
of only ECH4 = 0.041 (interval 3) and ECH4 = 0.021 (interval 4) in
E1 (Table 3), both higher than ECH4 at equivalent stages in E2
(Table 4). This is in good agreement with the wider spatial
distribution of CO2 and heat within the sample in E1 (Figure 4),
the longer contact time, and higher CO2 retention in the
reservoir, all of which enhance mass transfer yields between
liquid and gas hydrate phases.
The CH4 ratio of the effluent gas quickly declines after the

breakthrough of CO2 and the difference in the production
efficiency of CH4 in both experiments is insignificant in the last
injection interval when CO2infl = CO2effl (Tables 3 and 4; E1:

ECH4 = 0.005 and E2: ECH4 = 0.007). Once a pathway for the
liquid CO2 has been established, the spatial and temporal
contact between liquid CO2 and CH4 hydrate becomes small,
assuming that guest permeation decreases due to the formation
of a mixed hydrate layer on the outside of existing CH4 hydrate
grains. The so-called shrinking core model implies that the
exchange rate is determined by themolecular diffusion through a
mixed hydrate layer of increasing thickness.36−39

In summary, the large water-saturated reservoir significantly
suppresses CH4 production by thermal stimulation based on
mass transfer limitations and the inhomogeneous distribution of
CO2 and heat.

Figure 7. (a) CH4 and CO2 hydrate p−T-stability conditions with the
dotted line being the phase equilibrium line between liquid and gaseous
CO2; (b) CH4 and CO2 production during depressurization in
experiments E1 and E2; (c) CH4 ratio in production gas (CH4 +
CO2) during depressurization.
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4.2. Importance of Transport Processes. 4.2.1. Reservoir
Size. Compared to the production yield of YCH4 = 42% reported
by Deusner et al.,14 the yield of the LARS tests was lower by 1
order of magnitude despite similar thermodynamic conditions.
The thermodynamic and kinetic processes of the CH4:CO2

exchange that are usually the key study objective in small-scale
experiments are not necessarily the rate- and efficiency-limiting
factors on larger scales. Here, process rates are determined by
the increased occurrence of heterogeneities leading to a limited
contact of the CH4 hydrate with CO2 and variations in fluid and
heat transport characteristics. The sample volume in the LARS is
large enough to incorporate heterogeneous and complex
transport processes.29

Gas hydrate-bearing sediments are commonly heterogeneous
and are recognized to have a strong impact on sediment
hydraulic properties.40,41 It is known that sediment hetero-
geneities induce CO2 channeling through regions of high
permeabilities during CO2−water displacement.42,43 These
heterogeneities are increased by locally confined hydrate
decomposition during injection of heated CO2 into a gas
hydrate-bearing sample and reformation of gas hydrates. The
focused migration of CO2 is of high importance in these LARS
experiments (e.g., E2, Figure 4, bottom). Next to sample
heterogeneities, the different viscosities of liquid CO2 and pore
water might enhance focused migration as shown by other
authors. According to, for example ref 44, high injection rates of
liquid CO2 promote viscous forces, which increase forward flow
over lateral flow while during low injection rates, the capillary
forces are of higher significance. They promote lateral transport.
However, during injection intervals, the rates are high and
forward flow prevails, and a lateral CO2 front develops during
the soaking periods in E1 (Figure 4, top). During CO2 injection,
the differences of the fluids may further lead to viscous fingering
during CO2−water displacement (e.g., Jung et al.19). At the
given thermodynamic conditions, the viscosity of CO2 is 12% of
the viscosity of pure H2O. In experiment E1, blocking of
established pathways during soaking periods also leads to the
opening of new pathways during following injections. This likely
enhances the distribution of CO2, an observation supported by
the larger volume of effluent water during the injection intervals
compared to E2.
The spatial transport of heat was inhomogeneous and

inefficient, as shown by the temperature data. Only in the
vicinity of the inlet and the lowest part of the sample did heated
CO2 lead to locally confined temperature increases above the
stability conditions for the pure CO2 hydrate (12 °C; 13 MPa)
and the CH4 hydrate (14.5 °C; 13 MPa). In the bulk sample,
temperatures did not increase above 10.6−12 °C, which is not
sufficient for the decomposition of the CH4 hydrate (Figure 7a).
The CH4−CO2 exchange and CH4 production rates are

known to be temperature-dependent and substantially reduced
at lower temperatures.3,14,45,46 Compared to the experimental
setup of Deusner et al.,14 the CO2 supply line to the sample
(Figure 1) is longer and marked by a significant heat loss. In the
LARS, the highest temperatures were 33 °C, although CO2 was
initially heated to 95 °C. Converted into heat capacity, the heat
transfer accounted for 36 W instead of 132 W. Castellani15

observed that given a heat transfer of only 50W, sequestration of
CO2 as hydrates occurred only very early on. Neither did the
injected CO2 transport enough heat nor had hydrate conversion
produced sufficient heat to enhance the guest molecule
exchange by CH4 hydrate dissociation. Referring, for example,
to Stanwix et al.,36 the CH4−CO2 guest molecule exchange was

limited to diffusive transport of CO2 molecules through quickly
formed secondary CO2−CH4 hydrate layers. Upscaling from
small-scale experiments needs detailed thermal models of heat
input and transfer, which clearly is a technical challenge in both,
large-scale experiments and reservoir applications. On large
scales, local heat sources that induce fluid convection, such as
the “Schicks combustor” envisioned by Schicks et al.,28 should
help to counteract slow heat and mass transport in a large and
water-saturated sample/reservoir by increasing advection based
on convection that is driven by local temperature-induced
density gradients.

4.2.2. Water-Saturated Pore Space. Besides the fact that
most laboratory samples are too small to incorporate the
relevant transport processes, they rarely are water-saturated
when investigating the CH4 production from gas hydrate
reservoirs. A partly gas-saturated pore space, however, severely
alters transport of mass and heat, leading to CH4 production
rates that clearly deviate from those of natural, water-saturated
systems.20

The common usage of gas or partially water-saturated samples
is based on the widely used method of CH4 hydrate formation
from CH4 gas in a partially water- or ice-saturated porous
sample, leaving no or little excess water (e.g., Spangenberg et
al.30). In water-saturated samples, the mass transfer of dissolved
CH4 is diffusion-limited and slow and the formation of a contact
interface between the injected CO2 and at high pressures the gas
hydrate requires the pore water to be replaced by immiscible
liquid CO2 first. Instead of an unconstrained advective transport
of a gaseous CO2−CH4 phase, a slow focused flow develops,
preventing a fast exchange and homogeneous distribution (see
above). Further, excess water accounts for secondary mixed gas
hydrate formation, leading to alterations of sediment perme-
ability, reducing CO2−CH4 exchange, and retaining previously
released CH4 in mixed hydrates, reducing YCH4. In the Ignik
Sikumi Field experiment, scientists used a N2−CO2 mixture to
resolve those issues by initially producing a free gas phase near
the injection well, thus improving water displacement.13 In the
presented experiments, a free gas phase was introduced by
depressurization. In case of an inhomogeneous distribution of
CO2 and pore water, less pore water was mobilized in the
reservoir and allowed for the formation of CO2-rich gas
hydrates, a process that needs the availability of (pore) water.

4.3. CO2 Retention.Whereas themode of injection does not
have a noticeable effect on CH4 production, it has a strong
influence on CO2 retention, with the overall amount of retained
CO2 having been substantially higher after discontinuous
injection (Tables 3 and 4: SCO2 E1: 694 mol or 59% of CO2 infl,
SCO2 E2: 510 mol or 41% of CO2 infl). In both experiments, the
retained volumes of CO2 roughly balance the volume of effluent
water. The higher CO2 retention in E1 is caused by different
transport modes (see Section 4.2.1) and the interruption of
preferential pathways by widespread formation of secondary gas
hydrates during the equilibration periods leading to a more
disperse CO2 flow within the sample after opening of new flow
pathways (see Sections 4.1 and 4.2). The increased trapping of
residual liquid CO2 in isolated areas within the pore space was
described to be fostered by repeated water-CO2 cycling,

47 which
can be induced by the soaking periods of E1. Thus, the higher
retention of CO2 is facilitated by the soaking periods. The
maximum CO2 retention was achieved during initial pore water
replacement before CO2 breakthrough. During subsequent CO2
injection, CO2,infl equals CO2,effl, caused by channeled transport
between inlet and outlet. Since retention of CO2 through CH4−
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CO2 guest exchange was small during the actual CO2 injection,
the production of CH4 is limited.
The more successful and concurrent occurrence of both

processes was achieved during subsequent controlled degassing,
with specifically high conversion yields in E2 with R = 0.5−0.6 in
the effluent gas.
4.4. Subsequent Depressurization-Assisted CH4−CO2

Hydrate Conversion. The experimental results demonstrate
that the flow-controlled depressurization allows to overcome
mass transfer limitations during injection periods and to drive
CH4−CO2 hydrate conversion toward a CO2-rich bulk gas
hydrate phase, particularly in experiment E2, where the CH4

production efficiency was substantially higher. In pressure

ranges, where the pure CH4 hydrate is destabilized but CO2-rich
hydrates remain stable, the combination of CH4 hydrate
dissociation and CO2-rich hydrate formation led to an increased
overall CH4−CO2 hydrate conversion andCH4 production. The
calculation of phase inventories indicates that depressurization-
assisted CH4−CO2-hydrate exchange allowed for fluid and gas
hydrate phase compositions to be considerably closer to
equilibrium in both experiments.

4.4.1. Experimental Insights. In both experiments, the
depressurization caused dissociation of the CH4 hydrate and
featured high fluid flow rates and elevated CH4 ratios in the
effluent gas. Depressurization in E1 was initially characterized by
degassing of liquid CO2 from the pore space with low effluent
CH4 ratios (RCH4 = 10%) (Figure 7c), whereas CH4 ratios in the
effluent of E2 quickly rose to approximately 50% on average,
suggesting that the effluent gas was released from dissociation of
gas hydrates rather than liquid CO2 (Figure 7c). In E2, large
amounts of CO2 had not risen to the top of the sample prior to
depressurization, and the pore space close to the production
valve remained water-saturated (Figure 4E, bottom). This led to
an initial pore water production, only encountered in E2. In
areas unaffected by CO2 injection, pore water release and
pressure decrease allowed for a rapid CH4 hydrate dissociation,
the formation of a free gas phase, and higher CH4 production
efficiencies. The gas hydrate dissociation led to significant

cooling while pressures remained >4.5 MPa (Figures 6b, 7a),
which is in agreement with equilibrium pressures of the CH4-
rich mixed hydrate. During the course of a depressurization
interval, the temperatures decreased and so did the equilibrium
pressure as seen in Figure 6b. Pore filling CO2 stayed in the
liquid phase or was, in parts, incorporated in secondary gas
hydrate formation. In contrast, pore pressure in E1 immediately
decreased to the vapor−liquid equilibrium pressure of CO2
(4.1−4.5 MPa; Figure 6a). The low pressure and low effluent
CH4 ratios (RCH4 = 10%, Figure 7c) suggest that gas hydrate
dissociation did not substantially contribute to early gas
production.
The differing initial distribution of liquid CO2 and pore water

in E2 caused the majority of CH4 to be produced at pressures

Figure 8. Distribution of CH4 and CO2 between mixed gas and gas
hydrate phases during depressurization; (a) E1; (b) E2; CH4 and CO2
distributions are shown for reference times t1 (before depressurization)
and t2; a partition coefficient = 0 indicates the presence of the respective
compound CH4 or CO2 in the gas phase, a partition coefficient = 1
indicates the presence in the mixed gas hydrate phase; red areas:
possible CH4:CO2 partition states based on phase saturation
constraints assuming an error of ±2.5% (Sw + Sg + Sgh = 0.975 to
1.025, bright red) or an error of ±10% (Sw + Sg + Sgh = 0.9 to 1.1, light
red). See Supporting Information Figures S1 and S2 for a more detailed
illustration.

Table 5. Phase and Component Distributions at Reference
Time t1 and t2 in Experiments E1 and E2a

E1 E2

t1 t2 t1 t2

CH4,inventory mol 261 191 263 125
CO2,inventory mol 694 306 567 345
CH4,gas mol 5.2 19 15.8 10.0
CO2,gas mol 499 34 482 24.1
CH4,GH mol 256 172 247 115
CO2.GH mol 194 272 85 320
RGH 1.32 0.63 2.91 0.36
RGH,CSMGem 0.01 0.34 0.03 0.26
Rgas 0.01 0.56 0.03 0.42
Sh 0.73 0.72 0.54 0.70
Sw 0.01 0.02 0.18 0.05
Sg 0.28 0.30 0.28 0.25

aValues are mean values considering an error of ±2.5% (Sw + Sg + Sgh
= 0.975 to 1.025). Reference gas hydrate composition values
RGH,CSMGem were calculated based on gas composition estimates Rgas
using the CSMGem Software.9 See Supporting Information Figures
S1 and S2 for a graphical illustration.
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above 4.0 MPa, whereas E1 saw the highest CH4 yield at
pressures significantly below the equilibrium curve for liquid
CO2 (<4.0 MPa), resulting in a non-favorable CO2-rich
production gas and a reduced conversion of liquid CO2 into
mixed hydrates. The difference in CH4 production efficiencies,
thus, highlights the importance of phase distributions prior to
depressurization.
4.4.2. Quantification of Gas Hydrate Inventories. The

quantification of bulk gas and gas hydrate inventories confirms
the experimental observations and shows details on the
distributions of CH4 and CO2 in the fluid and gas hydrate
phases. The budget calcuations show that conditions approach
the chemical and thermodynamic equilibrium between bulk gas
and gas hydrate phases during the stepwise depressurization,
that is, this process overcomes mass transfer limitations
observed during the injection of CO2. Further, it verifies the
importance of the differences in pore water saturation for the
subsequent course of experiments E1 and E2.
The quantification compares phase and component invento-

ries for both experiments at two time points, with time point t1
referring to the initial state just prior to depressurization. Time
point t2 (t2; dotted line in Figure 6) was arbitrarily defined after
substantial amounts of gas have been produced (∼day 8 at the
beginning of a depressurization step) but before pressure had
decreased below the stability for CO2-rich hydrates. The phase
and component inventories were analyzed based on all potential

distributions of CH4 and CO2 in the fluid (partition coefficient =
0) and gas hydrate phases (partition coefficient = 1). Figure 8
shows the overall possible phase distributions for CH4 and CO2
at t1 and t2 in agreement with the individual constraints of water
availability, gas phase composition, and bulk phase saturation for
experiments E1 and E2. The possible phase distributions are
marked in red allowing for an error range of ±2.5% (dark red)
and ±10% (light red), that is, accepting (Sw + Sg + Sgh) to be in
the range of 0.975−1.025 or 0.9−1.1, respectively. Table 5 lists
the mean values for phase and component distributions at t1 and
t2 considering the smaller error range. For more details on the
calculations and results using the ±10% range, please see
Chapter 2.3, 2.4, and Figures S1 and S2 in the Supporting
Information.
The budget approach emphasizes that only small amounts of

CO2 had been bound in gas hydrates (CO2,GH) at t1 (E1: 194
mol and E2: 85 mol) in both experiments with a somewhat
higher yield of 30% in E1 compared to E2 (15%).
Simultaneously, only 2−6% of CH4 was to be found in the
fluid phase at t1. In both experiments, the bulk CH4:CO2 ratio of
the gas hydrate phase (RGH) at t1 was far from the chemical
equilibrium with the measured gas composition (Table 5,
RGH,CSMGem). These results clearly show the effect of mass
transfer limitations prior to depressurization. At t2, the range of
possible partition states had become very narrow (Figure 8).
More than 90% of all remaining CH4 and CO2 were now bound

Figure 9. Sketch of the processes and inventories of the LARS experiments. Pentagon: gas hydrates; dark blue: (predominantly) CO2; orange:
(predominantly) CH4; violet: mixed CO2−CH4; turquoise: pore water. Sizes of clip arts represent volumes but are not to scale; sizes of arrows indicate
different time spans; for timestamps t1 (before depressurization) and t2 (toward the end of depressurization before CO2 hydrate dissociation), see
Figure 6.
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in the gas hydrate phase and the gas hydrate phase composition
in E1 and E2 approached chemical equilibrium conditions
(Table 5) due to transient gas hydrate destabilization and re-
formation during depressurization.
Not only does the quantification of the bulk inventories clarify

experimental observations in terms of CH4 and CO2 phase
distribution throughout the experiment but it also emphasizes
the differences in phase saturations between the two experi-
ments and time points t1 and t2. The retention of CO2 in
experiment E1 was observed to be higher compared to E2 before
depressurization. The quantification shows that this was
accompanied by a larger conversion of CO2 into gas hydrates,
particularly secondary hydrates, as the gas hydrate saturation
(Sh) had increased from an initial Sh = 0.5 to Sh = 0.73 at t1
already (Table 5), whereas for E2, changes in Sh were minor at t1
(Sh = 0.54). Both, the larger retention and conversion of CO2 in
E1, resulted in an almost complete absence of free water prior to
depressurization (Sw = 0.01 at t1) compared to a pore water
saturation of Sw = 0.18 in E2 at t1.
The different saturations and inhomogeneous distributions of

CO2 in E1 and E2 at t1 allowed for a more favorable CH4-rich
production gas and an improved conversion of liquid CO2 into
gas hydrates in E2. The inventories show that not only Sh
increased during the degassing by 16% but that more CO2 and
less CH4 is bound in the mixed hydrate phase in E2 compared to
E1. Consequently, the total amount of CH4 in the production
gas of E2 was 52% of the CH4 inventory present at t1, which is
double the amount calculated for E1 (26%). The total amount of
CO2 integrated into mixed gas hydrates at t2 is 56% in E2
compared to 39% in E1. The gas hydrate saturation at t2 is about
70% for both experiments, verifying amore efficient formation of
CO2-rich hydrates over the course of depressurization/
degassing in E2.

5. SUMMARY AND CONCLUSIONS
The unique nature of our experiments, which were analyzed
using a suite of advanced monitoring tools, is based on a sample
size of 210 L and CH4 hydrate initially formed from the
dissolved phase only. In accordance with natural conditions, a
continuous free gas phase was initially absent; instead, the
residual pore space was filled with pore water. The study
highlights the importance of transport processes and phase
distributions for the efficiency of the CH4:CO2 “guest exchange
method” (Figure 9).
The injection of heated CO2 displaced large volumes of pore

water and initiated the formation of CO2-rich secondary
hydrates, with the latter process being more pronounced given
a discontinuous CO2 injection (E1). The continuous injection
(E2) of the same volume of heated CO2 and a short soaking
period after closure led to amore inhomogeneous distribution of
liquid CO2 in the pore space and an earlier breakthrough of CO2
with less pore water being produced. Gas hydrate inventories
indicated that little CO2-rich secondary gas hydrate was formed
in E2.Methane production yields of about 5%were small in both
experiments during the injection periods. This was a
consequence of mass transfer limitations, which were only
overcome during the subsequent controlled depressurization.
During the depressurization, gas ratios and bulk inventories
clearly showed the importance of phase distributions and pore
water availability for the production of a CH4-rich effluent gas (R
= 0.5−0.6) and a more effective sequestration of CO2 in gas
hydrates. In E1, larger amounts of liquid CO2 but limited
amounts of CH4 were produced during early depressurization.

Pore water availability was low, CO2 was distributed throughout
the sample, and enhanced volume of a CO2-rich secondary gas
hydrate had been formed. Methane remained bound in CO2-
richmixed hydrates or was caught in the CH4 hydrate covered by
CO2 hydrate shells. Given an inhomogeneous distribution of
CO2 in E2, small volumes of CO2-rich secondary hydrates, the
local availability of free water, and a developing free gas phase,
the depressurization resulted in a fast decomposition of CH4-
rich mixed hydrates, a production of pore water and CH4-rich
effluent gas, and the formation of CO2-rich secondary gas
hydrates from CO2 propagating within the sample. The final gas
hydrate saturation in both experiments at t2 was around 70%,
which is 20% above the initial CH4 hydrate saturation of 50%. In
E1, it increased during the injection and in E2, during the
depressurization. In both experiments, inventories indicate that
the gas hydrate composition approached an equilibrium with
respect to the gas composition only during degassing.
The experiments have demonstrated that a controlled

depressurization following the injection of CO2 into a CH4
hydrate reservoir could be a possible approach for the
production of CH4 from a gas hydrate reservoir. The success
of this method strongly depends on the distribution of CO2 and
the availability and distribution of residual pore water. Extended
equilibration periods during injection or before depressurization
appear to promote a more homogeneous distribution of liquid
CO2 and an early formation of a CO2-rich secondary gas
hydrate, which seem to have an adverse impact on the CH4
production. A heterogeneous distribution, with regions rich in
pore water, allows the formation and transportation of a free gas
phase that is rich in CH4, while the residual water allows for the
formation of CO2-rich hydrates. The free gas phase also reduces
transport restriction and clogging. In other experiments, such as
the Ignik Sikumi Field Experiment, Alaska,13 the free gas phase
was initiated by adding N2, which reduces secondary gas hydrate
formation.
The sequestration of CO2 in the reservoir is highest (nearly

100%) during injection before the CO2 breakthrough; however,
this period lacks a notable CH4 production. The most effective
combination of simultaneous CH4 production and CO2
retention with the least production of liquid CO2 follows the
short injection and equilibration phase of E2. At t2, 61% of CO2
present at t1 is retained. In E1, it was 50%. The sequestration of
CO2 as CO2-rich hydrates benefits from an inhomogeneous
distribution of liquid CO2 and the presence of residual pore
water. About 90% of the residual CO2 at t2 is bound in the gas
hydrate.
Despite the size of the laboratory sample and the successful

observation of transport processes during destabilization and
production, a transfer to field conditions is somewhat difficult
based on a number of experimental adjustments needed to be
made, such as a slightly coarser grain size withD = 0.8 mm and a
gas hydrate saturation of only 50% compared to 80−90% as
expected in coarse sands.48−50 As a result, the initial permeability
in the LARS was higher compared to a natural reservoir. In a
natural reservoir, initial amendments might be necessary to
increase permeability, for example, an initial injection of a CO2−
N2 mixture or an initial degassing, both reducing the gas hydrate
saturation and forming a free gas phase, thus, increasing
permeability. Further, the LARS represents a “limited open”
system, whereas in a natural reservoir, pressure propagates from
a central well and the completely open systemmay continuously
replenish pore water to the reservoir, altering water and heat
flow. Repeated injection intervals further add to the complexity
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of predictions of efficiencies and yields as do site-specific
parameters and reservoir properties. Whereas pilot scale
experiments are essential when scaling up processes, they do
not replace field tests.
Nevertheless, the successful combination of continuous CO2

injection, short equilibration periods, and subsequent partial
degassing could be a way forward for applying to the CO2:CH4
exchange method, which is considered advantageous due to the
simultaneous sequestration of CO2 and the preservation of gas
hydrate saturation promoting mechanical sediment stability.
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■ ABBREVIATIONS
CH4,hyd = CH4 hydrate L; kg; mol
CH4,effl = effluent CH4, sum L; kg; mol
CH4,gas = effluent CH4, gas L; kg; mol
CH4,sol = effluent CH4, dissolved L; kg; mol
CO2,hyd = CO2 hydrate mol
CO2,infl = influent CO2, sum L; kg; mol
CO2,effl = effluent CO2, sum L; kg; mol
CO2,sol = effluent CO2, dissolved L; kg; mol
CO2 ret = retained CO2 L; kg; mol
CpT = heat capacity
H2Oeffl = effluent water, sum L; kg; mol
E = efficiency/
F = flowrate mL/min
GH = gas hydrate
n = amount of constituent mol
P = pressure MPa
Q = heat transfer W
R = CH4:CO2 ratio mol-%
sc = supercritical
SCO2 = retention CO2 mol; %
SH2O = retention H2O mol; %
Sg = gas saturation/
Sh = gas hydrate saturation/
Sw = water saturation/
T = temperature °C; K
Δti = measurement time interval s, min
Veffl = effluent volume L
Vg = volume gas L
VGH = volume gas hydrates L
Vtot = VGH + Vg + Vw L
Vw = volume H2O L
YCH4 = yield CH4 mol; %
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