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Abstract:

 The presence of natural gas hydrates at all active and passive continental margins has been proven. Their global occurrence as well as the fact that huge amounts of methane and other lighter hydrocarbons are stored in natural gas hydrates has led to the idea of using hydrate bearing sediments as an energy resource. However, natural gas hydrates remain stable as long as they are in mechanical, thermal and chemical equilibrium with their environment. Thus, for the production of gas from hydrate bearing sediments, at least one of these equilibrium states must be disturbed by depressurization, heating or addition of chemicals such as CO2. Depressurization, thermal or chemical stimulation may be used alone or in combination, but the idea of producing hydrocarbons from hydrate bearing sediments by CO2 injection suggests the potential of an almost emission free use of this unconventional natural gas resource. However, up to now there are still open questions regarding all three production principles. Within the framework of the German national research project SUGAR the thermal stimulation method by use of in situ combustion was developed and tested on a pilot plant scale and the CH4-CO2 swapping process in gas hydrates studied on a molecular level. Microscopy, confocal Raman spectroscopy and X-ray diffraction were used for in situ investigations of the CO2-hydrocarbon exchange process in gas hydrates and its driving forces. For the thermal stimulation a heat exchange reactor was designed and tested for the exothermal catalytic oxidation of methane. Furthermore, a large scale reservoir simulator was realized to synthesize hydrates in sediments under conditions similar to nature and to test the efficiency of the reactor. Thermocouples placed in the reservoir simulator with a total volume of 425 L collect data regarding the propagation of the heat front. In addition, CH4 sensors are placed in the water saturated sediment to detect the distribution of CH4 in the sample. These data are used for numerical simulations for up-scaling from laboratory to field conditions. This study presents the experimental set up of the large scale reservoir simulator and the reactor design. Preliminary results indicate that the catalytic oxidation of CH4 operated as a temperature controlled, autothermal reaction in a countercurrent heat exchange reactor is a safe and promising tool for the thermal stimulation of hydrates. In addition, preliminary results from the laboratory studies on the CO2-hydrocarbon swapping process in simple and mixed gas hydrates are presented.
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1. Introduction


Natural gas hydrates may form in the presence of sufficient amounts of gas and water and under elevated pressures and low temperatures. Consequently, gas hydrates have been found at all active and passive continental margins, as well as in permafrost regions and in locations with similar conditions, such as the Black Sea, Caspian Sea or Lake Baikal [1,2]. They may occur as massive layers, veins or distributed in the sediment. In general, natural gas hydrates contain predominantly CH4, but—depending on the source of the feed gas—they may also contain other hydrocarbons as well as CO2 or H2S [3,4]. Their widespread global occurrence and the fact, that 1 m3 of gas hydrate can contain up to 195 m3 of natural gas at standard conditions, has led to the assumption that enormous amounts of CH4 and lighter hydrocarbons are stored in hydrate-bearing sediments. Depending on the chosen preliminary assumptions, calculation results on the amount of hydrate-bound CH4 differ significantly: Trofimuk et al. were the first who tried a calculation based on the assumption that mixed hydrates containing 80% CH4 and 20% CO2 will be distributed on 93% of the ocean [5]. This lead to an estimation of 3050 × 1015 m3 of CH4 bonded in hydrates. A few years later Kvenvolden and Grantz based their calculations on regional seismic studies of bottom simulating reflectors resulting in an amount of about 1 × 1015 m3 of CH4 concentrated in the Arctic Ocean gas hydrates [6]. Recently, Klauda and Sandler estimated a total volume of 1.2 × 1017 m3 based on a thermodynamic model which accurately predicts the maximum depth of hydrate stability in the seafloor, including the effects of water salinity, the distribution of pore sizes in natural sediments and hydrate content within these pores [7]. In any case natural gas hydrates became more and more attractive as a future energy resource, but CH4 production from hydrate bearing sediments is still a technical challenge. To release gas from hydrate bearing sediments it is necessary to decompose the gas hydrate. In principle, this can be realized by distortion of the mechanical equilibrium (pressure reduction), thermal equilibrium (heating) or chemical equilibrium (e.g., injection of inhibitors or CO2). Thermal stimulation was already tested successfully in a field test in the framework of the Mallik Scientific Drilling Project in the Northwest Territories in the Canadian Arctic during the winter of 2001/2002. During the World’s first gas production test a hot fluid was pumped through about 600 m of permafrost into depths of 900–1100 m where the hydrate-bearing sediment occurred and 470 m3 (surface condition) of CH4 from dissociated hydrates were produced within 123.7 hours [8]. This test was certainly successful in terms of demonstrating a possible production of CH4 from hydrate bearing sediments using thermal stimulation, but the efficiency of the procedure remains questionable. The loss of heat during the hot fluid transport through hundreds of meters of permafrost and the comparatively minor radial propagation of heat in the hydrate layer indicate that this procedure is probably not efficient enough for commercial gas production. After analyzing all data and performing numerical simulations it turns out that depressurization techniques may be more efficient for the production of gas from hydrate bearing sediments [9]. In April 2007, another production test was performed at the Mallik site, this time using depressurization techniques. Unfortunately, sand production terminated the operation after 60 hours. Nevertheless, during 12.5 hours of successful pumping operation, at least 830 m3 of CH4 were produced from a hydrate bearing formation [8]. However, in winter 2008 a modified pumping system with sand control devices was used for the second depressurization test. During six days of continuous operation about 13,000 m3 of CH4 were produced [10]. Although these results are very promising, a long-term production test is necessary to prove the efficiency of these depressurization techniques for longer periods of time and probably also at different locations with different gas hydrate saturations, sediments and permeabilities. Preliminary results from numerical simulations using the STARS software by CMG in the framework of our studies indicate that the produced gas during the first days is probably free gas and not gas released from hydrate dissociation. Furthermore, other effects such as decreases in temperature as a result of the endothermal dissociation of hydrates affect the production rate on a long-term time scale. Cranganu, for example, calculated that a temperature drop of 33 K would be able to move the remaining hydrate into a stable state where dissociation would no longer be possible by use of pressure reduction unless heat were added [11]. In these cases a combination of depressurization techniques with the thermal stimulation may be more successful.



In the framework of the German national gas hydrate project SUGAR the method of thermal stimulation using in situ combustion was developed and tested on a pilot plant scale. The advantage of using in situ combustion for the thermal stimulation of hydrate bearing sediments is the position of the heat source: the heat is generated in the hydrate-bearing sediment where it is needed without any energy losses during transportation. In situ combustion (ISC) and steam-assisted gravity drainage (SAGD) are well known techniques in the exploitation of unconventional oil deposits such as heavy oil and bitumen reservoirs [12]. Using ISC, the required heat is produced directly within the oil reservoir by combustion of some percentage of the oil. Recently, the use of ISC was also suggested for the stimulation of hydrate bearing sediments [11,13]. For the SAGD process, water steam is generated on the platform by oil combustion and the hot steam is injected directly into the oil reservoir to deliver the desired heat. Both processes are open in terms of a direct contact between the combustion (ISC) or the heat carrying fluid (SAGD) and the reservoir. In contrast, the method of in situ combustion introduced here is a closed system, in terms of a flameless, catalytic oxidation of CH4 within a countercurrent heat exchange reactor without a direct contact between the catalytic reaction zone or the reaction products and the reservoir. The heat needed for the thermal stimulation of natural gas hydrates in this work is provided by a catalytic heater which uses CH4 as fuel and air as oxidant. The application of catalytic combustion has many advantages compared to conventional thermal combustion [14]. A catalyst permits a flameless combustion of CH4 below the auto ignition temperature of CH4 in air at 868 K and outside the flammability limits (4.4 vol%–16.5 vol% in air) [15]. This leads to a double secured application of the heater with safe operation. The relatively low reaction temperature allows the use of cost-effective standard materials for the heater and prevents NOx formation.



The decomposition of CH4 hydrates is an endothermic process and requires approximately52 kJ/mol [16]. The catalytic total oxidation of methane (CTOM) is an exothermal reaction after the following reaction equation [17]:


CH4 + 2 O2 ↔ CO2 + 2 H2O     ΔH = −802.7 kJ/mol











Thus, the heat released from this reaction is much more than needed for the decomposition of CH4 hydrates. Therefore, only a small part of the produced CH4 has to be consumed for the thermal stimulation using in situ combustion [18].



A second reaction route would be the partial oxidation of CH4 to synthesis gas. The catalytic partial oxidation of methane (CPOM) is exothermal as well, but releases only a smaller amount of heat compared to CTOM [19]:


CH4 + ½ O2 ↔ CO + 2 H2   ΔH = −44 kJ/mol



(1)







The advantage of CPOM is the production of heat and synthesis gas at the same time. Synthesis gas can be used e.g., in a gas turbine or solid oxide fuel cell to generate electricity [20,21,22,23]. Furthermore, synthesis gas is a widely used feedstock for the chemical industry wherewith valuable chemicals as e.g., synthetic fuels and/or methanol and many others can be produced [24,25,26]. This reaction route also offers an additional opportunity to improve the exploitation of natural gas hydrate reservoirs into an almost emission free energy source. For this purpose the CO has to be separated from the H2 at the surface after the partial oxidation of CH4 to synthesis gas (reaction 1). Thereafter, the CO will be brought back into the combustion process and will be oxidized to CO2. Two reaction routes are possible and both are exothermal again, providing additional heat for the thermal stimulation [27]:


CO + ½ O2 ↔ CO2   ΔH = −283 kJ/mol



(2)






CO + H2O (g) ↔ CO2 + H2   ΔH = −41 kJ/mol



(3)







The advantage of reaction (3) compared to reaction (2) would be the improvement of the H2 yield of the complete process. The drawback would be the necessity of an additional catalyst (copper oxide-zinc oxide) implemented into the reactor system [27]. In any case, the resulting CO2 can be sequestered in the reservoir as CO2 hydrate after the exploitation process is finished. H2 as the second separation product from the syntheses gas will become the energy source gained from the complete production process.



A different production scenario would be the production of CH4 from hydrate bearing sediments using CO2 injection. The combination of CH4 production from natural gas hydrates on the one hand and sequestration of CO2 as gas hydrates in sediments on the other hand may be an elegant way of another emission free use of natural gas hydrates as an energy resource. For this method, the injection of CO2 will be used as a chemical stimulation of the natural gas hydrates. CO2 also forms structure I hydrate which is stable at lower pressures or higher temperatures compared to pure CH4 hydrate. As referred to literature, this higher stability of CO2 hydrate compared to CH4 hydrate is supposed to be the driving force for the exchange reaction [28,29]. There have been several attempts in the past to determine the exchange kinetics and to optimize the swapping process with respect to the recovery rate of CH4. Depending on experimental conditions the conversion of CH4 hydrate into CO2 hydrate and with that the CH4 recovery rate from the hydrate phase induced by the injection of CO2 varies to a high extent.



Figure 1 shows four exemplary recovery rates as a result from CH4-CO2 swapping processes as referred from literature described in the following in more details: Hirohama et al. filled about 560 mL of water (31 mol) into a pressure vessel (volume 3.2 L), pressurized the cell with CH4 and converted 24 mol of water into a bulk CH4 hydrate phase. Thereafter, the CH4 gas phase was replaced by liquid CO2. They observed the conversion of the remaining free water phase (7 mol) and the transformation of about 15% of the CH4 hydrate into CO2 hydrate after 800 hours [30]. Lee et al. investigated much smaller hydrate samples prepared from powdered ice (particle size of ice and resulting hydrates 5–50 µm) in porous silica gel (pore size 15 nm). They also offered liquid CO2 to the CH4 hydrate phase and observed the establishment of a steady state after five hours and a CH4 recovery rate of about 50% which indicates a hydrate phase with CO2/CH4 ratio of one [31]. Park et al. investigated the effect of additional N2 on the swapping process. They synthesized CH4 hydrate from powdered ice and CH4 gas in a stirred reactor before exposing a small part of the pure CH4 hydrate sample (about 1 mL) to a N2-CO2 gas mixture (80% N2, 20% CO2). After about 24 hours 85% of CH4 from hydrate phase was recovered [28]. Kvamme et al. on the contrary investigated the swapping process on hydrates in pores of sandstone cores. After CH4 hydrate formation the core was exposed to liquid CO2. Within 300 hours up to 60% of CH4 was recovered from the hydrate phase [29]. Most of the published data focus on the replacement of CH4 with CO2. But natural gas hydrates are usually exposed to gas coming from deeper sources. Sometimes a free hydrate gas phase coexists below the hydrate bearing sediment. Therefore, the reverse reaction in terms of exposing a CO2 hydrate to CH4 or natural gas should also be studied. But only few data are available for the reverse reaction. Lee et al. mentioned in their study, that the reaction of CO2 with CH4 hydrate and the reverse reaction of CH4 with CO2 hydrate are completely different. They argue that the replacement of CO2 with CH4 in the large cavities of structure I is hindered because CO2 is the favoured guest due to its larger molecular size [31].


Figure 1. Four examples from literature showing varying CH4 recovery rates from hydrate induced by CO2 injection after a certain amount of time. More details regarding the experimental conditions are given in the text.
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As natural gas hydrates may contain other hydrocarbons beside CH4, Park et al. investigated the swapping process of structure II CH4-C2H6 mixed hydrates with CO2 and CO2-N2 gas mixtures. The results show, that 92–95% of CH4 and 93% of C2H6 could be recovered from the hydrate phase [28].



Beyond this background we would like to present the results we got so far from our experiments using in situ combustion and our investigations on the hydrocarbon-CO2 swapping process in hydrates. Here, we present the design of the reactor for the catalytic oxidation of CH4 as well as the experimental set up for the large laboratory reservoir simulator LARS. We also present and discuss preliminary results regarding the decomposition of CH4 hydrates and the production of CH4 from our first heating experiments using an electrical heater. Furthermore, these experimental results will be compared with the results from numerical simulations. In addition, this paper presents results from investigations of the conversion process of hydrocarbon hydrates into CO2 hydrates as well as the reverse reaction. Based on these experimental and calculated results we will discuss the potential and risks of the studied methods with respect to possible production scenarios and environmental aspects.






2. Results and Discussion


2.1. Development and Test of a Heater for the Thermal Stimulation of Hydrate Bearing Sediments


An autothermal catalytic reactor (hereinafter “heater”) with countercurrent flow and recuperative heat exchange was designed and constructed. A detailed description of the heater is given in Section 3 (Experimental section). The heater was tested under ambient conditions with a catalyst consisting of about 8 wt% Pd supported on a ZrO2 carrier. The aim of these tests was to understand how to start the methane combustion safely and how to reproducibly establish a stable reaction with secure heat release and how to get high conversion of CH4 and O2 and also high yields of the desired products. The following H2 assisted start up sequence to ignite the CH4 combustion was found to be a reliable method: initially, air and 4 vol% H2 were fed into the reactor. The H2 combustion ignites at the catalyst at room temperature and heats up the heater. After reaching a temperature of 413 K by H2 combustion, the fuel flow was changed from H2 to CH4. When CH4 arrives at the hot catalyst, the methane combustion takes place and the temperature rises again. Thereafter, the heater runs in autothermal mode delivering heat without any external assistance.



To obtain reproducible results, the catalyst must be activated for the methane combustion. A basic activation of the catalyst is achieved with stoichiometric reaction conditions at 773 K for one hour and subsequent cooling in permanent air flow of 2.5 L/min repeated five times. The results indicate that both reaction routes, the total and partial oxidation of CH4, run in parallel or as consecutive reactions. The product flow contains H2 and CO as well as CO2 and H2O. The percentage of the products depends significantly on the reaction conditions [32].



Deviations from stoichiometric ratios at fixed reaction temperatures were also investigated. The results point to a stable reaction at different fuel to air ratios. Excess air favors the total oxidation of CH4, resulting in a higher CO2 concentration in the product flow. Under lean air conditions, the catalytic partial oxidation of CH4 to synthesis gas is preferred. Therefore, it is possible to control the heat flux respecting the needs of the thermal stimulation of the hydrate bearing sediments on the one hand and the autothermal reaction route on the other hand under acceptance of a higher amount of CO2 and H2O in the product flow.



The dependency of the reaction from different reaction temperatures was tested as well. The catalytic system runs very stable over a wide range of reaction temperature between 623 K and 823 K. A change from predominantly partial oxidation of CH4 at higher reaction temperatures to increasing total oxidation of CH4 at lower temperatures could be detected. However, the tests show that providing heat for the thermal stimulation of hydrate bearing sediments in a secure way is in principle possible using the here presented catalytic heater.




2.2. Thermal Stimulation of a Hydrate Bearing Sediment Using An Electrical Heater


In order to test the efficiency of thermal stimulation of hydrate bearing sediments using in situ combustion in a pilot plant scale experimental set up we developed a versatile temperature controlled high pressure test-system to form and decompose methane hydrates in sediments under simulated reservoir conditions. Due to the fact that the autothermal catalytic reactor described above has to be tested firstly separately from the reservoir simulator for safety reasons, the first experiments regarding thermal stimulation were performed using an electrical heater. A detailed description of the large laboratory reservoir simulator (LARS) is given in Section 3. For the first experiment a filter gravel sample (340 kg, grain size 2/3.15 mm) with a porosity of about 37% was used. At the beginning a confining pressure of 12 MPa and a pore fluid pressure of 8 MPa at an initial sample temperature of 277 K (process temperature measured in the confining pressure medium) was chosen. An electrical heater was placed in the sediment sample. In the hydrate-free sample, three baseline heating experiments with a heating power of 200, 400 and 600 W were performed to observe the temperature increase and the propagation of the heat front. These baseline heating experiments showed that a temperature above hydrate stability conditions was recorded for those sensors which were positioned at the level of the heater. In contrast, no significant increase in temperature could be determined at those temperature sensors placed below the heater. This observation indicates that the heated water ascends due to its lower density while the non-heated water remains below the heater.



After equilibration of the temperature to hydrate stability condition, the hydrate synthesis was started by circulating CH4 charged water through the sediment. In order to increase the rate of hydrate formation, the pressure was increased to 15 MPa for the confining pressure and 11 MPa for the pore fluid pressure after the first week. To avoid hydrate plugging at the pore fluid inlet the temperature of the CH4 saturated water was chosen above the hydrate stability temperature of about 287 K at 11 MPa. The hydrate content was determined from CH4 consumption and electrical fluid conductivity of the pore water (Figure 2). Both, the estimation of hydrate content from gas consumption and from the increase of electrical fluid conductivity relays on the hydrate composition of CH4∙5.9H2O [33]. A detailed description of hydrate formation from the system methane dissolved in water and the determination of hydrate content from pore fluid conductivity is given elsewhere [34,35]. Hydrate formation was stopped at a hydrate saturation of about 60% (about 45 L hydrate) after 35 days.


Figure 2. Increasing hydrate saturation in the sediment during the first experiment in LARS calculated from methane consumption and pore water conductivity.
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Two heating experiments with hydrate were performed with a heating power of 200 W. Results from these experiments as well as from the heating experiments in the hydrate-free sample are shown in Figure 3. Sensor T3, which always detected temperatures outside of the hydrate stability field during hydrate formation, shows in both heating experiments the same temperature response up to 298 K. During this period of time sensor T1 shows already a temperature difference between the hydrate containing and hydrate-free run. This deviation starts already slightly below the CH4 hydrate stability temperature; this indicates that hydrate decomposition took place somewhere in-between T3 and T1. Hydrate decomposition is an endothermic process releasing water and gas. The consumption of heat may explain the slower increase of temperature of T1 compared to T3. In addition, partial gas saturation may lower the thermal conductivity of the sediment. A lower thermal conductivity or higher insulation effect of the sediment directly around the heater may lead to the stronger temperature increase at sensor T3.


Figure 3. Comparison of temperature response of sensors T1–T5 during the heating experiments with and without hydrate. Red horizontal line shows the CH4 stability temperature at given pressure. The sketch of the sample (compare also Figure 8) shows the position of the temperature sensors during preparation which might have changed relative to the heater during sample installation.
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The pressure during the heating experiment was kept constant by retrieving fluid and gas out of the sample with the pore pressure pumps. Since water and gas are released from a solid pore-filling component during the hydrate decomposition and due to the fact that fluid was retrieved from the system, a flow of two phases in the sample was initiated in addition to an increase of permeability and a decrease of thermal conductivity. All these changes vary depending on the distance from the heater and with time and result in a much more complicated temperature response during the hydrate stimulation experiment compared to the baseline experiment. During the heating period about 640 L of CH4 gas at room conditions was produced. Keeping in mind, that we have a partially gas saturated sample at the end of the heating phase, at least 4 L of hydrate was decomposed which is roughly 10% of the amount in the whole sample. This result indicates heterogeneous hydrate saturation in the gravel sample. Unfortunately, a geophysical method which allows measuring the distribution of the hydrate in the sample was not implemented during the experiments, but will be installed for future experiments.



However, these first experiments in LARS demonstrated two important results:

	(1)

	
The hydrate formation from CH4 dissolved in water to a sufficient hydrate saturation in a limited time frame was successful, and




	(2)

	
Thermal stimulation and CH4 hydrate decomposition were successfully induced applying a heater.









The results are useful for the improvement of the experimental set up and methodology and promising with respect to field application.






2.3. Numerical Simulation


The experimental side of the project is complemented by numerical simulations of the processes inside the LARS pressure vessel. In the first experiments the temperature and pressure inside the vessel and the amount of fluid released were monitored. Data from the hydrate dissociation experiments conducted inside the pressure vessel were collected and were used to validate the numerical simulations. The conditions of the experimental set up at the start of the experiment are taken as initial conditions for the simulations and external forcing of the boundary conditions in course of the experiment, such as changes in heat supply, pressure, or cooling, are taken into account.



The STARS software by CMG was used to simulate the processes inside the pressure vessel. Comparative studies have shown that this software is suitable for simulating gas hydrates in porous sediment [36]. In this model, a numerical solution is calculated on a radially symmetric grid applying finite difference techniques. The grid resolution is approximately 1.2 cm × 1.2 cm. This grid size was chosen to closely match the positions of the thermocouples in the experiment and to simplify later history matching of the model output to the experimental results (Figure 3). This approach was tested by heating a sample of only coarse sand and salt water, without methane or methane hydrates, in LARS. The results were used to study effects of uncertainty in the true position of the thermocouples on history matching the model results onto the measured temperatures.



The STARS software is designed to model physical-chemical processes in the context of industrial hydrocarbons production. This required an adaptation of the concepts of a “well” and “reservoir” in the software for the application in this experimental setup. The electrical heating element, placed along the top 50 cm of the central axis, was modeled as a heated well and the outlet valve at the top of the vessel as an open perforation of the same well completion as the heater well. The cooling of the confining wall was modeled by placing a cooling well in the outermost grid cells.



The model takes into account CH4, water and CH4 hydrate in a coarse quartz sand matrix. The physical properties of the components and their reactions were taken from the literature [37]. The effects of the presence of salt as an inhibitor of hydrate formation were not included in the model. The formation and dissociation of CH4 hydrate is assumed to take place in the aqueous phase. The initial conditions of the model run assume a 60% occupation of the pore space with CH4 hydrate, 40% CH4 saturated water and no free gas. Since the exact distribution of the hydrates inside the vessel is not known, it is assumed that the hydrates are distributed evenly in the pore space. The model run starts with supplying heat to the central heating element.



In STARS the temporal resolution is determined by the software in order to keep the maximum rate and magnitude of change of a certain set of parameters within given boundaries. The initial time step was set to eight seconds, the following time steps were on average also of the order of a few seconds. The time span covered by the model run is 24 hours with a constant heating rate of 200 W. The outer walls of the vessel were cooled to a constant temperature of 278 K.



Figure 4 shows a cross-section of the distribution of methane hydrates inside the pressure vessel after 24 hours of heating at 200 W. The simulated temperature field is in good agreement with the experimentally measured temperatures. Hydrates close to the electrical heater have dissociated and the released gas has migrated towards the top of the vessel. Secondary hydrates have formed close to the cooled wall at the top of the vessel. Conditions in the lower part of the vessel remain unchanged as only an insignificant amount of heat is transported down by conduction or convection. These simulations of the laboratory experiments, however, are still preliminary and more parameter studies are still needed to verify the results.


Figure 4. Distribution of methane hydrates inside pressure vessel after 24 hours of heating at 200 W. The figure shows a cross-section of the radially symmetrical model from the central axis (left) to the wall (right) of the pressure vessel.
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An analysis of the computation log and of the model results showed that further studies on the model parameters are needed. The small size of the model time-steps chosen by the simulator indicate repeated violations of the calculated rate of change in some parameters against the maximum permitted rate of change. The cross-section of the distribution of methane hydrates inside the pressure vessel (Figure 4) and of other parameters shows sharp fronts associated with hydrate dissociation. Possible solutions to this issue are (1) closer spacing of the model grid, or (2) dynamic grid refinement. A dynamic grid refinement would allow a fine spatial resolution across regions characterized by sharp physic-chemical gradients without increasing the number of grid cells by an order of magnitude.






2.4. Conversion of CH4/Hydrocarbon Hydrates to CO2 Hydrates


The investigations on the hydrocarbon-CO2 exchanges in hydrate phases have been performed on a much smaller scale in different pressure cells. For Raman spectroscopic investigation CH4 hydrate was synthesized in situ from 150 µL deionised water at 275.15 K and 3 MPa. The procedure and experimental set up are described elsewhere in detail [38,39]. When microscopic investigations and Raman spectra indicate a complete transformation of the liquid water into CH4 hydrate, the gas phase was changed to CO2. With a flow rate of 1 mL/min the CO2 gas continuously changed the composition of the gas phase in the sample cell. Raman spectra were continuously taken from the gas phase and the hydrate phase. At least five different spots of the hydrate phase were analyzed. The composition of the hydrate phase and the gas phase were calculated from the Raman spectra. For the calculations the integrated band intensities were corrected with the following wavelength-independent relative Raman scattering cross-sections 8.63 for CH4 (2917 cm−1) and 0.8 (1285 cm−1) and 1.23 (1388 cm−1) for CO2, respectively [40]. It was assumed that the cross sections do not vary with enclathration of the gas molecule into the hydrate phase, cage type or the overall composition of the hydrate phase. Figure 5 shows the changes regarding the composition of the hydrate phase induced by the change of gas phase composition. After about 90 hours the composition of the hydrate phase reached a steady state (90% CO2 and 10% CH4) and did not change during the following hours. After about 100 hours duration of the experiment, the gas phase was changed to CH4 to study the reverse reaction. These changes of gas phase and hydrate phase composition are also shown in Figure 5. With increasing amount of CH4 in the gas phase the concentration of CO2 in the hydrate phase decreases. After about 191 hours total experimental time and about 91 hours after gas change the system again reaches a steady state. The CH4:CO2 ratio in the hydrate phase is about one.


Figure 5. Changes of CH4- and CO2-contents in the hydrate phase induced by changes of gas phase composition versus time. The composition of hydrate and gas phase are calculated from Raman spectroscopic data.
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For powder X-ray diffraction (PXRD) investigation hydrates were synthesized in situ from ice powder and the chosen gas mixture (CH4-C2H6 or CH4-C3H8) in an experimental framework described elsewhere [41]. When PXRD measurements indicated a complete transformation from ice to a structure II CH4-C2H6 or CH4-C3H8 mixed hydrate, the gas phase was changed to CO2. PXRD pattern were taken continuously during the transformation process from structure II hydrate to structure I hydrate. The diffraction data were analyzed in a semi-quantitative way. The integrated intensity I of a reflex is proportional to the crystal volume V. A change of the integrated intensity is therefore associated with a volume change of the hydrate or ice phase. Therefore, the rate of change provides information about formation, dissociation or transformation rates of the hydrate crystals. In order to estimate the progress of the transformation process between two hydrate crystal structures a representative reflection for both phases was chosen. In case of structure I the reflection for the (321) crystal plane at circa 27.9° 2-Theta was used, and for structure II the reflection for the (400) crystal plane at circa 20.7° 2-Theta was used to calculate the relative intensity ratio between both hydrate phases. The calculation of the peak areas is done by means of the Bruker AXS TOPAS program [42]. Data from five measuring points were taken at the same time step which enables the determination of a mean value for the intensity ratio. The error is given by the standard deviation. Figure 6 shows the transformation versus time for the CH4-C2H6 mixed structure II hydrate and the CH4-C3H8 mixed structure II hydrate into a CO2-rich structure I hydrate as well as the reverse reaction. The observations for both mixed hydrates were similar: after an initiation time the transformation of the main part of the structure II hydrate into a structure I hydrate proceeds within 60 min. After reaching a conversion of about 70% (rel.) the transformation rate decreases dramatically. Depending on the thermodynamic stability of the mixed hydrate the initiation time prior to the transformation process is longer for the more stable CH4-C3H8 mixed hydrate compared to CH4-C2H6 hydrate. After almost complete transformation of the structure II hydrate into a structure I hydrate, the gas phase was changed again from CO2 to the original composition to observe the reverse reaction in terms of a transformation of the CO2 containing structure I hydrate into a structure II mixed hydrate. The process started after an initiation time which depends again on the stability of the resulting hydrate phase. The transformation into the more stable CH4-C3H8 mixed structure II hydrate starts faster compared to the transformation into the less stable CH4-C2H6 mixed structure II hydrate. However, the transformation rate of the reverse reaction seems to be lower compared to the transformation of both mixed structure II hydrates into a CO2 containing structure I hydrate.


Figure 6. Transformation of CH4-C2H6 structure II mixed hydrate and CH4-C3H8 structure II mixed hydrate into a CO2-rich structure I hydrate over time as well as the reverse reaction.
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The experimental data provided by both Raman spectroscopy and PXRD show that the conversion of simple CH4 structure I hydrate or mixed structure II hydrates into a CO2-rich structure I hydrate occurs within hours as does the reverse reaction. The finding that the swapping process could be observed in both directions and that not only structure I CH4 hydrate, but also structure II CH4-C2H6 hydrate and structure II CH4-C3H8 hydrate (with nearly similar or higher stabilities as CO2 hydrate) transform into a structure I CO2 rich hydrate indicate that the driving force for the conversion is not only the stability of the resulting hydrate phase at given pressure and temperature conditions. The experimental data show that the swapping process is rather induced by a chemical disequilibrium between the composition of the gas phase and the composition of the hydrate phase. To regenerate a chemical equilibrium between the coexisting phases, the hydrate has to enclathrate and/or to release gas molecules. This is in principle possible by diffusion through crystal defects or decomposition and reformation of water cavities. PXRD data showing the rapid structural transformation in Figure 6 indicate that the latter seems to be the faster and preferred reaction route. Hirohama et al. already presumed that the gradient of the chemical potential is the driving force for the conversion process. Interpreting their data they came to the conclusion that the periodic change of the guest molecules enclathrated into the hydrate phase can be calculated by the flux of the interface between hydrate phase and gas phase [30]. Unfortunately, they were not able to explain the swapping process on a molecular level. But the observation that exchange of the guest molecules is attended by structural changes indicates that the process can be described as a two step process:

	
The ratio of large to small cavities in structure I (6:2) and structure II hydrates (8:16) differ. Also, for the formation of a large cavity of structure II hydrate (hexacaidecaeder 51264) from a large cavity of structure I (tetracaidecaeder 51262) four more water molecules have to be incorporated. Thus, for the structural changes the hydrate phase has to decompose at least in terms of a partial decomposition of the water cavities, a release of the gas molecules and a rearrangement of the water molecules.



	
This rearrangement goes along with a reformation of the hydrate phase with a composition in chemical equilibrium with the environmental gas phase.








With respect to the approach of using CO2 injection as a method for CH4 production from hydrate bearing sediments two important considerations regarding the efficiency of the method as well as the long term stability of the resulting CO2 rich hydrate phase have to be discussed. The Raman data indicate that the swapping process is incomplete. Although the gas phase is continuously renewed due to the continuous gas flow and the released CH4 gas from the hydrate phase is therefore removed from the gas phase, a certain amount of CH4 remains in the hydrate phase. In a field test a comparable continuous gas flow is not likely. The injection of CO2 would induce the release of CH4 from the hydrate phase until an equilibrium state between a mixed gas/fluid phase and a mixed hydrate phase is reached. Depending on the concentration of CO2 the amount of CO2 in the hydrate phase will differ: in case of CO2 excess the concentration of CO2 will reach a maximum in the hydrate phase but also in the surrounding gas/fluid phase. In any case a mixture of CH4 and CO2 will be produced. The results shown in this study as well as those data presented by Hirohama et al. indicate that the conversion rate depends on the surface area of the hydrate phase [30]. A high permeability of the reservoir which permits the propagation of the CO2 through the hydrate bearing sediment to get into contact with the natural gas hydrate surface is crucial for this production scenario.



In case of a successful production of CH4 from hydrate bearing sediments using CO2 injection a CO2 rich hydrate phase will remain in the reservoir. In general, natural gas hydrates are continuously fed by ascending natural gas from deeper sources. In some cases a free gas phase could be detected below the hydrate stability zone. In both cases the CO2 rich hydrate phase in the natural environment as a result of CO2 injection would not be in a chemical equilibrium with the ascending natural gas from deeper sources or the free gas phase. The experimental data provided from Raman spectroscopy and PXRD show that the CO2 rich structure I hydrate transforms into a structure I CH4-CO2 mixed hydrate or structure II mixed hydrate when it is exposed to the CH4/hydrocarbon gas phase. This leads to the conclusion that—depending on the flow rate of the ascending natural gas and thus the concentration of hydrocarbon in the pore water—the CO2 rich hydrate in a natural environment will also convert into a hydrocarbon hydrate over time, releasing CO2 into the ecosystem. This may be dissolved into the surrounding pore water. The duration of the process will again depend on the concentration of the natural gas as well as the concentration of CO2 in the environment.





3. Experimental


3.1. Autothermal Catalytic Reactor and LArge Scale Reservoir Simulator (LARS)


A technical sketch of the heater focused on the catalyst bed is shown in Figure 7.


Figure 7. Technical sketch of the countercurrent heat exchange reactor (“heater”).



[image: Energies 04 00151 g007 1024]








The heater has a total length of 457 mm and an outer diameter of 40 mm. The outer shell consists of a Ni-based-alloy (ThyssenKrupp VDM) with a thickness of 4 mm. This material is seawater resistant and mechanically stable under high pressure (25 MPa) even at temperatures up to 873 K. With this high mechanical stability, the catalytic heater is applicable in an environment with high external pressure comparable to conditions in natural gas hydrate reservoirs. Autothermal heaters use recuperative heat exchange of the hot product flow with the cold educts inlet flow. With such an arrangement, the reaction runs autonomous without any additional heating devices. The cold educts CH4 (fuel, green) and air (oxidant, blue) flow separately through a ceramic pipe which is implemented in the catalyst bed where the exothermal reaction is running. This educt tube consists of Al2O3 ceramics with an outer diameter of 8 mm and contains two inner tubes with 1 mm diameter each. The pre-heated educts are mixed in the mixing chamber in front of the catalyst bed and flow finally through the perforated plate into the catalyst bed. The released heat warms up the educt pipe and the reactor shell and subsequently the environment. At the bottom of the heater, a union nut with compression ring was mounted to permit an easy change of the catalyst. The compression ring (C-ring, Trelleborg) provides the required tightness for the application of the heater in liquid environments.



The large laboratory reservoir simulator LARS was realized for the reactor test. It consists of four main components (Figure 8). Component 1 is the pressure vessel with the sediment sample: The pressure vessel which is made of steel has an inner diameter of 600 mm and a depth of 1500 mm. This allows the implementation of samples with a diameter of 460 mm and a length of 1300 mm. The sediment sample is filled into a neoprene jacket which is closed with a stainless steel plate at the bottom and contains the port for the pore fluid. The sample in the jacket is attached to the top closure of the vessel with a perforated sheet-iron pipe, which carries the weight of the sample. The top closure contains the upper fluid port for the pore fluid and feed-throughs for the pore fluid-tube to the lower fluid port and its tube-heating and additional feed-throughs for the temperature sensors, the methane sensors as well as the seat for the heater. The complete system can be pressurized up to 25 MPa. The confining pressure that acts on the grain framework of the sediment sample via the neoprene jacket is provided by a water-glycol mixture as a pressure medium.





The second component is the pressure generation system: the confining pressure that simulates the sediment overburden pressure and the pore fluid pressure is generated with three pairs of high pressure syringe pumps which can be operated either at constant pressure or in continuous constant flow mode. The confining pressure medium is pumped from its reservoir into the system with a low pressure pump via a check valve. When the system is loaded with the water-glycol mixture, the pressure is built up by a pair of syringe pumps. The sample is then saturated with fluid and set to the desired pressure with the high pressure syringe pumps. Alternatively, it can be saturated with CH4 from a gas bottle. The system can add or retrieve gas or brine to keep the pore pressure constant during hydrate formation or dissociation, respectively.



The sample temperature control system is the third component. The sample can be set to in situ temperature conditions by tempering the confining pressure medium in a tubular heat exchanger outside the pressure vessel and continuous circulation of this medium through the pressure vessel with a high pressure gear pump. The heat exchanger is connected to a UNISTAT 510 W chiller with a heating power of 6 kW and a cooling power of 5 kW at 273 K and 0.9 kW at 233 K. This cooling power is sufficient to completely freeze the pore water in the sample. The temperature in the sample is measured by fourteen temperature sensors placed in the sediment.



The last component is the pore fluid temperature control and gas charging system: The main parts of this system are a temperature controlled pressure vessel and a high-pressure diaphragm pump. The pressure vessel contains a level sensor in the upper part so that brine can be pumped into the system to a defined level from below and methane can be pumped into the system through a gas port in the top closure of the vessel. The diaphragm pump can circulate the pore fluid through the system by sucking brine out of the sample and injecting it into the gas charging vessel through a spray nozzle. The CH4 gas dissolves in the brine and flows back into the sample. To avoid hydrate formation in the gas charging system and the flow line to the bottom of the sediment sample, both are heated to a constant temperature outside the hydrate stability field.



The system allows hydrate formation in the sediment by use of four different procedures: (a) by injecting CH4 into a partially brine saturated frozen sample [43], (b) in a water dominated system by injecting CH4 into a water saturated sample, (c) in a gas dominated system by injecting water into a CH4 saturated sample [44,45], or (d) from CH4 dissolved in water in a water saturated sample [34,46]. The procedure of hydrate formation strongly influences the distribution of the hydrate in the sediment sample as well as its growth morphology (i.e., cementing or not cementing the sediment grains). The hydrate distribution as well as the microscopic hydrate occurrence are of importance for the production scenarios and should be known for production experiments.




3.2. Raman Spectroscopy and Powder X-ray Diffraction


The experimental set ups for the in situ Raman spectroscopic and the in situ XRD measurements are similar. The volumes of the sample cells are 0.393 cm3 for the Raman pressure cell and 0.250 cm3 for the XRD pressure cell, respectively. One important feature of both sample cells was the use of a continuous gas flow of 1 mL/min. The gas flow was measured and regulated with a commercial flowmeter F230-FA-11-Z from Bronkhorst. The temperature of both sample cells was determined with a precision of ±0.1 K, using a Pt 100 sensor. A pressure controller (TESCOM ER 3000) regulated the sample pressure with a precision of 2% rel. The system pressure was measured with a P3MB from Hottinger Baldwin Messtechnik with a precision of 0.01% rel. In situ Raman spectra were taken with a confocal Raman spectrometer (LABRAM, HORIBA Jobin Yvon) equipped with an external 100 mW diode-pumped solid-state (DPSS) laser with a wavelength of 532 nm. A Bruker AXS D8 Discover microdiffractometer with a General Area Detection Diffraction System (GADDS) has been employed for X-ray measurements. The GADDS system uses a multi array detection system instead of a Geiger-Mueller counter or a scintillation counter, which enables to take photographical pictures of the diffraction cones. The advantages of these system are short detection times and the gain of additional information regarding the crystallinity of the sample. More details regarding the pressure cells and the experimental set up can be found elsewhere [38,39,41].





4. Conclusions


In the framework of the German national gas hydrate research program SUGAR a countercurrent heat exchange reactor for the catalytic oxidation was realized which can in principle be applied for the thermal stimulation of hydrate bearing sediments. The heater was tested with respect to develop a safe and reliable ignition of the catalyst as well as a secure catalytic combustion of CH4 in an autothermal mode outside of the flammability ranges of CH4 in air. This special and new idea of in situ combustion proceeds without any direct contact between catalytic combustion zone or hot products and the hydrate deposit and is therefore different from the well known ISC and SAGD processes used in the oil industry.



For testing the efficiency of this heater, a large laboratory reservoir simulator was realized. With its volume of 425 L it is one of the biggest reservoir simulators worldwide. The formation of hydrates in sediments from gas saturated water and their decomposition via thermal stimulation was successfully performed twice. However, the first thermal stimulation experiments were performed using an electrical heater. The obtained experimental data are in good agreement with the data provided from numerical simulations. Both data sets are quite promising with respect to a potential use of this type of in situ combustion for the thermal stimulation of hydrate bearing sediments. However, an optimization of the heater and the large scale reservoir simulator are necessary to improve the efficiency on the one hand and the informational value of the experimental data on the other hand.



To study the conversion of CH4/hydrocarbon hydrates to CO2-rich hydrates simple structure I CH4 hydrate and mixed structure II CH4-C2H6 and CH4-C3H8 hydrates were synthesized and exposed to gaseous CO2. The hydrate formation processes as well as all conversion processes were investigated in situ by use of microscopy, confocal Raman spectroscopy and powder X-ray diffraction. The conversion of a hydrate phase when it is exposed to a changing gas phase could be observed for all systems, independently from the thermodynamic stability fields of the original or resulting hydrate phase. The results also show that the conversion is attended by structural changes of the hydrate phase, which implies a rearrangement of water molecules in the three-dimensional network of the hydrate. Thus, the experimental data lead to the following conclusions:

	•

	
The conversion process is induced by a chemical disequilibrium state between the hydrate phase and the environmental gas phase.




	•

	
On a molecular level the conversion process can be described as a decomposition and reformation process, in terms of a rearrangement of molecules.









Other factors influencing the kinetics of the process are the surface area of the hydrate phase, the thermodynamic stability of the hydrate phases, the mobility of the guest molecules and the formation kinetics of the resulting hydrate phase. Similar results from additional experiments supporting these conclusions are presented elsewhere [47].



With the experimental data presented here the idea of CH4 recovery from gas hydrates in nature by induction of CO2 receives some new aspects: it could be shown that structure II CH4-C3H8 mixed hydrates, which are supposed to be more stable than simple structure I CO2 hydrates, also convert into a structure I CO2-rich hydrate. This indicates that hydrocarbons can be recovered from natural gas hydrate even if they contain gas from thermogenic sources, thus higher hydrocarbons. The injection of CO2 would induce the release of hydrocarbon from the hydrate phase but only until an equilibrium state between a mixed gas/fluid phase and a mixed hydrate phase is reached. Depending on the concentration of CO2 in the environment the amount of CO2 in the hydrate phase will differ: In case of CO2 excess the concentration of CO2 will reach a maximum in the hydrate phase but also in the surrounding gas/fluid phase. The results also indicate that the newly formed CO2-rich hydrate phase is not stable if it is exposed to natural gases released from deeper sources. Depending on the flow rate of the ascending natural gas and thus the concentration of hydrocarbon in the pore water the CO2 rich hydrate in a natural environment will also convert into a hydrocarbon hydrate over time, releasing CO2 into the ecosystem. The idea of natural gas production from hydrate bearing sediments by CO2 injection in combination with a safe long-term storage of CO2 needs to be discussed.
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