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Abstract 

In this study, analytical models are developed to investigate methane hydrate dissociation in 

porous media upon thermal stimulation employing wellbore heating. This work investigates 

how the wellbore’s external and internal structure affect the dissociation process. The models 

are based on both Radial (2D) and Cartesian coordinates (1D) to couple the wellbore heating 

process and the associated methane response in the hydrate dissociation in the reservoir. 

Different types of heat-sources are studied: i) a flat heat-source in the 1D cases with a 

constant temperature; ii) line heat-source in radial cases with a constant temperature; iii) 

wellbore heat-source in radial cases, employing both a constant temperature and a coaxial 

wellbore.  Wellbore’s external layers consist of casing, gravel, and cement. In the coaxial 

wellbore heat-source, both conduction and convection heat transfers are considered. It 

consists of an inner tube and an outer structure (casing, gravel, and cement layers).  

The analytical solution employed a similarity solution, in which a moving boundary to 

separate the dissociated (containing produced gas and water) and undissociated (containing 

only methane hydrate) zones is assumed, to model the dissociation in the reservoir. Two 

different operating schemes have been studied for water inlet of the coaxial wellbore heat-

source: i) inner tube; and ii) annulus section of the wellbore.  

The results of temperature distribution along the wellbore (for the coaxial heat-source), 

temperature and pressure distributions in the reservoir, hydrate dissociation rate, and energy 

efficiency considering various initial and boundary conditions and reservoir properties are 

presented and compared with those of the previous studies. Direct heat transfer from the heat 

source to the reservoir in the case with a line heat-source higher dissociation rate and gas 

production compared to those of the wellbore-heat-source models, considering the heat 

conduction in the wellbore thickness causes. Decreasing the heat-source pressure and 

increasing its temperature increases the dissociation rate and gas production. Employing 

them simultaneously also increases gas production but reduces energy efficiency.  

The wellbore thickness affects the energy efficiency of the process negatively. The two 

different operating schemes affect the process in almost the same way with slightly higher 

gas production in the case with annulus hot-water inlet because the annulus is in direct 
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contact with the reservoir. Increasing the inlet water temperature and decreasing the wellbore 

pressure simultaneously results in a greater gas production and energy efficiency. Porosity, 

thermal diffusivity, thermal conductivity, and thickness of the reservoir have direct relation 

with the dissociation rate, but the permeability and gas viscosity of reservoir almost do not 

impact the process. The wellbore parameters, such as water flow rate, inlet temperature, and 

wellbore radius except the inner tube radius, directly impact the wellbore mean temperature 

and the dissociation process. 

The findings of this study make a major contribution to research on methane hydrate 

dissociation upon thermal stimulation with wellbore heating by analytically demonstrating, 

for the first time, how the wellbore structure affect the process. 
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Chapter 1 

Introduction  

Some parts of the thesis are published in two journals: i) the Journal of Petroleum Science and 

Engineering (Roostaie and Leonenko 2019b) with DOI: 10.1016/j.petrol.2019.106505 and License: 

CC-BY-NC-ND; and ii) the Energy Journal (Roostaie and Leonenko 2019a) with DOI: 

10.1016/j.energy.2019.116815 and License: CC-BY-NC-ND. This thesis has resulted in another 

paper (Roostaie and Leonenko 2020) (arXiv preprint:  arXiv:2001.04900) and submitted to the 

Energy Conversion and Management Journal.  

1.1 Methane hydrates  

Methane hydrates (MH) are cage-like substances in which a large amount of gas molecules is 

trapped by crystalline water molecules. Gas hydrates contain about 170 to 180 std m3 natural 

gas/m3 hydrate (Kamath and Godbole 1987). The high pressure and low temperature 

underground with sufficient methane gas induce the MH formation (Davie and Buffett 2001). 

The estimation of the volume of the gas hydrates exceeds the whole volume of conventional 

gas resources worldwide (Englezos 1993; Makogon 1981). However, considering the 

hydrates as a reliable source of energy depends on the availability of hydrates and the cost of 

gas production process from them. 

1.2 MH classification 

Natural hydrate deposits can be divided into four main classes (Li et al. 2016c): i) class 1 

deposits include two layers of the hydrate and an underlying two-phase fluid (mobile gas and 

liquid water) zone; ii) class 2 deposits include a hydrate layer underlain by a zone of mobile 

water; iii) class 3 deposits include only a hydrate layer, without mobile fluid zones (usually 

between a low-permeability overburden and an under-burden); and iv) class 4 deposits that 

are oceanic hydrates without confining boundaries, also they have a very low gas production 

potential. 

https://doi.org/10.1016/j.petrol.2019.106505
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1.3 MH reservoirs in Canadian regions 

MH reservoirs are mainly formed beneath the permafrost in arctic regions and in marine shelf 

sediments due to the appropriate pressure and temperature conditions (Collett 2001). Collet 

et al. (Collett 1999) reported the existence of MH reservoirs with a thickness of 

approximately 113 m in different intervals from 897.25 m to 1109.8 m depth in Mallik site, 

located in Mackenzie Delta, Northwest Territories, Canada. They reported that in an area of 1 

km2 around the drilling site in the Mallik field, between 2.93×109 and 4.15×109 m3 of gas 

exist. Some other properties for Mallik field, which are reported by Moridis et al. (Moridis et 

al. 2004), are as follows: i) porosity (ϕ) about 0.28; ii) intrinsic permeability (k) of about 

2×10-14 m2; iii) composite thermal conductivity of the rock hydrate reservoir fluids system of 

about 1.5 W/m°C; iv) rock specific heat of about 800 J/kg°C; and v) hydrate specific heat of 

about 1600 J/kg°C. They also mentioned that the best time for performance of field tests in 

Malik site is in the winter, since the ice roads can be built in order to access the site. This 

time period is about 4-6 weeks, so the operation time in Arctic conditions would be less than 

30 days. 

Majorowicz et al. (Majorowicz and Osadetz 2001) studied the regions with gas production 

potential from MH reservoirs in the vast continental shelves and Arctic permafrost of 

Canada. They revealed the existence of 1010-1012 m3 of gas hydrates in these regions with an 

associated methane gas potential in the range of 1012-1014 m3. The volume distribution of 

methane gas in MH reservoirs in Canada are geographically as follows: i) 0.24–8.7×1013 m3 

in the Mackenzie Delta–the Beaufort Sea; ii) 0.19–6.2×1014 m3 in the Arctic Archipelago; iii) 

1.9–7.8×1013 m3 on the Atlantic margin; and iv) 0.32–2.4×1013 m3 on the Pacific margin. The 

total in-situ amount of methane gas trapped in MH reservoirs of Canada is estimated to be 

0.44–8.1×1014 m3, while the conventional Canadian in-situ hydrocarbon gas resource is 

approximately 0.27×1014 m3. The minimum hydrate depth in Canada is 0.2 km. Some 

measurements related to Majorowicz et al. (Majorowicz and Osadetz 2001) work: i) The gas 

hydrate maximum stability depth is up to 1.4 and 1.8 km in the Mackenzie delta-Beaufort 

Sea and in the Arctic Archipelago, respectively; ii) The gas hydrate inferred area in the 

Mackenzie delta–Beaufort Sea field is estimated to be approximately 125,000 km2, where the 
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hydrate stability thickness is between 0.2 km and 1.4 km; iii) In the Arctic Archipelago, the 

total hydrate inferred area is estimated to be 770,000 km2, which has a mean thickness of 65 

m; iv) The area of stability of MH on the Atlantic margin is estimated to be 400,000 km2, 

where the mean thickness of hydrates is estimated to be 79 m; and v) The hydrate stability 

area in the Pacific offshore is approximately 30,000 km2, and the average hydrates thickness 

that has concentrations in pores in the range of 10% to 35% is around 110 m. 

Judge (Judge 1982) reported that the eastern part of the Mackenzie Delta, including Richards 

Island and the Tuktoyaktuk Peninsula, has the greatest MH reservoir’s depth. He also 

represented the depth range of potential hydrate resource of the northern areas as shown in 

Table 1. 

Table 1. Depth range of methane hydrates in Arctic regions. (Judge 1982) 

Area Minimum depth 

(m) 

Maximum depth 

(m) 

Thickness of 

hydrate zone (m) 

Arctic Islands 

(Western) 

140 1100 960 

Arctic Islands 

(Eastern) 

140 960 820 

Sverdrup Basin 140 1270 1130 

Arctic Platform 140 1400 1260 

Mackenzie Delta 

(Eastern) 

190 1860 1670 

Mackenzie Delta 

(Western) 

340 730 390 

Mackenzie Valley 

and Yukon 

Territory 

- - - 

1.4 MH dissociation methods 

Considering that the entrapped gas and water are bonded through physical interaction in MH, 

which is weaker than the chemical interactions, any change in MH equilibrium temperature 

or pressure would easily induce MH instability and dissociation. Main methods of MH 
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dissociation that have been reported so far are as follows (Feng et al. 2015; Li et al. 2016c): i) 

thermal stimulation by increasing the temperature of the reservoir above the equilibrium 

temperature (Fitzgerald et al. 2012; Li et al. 2011b); ii) depressurization by decreasing the 

pressure inside the MH reservoir below the equilibrium pressure of the hydrate (Ji et al. 

2001; Yousif et al. 1990); iii) depressurization in conjunction with thermal stimulation that is 

reported to have a better efficiency compared to the two previous methods (Wang et al. 

2014b); iv) inhibitor injection by injecting fluids, such as methanol, that will induce 

instability of the MH formation (Sung et al. 2002; Yousif 1996). Compared to 

depressurization and thermal stimulation methods, there are fewer studies in the field of 

chemical inhibitors (Ross and Toczylkin 1992); and v) replacement of methane by CO2 in 

MH reservoirs, which also helps global warming and climate change mitigations 

(Khlebnikov et al. 2016; Maruyama et al. 2012; Nishikawa et al. 1992; Saji et al. 1992; Yuan 

et al. 2012). Despite several findings regarding the hydrate dissociation methods, further 

investigation is required to shed more light on the potential of different methods and their 

aspects. 

Figure 1 shows a schematic of the temperature and pressure changes during depressurization 

(A-B-C-D), thermal stimulation (A-E-F),  depressurization in conjunction with thermal 

stimulation (A-B-C-G) (the black line in this figure displays the boundary between stable and 

unstable zones of the hydrate). 
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Figure 1. Schematic of depressurization, thermal stimulation, and depressurization in conjunction 

with thermal stimulation methods. 

In the depressurization method, due to the endothermic reaction of hydrate dissociation, the 

process adsorbs heat from the overburden/underburden and the surrounding undissociated 

hydrate, and it may stop as the temperature of the reservoir drops to the equilibrium 

temperature of the local pressure. Hence, the appropriate heat transfer or existence of a heat 

source is important (Chen et al. 2014). The diffusion of pressure, the hydrate saturation, and 

effective permeability are the factors affecting the dissociation in depressurization method 

(Chen et al. 2010). 

There are different ways for increasing the temperature of the reservoir in the thermal 

stimulation method, including hot water circulation, wellbore heating (Li et al. 2010), and hot 

water huff and puff (Li et al. 2012a), electrical heating, microwave radiation, etc. Hot 

water/steam circulation and wellbore heating are common ways of thermal stimulation 
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method (Moridis and Reagan 2007).  Hot water/steam circulation process consists of two 

wells: i) the inner one for hot water/steam injection; and ii) the outer one for gas/water 

production (Moridis and Reagan 2007). In the wellbore heating case, only the wellbore is 

heated using hot water/steam, electrical or other methods (Moridis and Reagan 2007). The 

huff and puff method can be described as three sections: i) hot water injection in the reservoir 

(huff); then ii) stopping for a time to transfer the heat to the hydrate (soak); and iii) producing 

gas and water from the well (puff) (Li et al. 2012a). 

1.5 Environmental effects of MH 

Another important aspect of methane hydrates is their influence on the environment and vice 

versa. The main environmental challenges for the methane hydrates could be continental 

margin sediment instability caused by the dissociation of hydrate deposits and the global 

warming induced by a large amount of CH4 released from methane hydrates (TREHU 2006). 

It should be mentioned that greenhouse effect of CH4 is about 25 times more than CO2 

(STOCKER et al. 2013), so the methane release from hydrates is a positive feedback to the 

global warming issue, which accelerates the hydrate dissociation and methane emission. The 

researches on MH revealed that the oceanic hydrates in seafloor and sediments are dynamic, 

and the decomposition of these hydrates could be a reason for global warming (Reeburgh 

2007). Also, the seismic activities (earthquakes) and volcanic activities could induce 

instability in the methane hydrate reservoirs (Fischer et al. 2013). The abovementioned 

assumptions has not been proved yet, because there is not any real report or evidence of the 

effects of hydrates and environment on each other (Ruppel and Kessler 2017).  

1.6 Research background 

1.6.1 Mathematical studies 

There have been many mathematical studies of hydrate dissociation employing both 

analytical and numerical methods. Analytical solutions provide fast answers with a better 

mechanistic understanding of the phenomena. However, numerical methods are more 

comprehensive and complicated, requiring fewer assumptions. In 1982, a 3D numerical 
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model consisting of an MH layer with a free gas zone was developed to study MH 

dissociation upon depressurization by considering the effect of conduction heat transfer and 

gas flow (Holder and Angert 1982). In 1986, this work was extended by considering the 

effect of the water flow produced during the dissociation (Burshears et al. 1986). In 1991, a 

numerical model investigated MH dissociation by depressurization in porous media with gas-

water flow considering three phases of water, gas, and MH without the effect of heat transfer 

(Yousif et al. 1991). Then, the previous work was extended by taking into account the water-

gas flow and convective-conductive heat transfer (Masuda 1997; MASUDA 1999). MH 

dissociation upon thermal stimulation was simulated by assuming an impermeable moving 

dissociation boundary, which separates the dissociated and undissociated zones, and 

considering different media permeabilities (Tsypkin 2000). Another numerical work by 

employing finite difference method and considering the effect of heat transfer in 

depressurization method showed that the process is a function of well pressure (Ahmadi et al. 

2004). In the same year, TOUGH2 simulator, which is capable of simulation of different 

dissociation methods considering four components and up to nine phases in either kinetic or 

equilibrium models, was employed to show the possibility of gas production from MH using 

both depressurization and thermal stimulation (Moridis 2002). Results retrieved from 

TOUGH2 showed the feasibility of gas production from MH reservoirs in in the Mackenzie 

Delta, Northwest Territories, Canada, upon depressurization and thermal stimulation with 

higher efficiencies achieved by using both methods together (Moridis et al. 2004). Another 

numerical work reported that the kinetic reaction models should be taken into account in 

order to avoid under-prediction of recoverable MH, while, requiring more computational 

effort compared to the equilibrium reaction models (Kowalsky and Moridis 2007). A 

numerical work using TOUGH-Fx/HYDRATE simulator showed low gas production upon 

depressurization with high amount of water production from disperse oceanic MH reservoirs 

with low hydrate saturation (Moridis and Sloan 2007).  

In 1990, Selim et al. (Selim and Sloan 1990) investigated MH dissociation upon thermal 

stimulation by using an analytical 1D model by assuming a moving dissociation boundary. 

They also studied the effect of gas convection heat transfer and its flow, while assuming the 
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produced water to remain motionless in the pores. In 1982, a study on hydrate dissociation 

upon both thermal stimulation using hot water injection and depressurization by employing 

two models (the frontal-sweep model, and the fracture-flow model) was performed (McGuire 

1982). The results showed that the depressurization is more feasible compared to thermal 

stimulation. Makogon (Makogon 1997) provided analytical expressions for the temperature 

and pressure distributions during MH dissociation upon depressurization including the effect 

of the throttling process in the energy equation and assuming a moving dissociation 

boundary. This work was extended by considering the water and gas movement and 

similarity solutions for temperature and pressure (Tsypkin 2001). In 2001, another model was 

generated based on Makogon’s model (Ji et al. 2001) including the heat conduction. An 

analytical work using depressurization reported that the effect of the gas-water two-phase 

flow on MH dissociation is smaller than the effect of heat transfer and the intrinsic kinetics of 

MH decomposition (Hong et al. 2003). Recently, an analytical work was designed based on 

experimental conditions (i.e., the reservoir was assumed to be finite, and there was heat 

transfer from outside of the reservoir into the hydrate zone) to study the MH dissociation by 

depressurization, thermal stimulation, and the combination of both methods (Wang et al. 

2015).  

1.6.2 Experimental studies 

In the experimental investigations on MH dissociation upon different methods, the size of the 

setup significantly affects the outcome of tests and is reported as one of the major challenges 

in experimental works (Wang et al. 2016c). For instance, the scale of the experiment’s setup 

determines the main involving mechanism in the hydrate dissociation in porous media (Wang 

et al. 2016c), which is one of the followings: i) heat transfer in the decomposing zone; ii) the 

intrinsic kinetics of hydrate decomposition; or iii) the multiphase flow (i.e., gas-water flow) 

during gas production (Hong et al. 2003). Tang et al. (Tang et al. 2007) showed that the 

determining factor in the core-scale experiments is the intrinsic kinetics of hydrate 

decomposition; while, in larger scale experiments or field works, the controlling mechanism 

is heat transfer in the decomposing zone. An experimental work showed that MH 

dissociation using thermal stimulation is a moving boundary ablation process in a 3D cubic 
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hydrate simulator (CHS) (Li et al. 2011b). Li et al. (Li et al. 2012b) employed two hydrate 

simulators with different scales to experimentally investigate the MH dissociation upon 

depressurization. They reported that the gas production period is longer for the larger scale 

simulator. Conduction heat transfer was shown to be the main mechanism for heat transfer to 

the dissociating zone in an experimental work on MH dissociation (Zhao et al. 2012). Wang 

et al. (Wang et al. 2016c) by employing a 3D Pilot-Scale Hydrate Simulator (PHS) reported 

that ice formation in pores during MH dissociation below the quadruple point in the sandy 

sediment increases the dissociation rate. Another experimental work studied the dissociation 

of water-saturated hydrate samples using a pilot-scale hydrate simulator via different 

methods and reported that depressurization in conjunction with thermal stimulation is the 

optimum method (Wang et al. 2018). Nowadays, this field of investigation has attracted the 

researchers’ interest to perform more mathematical studies as well as real field or 

experimental works or employing parameters from real reservoirs (Chen and Hartman 2018; 

Konno et al. 2017; Mardani et al. 2018; Wang et al. 2019b; Wang et al. 2016b; Zhao et al. 

2016). 

1.6.3 Field works 

Researchers have performed field trials on different hydrate reservoirs based on the 

experimental and numerical works to study the gas production. In the following, some of the 

field tests are presented. 

1.6.3.1 Messoyakha field test 

Messoyakha gas hydrate resources is located in the Arctic on the eastern border of West 

Siberia, Russia, with the area of about 19.5×12 km, which is consisted of a free gas zone 

overlaid by a hydrate layer and underlain by an unknown aquifer. The first field gas 

production test carried out in Messoyakha was in 1969–1970 (Makogon and Omelchenko 

2013). Since 1969–2011, many field tests were carried out by depressurization as the main 

method. The initial gas for production before the beginning of the field development in the 

area could be up to 36×109 m3, which 24×109 m3 of that could be in the free gas phase, and 

up to 9–12×109 m3 in hydrate phase. It is reported that at the end of 2011, the totally 
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accumulative gas produced from the field was 12.9×109 m3, which 5.4×109 m3 of that was 

obtained upon hydrate decomposition. 48×103 m3 water was produced of which 45×106 m3 

was due to hydrate decomposition.  

1.6.3.2 Mallik field test 

The Mallik gas hydrate field are located at the northeastern edge of Mackenzie Delta, 

Canada. The gas hydrates exist within a sequence of Tertiary sediments underlain by over 

600 m of permafrost. During 1971–1972, the discovery step was performed by drilling a 

discovery well, then, the consortium of Canada, Japan, and U.S was formed to perform the 

first research well program in 1998. It was found that there are discrete gas hydrate layers 

distributed in different depths from around 890 to 1106 m, which is approximately 110 m in 

total thickness. Also, the measurements revealed that the hydrate saturation exceeds 80% in 

some cases ranking Malik field among the most concentrated gas hydrate reservoirs in the 

world. From December 2001 to March 2002, the consortium completed a production research 

well program by drilling a main production research well with the depth of 1200 m and 

nearby two wells for science observation (Dallimore 2002). They studied production state 

using depressurization and thermal stimulation methods. Another field test was performed in 

April 2007 and March 2008 by the consortium of Canada and Japan using depressurization 

(Kurihara et al. 2010). It should be mentioned that the produced gas was accumulated at the 

top of the casing for the irregular (on–off) pumping and was not transferred directly to the 

surface probably due to the excessive sand production. The biggest issue, in 2007 winter test, 

was the sand production, which caused significant reduction of the pumping efficiency, 

besides the gas and water production. The only purpose of the 2008 winter test was to 

perform gas production for a longer time. The winter test lasted 6 days during which the gas 

and water production were approximately 13000 m3 and 70 m3, respectively. In addition, 

Compared to the 2007 winter test, in 2008 winter test, the produced sands were prevented 

from flowing into the wellbore by a screen, and the produced gas and water were transferred 

directly to the surface. It was found that the water production was far lower than that 

estimated amount probably due to the reverse flow of a large amount of water from the 

injection zone to wellhead when the pump was idle during the test. The pump efficiency was 
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also lower compared to the estimation. The main issue in 2008 winter test was the well 

suffering from the collapsed and/or deformed conduits with high permeability created in 

2007 winter test. 

1.6.3.3 Mount Elbert field test 

The Alaska North Slope (ANS) is reported to contain a large amount of methane hydrates. 

U.S. Geological Survey (USGS) reported that technically, around 2.4 tcm )trillion cubic 

meters ( gas could be produced from the ANS gas hydrates (Moridis et al. 2011). During 

February 3-19, 2007, the test well was drilled within the ANS Milne Point Unit (MPU). BP 

Exploration (Alaska), Inc. (BPXA) and the U.S. Department of Energy (DOE) co-sponsored 

the project as part of a Cooperative Research Agreement (CRA) since 2001. The study 

results estimated that up to 0.34 tcm gas could be technically produced from total 0.92 tcm 

gas-in-place within Eileen gas hydrate reservoir, near the industry infrastructure ANS MPU, 

Prudho Bay Unit (PBU), and Kuparuk River Unit (KRU) area (Collett 2008). Finally, the 

USGS selected ‘‘Mount Elbert” site for drilling a test well. The analysis of the acquired data 

showed that the high saturation gas hydrates occur with mobile formation water in this site. 

In the Mount Elbert site, the depressurization was shown to be the possible gas production 

method for the future field work test. 

1.6.3.4 Ignik Sikumi field tests 

Ignik Sikumi field is also located in the ANS within the Eileen gas hydrate reservoir region. 

The CO2–CH4 replacement in hydrate was used in the gas production process (Hauge et al. 

2014; Schoderbek et al. 2013). In 2011, a 792.5 m well was logged at the Ignik Sikumi site. 

The tests were continued to 2012. The injection lasted for 14 days during which a total of 6.1 

metric standard cubic meter (MSm3) of fluid (liquefied CO2/N2) was injected into the 

reservoir, and 4.7 MSm3 of N2 and 1.4 MSm3 of CO2 were injected at the end of the 

injection. The production process was divided into two parts of unassisted flow-back and 

assisted flow-back, depending on the bottom-hole pressure, the assisted flow-back was also 

divided into another three phases (Hauge et al. 2014). Finally, total 24 MSm3 CH4 was 

produced, 70% and 40% of the injected N2 and CO2 were recovered, the remaining 60% 
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injected CO2 stayed in the hydrate reservoir. There were total of 180 m3 produced water. 

Total 11.1 m3 of sands were produced. Ignik Sikumi field test was the first trial of gas 

production using CO2–CH4 replacement method, and CH4 was successfully produced. 

1.6.3.5 QTPP production trial 

During 2008–2013, the China Geological Survey (CGS) conducted some gas hydrae 

scientific drillings in the South Syncline of the Juhugeng mine in the QTPP. The 

depressurization in conjunction with thermal stimulation was employed as the production 

method, and a single vertical well system was considered as the well configuration (Wang et 

al. 2014a). The average gas production rate was around 30 m3/day for 3.5 days by 

depressurization method. The thermal stimulation is not suitable for gas production from 

hydrate reservoirs with low hydrate saturation in the QTPP due to the low heat conductivity, 

and the production by depressurization is the optimal choice for the next field production 

(Sun et al. 2014). 

1.6.3.6 Nankai Trough field test 

In 2013, JOGMEC and National Institute of Advanced Industrial Science and Technology 

(AIST) carried out the first field test in naturally marine gas hydrate deposits in Nankai 

Trough with the funding support from the Ministry of Economy, Trade and Industry (MEIT) 

of Japan (Yamamoto 2015). A single well system was considered as the well configuration. 

The flow test was very short, started on March 12, 2013, and ended on March 18, 2013, 

because of the sand production. More than 30 m3 of produced sand filled the bottom 

production hole, made the downhole production device disabled. After 6 days production, the 

total produced CH4 was approximately 119,500 m3. It should be mentioned that the gas 

production rate was larger than that estimated by numerical simulations. 

1.7 Thesis objectives 

Studies over the past decades have provided substantial information about MH dissociation 

and the associated consequences in the reservoirs. However, it should be noted that the 

wellbore structure can affect the process, such as the heat transfer mechanism during thermal 
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stimulation method. Furthermore, data from several studies suggest that the wellbores in the 

production region mainly consisted of three layers: casing, cement, and gravel (Florez Anaya 

and Osorio 2014; Pucknell and Mason 1992; Xu et al. 2014). The analytical works conducted 

about the hydrate dissociation to present (Li et al. 2010; Li et al. 2012a; Wan et al. 2018; 

Zhao et al. 2016) have not considered the impact of wellbore geometry and the associated 

structure (i.e., wellbore radius and the associated outer layers) on MH dissociation upon 

thermal stimulation by wellbore heating, which might induce unreliability while comparing 

to experiments or field works.  

In investigations related to geothermal energy, ground-source heat pumps are employed as a 

heat source/sink to derive heat transfer process to/from underground (Beier et al. 2013; 

Holmberg et al. 2016; Phirani et al. 2009; Sun et al. 2017; Wang et al. 2016a). Heat pumps 

come in two types (Lamarche et al. 2010): i) Coaxial boreholes heat exchangers; and ii) U-

tube heat exchangers. These heat exchangers do not inject water directly into reservoirs, but 

rather they indirectly transfer heat through both their own and the wellbore’s structure.  The 

coaxial boreholes heat exchangers have been used and investigated since decades ago (Braud 

et al. 1983; Mei and Fischer 1983; Morita et al. 1992). They also have higher efficiencies in 

terms of heat transfer to the reservoir compared to those of U-tube heat exchangers 

(Hellström 1998, 2002; Yavuzturk and Chiasson 2002). It should also be noted that 

employing radial coordinates, the mechanism and operational schemes of wellbore heating in 

the previous analytical studies of thermal stimulation have not been treated. These 

assumptions make the outcomes closer to the real operational conditions.  

 

The present study aims to address the mentioned gaps in the field of MH dissociation upon 

wellbore heating by modeling analytically: 1) a semi-infinite 1D hydrate reservoir in 

Cartesian coordinates using a flat heat source considering three main layers: casing, cement, 

and gravel; 2) a raidal infinite hydrate reservoir in radial coordinates considering two 

different heat sources: i) line heat source (no thickness); and ii) wellbore heat source consists 

of three main completion layers of casing, cement, and gravel; and 3) a radial infinite hydrate 

reservoir in the radial coordinates considering a coaxial heat exchanger with an inside tube 
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and a surrounding annulus heat source as the heat source, through which the hot water is 

injected. Three main completion outside layers -the casing, cement, and gravel- of the 

wellbore are also considered. Different operating schemes of the heat exchanger (e.g., hot 

water injection into the inner tube or annulus) and reservoir characteristics are also studied. 

The energy efficiency, gas production, and temperature and pressure distributions are 

calculated and verified against the previous experimental and mathematical studies. 

The results of this study, for the first time, provides an important opportunity to advance the 

understanding of the effect of wellbore’s structure, composition, and performance on the gas 

production from MH reservoirs upon thermal stimulation. Furthermore, the heat-source 

operational schemes (i.e., the coaxial heat-source) and the inside thermal interactions are 

coupled to MH dissociation in the reservoir. Thus, the present work facilitates further and 

more concise optimization and analysis on the heat-source to improve gas production form 

MH and the associated energy efficiency. Therefore, the findings should make an important 

contribution to the field of gas production from MH reservoirs by providing the outcomes 

obtained using conditions that are closer to the real-condition tests, which make them more 

valuable and reliable. 
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Chapter 2 

Modeling method 

Some parts of the thesis are published in two journals: i) the Journal of Petroleum Science and 

Engineering (Roostaie and Leonenko 2019b) with DOI: 10.1016/j.petrol.2019.106505 and License: 

CC-BY-NC-ND; and ii) the Energy Journal (Roostaie and Leonenko 2019a) with DOI: 

10.1016/j.energy.2019.116815 and License: CC-BY-NC-ND. This thesis has resulted in another 

paper (Roostaie and Leonenko 2020) (arXiv preprint:  arXiv:2001.04900) and submitted to the 

Energy Conversion and Management Journal. 

2.1 One-dimensional MH dissociation in Cartesian coordinates using a flat heat source 

Figure 1 shows a schematic of hydrate dissociation using thermal stimulation method in the 

proposed 1D flat case. It should be mentioned that the reservoir is semi-infinite, and L 

denotes the overall well thickness including, cement, gravel, and casing layers. The 

fundamental steps of MH dissociation are as follows: in the beginning of the process, the 

reservoir with the porosity of  is filled with MH in equilibrium conditions with initial 

temperature T0. At time t = 0, the temperature of the heat source at x = 0, increases to a new 

temperature of Ti , which is above the equilibrium temperature of the hydrate, and is kept 

constant during the process. Subsequently, MH starts dissociating and a sharp moving 

boundary surface is created as shown by dashed lines in Figure 1, indicating the rate of 

hydrate dissociation and separates the water and gas produced in the dissociated zone (Zone 

I) from the un-dissociated zone (Zone II). The temperature of the dissociated zone is higher 

than the temperature in the hydrate zone inducing heat conduction from the dissociated zone 

to the hydrate zone and hydrate dissociation. The rate of hydrate dissociation is determined 

by the speed of moving interface, which decreases as the process continues and the 

dissociated zone thickens. Actually, it consumes a larger part of input heat to increase the 

temperature of the matrix material in the dissociated zone as well as the produced water and 

gas at the dissociation front as the dissociation interface moves forward. The remaining input 

energy is consumed for hydrate dissociation and temperature increase of the matrix materials 

https://doi.org/10.1016/j.petrol.2019.106505
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in Zone II. As shown in Figure 2, the temperature and pressure distributions in Zone I (TI  

and P ) are respectively s I iT T T   and i sP P P  , and in Zone II, the temperature 

distribution is 0 II sT T T  and the pressure is in the equilibrium condition of the hydrate. 

The dissociation interface is shown by the dashed line and the associated pressure and 

temperature change due to time. It should be noted that TI at the outer surface of the well 

changes with time, but it is always lower than Ti . 

 

Figure 2. Schematic of hydrate dissociation in the semi-infinite flat reservoir. The dissociation 

interface is identified by the dashed line, and the grey region shows well thickness. 

 

 

Figure 3. Schematic of pressure and temperature distribution in the reservoir upon hydrate 

dissociation. 
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According to the mass conservation law and the sudden change in density at the dissociation 

front due to gas production, the produced gas will be streaming towards the heat source. The 

assumptions considered in this part, which were in accordance with the previous analytical 

works (Selim and Sloan 1990; Tsimpanogiannis and Lichtner 2007), are as follows: i) 

hydrates filled the entire pores of the media; ii) temperature and pressure at the dissociation 

interface are at the thermodynamic equilibrium; iii) the produced water from the dissociation 

remains motionless in the pores; iv) thermophysical properties of the phases are constant; v) 

ideal behavior of gas is applied in the equation of state of gas; vi) the produced gas is in 

thermal equilibrium with the local sediments (with the same temperature); vii) viscous 

dissipation and inertia effects are neglected. It should be noted that the thermal properties of 

the system are assumed to remain constant during dissociation. 

Another point that should be mentioned is that the volume of generated water from MH 

dissociation is negligible compared to that of generated gas (Kamath and Godbole 1987; 

Majorowicz and Osadetz 2001; Max and Dillon 1998) implying that the convection heat 

transfer by water has insignificant impact on MH dissociation.  Furthermore, previous 

investigations on MH dissociation showed weak influence of water flow on gas production. 

For example, Zhao et al. (Zhao et al. 2015) by developing and validating 2D axisymmetric 

numerical model, showed that the influence of convection heat transfer of the generated 

water and gas on hydrate dissociation using thermal stimulation method is weak. In another 

numerical work (Zhao et al. 2014), they reported that the effect of convective heat transfer of 

water on dissociation upon depressurization is weaker compared to that of the produced gas. 

Sparrow et al. (Sparrow et al. 1977) numerically studied the convection and conduction heat 

transfers involved in melting of a solid by a vertical tubed-heater. Their analysis showed that 

for conduction only, the heat transfer rate decreased consistently. However, convection heat 

transfer by water movement caused a decrease in the heat transfer rate in early stages until 

attaining a minimum, then raised to a maximum, and finally decreased consistently. This 

behavior is due to weak convection heat transfer at early stages, then as the melt region 

grows, convection heat transfer becomes stronger and increased the overall heat transfer rate, 

however as the melt region thickness grows sufficiently, a boundary layer mechanism 
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induces no direct conduction heat transfer through the melt region, and only convection heat 

transfer by circulating fluid caused consistent drop in the heat transfer rate. They also 

revealed that the thickness of the melt region varies along the vertical tube, with maximum 

thickness at the top due to the convection heat transfer by water movement. Hence, due to the 

weak effect of water movement on heat transfer and eventually the dissociation process, 

assuming motionless water produced from dissociation causes negligible error in the final 

outcome. However, the convection heat transfer by gas is taken into account. Furthermore, in 

analytical approaches, if effect of a term dominates, the other terms may be ignored to reduce 

the complexity of the solution and the computation costs (Claisse 2014; Rapp 2016). It 

should be mentioned that previous analytical studies on MH dissociation did not consider 

convection heat transfer by dissociated water (Azizi et al. 2016; Kamath and Godbole 1987; 

Li et al. 2015; Li et al. 2016b; Selim and Sloan 1990; Tsimpanogiannis and Lichtner 2007). 

The fundamental set of equations and the solution procedure for the flat case by considering 

a wellbore heat source are presented by the following expression: 

The continuity equation of gas in Zone I is: 

0
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t x

 


    
    

    
, , 0L x S t          (1) 

 where,  is porosity, 
g is gas density (kg/m3), and 

gv is gas velocity (m/s). The gas velocity 

in Zone I is calculated by the multiphase Darcy’s law, which is as follows: 
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 where k is relative permeability of gas (md),  is gas viscosity (mPa.s), and P is gas pressure 

(Pa). Equations 3 and 4 show the energy balance in Zones I and II, respectively: 
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where I is density (kg/m3) of zone I, 
g is gas density (kg/m3), 

pIC is specific heat capacity 

(J/(kg.K)) of Zone I, 
pgC is specific heat capacity of gas (J/(kg.K)), IT is the temperature (K) 

in Zone I, IIT  is the temperature (K) in Zone II, II  is thermal diffusivity (m2/s) of Zone II, 

and Ik  is the thermal conductivity (W/(m.K)) of Zone I. In equation 3, the gas temperature 

in each location in Zone I is assumed to be equal to the local sediment temperature. This 

assumption has been proved by Weinbaum and Wheeler (Weinbaum and Wheeler Jr 1949) 

and also employed in another work by Selim and Sloan (Selim and Sloan 1990). 

The gas behavior is assumed to obey the ideal gas law. So, the gas density in Zone I can be 

evaluated by the following equation: 

g

I

mP

RT
  , , 0L x S t            (5) 

 where m is gas molecular mass (kg/mol), and R is the universal gas constant (J/(mol.K)). 

The above set of equations represents the fundamental concept of the process. In the 

following, the associated initial and boundary conditions are stated. Temperature and 

pressure at the inner wall of the well (x = 0) are kept constant and respectively equal to Ti 

and Pi. It is assumed that there is no pressure drop in the well wall so the pressure at the outer 

surface of the well (x=L) is Pi as well. 

The assumed wellbore schematic in the production region is shown in Figure 3, in which the 

thickness of each of the casings is 0.7 cm, and the thickness for the cement and gravel 

respectively is 2.5 cm and 1.5 cm. Hence, the heat transfer equation in the wellbore could be 

stated by equation 6: 
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Figure 4. Schematic of the proposed wellbore structure. Different parts are as follows: 1) casing, 2) 

gravel pack, 3) casing, and 4) cement 

where Aw is the wellbore area (m2), wR is thermal resistivity of the wellbore (W/K), xk and 

xL are respectively the thermal conductivity (J/(s.m.K)) and thickness (m) with s, c, and g 

subscripts respectively stands for steel (casing), cement, and gravel. It should be noted that 

this proposed structure for wellbore is a general geometry and model, and there are many of 

the wellbore structures and the associated geometries in the literature that are different from 

this model. 

The pressure at the dissociation interface is calculated from the Antoine equation, which is a 

thermodynamic relationship with the interface temperature:  

( / )
e a a sA B T

sP


 , , 0x S t           (8) 

where sP is the pressure (Pa) and temperature (K) at the moving interface, and aA and aB are 

constants.  

The Antoine equation represents the relation between temperature and pressure of pure vapor 

(Araujo-Lopez et al. 2018; Khosravi Ghasemi et al. 2019; Thomson 1946). We employed this 

equation to calculate the pressure distribution in the dissociated zone (Zone I) of the 

reservoir. Actually, this zone consists of matrix sediments of the porous media and the 

produced gas and water from dissociation. However, as mentioned in the assumptions of the 
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modelling, the produced water from dissociation is assumed to remain motionless in the 

pores. Furthermore, the volume of generated water from MH dissociation is negligible 

compared to that of generated gas (Kamath and Godbole 1987; Majorowicz and Osadetz 

2001; Max and Dillon 1998). Hence, due to the weak effect of water movement on heat 

transfer and eventually the dissociation (mentioned earlier in assumption section) along with 

small amount of produced water during the process, assuming motionless water produced 

from dissociation along with assuming pure-gas flow in the dissociated zone for the 

application of Antoine equation causes negligible error in the final outcome. The convection 

heat transfer by gas induces temperature and pressure distribution through the dissociated 

zone. 

The mass and energy balances at the dissociation interface are respectively represented in 

equations 9 and 10. Also, the heat of MH dissociation is calculated by equation 11 (Selim 

and Sloan 1990), and equations 12-14 represent the boundary conditions: 
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where H  is the hydrate density (kg/m3), IIk is the thermal conductivity (W/(m.K)) of Zone 

II, HdQ is heat of MH dissociation (J/kg), and c and d are constants. FgH in equation 8 is a 

constant, representing the ratio of mass of the methane gas trapped inside the MH to the mass 

of hydrate. In this work, the value of 0.1265 kg CH4/kg hydrate is chosen for FgH, which has 

been used in a previous study by Selim et al.(Selim and Sloan 1990).  

The following equations 15-17 are obtained respectively from equations 1, 3, and 8 by 

employing equations 2 and 5 in order to eliminate the gas velocity and density. 
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To solve the above set of equations, the similarity solution introduced by Neumann (Ã–zisik 

et al. 1993; Carslaw and Jaeger 1959) is employed. In this solution, the movement of the 

dissociation interface is assumed to be proportional with the square root of time (t1/2). This 

assumption satisfies the initial and boundary conditions, and the following dimensionless 

transformation, shown in equation 17, is employed to simplify and solve the abovementioned 

equations. 
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So, on the moving dissociation front, equation 18 becomes: 
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Also, on the outer surface of the well: 
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The transformation of the above equations using equation 17 is developed and presented in 

the Appendix A.  

By considering the procedure suggested by Özışık et al.(Ã–zisik et al. 1993), Carslaw et 

al.(Carslaw and Jaeger 1959), and Selim et al.(Selim and Sloan 1990), error function is 

employed to choose the following solutions for the temperature distributions: 
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A, B, a, and b constants are introduced in Appendix A. The parameter “b” in equations S13 

and S20 defines the convection heat transfer for gas by taking into account the specific heat 
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capacity of gas. The gas produced from dissociation will absorb some of the transferred heat 

from the wellbore to the dissociation interface. This definition is in line with previous 

analytical studies (Azizi et al. 2016; Selim and Sloan 1990; Tsimpanogiannis and Lichtner 

2007). Furthermore, Selim and Sloan (Selim and Sloan 1990) in their analytical investigation 

on MH dissociation upon thermal stimulation reported that the convection heat transfer by 

gas flow decreased the dissociation rate about 6% meaning that it does not have a significant 

impact on the process. 

The pressure distribution (Pa) in Zone I can be calculated from equation S7 as follows: 
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That by replacing and integrating TI from equation 21, becomes: 
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where ( )J  , ( )K  , and 1( )L  are defined in Appendix A. 

Heat flux at the boundary (J/(s.m2)) as a function of time is calculated from the following 

formula: 
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The transformed version of equation 24 considering equation 18 is provided in Appendix A. 

Cumulative heat input into the reservoir from the heat source (J/m2) is calculated by 

integrating equation 23 with regard to time as follows: 
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In order to calculate the total volume at standard temperature and pressure (STP) of dry gas, 

equation 26 is employed, where 
fpV is the total volume of produced gas per surface area of 

the moving interface up to time t (m3/m2), ftn is the total moles of gas produced per surface 

area of the moving interface up to time t (mole/m2), and STPT  and STPP are temperature and 

pressure of gas at STP conditions, respectively.  
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More details of total volume calculation are provided in Appendix A. 

For the efficiency evaluation of gas production during the dissociation process using thermal 

stimulation method, the energy efficiency ratio is introduced as follows (Song et al. 2015): 

fp g

f

ft

V Q

Q
                       (27) 

where f  is the energy efficiency ratio in this case, and 
gQ is the heating value of the gas at 

STP conditions (J/m3). Actually, f  represents the amount of energy that would be produced 

from combustion of the produced gas to the amount of input energy to the system from the 

heat source. It becomes apparent that an energy efficiency higher than one is preferred. It 

should be mentioned that the surface area of the well that is in contact with the reservoir is 

equal to 1m2. 

The obtained solution for temperature and pressure distributions can satisfy the 

abovementioned basic equations and boundary conditions (equations 1-17) by direct 

substitution.  

2.2 MH dissociation in Radial coordinates employing line and wellbore heat sources 

Figure 5 shows a schematic of the hydrate dissociation in the proposed radial geometry. The 

dashed circle shows the moving dissociation boundary, and the grey region denotes the 

wellbore thickness consisting of a cement, gravel, and two layers of casing. There are many 

different wellbore structures and geometries assumed in the literature for different purposes, 

such as rock fracturing (Wang et al. 2019a), SAGD steam injection (Xiong et al. 2015), and 

oil recovery (Sun et al. 2018). The proposed wellbore structure in this part is taken as a 

general model as understood to the best of our knowledge from the previous studies about 

gravel-packing technique (Florez Anaya and Osorio 2014), sand-control purpose (Pucknell 

and Mason 1992), wellbore’s thermal resistance (Wang et al. 2016a), and gas extraction from 

the MH reservoirs by depressurization (Florez Anaya and Osorio 2014; Xu et al. 2014). 
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The geometry of the other case using a line heat-source is exactly the same as Figure 5, but it 

uses a line heat-source without thickness in the center of the reservoir instead of a wellbore 

with a specific thickness. The following steps are assumed as the basics of MH dissociation: 

i) before the dissociation begins, the reservoir has a porosity of  and is filled with MH in 

equilibrium conditions of temperature T0; ii) at time t=0, the heat source warms up by 

increasing its temperature (the inner surface of the heat source for the wellbore-heat-source 

case) to a new temperature Ti, which is higher than the hydrate equilibrium temperature, and 

is kept constant afterward; iii) MH dissociation begins with a sharp moving boundary surface 

showing the rate of hydrate dissociation and separating the water and gas produced in the 

dissociated zone (Zone I) from the undissociated zone (Zone II).  
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Figure 5. Schematic of hydrate dissociation model in infinite radial model. The 

dissociation interface is identified by the dashed circle. The grey region shows the wellbore 

thickness. Different parts of the wellbore structure are: 1) casing I, 2) gravel pack, 3) 

casing II, and 4) cement 

During dissociation, Zone I’s temperature is higher than that of Zone II inducing heat transfer 

from the Zone I to Zone II. Principally, the heat input from the heat source is consumed in 

two different ways: i) temperature increment of the matrix sediments and the produced water 

and gas in Zone I; and ii) hydrate dissociation and the temperature increment of the matrix 

materials in Zone II. Over time, Zone I becomes larger and absorbs higher amount of input 

heat (the first way mentioned above) reducing the dissociation rate and the moving interface 

speed.  
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Figure 6 shows the temperature and pressure distributions in the system after dissociation 

begins. The temperature and pressure distributions in Zone I (TI and P) are respectively 

s I iT T T   and i sP P P  , and the temperature distribution in Zone II (TII) is 

0 II sT T T  by assuming a constant hydrate pressure equal to the equilibrium pressure in this 

zone. It should be noted that TI at the outer surface of the well changes over time, but it is 

always lower than Ti. 

 
Figure 6. Schematic of pressure and temperature distribution in the reservoir upon hydrate 

dissociation. 

The produced gas will be streaming towards the heat source according to Darcy’s Law and 

induces a sudden change in density at the dissociation front. Other assumptions made in the 

models of this part are the same as those of the previous part, which are consistent with the 

previous analytical works (Selim and Sloan 1990; Tsimpanogiannis and Lichtner 2007; 

Weinbaum and Wheeler Jr 1949). 

Basic equations, which are the same for both types of heat sources (line heat-source and 

wellbore heat-source), are presented in the following formulas. 
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The continuity equation of gas in Zone I is: 

0
g g gv

t r

 


    
    

    
, 0t                    (28) 

where r is the radial distance (m). The gas velocity in Zone I is calculated by using Darcy’s 

Law: 
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k p
v
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, 0t                     (29) 

Equations 30 and 31 show the energy balance in Zones I and II, respectively: 
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Equation 5 employed to calculate the gas density in Zone I ( , 0outR r S t   ). 

The above equations represent the fundamental concept of the process. The heat sources’ 

temperature and pressure are constant and equal to Ti and Pi, respectively. Equations 32 and 

33 also state these conditions: 

I iT T ,                 (32) 

iP P ,                 (33) 

Equation 34 states the heat transfer equation through the wellbore thickness: 
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r r r r r rr r
R

k k k k   
                    (35) 

Where r is radius (m), the s, c, and g subscripts respectively stand for steel (casing), cement, 

and gravel, and the subscripts 1-5 are schematically shown on Figure 5.  
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The interface pressure ( , 0r S t  ) is calculated by the Antoine Equation (equation 8). 

Equations 36 and 37 respectively show the mass and energy balances at the dissociation 

interface. The formula for MH dissociation heat is the same as that of the previous section 

(equation 11) and the associated boundary conditions are represented through the equations 

38-40 (Selim and Sloan 1990),: 

( ) 0gH H g g

dS
F v

dt
   , , 0r S t                    (36) 

II I
II I H Hd

T T dS
k k Q

r r dt
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( )I II sT T T t  , , 0r S t                     (38) 

0IIT T , , 0r t                     (39) 

0IIT T , 0 , 0r t                       (40) 

The following equations 41-43 are obtained respectively from equations 28, 30, and 36 by 

employing equations 29 and 5 to eliminate the gas velocity and density. 
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The similarity solution, which was employed in the previous part, using a dimensionless 

parameter (equation 44 in this part) is used for transformation, simplification, and solution of 

the equations mentioned above. This method satisfies the initial and boundary conditions and 

assumes the movement of the dissociation interface to be inversely proportional with the 

square root of time (t1/2) as follows: 

4 II

r

t
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On the moving dissociation interface, equation 44 becomes: 
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 , , 0r S t                     (45) 

And, on the outer surface of the wellbore: 
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The abovementioned equations are transformed by employing equations 44-46 and presented 

in Appendix B.  

By considering the procedure recommended by previous works (Ã–zisik et al. 1993; Carslaw 

and Jaeger 1959), the following solutions for the temperature distributions in the two heat 

source cases are assumed implementing the exponential integral (Ei) function: 

Line heat-source:
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Wellbore heat-source:
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A1, B1, C, A2, and B2 constants are defined in Appendix B.  

The pressure distribution in Zone I for both heat sources can be calculated from the equation 

S35 as follows: 
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Then, equations 50 and 51 show the pressure distributions for both heat sources by replacing 

and integrating TI from equations 47 and 48: 

Line heat-source:  
1/2

2

0 2 1 2( ) ( ) ( )( (0) ( ))P P L M A L N N                     (50) 

Wellbore heat-source:  
1/2

2

0 2 1 2 1 2( )( ( ) ( ) ( ( ) ( )))os osP P L K A N K A N               

(51) 

where 2 ( )L  , ( )M  , ( )N  , and 1( )K  are defined in Appendix B. The obtained solutions 

for temperature and pressure distributions satisfy the basic equations and boundary 

conditions (equations 28-43) by direct substitution. 
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The following formula calculates the heat flux from the wellbore (J/(s.m2)) as a function of 

time: 

 I
r I

T
u k

r
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Equation 52 can be transformed to an equal equation according to equation 44 (provided in 

Appendix B). 

Integrating equation 52 gives the total heat input into the reservoir from the heat source 

(J/m2) up to time t as follows: 
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 , outr R                    (53) 

The total volume of produced gas at standard temperature and pressure (STP) of dry gas can 

be calculated as follows: 

rt STP
rp

STP

n RT
V

P
                     (54) 

where rpV and rtn  respectively are the total volume (m3/m2) and total moles (mole/m2) of 

produced gas per average moving-interface surface area up to time t at STPT  and STPP as 

temperature and pressure of dry gas at STP conditions, respectively. Further details are 

provided in Appendix B. 

Following formula evaluates the dissociation energy efficiency (Song et al. 2015): 

rp g

r

rt

V Q

Q
                       (55) 

where r  is the energy efficiency ratio. 

2.3  MH dissociation in Radial coordinates considering a coaxial borehole heat 

exchanger  

A schematic of the dissociation process inside the reservoir is presented in Figure 7a. Zone II 

is composed of undissociated hydrate at a temperature of T0 at infinity (r→∞), which 

increases to converge to the dissociation temperature (Ts(t)) close to the moving dissociation 

boundary (r=S(t)), denoted by the dashed circle. Zone I expresses the dissociated region, with 
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its different temperatures and pressures at various locations (r) and times (t). The grey ring in 

the middle of Figure 7a shows the supporting structure of the wellbore. A top view of the 

wellbore is shown in Figure 7b. The wellbore considered in this study has coaxial 

configuration with pipe-in-pipe geometry (Braud et al. 1983; Mei and Fischer 1983). Hot 

water is supplied to the wellbore either through the inner tube or the annulus between the 

inner and outer tubes; it is then extracted from the other path (Figure 7b). Heat transfer to the 

reservoir occurs through the borehole’s external wall. The borehole’s external layers, shown 

in Figure 1c, appear in cross section area of the borehole wall in Figure 7b. These layers 

(from inner to outer) are the 1) inner tube wall; 2) inside casing; 3) gravel; 4) outside casing; 

and 5) cement, and the associated radii are shown in Figure 7c. The following basic steps are 

considered as the MH dissociation process in this modelling: i) before dissociation begins, 

MH is assumed to be in equilibrium condition at a temperature T0 in the reservoir pores; ii) at 

time t = 0, hot water is injected into wellbore with a constant flow rate and temperature, 

inducing heat transfer to the reservoir; iii) when the temperature at the external wall of the 

borehole reaches the dissociation temperature of MH, dissociation begins, followed by a 

sharp moving boundary surface separating the dissociated zone (the water and gas produced 

in Zone I) from the undissociated zone (the undissociated MH in Zone II). 
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Figure 7. a) Schematic of the infinite radial model of hydrate dissociation considered in this study. 

The dissociation interface is identified by the dashed circle, and the grey region shows the well 

thickness. b) Magnified image of the borehole top view. c) Borehole structure with borehole center 

line denoted by a dashed line, and the various layers: 1) Inner tube wall; 2) Inside casing; 3) 

Gravel; 4) Outside casing; and 5) Cement. 

As was mentioned previously, two operation conditions are considered for the heat source: i) 

hot water injection into the inner tube and extraction from the annulus; and ii) hot water 

injection into the annulus and extraction from the inner tube. The flow rate and the 

temperature of the injected water are constant in models. However, the temperature 

distribution of the fluid along the inner tube (Tfi) and the annulus (Tfa) is not constant, and 

changes over time due to the heat transfer to the outside via conduction and the convection 

heat transfer of the fluid inside the wellbore. 
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The heat transfer rate inside the wellbore (e.g. between the annulus and inner tube) and to the 

reservoir are represented respectively by qi and qa (Figure 7c). The former (qi) consists of 

three heat transfer components: i) convection heat transfer in the inner tube between the 

water flow and the inner surface of the tube; ii) conduction heat transfer through the inner 

tube thickness to the annulus; and iii) convection heat transfer between the outer surface of 

the inner tube and the water flow in the annulus. The latter (qa) consists of: i) convection heat 

transfer between the water flow and the outer surface of the annulus; and ii) the conduction 

heat transfer through the external wall of the wellbore (cement, casing, and gravel layers). 

For each of the heat transfer components of qi and qa, a thermal resistance is defined in the 

following based on the heat transfer calculation of the wellbores presented by Hellstrom 

(Hellstrom 1992).  

Convective heat transfer resistance (m.K/W) between the inner tube surface (r=r1) and the 

water flow in the tube is defined as follows: 

1
cii

f ii

R
k Nu

                     (56) 

where ciiR is the convective heat transfer resistance (m.K/W), fk is the fluid thermal 

conductivity (W/m.K), and iiNu is the Nusselt’s number of the fluid flow in the inner tube. 

Different formulas have been suggested for Nusselt’s number in previous literature with 

varying degrees of accuracy (Dittus and Boelter 1930; Gnielinski 1975; Hausen 1959; 

Kraussold 1934; Notter and Sleicher 1972; Petukhov 1970; Rohsenow et al. 1985; Sieder and 

Tate 1936). Among them, Gnielinski correlation (Gnielinski 1975) is reported to be suitable 

and accurate for coaxial heat exchangers considering fluid flow in the annulus (Gnielinski 

2009; Ntuli et al. 2010; Rohsenow et al. 1985; Wärmeatlas 1988). Nusselt’s number of fluid 

flow in the inner tube is defined as follows based on the Gnielinski formula (Gnielinski 

1975): 
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where Rei is the Reynolds number in the inner tube, Pr is the Prandtl number, and f is the 

friction factor for smooth pipes. Rei, Pr, and f  are calculated respectively as follows: 
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2(1.58ln(Re ) 3.28)if                      (60) 

where D is the pipe diameter (m), fv is the water flow velocity (m/s), f  is the kinematic 

viscosity (m2/s), f  is the water density (kg/m3), fV is the water flow rate (m3/s), 1r   is the 

radial distance (m) as shown in Figure 7c, fC is the fluid volumetric heat capacity (J/(m3.K)), 

and f is the water  dynamic viscosity (Pa.s).  

The conduction thermal resistance (m.K/W) of the tube is calculated as follows: 

2 1ln( / )

2
p

p

r r
R

k
                     (61) 

where 2r and 1r  are inner tube radii as shown in Figure 7c, and pk  is the inner tube’s thermal 

conductivity (W/(m.k)). 

The convection thermal resistance (mK/W) of the heat transfer from the outer surface of the 

inner tube (r=r2) to the fluid flow in the annulus can be represented as follows (Hellstrom 

1992): 
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where oiNu is the Nusselt’s number of the fluid flow close to the outer surface of the inner 

tube, and 
*r is the ratio between the inner and outer radii of the annulus 2 3( / )r r . Petuhkov 

and Roizen (Petukhov and Roizen 1967) derived an expression for the Nusselt’s number in 

the annulus close to the inner tube based on experimental data: 

* 0.160.86( )oi pipeNu Nu r                     (63) 

where  is a constant, equal to 1 in this case, and pipeNu is the Nusselt’s number of the 

water flow in the annulus close to the inner pipe, calculated based on equation 57, using the 

Prandtl number and friction factor formulas from equations 59 and 60, and a Reynolds 

number as follows: 
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where 3r and 2r are the radii (m) of the annulus, shown in Figure 7c, and hd is the hydraulic 

diameter (m) of the annulus, which can be calculated as follows: 

3 22( )hd r r                      (65) 

The convection thermal resistance (m.K/W) of the region between water flow and the outer 

surface of the annulus (r=r3) can be calculated based on the following formula (Hellstrom 

1992): 

 *1
1cia

f oa

R r
k Nu

                     (66) 
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where oaNu is the Nusselt’s number of the water flow close to the outer surface of the 

annulus, which is defined as follows based on the work performed by Petuhkov and Roizen 

(Petukhov and Roizen 1967): 

* 0.6(1 0.14( ) )oa pipeNu Nu r                    (67) 

And finally, in order to calculate the conduction thermal resistance of the external wall of the 

wellbore, the wall can be considered as a homogenous layer by summing the thermal 

resistances of the cement, casing, and gravel layers together as stated in equation 68: 

4 3 5 4 6 5 7 6ln( / ) ln( / ) ln( / ) ln( / )

2 2 2 2
w

p g s c

r r r r r r r r
R

k k k k   
                    (68) 

where xk stands for thermal conductivity (W/(m.K)) with the s, c, p, and g subscripts 

respectively referring to the steel (casing), cement, inner pipe, and gravel. Figure 7 also 

shows r3-r7. 

Therefore, the total thermal resistances ((m.K)/W) associated with qi and qa are respectively 

as follows: 

1 cii p coiR R R R                       (69) 

2 cia wR R R                      (70) 

At steady-state condition, the convection heat transfer in the water flow should be equal to 

the transverse heat transfer between the inner tube and annulus (qi) and between the annulus 

and wellbore (qa). This expression is presented in equations 71 and 72: 
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               (72) 

where fiT  is the water flow temperature (K) in the inner tube, and faT is the water flow 

temperature in the annulus (K), and z represents the axial distance along the wellbore, which 

is in the range of 0 (at the base of the wellbore) to h (top boarder of the hydrate zone). Some 

notations in equations 71 and 72 should be taken into account: i) the  sign refers to the 

direction of the water flow, with + standing for the water flow in the direction of the z-axis; 

and ii) in qa calculation, an average value of the temperature along the outer surface of the 

external wall of the wellbore ( 7( )IT r ) is considered instead of a varying temperature with 

regards to the z-axis. The temperature distribution resulted from the two operation models of 

the heat source ( fiT and faT ) can be obtained by solving equations 71 and 72 and considering 

two boundary conditions: i) the inlet temperature (Ti) is constant; and ii) no heat flux occurs 

at the base of the wellbore. More details are provided in Appendix C. Then, the heat transfer 

rate to the reservoir can be obtained, after which, the subsequent hydrate dissociation will be 

calculated as described next. The heat transfer from the heat source to the reservoir is 

consumed in two ways: i) by increasing the temperature of the sediments and the water-gas 

produced in the dissociated zone; and ii) in hydrate dissociation at the moving boundary and 

increasing the temperature of the matrix materials in Zone II close to the moving boundary. 

The input heat should transfer through the dissociated region, during which, a large part of 

the input heat will be consumed as in i) reducing the rate of hydrate dissociation and the 

speed of the moving interface as the process continues. 

The proposed trends of temperature and pressure distribution in the reservoir during 

dissociation are shown in Figure 2. The temperature and pressure ranges for a specific time in 

Zone I are respectively 7( )s I IT T T r   and i sP P P  , and in Zone II, the temperature 

range will be 0 II sT T T  with a constant pressure equal to the equilibrium pressure of MH. 

The temperature at the outer surface of the wellbore (r=r7) changes with time due to the heat 
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transfer from the wellbore and temperature changes of the inside fluid, but it is always lower 

than the temperature on the other side of the wellbore (Tfa). The temperature and pressure at 

the moving dissociation boundary are not also constant. 

 

Figure 8. Schematic of pressure and temperature distribution in the reservoir during MH dissociation. 

The produced gas will stream towards the heat source according to Darcy’s Law, inducing a 

sudden change in density at the dissociation front due to the gas production. There are a lot of 

similarities between the solution method stated in this part for MH dissociation and those of 

the previous part. Assumptions made in the dissociation models of the current part are the 

same as those of the previous part.  

The continuity equation of gas in Zone I is stated in equation 28. The gas velocity ( gv ) in 

Zone I is calculated using equation 29. Equations 30 and 31 show the energy balance in 

Zones I and II, respectively. The gas density in Zone I, based on the ideal gas law, can be 

calculated by equation 5: 

The initial and boundary conditions are: i) temperature and pressure at the inner wall of the 

wellbore (r3) are known at each time step due to the calculations mentioned earlier for 

temperature distribution inside the wellbore; and ii) no pressure drop is assumed in the 

wellbore, and the pressure at the outer surface of the well (r7) is Pi. 
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The heat transfer equation in the well, for the case considering the well’s heat source, is 

stated by Equation 6: 

2

( )fa II
I w

T TT
k A

r R


 


,

7 , 0r r t                    (73) 

where Aw is the wellbore surface area (m2), wR is thermal resistivity of the wellbore (W/K), 

Ik is the thermal conductivity of Zone I (W/(m.K)), r is the radius (m). It should be noted 

that the wellbore structure proposed in the present part is the same as that of the previous 

part. 

Temperature and pressure at the moving dissociation interface are calculated by the Antoine 

Equation (equation 8).  

The mass and energy balances at the dissociation interface as well as the heat of MH 

dissociation are respectively represented in equations 36, 37, and 11 (Selim and Sloan 1990) 

with the associated initial and boundary conditions represented through equations 38-40. 

The similarity solution is also employed to solve the abovementioned equations in this part, 

using the same dimensionless parameter relating the movement of the dissociation interface 

to the square root of time (t1/2), as represented by a non-dimensional parameter shown in 

equation 44. This parameter on the moving dissociation interface ( r S ) and outer surface 

of the wellbore (
7r r ) is represented through the equations 45 and 46, 

respectively.Therefore, by using equations 44-46, the previous equations are simplified and 

transformed, as presented in Appendix C in detail.  

An exponential integral (Ei) function is employed to find the solution to the temperature 

distribution in the reservoir during dissociation as described in equations 73 and 74. This 

solution has also been recommended in previous works (Ã–zisik et al. 1993; Carslaw and 

Jaeger 1959). 

2 2

3 3 3( ( ) ) ( )IT A Ei a b A Ei b B                        (73) 

2
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The A3, B3, and C1 constants are defined in Appendix C.  

Then, the pressure distribution in Zone I can be calculated from equation S35 as follows: 
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By replacing TI according to equation 37, the pressure distributions in zone I will be 

calculated as shown in equation 40: 
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where 
3( )L  , ( )N  , and 

2 ( )K  are defined in Appendix C. It should be noted that the 

obtained expressions for temperature and pressure distributions can satisfy the basic 

equations and boundary conditions, mentioned earlier, by direct substitution. 

Heat flux (J/sm2) from the wellbore to the reservoir as a function of time can be obtained 

from the following formula: 
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Equation 77 can be transformed into an equal equation according to equation 30 (Appendix 

C). 

By integrating Equation 77, the total heat input into the reservoir from the wellbore (J/m2) up 

to time t can be calculated as in the following equation: 
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The total volume of gas produced up to time t can be calculated as follows at the standard 

temperature and pressure (STP) of dry gas: 

rt STP
rp

STP

n RT
V

P
                     (79) 

where rpV and rtn  are respectively the total volume (m3/m2) and total moles (mole/m2) of 

produced gas per surface area of the moving interface up to time t with STPT  and STPP  

respectively as the temperature and pressure of dry gas at STP conditions. Further details of 

the calculation of the total volume of produced gas are provided in Appendix C. 
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The energy efficiency ratio of the process is defined as follows (Song et al. 2015): 

7(2 )

rp g

r

rt

V Q

Q r h



                     (80) 

where f  is the energy efficiency ratio, and gQ is the heating value of the gas at STP 

conditions (J/m3).  

MATLAB programming software is used for all calculations in this work. 
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Chapter 3 

Results and discussion 

Some parts of the thesis are published in two journals: i) the Journal of Petroleum Science and 

Engineering (Roostaie and Leonenko 2019b) with DOI: 10.1016/j.petrol.2019.106505 and License: 

CC-BY-NC-ND; and ii) the Energy Journal (Roostaie and Leonenko 2019a) with DOI: 

10.1016/j.energy.2019.116815 and License: CC-BY-NC-ND. This thesis has resulted in another 

paper (Roostaie and Leonenko 2020) (arXiv preprint:  arXiv:2001.04900) and submitted to the 

Energy Conversion and Management Journal.  

3.1 One-dimensional model with a flat heat source 

Equation 18 indicates that the location and movement of the dissociation interface are 

dependent on  . It should be noted that   represents both the dimensionless interface 

position and dimensionless interface velocity ( 1/2/ (4 )s IIv t ). Thus, the higher the value 

of  , the faster the movement of the dissociation interface. As shown in the equation S23, the 

value of   is dependent on sP and sT  values, which are calculated using the pressure and 

temperature at the heat source wall (outer boundary) according to the equations in the 

previous section. The temperature at the outer boundary of the heat source is time dependent, 

inducing sP and sT at the dissociation front to change over time. Figure 9 shows the value of 

  considering specific physical and boundary conditions presented in Table 2, which are 

obtained and set from the previous studies (Cheng et al. 2011; Dalla Santa et al. 2017; 

Remund 1999; Selim and Sloan 1990).   increases from a slightly lower value at the 

beginning but converges to a value as the temperature at the wall surface converges to 

temperature Ti of the inside of the well, which is kept constant.  
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Table 2. Parameters used in the modeling. 

Total wellbore thickness, L, m 0.054 

Cement thickness, Lc, m 0.025 

Gravel thickness, Lg, m 0.015 

Casing thickness, Ls, m 0.014 

Contact area of wellbore with reservoir in production region, m2 1 

Thermal conductivity of cement, kc, W/(m.K) 0.933 

Thermal conductivity of gravel, kg, W/(m.K) 0.4 

Thermal conductivity of casing (steel), ks, W/(m.K) 43.3 

Porosity,    0.3 

Permeability, k, μm2 1 

Thermal diffusivity of Zone I, I , μm2/s 2.89×106 

Thermal conductivity of Zone I, Ik , W/(m.K) 5.57 

Thermal diffusivity of Zone II, II , μm2/s 6.97×105 

Thermal conductivity of Zone II, IIk , W/(m.K) 2.73 

Hydrate density, H , kg/m3 913 

Heat of dissociation of hydrate, HdQ , J/kg 
3446.12 10 132.638 sT   

Gas heat capacity, 
pgC , J/(kg.K) 8766 

Gas viscosity,  , Pa.s 10-4 

Heating value of the gas at STP conidtions, 
gQ , MJ/m3  37.6 

Molecular mass of methane, m, g/mol 16.04 

Mass ratio of the methane gas trapped inside the hydrate to the mass of 

hydrate, FgH 
0.1265 

Universal gas constant, R, J/(mol.K) 8.314 
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Figure 9. Dimensionless position of interface during 1000 days dissociation process at Ti=563.5 K, 

Pi=7.6 MPa, and T0=275K. 

The effect of boundary conditions on the interface movement is presented in Figure 10, 

which shows the value of   with regards to different well pressure and temperature after 100 

days of dissociation. The results shown in Figure 10 have the same trend as the results 

reported in the previous work by Selim et al. (Selim and Sloan 1990), but with a slightly 

lower values of   (about 0.1 difference). This difference is due to the conduction heat 

transfer in the wellbore thickness, which causes the amount of transferred heat to the 

dissociation surface becomes lower compared to the previous work (Selim and Sloan 1990), 

in which a flat heat source with constant temperature without wellbore thickness is 

considered. In all cases, decreasing the heat source pressure while increasing its temperature 

induces higher values of  . Figure 11 represents the relation between the interface velocity 

and MH temperature, T0. The higher the hydrate temperature, the higher the interface 

movement. These results are consistent with data obtained in a Numerical work by Liang et 

al. (Liang et al. 2010), who also found that decreasing the pressure and increasing the 

surrounding temperature would increase the rate of hydrate dissociation upon 
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depressurization. They also validated their results against experiments performed by Masuda 

(MASUDA 1999). 

 

Figure 10. Dimensionless position of interface at T0=280 K and various Ti and Pi values. 
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Figure 11. Dimensionless position of interface at Ti=563.5 K and various T0 and Pi values. 

Furthermore, in Figures 10 and 11, the associated temperature and pressure of the locus for 

which the dissociation temperature is equal to the temperature of MH (280 K) is shown. The 

dissociation temperature is mainly dependent on heat source pressure, while the effect of the 

temperature of the heat source and MH temperatures on Ts is almost negligible; higher Pi 

increases Ts, while lower Pi decreases Ts. This is also in agreement with the previous work by 

Selim et al. (Selim and Sloan 1990), as they showed the direct dependency of Ts on Pi and 

mentioned that for lower pressures of 6 MPa, Ts may reduce to the freezing temperature of 

water which causes the interruption of the dissociation process due to ice generation. It 

should be mentioned that when Ts is equal to T0, all the transmitted heat to the interface is 

consumed for the dissociation and no heat is transferred to or from the hydrate zone, and the 

temperature of the hydrate zone remains constant. On the other hand, as Ts falls below T0, 

T
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some part of the required heat for dissociation is absorbed from the hydrate zone, resulting in 

the temperature reduction of the hydrate zone.  

Temperature and pressure distributions are calculated and presented in Figures 12 and 13 for 

the following two boundary conditions (BCs): BC 1) 450iT  K, 10iP   MPa, and 

0 280T  K, and BC 2) 563.5iT  K, 7.6iP   MPa, and 0 275T  K considering three 

different time frames. The temperature distribution in Zones I and II are separated by a 

horizontal dashed line that shows the interface temperature. However, due to the small 

temperature increment at the well surface in longer time frames (as shown in the Figure 12), 

the interface temperature changes slightly. The temperature change at the well surface also 

causes the interface pressure to change in longer time frames. It should be noted that as the 

dissociation progresses and the temperature at the well surface converges to that inside the 

well, the temperature and pressure at the interface respectively tend to decrease and increase 

gradually and converge to the associated values reported Selim and Sloan’s work (Selim and 

Sloan 1990), in which the associated values for the interface temperature and pressure for the 

two proposed boundary conditions were reported to be: BC 1) Ts = 285 K, Ps = 290 Pa; BC 2) 

Ts = 282.5 K, Ps = 560 Pa. Tsimpanogiannis and Lichtner (Tsimpanogiannis and Lichtner 

2007) in their semi-analytical model showed that increasing the temperature of well would 

increase the pressure at the interface, which is also shown in our results of boundary 

conditions of BC 1 and BC 2. 

The results of temperature distribution also illustrate that the distance between the 

dissociation surface and the heat source is higher in the previous study without considering 

the wellbore thickness (Selim and Sloan 1990) compared to the present model due to the 

negative effect of heat conduction in the well, but this difference decreases in longer time 

frames as the dissociated zone thickens and the effect of heat source thickness disappears 

gradually. The results presented in Figure 12 for temperature distribution are also in good 

agreement with those reported by Li et al. (Li et al. 2011b), who experimentally investigated 

MH dissociation upon thermal stimulation. They also reported that the decomposition 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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progressed by a moving boundary, which separates dissociate zone form the undissoicated 

zone. 

  

Figure 12. Temperature distribution for case 1 at different time frames for two initial and boundary 

conditions of a) BC 1 b) BC 2. 

 

  
 

Figure 13. Pressure distribution for case 1 in the dissociated zone at different time frames for two initial 

and boundary conditions of a) BC 1 b) BC 2. 

The volume of produced gas in STP conditions, amount of input heat, and energy efficiency 

upon hydrate dissociation considering the two initial and boundary conditions during 100 
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days of gas dissociation are shown in Figure 14. The volume of produced gas and the amount 

of input heat are higher considering BC 2 compared to BC 1. However, the energy efficiency 

is higher considering BC 2 compared to BC 1 due to the higher difference between the 

amounts of input heat and relatively smaller difference between the associated produced gas 

as shown in Figure 14. The results of energy efficiency indicate that increasing the heat 

source temperature and decreasing its pressure would increase the rate of dissociation, but 

will not increase the total efficiency of the process. It is somewhat surprising that the energy 

efficiency increases to a peak point in the beginning then it decreases as dissociation 

progresses. This could be due to the constant surface area of the dissociation interface, which 

is equal to the surface area of the heat source, during the dissociation that restricts the amount 

of gas production during dissociation. On the other hand, the amount of input heat increases 

such that it cannot reach the dissociation front due to the sediment matrix of Zone I and 

dissociation products. Therefore, the speed of input heat increment exceeds the speed of the 

produced gas increment until the temperature at the heat source surface gradually converges 

to that inside the heat source, and the energy efficiency also converges to a constant value.  

The same trend for energy efficiency (i.e., significant increase at the beginning then 

decreasing smoothly) was also reported by Li et al. (Li et al. 2014; Li et al. 2011a) and Wang 

et al. (Wang et al. 2013), who investigated the MH dissociation behavior upon thermal 

stimulation using cubic hydrate simulators. They claimed that the sudden increase of the 

energy efficiency at the beginning is due to the rapid hydrate dissociation close to the 

wellbore at the beginning of the process. In another experimental work performed by Wang 

et al. (Wang et al. 2014b) on the gas production form MH using thermal stimulation by hot 

water, the same trend for the energy efficiency and gas production was reported. It was 

claimed that the pre-depressurization before heat stimulation caused the sudden increase of 

the energy efficiency at the beginning, then it decreased and converged to lower value. They 

reported an energy efficiency of around 4 after 100 minutes of dissociation, which shows a 

good agreement with our results. In the work of Selim et al. (Selim and Sloan 1990) an 

energy efficiency between 6.4-11.2 was reported, which is close to the results presented in 

the current paper and of high value because of the similar conditions considered in the two 
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works. The energy efficiency reported in this work is consistent with that of Tang et al. (Tang 

et al. 2005), who experimentally investigated the gas production from MH reservoirs upon 

thermal stimulation. They reported an energy ratio, which was calculated in the same way as 

the energy efficiency in the present work, of about 5 upon conditions close to the BC 2. They 

also revealed that increasing the initial temperature and decreasing the initial pressure 

improved the energy ratio. Bayles et al. (Bayles et al. 1986) studied analytically MH 

dissociation upon cyclic steam injection. They reported the same trend for the energy 

efficiency for one year dissociation, which was converged between 4 to 9.6. Again, our 

results are in good agreement with theirs, and the slight difference could be due to the direct 

steam injection into the reservoir and the cyclic pattern of the process.  
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Figure 14. a) volume of produced gas, b) amount of input heat, and c) energy efficiency during 

hydrate dissociation for two BCs. 

A parametric study is performed in order to investigate the effect of various parameters, 

stated in Table 3, on the dissociation process. The obtained results from the parametric study, 

shown in Figure 15, indicate the following points: a) the higher the thermal diffusivity and 

conductivity of Zone I, the higher the dissociation movement; b) the lower the thermal 

diffusivity and conductivity of Zone II, the higher the dissociation movement; and c) the 

permeability and gas viscosity almost have no effect on the dissociation process as the 

interface velocity does not change by various values of each.  

a) b) 

c) 
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The same results were reported by Selim and Slaon (Selim and Sloan 1990). Zhao et al. 

(Zhao et al. 2015) investigated the numerical model of gas production form MH using 

thermal stimulation and showed that increasing the thermal conductivity promoted the 

dissociation process, on the other hand, different relative water-gas permeabilities have 

almost no effect on the gas production. They also numerically showed that increasing 

sediments’ thermal conductivity would increase the rate of gas generation at the beginning of 

hydrate dissociation upon depressurization (Zhao et al. 2014). It should be mentioned that 

both of their works were validated by the experimental work of Masuda (MASUDA 1999). 

Tsimpanogiannis and Lichtner (Tsimpanogiannis and Lichtner 2007) investigated a 

parametric study on the effect of different parameters on the MH dissociation upon thermal 

stimulation. They revealed that increasing the thermal conductivity of the porous media 

induced more MH dissociation.   

Table 3. Range of parameters employed in the parametric study. 

Porosity,    0.1 to 0.5 

Permeability, k, μm2 0.1 to 5 

Thermal diffusivity of Zone I, I , μm2/s 1×106 to 5×106 

Thermal conductivity of Zone I, Ik , W/(m.K) 3 to 7 

Thermal diffusivity of Zone II, II , μm2/s 4×105 to 8×105 

Thermal conductivity of Zone II, IIk , W/(m.K) 1 to 5 

Gas viscosity,  , Pa.s 10-4 to 10-6 
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Figure 15. The effect of various values of the parameters stated in Table 2 on the interface movement 

after 100 days dissociation. a) thermal diffusivity and thermal conductivity of Zone I, b) thermal 

diffusivity and thermal conductivity of Zone II, c) various values of porosity with different 

permeabilities, and d) various values of porosity with different gas viscosities. 

a) b) 

d) c) 
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3.2 Radial model with line and wellbore heat sources 

As equation 20 indicates,   represents the dissociation interface dimensionless position and 

velocity (
1/2/ (4 )s IIv t ). The value of   only depends on sP  and sT  (equation S28), which 

depend on the heat source pressure and temperature (outer surface of the heat source in the 

wellbore-heat-source case) according to their associated equations in the modeling section. 

The temperature at the wellbore outer surface is time-dependent, inducing variable sP and sT  

over time; however, the line heat-source temperature in the other case remains constant, 

inducing constant sP and sT . The proposed properties and parameters (Table 4) are based on 

the previous studies (Cheng et al. 2011; Dalla Santa et al. 2017; Remund 1999; Selim and 

Sloan 1990). Figure 16 shows that   increases at the beginning in the wellbore-heat-source 

case because the temperature at the wellbore outer surface increases over time, but tends to 

converge to the associated value of   in the line-heat-source case as the temperature at the 

wellbore outer surface converges to the temperature inside of the well (Ti).  
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Table 4. Parameters used in the modeling. 

Wellbore’s inner surface radius, Rin (r1), m 0.07 

r2, m 0.077 

r3, m 0.092 

r4, m 0.099 

Wellbore’s outer surface radius, Rout (r5), m 0.124 

Cement thermal conductivity , kc, W/(m.K) 0.933 

Gravel thermal conductivity, kg, W/(m.K) 0.4 

Casing (steel) thermal conductivity, ks, W/(m.K) 43.3 

Porosity,    0.3 

Permeability, k, μm2 1 

Zone I thermal diffusivity, I , μm2/s 2.89×106 

Zone I thermal conductivity, Ik , W/(m.K) 5.57 

Zone II thermal diffusivity, II , μm2/s 6.97×105 

Zone II Thermal conductivity, IIk , W/(m.K) 2.73 

Hydrate density, H , kg/m3 913 

Hydrate dissociation heat , HdQ , J/kg 
3446.12 10 132.638 sT 

 

Gas heat capacity, pgC , J/(kg.K) 8766 

Gas viscosity,  , Pa.s 10-4 

Gas heating value at STP conditions, gQ , MJ/m3  37.6 

Methane molecular mass, m, g/mol 16.04 

Methane gas mass ratio trapped inside the hydrate, FgH 0.1265 

Universal gas constant, R, J/(mol.K) 8.314 

 



 

 57 

 

Figure 16. Dimensionless interface position assuming T0=275 K 563.5iT  K, and 7.6iP   

MPa. 

Figure 17 represents the boundary conditions effect on the interface movement 100 days after 

the process begun using both heat sources. Increasing the pressure and decreasing the heat 

source temperature decrease  . The initial temperature of MH also has a direct impact on 

 . Previous study by Selim and Sloan have reported the same relation between   and Pi, Ti, 

and T0 (Selim and Sloan 1990). Another numerical work on MH dissociation upon 

depressurization, which was validated against Masuda’s results (MASUDA 1999), showed 

that decreasing wellbore pressure and increasing reservoir temperature increase the 

dissociation rate (Liang et al. 2010).  



 

 58 

 

 
Figure 17. Dimensionless interface position assuming: a) T0=280 K and various Ti and Pi 

values, and b) Ti=563.5 K and various T0 and Pi values. Dashed lines and solid lines 

respectively represent the wellbore-heat-source and the line-heat-source cases. 

b) 

a) 

Pi (MPa) 



 

 59 

The vertical dashed lines in Figure 17 show the associated temperature and pressure at the 

locus on which the dissociation temperature equals 280 K. On the loci left (lower Pi) and 

right (higher Pi) of this locus, the dissociation temperature decreases and increases, 

respectively. This temperature is mainly dependent on heat source pressure, and almost 

independent of the heat source and MH temperatures. Previous work (Selim and Sloan 1990) 

also reported that under lower heat source pressures of 6 MPa, Ts may reduce to the freezing 

temperature of water, and ice generation can induce the stoppage of the dissociation. For 

situations in which Ts is higher than the MH temperature, some part of heat input from the 

heat source will be consumed to increase the temperature of MH close to the dissociation 

front to Ts. If Ts approaches T0 all heat from the heat source is consumed for dissociation. 

Conversely, if Ts falls below T0, some part of the heat required for dissociation will be 

provided from the hydrate zone, reducing the temperature of this zone near the dissociation 

interface.  

Temperature and pressure distributions for the two heat sources are calculated and presented 

in Figures S1 and S2 considering three different time frames and the following initial and 

boundary conditions (BCs): BC 1) 450iT  K, 10iP   MPa, and 0 280T  K, and BC 2) 

563.5iT  K, 7.6iP   MPa, and 0 275T  K. The horizontal dashed lines in the temperature 

distribution diagrams (Figure S1) represent the temperature at the dissociation interface 

separating Zone I from Zone II. The trends for temperature and pressure distributions 

reported Selim and Sloan (Selim and Sloan 1990) is similar to those of the case with line heat 

source. Tsimpanogiannis and Lichtner (Tsimpanogiannis and Lichtner 2007), who built up a 

semi-analytical 1D model based on the work of Selim and Sloan (Selim and Sloan 1990) 

without the wellbore structure, showed that the higher temperatures of the heat source 

increased the interface pressure. The results of temperature distribution are also consistent 

with an experimental work performed by Li et al. (Li et al. 2011b) on MH dissociation upon 

thermal stimulation. They reported that the dissociation progressed by a moving boundary 

interface. Figure 18 shows the volume of gas produced (m3) under STP conditions in both 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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cases in response to different heat sources, as well as the amount of input heat (MJ/m2), and 

energy efficiency for the model with wellbore heating considering two BCs over 100 days.  

Various researches have experimentally investigated MH dissociation by hot water 

circulation in a reservoir. for instance, using this approach, Song et al. (Song et al. 2015) 

experimentally achieved a similar trend for the energy efficiency of gas production from MH 

. Their reported energy efficiency of 18 and 40, is in good agreement with the present results. 

Wang et al. (Wang et al. 2014b) also found the same energy efficiency and gas production 

trends, and Li et al. (Li et al. 2014; Li et al. 2011a) for a 5.8 L cubic reactor, observed that 

the energy efficiency of the process is approximately 20.6. Wang et al. (Wang et al. 2013) 

reported an energy efficiency between 6 and 20. Tang et al. (Tang et al. 2005) reported that 

increasing the hot water temprature and decreasing the pressure of the wellbore improve the 

energy ratio (the same as the energy efficiency) of MH dissociation.  

Taking a different approach, Bayles et al. (Bayles et al. 1986) analytically studied MH 

dissociation upon cyclic steam circulation into the reservoir, and reported the same energy 

efficiency trend, convergence between 4 to 9.6, and gas production over one year’s 

dissociation. The slight difference between their results and those reported hear probably 

results from the direct steam circulation into the reservoir and the cyclic pattern of their 

process.  
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Figure 18. a) volume of gas produced in the wellbore-heat-source model, b) volume of gas 

produced in the line-heat-source model, c) amount of input heat in the wellbore-heat-source 

model, and d) energy efficiency during hydrate dissociation in the wellbore-heat-source 

model for two BCs.  

A parametric study is employed to investigate the effect of various parameters (Table 2) on 

the dissociation process. Figures 19 and 32 respectively show the dissociation rate and gas-

production resulting from the study. Figures S3 and S4 (Appendix A) respectively display the 

heat input from the wellbore to the reservoir and the energy efficiency in the wellbore-heat-

source case. Increasing the thermal conductivity of Zone I significantly increases the amount 

a) b) 

c) d) 
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of heat input from the reservoir (Figure S1a). Higher thermal diffusivity (lower heat capacity 

while the density is constant) makes the media to store less heat, which in turn, increases the 

heat transferred to the dissociation front. Eventually, higher thermal diffusivity and higher 

thermal conductivity increase the dissociation rate (Figure 19a) and gas production (Figure 

20a). Lower thermal diffusivity in Zone II increases the storage of the heat transferred to this 

zone from the dissociation interface. Ultimately, this stored heat is released and consumed by 

dissociation, increasing the dissociation rate (Figure 19b). Higher thermal conductivity in 

Zone II reduces the dissociation rate and gas production because heat is being transferred to 

this zone from the moving interface more quickly than when it is consumed by dissociation. 

Higher thermal diffusivity in Zone II increases gas production (Figure 20b) because the heat 

storage reduction in this zone induces more heat consumption by dissociation and more gas 

production. Lower thermal diffusivity and higher thermal conductivity in Zone II increases 

the input heat (Figure S3b) for the same reason stated for input heat increment induced by the 

same changes in Zone I (Figure S3a). However, the input heat increment for Zone II is much 

lower than that of Zone I due to Zone I’s direct contact with the wellbore. The energy 

efficiency in the case with wellbore heating has a direct relation to the thermal diffusivity of 

Zones I and II (Figures S4a and S4b). On the other hand, energy efficiency decreases with 

increasing thermal conductivity in Zones I and II. Higher porosity reduces the conduction 

heat transfer and the heat input from the wellbore (Figure S3c), ultimately reducing the 

dissociation rate (Figures 19c and 19d). Furthermore, higher porosity increases the amount of 

MH trapped in the pores, eventually increasing the amount of gas produced (Figures 20c and 

20d). Clearly, reservoir porosity has a direct relation on the energy efficiency of dissociation. 

Various permeabilities of media and gas viscosities have no impact on the dissociation 

process.  

Selim and Sloan (Selim and Sloan 1990) reported similar results for dissociation rate (Figure 

19) during similar parametric studies. Zhao et al. (Zhao et al. 2015) mathematically showed 

that increasing thermal conductivity had a direct positive effect on the dissociation process 

using hot water circulation in the reservoir; although water and gas relative permeabilities 

have almost no impact on the process. In another numerical work, they showed that 
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increasing sediments’ thermal conductivity increased the gas generation rate at the beginning 

of dissociation upon depressurization (Zhao et al. 2014). Both these works were verified 

against Masuda’s experimental work (MASUDA 1999). Tsimpanogiannis and Lichtner 

(Tsimpanogiannis and Lichtner 2007) showed that increasing the porous media’s thermal 

conductivity increased MH dissociation. Moridis et al. (Moridis et al. 2004) conducted 

numerical analyses of various gas production scenarios from MH zones at the Mallik site and 

showed that a higher initial formation temperature, well temperature, and formation thermal 

conductivity increased gas production; although it is not affected by the formation’s 

permeability and the specific heat of the rock and MH. It should be noted that the difference 

between the results of experimental works and the present work, which is not significant, is 

due to some of different working conditions, such as direct hot water circulation into the 

reservoir, time period of experiments, and model parameters (i.e. hydrate saturation). 

Table 5. Range of parameters employed in the parametric study. 

Porosity,    0.1 to 0.5 

Permeability, k, μm2 0.1 to 5 

Zone I thermal diffusivity, I , μm2/s 1×106 to 5×106 

Zone I thermal conductivity, Ik , W/(m.K) 3 to 7 

Zone II thermal diffusivity, II , μm2/s 4×105 to 8×105 

Zone II thermal conductivity, IIk , W/(m.K) 1 to 5 

Gas viscosity,  , Pa.s 10-4 to 10-6 

 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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Figure 19. Effect of various parameters on the interface movement after 100 days 

dissociation considering both types of heat sources: a) thermal diffusivity and thermal 

conductivity of Zone I, b) thermal diffusivity and thermal conductivity of Zone II, c) porosity 

with various permeabilities, and d) porosity with various gas viscosities. 

Dashed lines and solid lines respectively represent the wellbore-heat-source and the line-

heat-source models. 

 

 

a) 
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Figure 20. Produced gas after 100 days dissociation considering both heat sources and 

various parameters:  a) thermal diffusivity and thermal conductivity of Zone I, b) thermal 

diffusivity and thermal conductivity of Zone II, c) porosity with various permeabilities, and 

d) porosity with various gas viscosities.  

Dashed lines and solid lines respectively represent the wellbore-heat-source and the line-

heat-source models. 

The present results in this part are a follow-up of the previous part (3.1)on MH dissociation 

upon thermal stimulation, in which the wellbore structure effect on MH dissociation upon 

b) 

d) c) 
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wellbore heating was assessed using a 1D analytical model in Cartesian coordinates. This 1D 

model is extended to radial models by employing analytical approaches coupling the heat and 

mass transfer with MH dissociation in radial coordinates. Furthermore, two types of heat 

source are assumed: i) wellbore heat-source with a specific radius and external layers; and ii) 

line heat-source. Variable temperature at the wellbore surface due to the heat transfer in the 

external layers causes lower dissociation rate, which is also inconstant, and produced gas 

compared to those of the line-heat-source case. Although, the results reveal good agreement 

with the previous similar experimental and mathematical studies; none of the previous 

investigations analytically investigated the MH dissociation in radial coordinates upon 

wellbore heating by involving the effect of wellbore structure.  

The magnitude of β (Figure 17) is lower than those reported by Selim and Sloan (Selim and 

Sloan 1990) (approximately 32% lower than the line-heat-source case) and those of the 

previous part (3.1) (approximately 25% lower than the wellbore-heat-source case) due to the 

radial coordinate employed in this study. These results further prove that the dissociation rate 

is not constant and depends on the temperature at the wellbore surface, which changes by the 

conduction heat transfer in the wellbore structure.  

The effect of temperature increment of the wellbore’s outer surface on the interface 

temperature becomes negligible as the dissociation progresses because over time, this 

temperature increment decreases (Figure S1) and Zone I becomes bigger, absorbing larger 

part of the heat transferred from the wellbore. The distance between the dissociation interface 

and the heat source is longer in the line-heat-source model (Figures S1c and S1d) compared 

to that of the wellbore-heat-source model (Figures S1a and S1b). This is due to the direct 

heat transfer from the line heat-source to the reservoir that causes higher dissociation rate, 

while there is heat conduction in the wellbore thickness in the other model. This difference 

decreases over time as Zone I absorbs larger amount of input heat, which reduces the 

negative effect of heat source thickness on the dissociation rate. Interface pressure (Figures 

S2a and S2b) is not constant and increases due to the temperate increment at the wellbore 

surface, but, tends to converge to the associated values of the line-heat-source case (Figures 
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S2c and S2d) as the temperature at the well surface gets closer to that of inside the well. 

Relatively smaller interface locations are reported by Selim and Sloan (Selim and Sloan 

1990) and  in the previous model (3.1) compared to those presented in Figures S1 and S2 due 

to the radial coordinates employed in the present model, inducing the interface area 

increment through the dissociation and absorption of higher amount of input heat by Zone I. 

The gas produced is higher for the line-heat-source case compared to that of the wellbore-

heat-source case due to the interface location mentioned earlier (Figures 18a and 18b). The 

gas produced and the input heat are higher by applying BC 2 compared to that of BC 1 

(Figures 18a-18c). However, the energy efficiency is higher in the BC 1 case compared to 

that of BC 2 (Figure 18d) because the difference between the amount of input heat for the 

two BCs is higher than the difference between the associated amounts of produced gas. Thus, 

increasing the heat source temperature and decreasing its pressure increase the dissociation 

rate, but will not increase the efficiency of the process because Zone I becomes bigger and 

absorbs a larger part of the input heat, decreasing the slope of produced gas and energy 

efficiency. Selim and Sloan (Selim and Sloan 1990) reported higher produced gas and energy 

efficiency by applying BC2 compared to those of BC1. They also showed a constant energy 

efficiency between 6.4-11.2. The heat transfer in the wellbore structure and the radial 

geometry of the present study caused these differences from the present results. The previous 

part (3.1) showed the similar trends for input heat and produced gas by applying the same 

initial and boundary conditions. Furthermore, higher energy efficiency for BC1 is reported 

than that of BC2, but the associated trend of energy efficiency had a maximum peak in the 

beginning of the dissociation, then it decreased over time. As mentioned, this behavior is due 

to the employed model geometry. 

Lastly, the previous studies (mentioned before) mainly investigated effects of reservoir’s 

characteristics on the produced gas and dissociation rate without assessment of the associated 

effects on the input heat from the wellbore (Figure S3) and the energy efficiency (Figure S4), 

which would also clarify the results shown in Figures 19 and 20. The present results reveal 

that higher thermal conductivities of Zones I and II decrease the energy efficiency; although 
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the produced gas is increased in higher Zones I’s thermal conductivities. This is due to: i) the 

input heat increment induced by higher thermal conductivities (more pronounced for Zone I) 

(Figure S3a); and ii) the lower gas production caused by increasing Zone II’s thermal 

conductivity. Increasing thermal diffusivities causes higher gas production and lower input 

heat resulting in higher energy efficiencies. Furthermore, the effect of thermal diffusivity of 

Zones I and II on the energy efficiency is more pronounced respectively in lower and higher 

thermal conductivities of Zones I and II. Higher thermal conductivities always increase the 

input heat, but higher porosity decreases it, inducing significant raise in the energy 

efficiency.  

3.3 Radial model with the coaxial wellbore heat source 

Pressure and temperature at the dissociation interface ( sP  and sT ) are coupled  to the 

pressure and temperature at the wellbore (outer surface of the wellbore) due to their 

associated equations, mentioned earlier in the modeling section. Thus, The dimensionless 

position and dimensionless velocity (
1/2/ (4 )s IIv t ) of the dissociation interface, both 

represented by   (equation 45), which are connected to sP  and sT  (equation S72), are 

related to the pressure and temperature at the wellbore. The temperature at the outer surface 

of the wellbore is dependent on the temperature of the annulus section and time. The 

temperature inside the wellbore changes due to time and the temperature at the wellbore, 

which changes over time as the dissociation progresses. Table 6 shows the proposed 

properties and parameters for the base model according to previous studies (Acuña and Palm 

2010; Beier et al. 2013; Cheng et al. 2011; Dalla Santa et al. 2017; Holmberg et al. 2016; 

Majorowicz and Osadetz 2001; Remund 1999; Selim and Sloan 1990).  

As shown in Figure 21a,   decreases at the beginning of the process because the thickness 

of Zone I increases over time, and the associated matrix in this zone absorbs a higher amount 

of transferred heat. Thus, dissociation is responsible for most of the energy consumption in 

the early stages of the process. But the energy consumption converges to a fixed value 

because the temperature at the wellbore surface is also converging slightly to that of inside of 
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the well (Tfa). Figure 21b shows the location of the interface (S) during the process. The slope 

in the diagram is the highest at the beginning, but it decreases over time, which supports the 

observations from previous studies (Moridis et al. 2004; Song et al. 2015; Wang et al. 

2014b). This behavior is in line with  , which decreases significantly at the beginning but 

slightly converges to a constant value, and can be justified for the same reasons. Wang et al. 

(Wang et al. 2013) and Li et al. (Li et al. 2014; Li et al. 2011a), who experimentally 

investigated the hydrate dissociation upon thermal stimulation, also proved that at the 

beginning of the dissociation process, the rate of dissociation close to the wellbore is the 

highest. Variable dissociation rates (  ) are reported in the previous parts (3.1 and 3.2) due 

to the variable temperature at the wellbore. When hot water is injected through the annulus, 

temperature distribution through this section, from which the heat transfer to the reservoir 

takes place, is higher, as shown in Figures 21c and 21d, inducing slightly higher values for 

  and S compared to those of the other operating scheme. The temperature difference 

becomes significant through the extraction part especially at the beginning of the process 

(Figures 21c and 21d). However, the associated differences decrease as the process continues 

to 100 days. This behavior was also reported by Beier et al. (Beier et al. 2013) who 

analytically and experimentally investigated the temperature distribution in the coaxial heat 

exchangers as ground source heat pumps. 
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Table 6. Parameters used for the base model. 

r1, m 0.043 

r2, m 0.05 

r3, m 0.07 

r4, m 0.077 

r5, m 0.092 

r6, m 0.099 

r7, m 0124 

Methane hydrate thickness, m 80 

Thermal conductivity of inner tube (polyethylene tube), kp, W/(m.K) 0.4 

Thermal conductivity of cement, kc, W/(m.K) 0.933 

Thermal conductivity of gravel, kg, W/(m.K) 0.4 

Thermal conductivity of casing (steel), ks, W/(m.K) 43.3 

Thermal conductivity of water, kf, W/(m.K) 0.667 

Density of water, f , kg/m3 971.79 

Dynamic viscosity of water, f , Pa.s 3.54×10-4 

Specific heat capacity of water, Cf, kJ/(kg.K) 3.89 

Porosity,    0.3 

Water flow rate, fV , L/s 0.56 

Permeability, k, μm2 1 

Thermal diffusivity of Zone I, I , μm2/s 2.89×106 

Thermal conductivity of Zone I, Ik , W/(m.K) 5.57 

Thermal diffusivity of Zone II, II , μm2/s 6.97×105 

Thermal conductivity of Zone II, IIk , W/(m.K) 2.73 

Hydrate density, H , kg/m3 913 

Heat of dissociation of hydrate, HdQ , J/kg 
3446.12 10 132.638 sT 

 

Gas heat capacity, pgC , J/(kg.K) 8766 

Dynamic viscosity of gas,  , Pa.s 10-4 

Heating value of the gas at STP conditions, gQ , MJ/m3  37.6 

Molecular mass of methane, m, g/mol 16.04 

Mass ratio of the methane gas trapped inside the hydrate to the mass 

of hydrate, FgH 
0.1265 

Universal gas constant, R, J/(mol.K) 8.314 
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Figure 21. Variation of a)   and b) interface location versus time for the two operation schemes. 

Temperature distribution in the wellbore versus depth when hot water is injected into c) inner tube 

and d) annulus. The conditions are: T0=280 K and Ti=365 K, Pi=7.6 MPa, and a water flow rate of 

0.56 L/s. 

Figure 22a shows that decreasing the pressure at the wellbore and increasing the temperature 

of injected water decrease the value of   after 100 days operation. Further information of 

the effect of the injected water temperature on dissociation is provided in the following 

results. The initial temperature of MH also has a direct effect on   as shown in Figure 22b. 

These results are consistent with those of the previous work by Selim and Sloan (Selim and 

a) b) 

d) 

Injection  

Injection  

c) 

c) 
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Sloan 1990) with the same trend, but   is lower (approximately 48%) in the present model. 

Previous models (3.1 and 3.2) also reported the same behavior for  against various initial 

pressures and temperatures, but with higher values (approximately 26% and 66%). These 

differences could be due to the following reasons: i) in the  work performed by Selim and 

Sloan (Selim and Sloan 1990), a 1D flat heat source without wellbore thickness was 

considered; and ii) in the previous work (Selim and Sloan 1990) and previous sections (3.1 

and 3.2) temperature of the heat source was assumed to be very high and constant.  

 

 

 

 

 

 

 



 

 74 

 

 

a) 

b) 

Ti=335K Ti=345K Ti=355K Ti=365K 

Ti=335K Ti=345K Ti=355K Ti=365K 

T0=270K 
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Figure 22. Dimensionless interface position at: a) T0=280 K and various Ti and Pi values, and b) 

Ti=365 K and various T0 and Pi values. Dashed lines and solid lines respectively represent the cases 

with hot water injection into the inner tube and the annulus. 

Furthermore, the locus at which the dissociation temperature is equal to 280 K (MH 

equilibrium temperature) is also shown on Figure 22. At the points on the left and right sides 

of this locus, the dissociation temperature decreases and increases, respectively. The 

dissociation temperature could be considered to be mainly dependent on heat source 

pressure, while it is almost independent from the temperature of the heat source and MH. 

This result is in agreement with the previous work (Selim and Sloan 1990) and previous 

models (3.1 and 3.2), where it was also reported that for lower heat source pressures of 6 

MPa, Ts may reduce to the freezing temperature of water, and ice generation can halt 

dissociation. For the situations, in which Ts is higher than the MH temperature, some part of 

input heat from the heat source will be consumed to increase the temperature of MH zone 

close to the dissociation front to Ts. If Ts approaches T0 all heat from the heat source is 

consumed for dissociation and no heat will be transferred to or from the MH zone near the 

dissociation interface as the temperature of the hydrate zone remains constant. On the other 

hand, if Ts falls below T0, some part of the required heat for dissociation will be provided 

from the hydrate zone, resulting in the temperature reduction of the hydrate zone near the 

dissociation interface. 

Temperature and pressure distributions calculated for the two operation schemes are 

respectively depicted in Figures 23 and 24 for different time frames, with the following two 

boundary conditions (BCs): BC 1) 340iT  K, 10iP  MPa, and 0 280T  K, and BC 2) 

365iT  K, 7.6iP  MPa, and 0 275T  K. It should be noted that the temperature of the 

injected water is below the saturation temperature of water. Black dashed lines in Figure 23 

represent the temperature at the dissociation interface. Although, as mentioned earlier, Ts 

depends on the temperature at the wellbore and does not change significantly (Figure 23) 

because the temperature increase at the wellbore becomes smaller in longer time frames for 
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the reasons stated earlier for the trend of   during the process. Figures 23 and 24 along with 

Figure 22 show that the interface moves further if the inlet temperature is increased and the 

pressure at the wellbore is decreased, again reflecting reports by Selim and Sloan (Selim and 

Sloan 1990). The interface pressure (Figure 24) is not constant and increases due to 

temperate changes at the wellbore surface. The pressure increment does not follow a constant 

slope and decreases as the temperature at the wellbore surface gets closer to that inside the 

well. Thus, it does not change significantly, resulting in convergence of the interface 

pressure. These results are in line with those reported in the previous sections (3.1 and 3.2), 

mainly because the temperature at the wellbore was not constant in those models due to the 

heat conduction through the wellbore structure. In accordance with the present results, a 

study by Tsimpanogiannis and Lichtner (Tsimpanogiannis and Lichtner 2007), who built a 

semi-analytical model for hydrate dissociation, demonstrated that increasing the temperature 

of the wellbore raised the pressure at the interface. The temperature distribution differences 

between the two operation schemes is negligible, with only slightly higher temperature at the 

wellbore upon injection into the annulus, causing higher dissociation pressures and farther 

interface location from the wellbore. 

 

 

 

 

 

 

 

 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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BC 1 BC 2 

  

  

Figure 23. Temperature distribution at different time frames for two initial and boundary conditions 

(i.e., BC 1: a and c, BC 2: b and d). a) and b) are for hot water injection into annulus, and c) and d) are 

for hot water injection into the inner tube. The black dashed line specifies the temperature at the 

dissociation interface. 
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BC 1 BC 2 

  

  

Figure 24. Pressure distribution in the dissociated zone at different time frames for two initial and 

boundary conditions (i.e., BC 1: a and c, BC 2: b and d). a) and b) are for hot water injection into 

annulus, and c) and d) are for hot water injection into the inner tube. 

Figure S5 shows the total volume of produced gas (m3) under STP conditions, and input heat 

(MJ/m2) in two models with their specific operation schemes, considering the two initial and 

boundary conditions over 100 days. The produced gas volume is almost the same for both 

models, with slightly higher values for the case with hot water injection into the annulus, due 
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to the direct heat transfer from heat source to reservoir. Beier et al. (Beier et al. 2013), who 

analytically investigated borehole heat exchangers and verified their results against 

experiments, reported the same heat transfer to the earth following injection into the inner 

tube or annulus. Holmberg et al. (Holmberg et al. 2016) performed and validated a set of 

numerical investigations on underground coaxial borehole heat exchangers and reported that 

different flow directions have almost the same efficiency. Figures S5c and S5d also show a 

negligible difference between the amount of heat transfer to the reservoir following injection 

into the inner tube or annulus. The produced gas and the input heat are higher under BC 2 

than BC 1. The energy efficiency is higher in the model with BC 2 than that with BC 1 as 

shown in Figure 25, demonstrating that lowering the pressure at the wellbore and increasing 

the inlet temperature simultaneously result in more efficient gas production during 

dissociation. Over time, the sediment matrix of Zone I becomes wider and absorbs a larger 

part of the input heat, causing reduction of the energy efficiency slope. This phenomenon 

causes the decrease in the dissociation rate (Figure 21a), which also causes the energy 

efficiency rate to drop over time (Figure 25) due to the continuous input heat increase from 

the wellbore to the reservoir (Figure S5). However, the energy efficiency does not drop 

because according to the associated formula for the energy efficiency (Equation 41) and 

Figure S5, the energy retrieved by the total produced gas consumption is higher than the 

input heat from the wellbore. The results provided in the previous section also show a similar 

trend for energy efficiency. Li et al. (Li et al. 2016a), who experimentally and numerically 

investigated gas production from MH using depressurization and thermal stimulation with 

hot water injection into horizontal wells, reported the net energy, which is the difference 

between the total retrieved energy by produced gas consumption and the total energy 

consumption in the dissociation, through MH dissociation is positive and increased 

continuously, but, the rate of net energy raise decreased. This report also implies a 

continuous raise and drop respectively in the energy efficiency and its associated rate 

because the total retrieved energy by produced gas consumption is higher than the total 

energy consumption in the dissociation. In an experimental work on gas production from MH 

using depressurization and electrical heating with vertical wells (Li et al. 2018), the same 
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results also reported using the net energy calculation through the process.  Fitzgerald et al. 

(Fitzgerald and Castaldi 2013) through experiment on MH dissociation using a point heat 

source reported energy efficiency reduction from a high value over time. Li et al. (Li et al. 

2014), who performed experimental study on MH dissociation using thermal stimulation, 

reported that the energy efficiency increases over 20 minutes after the beginning of the 

process, then starts to decrease. Li et al. (Li et al. 2011a) designed experimental investigation 

on gas production from MH dissociation using huff and puff and reported that the energy 

efficiency raises until the end of the production stage, then drops until the end of the process. 

The difference between the energy efficiency results of the present work and those of the 

other work originated from the different model and working conditions, such as direct hot 

water injection into the reservoir, employing point heat source, and electric heat source, on 

the other hand, we employed a coaxial heat exchanger as the heat source. 

Experimental researches investigated MH dissociation upon thermal stimulation by hot water 

circulation in a reservoir. For example, Song et al. (Song et al. 2015) by using this method 

reported the same trend for energy efficiency in their experimental work. The energy 

efficiency in their work was between 18 and 40. Figure 25c shows a comparison of the 

energy efficiency results of the previous experimental works and the energy efficiency 

resulted from the case of hot water injection into the annulus in a shorter time frame. 

Comparison of gas production results with those of Wang et al. (Wang et al. 2014b), who 

performed an experimental work employing huff and puff method, shows the similar trend. 

Their energy efficiency results also shows a good agreement with the present ones (Figure 

25c) with an approximate mean difference of 30%, which is due to the huff and puff method 

employed along heat stimulation method by direct hot water injection into the reservoir in 

their work. The present results are consistent with the experimental data of Li et al. (Li et al. 

2014; Li et al. 2011a), who also employed huff and puff method in a 5.8 L cubic reactor. The 

calculated energy efficiency of the process was approximately 20.6 at the end of the process 

and the produced gas had the similar trend as that of the present work. The present energy 

efficiency results show an approximately 39% and 83% mean difference respectively from 

results of Li et al. (Li et al. 2011a) and Li et al. (Li et al. 2014) (Figure 25c), although, the 
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they tend to gradually converge to those reported by them as the dissociation progresses 

(Figure 25c). These relatively high differences are due to the experimental conditions, for 

example employing only huff and puff method (Li et al. 2011a) and direct hot water injection 

into the reservoir accompanied by depressurization in production stage (Li et al. 2014). Wang 

et al. (Wang et al. 2013) also reported an energy efficiency of between 6 and 20 during their 

experimental investigations on MH dissociation upon hot water injection using different 

initial and boundary conditions. According to Figure 25c, their energy efficiency results 

differ approximately 39% from those of the present study. This could be due to the direct hot 

water injection into the reservoir and a small depressurization effect applied in their work in 

production stage. Additionally, the present energy efficiency tends to converge to their 

results over time (Figure 25c). The associated difference between the present results and 

those of the previous works could be due to some experimental conditions, such as direct hot 

water circulation into the reservoir or other thermal stimulation methods (e.g., huff and puff) 

or they combination with depressurization. It also should be noted that the wellbore structure, 

geometry, and performance mechanism (inside thermal and fluidic processes), which have 

been considered in the present study, have also noteworthy effects on those differences.  

Selim and Sloan (Selim and Sloan 1990) in their analytical work reported an energy 

efficiency between 6.4-11.2, which remained constant during the process. Some of the 

assumptions in their work, which are mentioned earlier, are the reasons of the difference 

between the present results and theirs.  
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Figure 25. Energy efficiency during hydrate dissociation for the two BCs in the model with hot water 

injection into the a) annulus and b) inner tube after 100 days of process. c) energy efficiency of the 

case with hot water injection into the annulus in a shorter time frame compared to the results of the 

previous experimental works. 

A parametric study has been designed based on the parameters listed in Table 7, to 

investigate the effect of various characteristics of reservoir and wellbore on the dissociation 

a) b) 

c) 
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process. From Figures 26 and 27: i) the higher the thermal diffusivities and conductivities of 

Zone I, the higher the dissociation rate and gas production will be; ii) the lower the thermal 

diffusivities and conductivities of Zone II, the higher the dissociation rate will be, on the 

other hand, higher thermal diffusivities and lower thermal conductivities induce more gas 

production; iii) the dissociation rate and gas production have almost no connection to the 

permeability and gas viscosity; and iv) the porosity of the media has a direct relation to the 

dissociation rate, in contrast, it has an inverse relation with the gas production.  

Figure S7 in Appendix C displays the input heat from the wellbore to the reservoir during the 

parametric study of the reservoir’s characteristics. Higher thermal conductivity in Zone I 

induces significantly higher amounts of input heat from the reservoir (Figure S7a). Higher 

thermal diffusivity (lower heat capacity while the density is constant) induces less heat 

storage in the media (lower input heat), which in turn, causes more heat transfer to the 

dissociation front. Thus, increasing the thermal diffusivity and thermal conductivity of Zone I 

increases the dissociation rate (Figure 26a) and gas production level (Figure S6a). Lower 

thermal diffusivity of Zone II increases the dissociation rate (Figure 26b) due to greater 

storage of the transferred heat to this zone from the dissociation interface, which in the end, 

will be released and consumed for dissociation. Increasing the thermal conductivity of Zone 

II causes faster heat transfer to this zone from the moving interface, reducing the dissociation 

rate and gas production. Increasing the thermal diffusivity of Zone II reduces heat storage in 

this zone, increasing heat consumption for dissociation and raising gas production (Figure 

S6b). Figure S7b shows that decreasing the thermal diffusivity and increasing the thermal 

conductivity of Zone II, resulting in more input heat for the same reason stated for input heat 

increment induced by the same change in thermal conductivity and diffusivity in Zone I 

(Figure S7a). However, the amount of input heat increment is much lower for the case of 

Zone II than that of Zone I due to the direct contact of Zone I with the wellbore. Conduction 

heat transfer and input heat from the wellbore decrease for higher porosities (Figure S7c), 

ultimately causing a reduction in the dissociation rate (Figures 26c and 26d). Furthermore, 

higher porosity increases the amount of MH trapped in the pores, eventually increasing the 

amount of gas produced (Figures S6c and S6d). 
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Figures 37a and 37b clearly show the direct relation between energy efficiency and thermal 

diffusivity in Zones I and II, caused by the rise in gas production and drop in input heat 

induced by increasing the thermal diffusivity. On the other hand, the energy efficiency has an 

inverse relation with the thermal conductivity of Zones I and II, perhaps due to: i) higher 

input heat induced by the higher thermal conductivities of Zone I (Figure S7a); and ii) the 

lower gas production caused by the higher thermal conductivities of Zone II (Figure S6b). 

Similar parametric studies by Selim and Sloan (Selim and Sloan 1990) and those of the 

previous models (3.1 and 3.2) reported similar results for the rate of dissociation (Figure 26). 

Zhao et al. (Zhao et al. 2015) mathematically showed that increasing the thermal 

conductivity had a direct positive effect on a dissociation process based on thermal 

stimulation. They also reported that almost no change occurred in the dissociation by 

changing the relative permeability of water and gas, due to the negligible impact that the 

convection heat transfer of water and gas has on the process. Zhao et al. (Zhao et al. 2014) in 

another numerical work showed that increasing the sediments’ thermal conductivity caused a 

higher gas generation rate at the beginning of dissociation employing depressurization. Both 

of their works were verified by the experimental data of Masuda’s work (MASUDA 1999). 

Tsimpanogiannis and Lichtner (Tsimpanogiannis and Lichtner 2007), who performed a 

similar parametric study on MH dissociation upon thermal stimulation, showed that the 

higher the thermal conductivity of the porous media, the higher the MH dissociation will be. 

Moridis et al. (Moridis et al. 2004) numerically showed that a higher initial formation 

temperature, well temperature, and formation thermal conductivity increased the amount of 

gas production at the Mallik site. They also reported that the dissociation is not affected by 

the formation permeability and the specific heat of the rock and MH. It is also shown in 

Figures 26 and S6 (the dissociation rate (β) has a direct relation to the amount of produced 

gas). It should be noted that some of different working conditions, such as direct hot water 

circulation into the reservoir, the duration of experiments, and model parameters (i.e., 

hydrate saturation) may have caused the differences between the results of the experimental 

works and those of the present work. 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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Table 7. Range of parameters assumed in the parametric study. 

Reservoir parameters 

   Porosity,    0.1 to 0.5 

   Permeability, k, μm2 0.1 to 5 

   Thermal diffusivity of Zone I, I , μm2/s 
1×106 to 5×106 

   Thermal conductivity of Zone I, Ik , W/(m.K) 
3 to 7 

   Thermal diffusivity of Zone II, II , μm2/s 
4×105 to 8×105 

   Thermal conductivity of Zone II, IIk , W/(m.K) 
1 to 5 

   Gas viscosity,  , Pa.s 10-4 to 10-6 

Wellbore parameters   

   Water flow rate, fV , m3/s 
0.0004 to 0.006 

   Inlet temperature,  Ti, K 330 to 365 

   Thickness of MH reservoir, h, m 15 to 80 

   Outer radius of the wellbore, r7, m 0.114 to 0.174 

   Only the annulus radius, r7, m 0.114 to 0.164 

   Only the inner tube radius, r2, m 0.013 to 0.053 
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Figure 26. The effect of various parameters on the interface movement after 100 days dissociation considering both 

operating schemes: a) thermal diffusivity and thermal conductivity of Zone I, b) thermal diffusivity and thermal 

conductivity of Zone II, c) porosity with various permeabilities, and d) porosity with various gas viscosities. 

Solid lines and dashed lines respectively represent the operating schemes of hot water injection into annulus and into the 

inner tube. 

 

a) 

b) 
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Figure 27. Energy efficiency after 100 days dissociation considering both heat sources and various 

parameters:  a) thermal diffusivity and thermal conductivity of Zone I, b) thermal diffusivity and 

thermal conductivity of Zone II, c) porosity with various permeabilities, and d) porosity with various 

gas viscosities.  

Solid lines and dashed lines respectively represent the operating schemes of hot water injection into 

annulus and into the inner tube. 

Figures 28, 29, S8, and S9 show the results of the parametric study examining how the 

wellbore parameters (Table 7) affect dissociation. They highlight the following points: i) a 

higher wellbore radius (annulus and inner tube with the same amount) increases the 

dissociation rate (Figure 28a) and gas production level (Figure S8a) because the contact 

surface enlargement affects the process significantly; ii) the dissociation rate decreases in 

reservoirs with larger thickness (Figure 28b), whilst, the gas production increases due to the 

contact surface enlargement (Figure S8b); iii) enlarging the annulus radius, while the inner 

tube’s radius is fixed, has a direct relation on the dissociation rate (Figure 28c) and produced 

gas (Figure S8c) due to the contact surface enlargement; iv) higher inner tube’s radii, while 

keeping the annulus’s radius fixed, has almost no effect on the dissociation process. 

Raymond et al. (Raymond et al. 2015) through analytical investigations, revealed that 

increasing the inner tube’s radius has little effect on the thermal resistance of coaxial 

borehole heat exchangers; v) higher inlet temperatures has a direct and noteworthy impact on 

d) c) 
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both the dissociation rate (Figure 28e) and produced gas (Figure S8e); vi) the dissociation 

rate and gas production increase initially in response to a transition to higher water flow 

rates, but they tend to remain almost unchanged after a certain water flow rate.  

Increasing the wellbore radius reduces the velocity of the hot water flow inside the wellbore, 

which in turn reduces the mean temperature inside the wellbore. As a consequence, the input 

heat from the wellbore to the reservoir drops as well (Figure S9a). The energy efficiency of 

the process decreases as the wellbore radius increases (Figure 29a) because the ratio of 

produced gas to the input heat also decreases.  

A higher reservoir thickness decreases the input heat (Figure S9b), due to the reduction in the 

mean temperature inside the wellbore induced by longer wellbores. Holmberg et al. 

(Holmberg et al. 2016) also reported that the deeper coaxial borehole heat exchangers are not 

good at heat transfer into the reservoir, but are useful for heat extraction from the reservoir. 

Raymond et al. (Raymond et al. 2015) analytically proved that longer coaxial boreholes have 

higher thermal resistances. On the other hand, increasing the reservoir’s thickness boosts 

energy efficiency slightly (Figure 29b) because there is a greater rise in gas production than 

in input heat. The differences in results between injection into the inner tube and injection 

into the annulus increases with an increase in the reservoir thickness. Actually, in longer 

wellbores, hot water injection into the inner tube makes the drop in the flow mean 

temperature in the annulus become more pronounced because the flow enters the annulus 

with a lower temperature, while in the other case, the hot water inlet is the annulus, which is 

in direct contact with the reservoir.  

The input heat decreases by increasing only the annulus radius (Figure S9c) due to the same 

reason stated previously for the effect of the wellbore radius on the input heat. This 

observation also accords with another analytical study on ground coaxial heat exchangers 

conducted by Raymond et al. (Raymond et al. 2015). They reported that increasing only the 

annulus radius reduced the wellbore thermal resistance. In contrast to the higher produced 

gas induced by bigger annulus radius, the energy efficiency decreases (Figure 29c). Bigger 

annulus radii while keeping the inner tube’s radius fixed will reduce the flow rate in the 
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annulus significantly, reducing the mean temperature in annulus, and it causes more input 

heat reduction compared to the case of increasing the radius of both annulus and inner tube 

together.  

The input heat and the energy efficiency increase by increasing the inlet temperature (Figures 

S9e and 29e). The difference of energy efficiency and input heat results between the two 

operating schemes tends to get slightly bigger as the inlet temperature increases. Increasing 

the inlet temperature in the case of hot water injection into annulus directly affects the input 

heat, but in the other case it causes higher mean temperature in the inner tube, and the 

associated temperature increase in annulus is not significant.  

The input heat increases by increasing the flow rate (Figure S9f), but it converges to almost a 

fixed value. It can be concluded that the mean temperature inside the wellbore initially 

increases but increasing the flow rate more than 0.0016 m3/s almost has no effect on the 

mean temperature inside the wellbore and the associated input heat to the reservoir. Zanchini 

et al. (Zanchini et al. 2010), who carried out numerical analysis on the performance of 

coaxial borehole heat exchangers, showed that the heat transfer capacity of the wellbore 

would be increased by increasing the flow rate of the wellbore. This is also in line with the 

results of an analytical work performed by Raymond et al. (Raymond et al. 2015), who 

showed that the higher flow rates decreased the thermal resistance of coaxial ground heat 

exchangers. Despite the produced gas increment due to the higher flow rates, energy 

efficiency of the process reduces (Figure 29f) because the input heat increment is slightly 

higher than that of the produced gas. 

The amount of produced gas and input heat are always higher for the case of injection into 

annulus than those of the other operating scheme, but, the resulted energy efficiency is 

always slightly higher for the case of injection into the inner tube except for the cases of 

studying different flow rates. In fact, by increasing the flow rate in the annulus or in the inner 

tube, the flow rate would be increased through the wellbore by the same ratio, and it does not 

depend on hot water inlet. 
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a) b) 

c) d) 

e) f) 
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Figure 28. The effect of various parameters on the interface movement after 100 days dissociation 

considering both operating schemes: a) the wellbore radius, b) the reservoir thickness, c) the annulus 

radius, d) the inner tube radius, e) the injection temperature, and f) the flow rate. 

Dashed lines and solid lines are respectively representative of the operating schemes of hot water 

injection into annulus and into the inner tube. 

 

  

  

a) b) 

c) d) 
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Figure 29. The effect of various parameters on the energy efficiency after 100 days dissociation 

considering both operating schemes: a) the wellbore radius, b) the reservoir thickness, c) the annulus 

radius, d) the inner tube radius, e) the injection temperature, f) the flow rate. 

Dashed lines and solid lines respectively represent the operating schemes of hot water injection into 

annulus and into the inner tube. 

 

e) f) 
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Chapter 4 

Conclusions  

Some parts of the thesis are published in two journals: i) the Journal of Petroleum Science and 

Engineering (Roostaie and Leonenko 2019b) with DOI: 10.1016/j.petrol.2019.106505 and License: 

CC-BY-NC-ND; and ii) the Energy Journal (Roostaie and Leonenko 2019a) with DOI: 

10.1016/j.energy.2019.116815 and License: CC-BY-NC-ND. This thesis has resulted in another 

paper (Roostaie and Leonenko 2020) (arXiv preprint:  arXiv:2001.04900) and submitted to the 

Energy Conversion and Management Journal.  

The present study was designed to determine different aspects of MH dissociation upon 

thermal stimulation employing wellbore heating. For the first time, Cartesian and radial 

analytical models respectively in Cartesian and Radial coordinates have been developed. 

Different types of heat sources are considered, such as line heat-source, wellbore heat-source 

with external layers (casing, cement, and gravel). This work also investigated how a coaxial 

wellbore structure as the heat-source affects the dissociation process. The analytical models 

coupled operational conditions of the heat source and the associated MH dissociation in the 

reservoir. Heat and mass transfer in both wellbore and reservoir as well as the convection 

heat transfer in the coaxial wellbore are taken into account. Two operating schemes for 

coaxial wellbore-heating are considered: i) hot water supply into the inner tube; and ii) hot 

water supply into the annulus section. The effects of various parameters of wellbore and 

reservoir as well as different boundary conditions on dissociation are also evaluated. Two 

main factors are considered to assess the production process performance: i) dissociation rate 

(β), and ii) energy efficiency of the process (η). Taken together, the most important findings 

to emerge from the results are as follows: 

- The rate of dissociation and process efficiency are dependent on wellbore structure 

(e.g., thickness, composition), which are design parameters. Well thickness causes a 

reduction in the dissociation front speed and produced gas amount compared to the 

cases without considering the well thickness. 

https://doi.org/10.1016/j.petrol.2019.106505
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- Using a wellbore heat-source causes a reduction in the dissociation rate and the 

produced gas compared to those of the other case with line heat-source.  

- Temperature at the wellbore surface changes over time due to the different 

temperatures inside the wellbore induced by convection and conduction heat transfer 

of the hot water flow inside the wellbore. It is also affected by the heat conduction 

from wellbore to reservoir, which is dependent on the wellbore outer structure. 

- As a result, pressure and temperature at the dissociation front are not constant during 

dissociation.  

- The different operating schemes in a coaxial wellbore (i.e., different water inlets) 

have approximately the same outcome with negligible differences due to the model 

conditions. 

- The dissociation process has direct relation to the temperature of the reservoir and the 

inlet water, but it has an inverse relation to the wellbore pressure. 

- In the cases without considering a coaxial wellbore heat-source, increasing the 

wellbore temperature and decreasing its pressure simultaneously increase the 

dissociation rate and produced gas while reduces the energy efficiency. Thus, more 

information on the initial and boundary conditions including wellbore structure 

(number of layers, thicknesses, and thermal properties) is essential to establish a 

greater degree of accuracy on this matter and to improve the energy efficiency of the 

process. 

- In the coaxial wellbore case, increasing the inlet water temperature while decreasing 

wellbore’s pressure increases the dissociation rate and the produced gas. It also 

increases the energy efficiency despite some of the previous works’ reports. This 

could be due to the inconstant wellbore temperature in the present work. Hence, more 

information about the heat source operating conditions can help increasing the 

accuracy on this matter. 

- Different wellbore radii, water inlet temperatures and flow rates along with various 

properties, such as thermal diffusivities, porosities, thermal conductivities, and 

reservoir thicknesses have significant effects on the process. On the other hand, some 
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of the reservoir and wellbore parameters, such as inner tube radius, reservoirs 

permeability, and gas viscosity, have almost no impact on the process. Thus, a 

thorough investigation on the reservoir properties and applicable heat source 

characteristics is necessary before performing a field work. 

- There is a good agreement between the present results and previous experimental and 

mathematical studies, validating the assumptions made in the model development.  

This project provided an important opportunity to advance the understanding of MH 

dissociation a basis for future investigations, as the analytical model introduced in this study 

appears to be the first work to investigate MH dissociation upon wellbore heating in radial 

coordinates. Prior to this study it was difficult to make predictions about how the wellbore’s 

properties and structure, through which heat transfer to the reservoir occurs, affect the 

dissociation. For example, the heat input and the resulted energy efficiency can be calculated, 

which are great assessments for the process. The presented analytical approach takes into 

account, for the first time: i) both Radial and Cartesian coordinates with wellbore and line 

heat sources; ii) coupling the heat transfer through the wellbore structure, consisting of 

multiple layers with different thermal properties, and the associated thermal response in MH 

dissociation and methane production; iii) coupling the heat transfer process inside the coaxial 

wellbore and the associated thermal response in the reservoir which governs the dissociation 

and methane production. This coupling also allows further analysis on wellbore heat-source 

optimization to have higher energy efficiency in gas production from MH; and iv) a more 

comprehensive model compared to the previous study (Selim and Sloan 1990). 

Consequently, the models are more reliable and closer to the real practical conditions. 
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Appendix A 

In the following, the transformation of the fundamental equations, initial and boundary 

conditions in terms of   is provided.  

Equation 4: 
2

2
2 0II IId T dT

d d


 
  ,                      (S1) 

Equation 6: 
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4

I w I i I

wII
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Equation 8: exp( / )s sP A B T  ,                    (S3) 
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2 2 2

2 2

2
0

2

pgI II I

I I

C kmd T dT d P

d d k R d

 

    
   , os                  (S6) 

Equation 17: 
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And, from equation 13: 0IIT T ,                    (S8) 

Furthermore, in a previous work reported by Selim et al. (Selim and Sloan 1990), it is stated 

that due to the very small ratio of 
g

H




, the rate of hydrate dissociation (dS/dt) is too slow that 

the transient term in the continuity equation could be neglected (second term in equation S5). 

In the equation 21, A, B, and C constants are defined using equations S5 and 12 as follows: 
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, where a, b, D, E, and F are as follows: 
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In the equation 22, pressure distribution in zone I, the ( )J  , ( )K  , and 
1( )L  are defined as 

follows: 
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Now, equation S4 by insertion of the resulted TI and TII formulas (equation 21 and 

considering equation 11 becomes: 

 2 2
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 So, temperature at the interface is calculated as follows: 
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From the equation 22, the pressure at the dissociation interface ( sP ) would be: 
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0 1 1( ) ( )( ) ( )( ( ) ( ))s os osP P J K AJ L L                        (S22) 



 

 107 

Now, by implementing the equation 8 (Antoine equation), which is transformed to the 

following form (equation S23), the exact solution of temperature and pressure distributions 

will be achieved. 

0
ln( )

a
s

a s

B
T

A P
 


                  (S23) 

Actually,  is the root of the equation S23 as all the parameters are known at each time 

except  . By finding  , the temperature and pressure distribution will also be calculated at 

each time. 

The transformed form of the heat flux (equation 24) from the well due to the transformation 

term of equation 18 is as follows: 

4

I I
f

II

k dT
u

dt 


 , os                   (S24) 

By inserting TI from equation 21, equation S24 becomes: 

22 exp( ( ) )
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                 (S25) 

In order to calculate the total volume of gas produced at STP conditions, the molar quantity 

of produced gas at each time should be calculated first as follows: 

1( )f t tV S S                     (S26) 

/f gH H fn F V m                   (S27) 

Equation S26 shows the volume of dissociated hydrate at each time step (t-1, t), and equation 

S27 represents the moles of produced gas at each time step (t-1, t). By summing the moles of 

produced gas at each time step, total moles of produced gas up to time t will be achieved as 

presented in equation S28. 
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n n


                    (S28) 

Finally, the total volume of produced gas at STP conditions up to time t will be calculated by 

using equations S28 and 5 as presented by equation 25.
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Appendix B 

In the following, the transformation of the fundamental equations, initial and boundary 

conditions in terms of   is provided (some of the equations are the same as those of the 

previous part, Appendix A,).  

Equation 31: 
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And, from equation 43: 
2 gH H II
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T d km

   


 ,                (S35) 

Due to the very small ratio of 
g

H




, the rate of hydrate dissociation (dS/dt) is assumed to be 

very slow that the transient term in the continuity equation could be neglected (second term 

in equation S5). (Selim and Sloan 1990). 

In the equations 47 and 48, A1, A2, B1, B2, and C constants are defined using equations S30 

and 38 as follows: 
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where D1, and E1 are as follows: 
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The 2 ( )L  , ( )M  , ( )N  , and 1( )K   in the equations 50 and 51 (pressure distribution in 

zone I) are defined as follows: 
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Now, equation S31 by insertion of the resulted TI and TII formulas for both heat sources 

(equations 47 and 48) and considering equation 11 becomes: 

- Line heat source: 
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- Wellbore heat source: 

 

12

2 2

2 2 2

0 1 1 0( )

( )( )

( ) exp( ( ) ) exp( )

( ) ( )( ( ( ) ) ( ) ) ( ) ( )

sI i s
H II

II s II sI

HG

c dTak T T F a b

k T T a b FEi a b FEi b D E Ei k T T




 
  

   

       
    

            

 

(S17) 

So, the temperature at the interface based on the equations S46 and S47 for both heat sources 

is calculated as follows: 
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- Line heat source: 
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- Wellbore heat source: 
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From the equations 50 and 51, the pressure at the dissociation interface ( sP ) for both heat 

sources would be: 

- Line heat source: 
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0 2 1 2( ) ( ) ( )( (0) ( ))sP P L M A L N N                     (S50) 

- Wellbore heat source: 
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Now, by inserting the equations S48-S51 in the equation 11 (Antoine equation), which is 

transformed to the following form (equation S52), then solving it to find  , the exact 

solution of temperature and pressure distributions will be achieved. 
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Actually, equation S52 has only one unknown at each time, which is  . 

The equation of heat flux from the wellbore (equation 52) can be transformed to the 

following form based on the transformation term of equation 44: 
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u
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By inserting TI from equation 47 into equation S53: 
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The number of moles of produced gas at each time step should be calculated as follows in 

order to calculate the total volume of gas produced at STP conditions: 
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/ ( )r gH H r sn F V A m                  (S57) 

Equation S55 shows the average surface area of the dissociation front at each time step (t-1, 

t), and equations S56 and S57 are respectively the volume of dissociated hydrate and the 

moles of produced gas per average surface area of the dissociation front at each time step (t-

1, t). By summing the moles of produced gas at each time step from the beginning of 

dissociation to time t, the total number of moles of produced gas up to time t will be 

calculated as shown in equation S61. 
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                    (S58) 

Finally, by using equations S58 and 5 the total volume of produced gas per average area of 

the dissociation front at STP conditions up to time t will be achieved as presented in equation 

50. 
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BC 1 BC 2 

 
  

  

Figure S1. Temperature distribution for case 1 at different time frames for two initial and boundary 

conditions (BC 1: a and c, BC 2: b and d) considering a and b) wellbore heating, and c and d) Line 

heat source. 
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BC 1 BC 2 

  
 

  

Figure S2. Pressure distribution for case 1 in the dissociated zone at different time frames for two 

initial and boundary conditions (BC 1: a and c, BC 2: b and d) considering a and b) wellbore heating, 

and c and d) Line heat source. 
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Figure S3. Input heat from the wellbore to the reservoirs after 100 days dissociation in the case with 

wellbore heating considering various parameters stated in Table 2:  a) thermal diffusivity and thermal 

conductivity of Zone I, b) thermal diffusivity and thermal conductivity of Zone II, and c) various 

values of porosity with different permeabilities and different gas viscosities. 
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Figure S4. Energy efficiency of the dissociation after 100 days process in the case with wellbore 

heating considering various parameters stated in Table 2:  a) thermal diffusivity and thermal 

conductivity of Zone I, b) thermal diffusivity and thermal conductivity of Zone II, and c) various 

values of porosity with different permeabilities and different gas viscosities. 
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Appendix C 

In the following, the solution process of equations 71 and 72 is provided. This process is a 

little bit different for the two operation models. For the model in which the hot water is 

injected to the inner tube, faT is calculated first based on fiT as follows: 

1

( , )
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fa f f fi

T z t
T z t R C V T z t

z


 


               (S59) 

Then, by inserting equation S2 to equation 72, the resulted expression is: 

2
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            (S60) 

Equation S60 is a second-order nonhomogeneous differential equation, which can be solved 

to obtain fiT  due to the following initial and boundary conditions: i) injection temperature is 

fixed and constant through the process ( ( , )fiT h t ); and ii) no heat flow occurs at the base of 

the wellbore ( (0, ) (0, )fi faT t T t →
(0, )(0, )

0fafi
T tT t

z z


 

 
). 

For the other model of how water injection into the annulus, faT  based on fiT is as follows: 

1
1 7
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            (S61) 

Then, by inserting equation S61 to equation 72, the new expression based on fiT  is: 

2
2

1 2 1 72
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            (S62) 

Equation S62 is also a second-order nonhomogeneous differential equation, and can be 

solved by the same procedure and with the same initial and boundary conditions as those of 

equation S60. 

In the following, some of the transformations of the dissociation’s fundamental equations 

with the initial and boundary conditions in terms of   is the same as that of the previous part 

(Appendix B; Equations S29, and S31-S35) except the following equation.  
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Equation 72: 
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The very small ratio of 
g

H




 indicates the very slow rate of hydrate dissociation (dS/dt), 

which neglects the transient term in the continuity equation. 

In the equations 73 and 74, A, A1, B, B1, and C constants are defined using equations S30 and 

38 as follows: 
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, where D2 is as follows: 
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The 3( )L   and 2 ( )K   functions used in equation 40 (pressure distribution in zone I) are as 

follows: 
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Now, equation S31 by insertion of the resulted TI and TII formulas and considering equation 

11 becomes: 
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(S70) 

So, the temperature at the dissociation interface based on equation S70 can be calculated as 

follows: 
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The pressure at the dissociation interface ( sP ) would be calculated from the equation 76: 
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The following equation is a transformation of equation 11 (Antoine equation): 
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Then, by replacing sT and sP  in equation S73  with the equations S71 and S72, and solving 

the resulted expression to find  , the exact solution of temperature and pressure distributions 

will be achieved. Actually, at each time step, equation S73 has only one unknown, which 

is  . 

The transformed form of equation of heat flux from the wellbore (equation 77) based on the 

transformation term of equation 44 is: 
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By inserting TI from equation 73 into equation S74: 
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In order to obtain the total volume of gas produced at STP conditions, the produced gas 

moles at each time step should be calculated. Equations S76 and S77 show respectively the 

volume of dissociated hydrate and the moles of produced gas per average surface area of the 

dissociation front at each time step (t-1, t) as shown in equation S76. 
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, where h is the methane hydrate thickness (m). By summing the moles of produced gas at 

each time step from the beginning of dissociation to time t as shown in equation S79, the 

total number of moles of produced gas up to that time can be calculated. 
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n n


                    (S79) 

Finally, by using equations S80 and 5 the total volume of produced gas per average area of 

the dissociation front at STP conditions up to time t can be achieved as presented in equation 

79. 
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Figure S5. Volume of produced gas and the input heat from the wellbore in the model with hot water 

injection into the a) annulus and b) inner tube during hydrate dissociation for two BCs.  

The thicker lines represent the input heat from the wellbore. 
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Figure S6. The effect of various parameters on the produced gas and the input heat from the wellbore after 100 days 

dissociation considering both operating schemes: a) thermal diffusivity and thermal conductivity of Zone I, b) thermal 

diffusivity and thermal conductivity of Zone II, c) porosity with various permeabilities, and d) porosity with various gas 

viscosities. 

Dashed lines and solid lines are respectively representative of the operating schemes of hot water injection into annulus 

and into the inner tube. The thicker lines represent the input heat from the wellbore. 
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Figure S7. The effect of various parameters on the produced gas and the input heat from the wellbore 

after 100 days dissociation considering both operating schemes: a) the wellbore radius, b) the 

reservoir thickness, c) the annulus radius, d) the inner tube radius, e) the injection temperature, and f) 

the flow rate. 

Dashed lines and solid lines are respectively representative of the operating schemes of hot water 

injection into annulus and into the inner tube. The thicker lines represent the input heat from the 

wellbore. 
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