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Significant amounts of methane exist in the form of methane hydrates in deep ocean

sediments. Utilizing these energy sources could meet the growing U.S. energy demand,

reduce dependency on foreign fuel supplies, and move toward lower greenhouse gas and

criteria pollutant emitting energy sources. Despite the great interest in this amount of

stored fuel resources, these resources have not yet been significantly utilized because

there is no energy efficient method for recovery of methane hydrates.

The primary goal of the this study is to evaluate the feasibility of integrating and

using electrochemical devices to accomplish energy efficient dissociation of methane

hydrate gases in deep ocean sediments. Concepts for integrating electrochemical de-

vices (e.g., fuel cells), efficient electricity production from released gases are developed.

The technical feasibility of these integrated systems for operation in hydrate reservoirs

in deep ocean sediments will be evaluated using thermodynamic and heat transfer

xv



methods.

To meet the project goal, five formal objectives are evaluated: 1) Evaluate electro-

chemical devices based upon performance characteristics for use in integrated systems

for methane hydrate dissociation, 2) Conceptualize integrated system cycles comprised

of electrochemical devices to operate in a methane hydrate field, 3) Develop integrated

systems models for each of the integrated cycles, 4) Accomplish thermodynamic anal-

yses of electrochemical cycle concepts including system , and 5) Detailed and dynamic

evaluation of the best performing concepts and comparison to traditional methods.

xvi



Chapter 1

Introduction

It is expected that global energy consumption rise by 41% from 2012 to 2035-

compared to 55% over the past 23 years (52% over the past 20 years) and 30% over

the past 10 years [1].

Power engineers are interested in potential resources of hydrocarbon hydrates since

these resources are two orders of magnitude larger than the current conventional esti-

mated gas reservoirs.

1.1 Background of Hydrates

In this section a part of gas hydrate literature provided by [2] is summarized.

Today, it is well known that there are vast reservoirs on earth. Technical applications

of hydrates were found 150 years after their discovery. It is known that gas hydrates
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Figure 1.1: Distribution of oceanic carbon on earth, Numbers are in units of 1015 g carbon
(Credit:USGS).

were first discovered in 1810 in the laboratory of Sir Humphrey Davy by cooling a liquid

solution saturated with chlorine gas below 9◦ C. Hydrates of hydrocarbons. Pennwell

Books.o obtain a crystal-ice material [3].

In another discovery, Joseph Priestley obtained hydrate of sulfur dioxide SO2 from

its water solution and from the gaseous phase and ice. He found the hydrate could

be decomposed when put in an atmosphere of HCL, NH3 and HF at atmospheric

pressure and low temperature conditions, and it also keeps its state in the air. At that

time, the effect of hydrate inhibition was discovered. It is known that SO2-hydrate

has been obtained by three researchers after Priestly and before Davy: T. Bergman

(1783), A.F. de Fourcroy and L. N Vauquelin (1796, 1798), and A. F. de Fourcroy

(1801) (Gmelins Handbunch, 1960).

More than 150 years after the gas hydrate discovery, they were only used for aca-

demic purposes. Hydrates did not have any application in the technological systems

2



at that time and hydrate properties could not be studied because of the technical lim-

itations for their recovery. During that time, hydrates of several significant gases were

made. Equilibrium plots have been presented at that time, and attempts to theoreti-

cally express the experimental results have been conducted on CO hydrates [4], H2S ,

CH4, C2H4, C2H2,N3O and C2H6 hydrates and C3H8 hydrate [5]. It should be noted

that, Villard was the first scientist who used the heat of the phase transition of hydrate

formation for determination of the water/gas ratio of hydrate cage.

Villard and De Forcrand studied conditions of H2S and CH3Cl hydrate formation.

He was the first one to use the Clausius-Clapeyron equation to specify the gas hydrates

composition.

The first discovery of natural gas hydrates happened in the northern area of Siberia

within the permafrost zone in Messoyakhi and Ust-Vilyui hydrate fields. Also, the first

gas production from hydrate deposits was accomplished in these fields.

In the beginning of the 20th century oil and gas were world primary energy

resources. Deep borehole drilling and deep oil recovery were producing significant

amounts of natural gas which caused serious troubles for oil recovery technology and

transport.

1930 and 1940 were the second technologically important decades in the history of

hydrates. Main principles of hydrate plug formation and hydrate control were stud-

ied. Some of those methods are still being used today.[6] were the first scientists who

demonstrated that individual gases and their mixtures can form hydrates in gaseous

and liquid state. The most promising data in hydrate studies from 1930 to 1950 are

3



Figure 1.2: Sample of methane hydrate cage with methane molecule in the middle and
surrounded by water molecules [99]

for D. Katz and R. Kobayashi[7]. In 1945, Katz reported a thorough equilibrium dia-

gram that predicts the pressure and temperature of hydrate formation or dissociation.

They also presented a diagram based on gas-solid phase equilibrium constants similar

to water-vapor phase.

Today, leaders of hydrate research in the world are D.B. Robinson, E.D. Sloan, G.D.

Holder, J.M. Brooks, M.S. Selim, P.R. Bishnoi, Y.P. Handa, H.J. Ng, V.A. Kammath,

J.S. Tse, A. Vishniauskas and many others.

1.2 Hydrate Structure

In 1930s, researchers in Europe and Russian academia mostly studied the structure

of crystal hydrates [8]. Fig. 1.2. shows a sample hydrate structure.

Nikitin, showed that hydrates of gases illustrate a crystal lattice built up from

hydrogen and water molecules with cages contain gas molecules bonded to water by

the weak Van der Waals forces. Stackelberg verified this theory by conducting X-

4



ray experiments and showing the two types of hydrate structure that also exist till

today (Structure 1 and II) [9]. Davidson, Ripmeester, Tse and V.P Handa developed

the experimental studies on hydrate structure types and hydrate thermal and electric

properties.

Studies on technical area of gas hydrates started in 1934. Hydrate properties,

formation and decomposition, effective systems of hydrate control in natural gas ex-

traction systems and transport were among the main subjects of these studies.

1.3 Hydrate Formation Inhibition

Several methods of hydrate prevention in technological systems have been studied

till now and the most promising ones are: thermal stimulation, chemical injection and

inhibition, depressurization.

[10] developed several methods for hydrate prevention. The proof of hydrate ex-

istence was the hydrate saturated cores that were extracted during the exploration

drilling in 1967. These explorations have been done at the Sredne-Viliuisk and Ust-

Viliuisk fields in Yakutiya and at Messoyakhia field in Western Siberia [11]. Also ice

cores containing air hydrate were extracted from the depth of 2164m at the American

Antarctics station Byrd in 1968 [12].
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1.4 Natural Gas Hydrate

The discovery of natural gas hydrate (Methane hydrate) first came from the Russian

hydrate school, two hundred years after the first in-vitro hydrate discovery. The first

proposal of hydrate existence was given by [13].

In 1963 a well drilled in Markha, North- West Yakutia, verified existence of per-

mafrost rocks at depth of 1400 m. The possibility of hydrate formation in porous

layers was investigated by Y.F. Makogon (1965, 1966) by analysis of thermodynamic

data available that time and by comparing it with the results of studies on hydrate

formation at the free gas-water contact.

Leading laboratories from several scientific centers in Russia, USA, Canada and

other countries were attracted to the problem of natural gas hydrates. Methods of

estimating hydrate gas resources and surveying of both onshore and offshore hydrate

deposits were developed at that time.

1.5 World Hydrate Potential

World potential resources of hydrate methane were estimated by different authors

and ranges from 7.6 × 1018m3 [14] to 3.1 × 1015m3 [15]. More Detailed examinations

showed the potential resources to be 1.5× 1016m3 [16]. Potential gas resources concen-

trated on earth in a hydrate state is more than 1.5× 1016m3 ([16],[17]).

Sixty large hydrate main deposits have been discovered up to now in the ocean and
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on the continents with total gas reserves greater than 700× 1012m3.

Based on the current data, the portion of hydrate gas is estimated to be more than

15% in the next century.

1.6 Hydrate Types regarding Nucleation

The history of studies on natural gas hydrates has been presented in several articles.

Today two major directions are distinguishable in hydrates: technogenic and natural

gas hydrates.

Hydrates are solid cage like compounds whose properties and stability depend on

the values of equilibrium thermodynamic pressure and temperature. If the hydrate

dissociates, the rock formation becomes loose and loses its strength and stability. It

should be noted that natural gas hydrate are dangerous during the recovery, drilling

and operation of wells, platforms, pipelines and other offshore engineering structures

and they should be treated carefully.

Hydrates easily form in producing wells or in gas and oil pipelines if they are in the

stable region of the thermodynamic phase diagram. The prevention of hydrate forma-

tion needs significant investment as much as 15% of the productions cost. Removal of

continuous hydrate plugs from an onshore and offshore pipelines costs $1 million and

$3million respectively[2].

Some of the hydrate properties are unique. Pressure of free gas after dissociation

of hydrate of methane in closed volume is up to 80-100 MPa.
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Electrical resistivity of hydrates is usually very high. The specific volume of water

while transitioning into hydrate state increases by 26-32%, whereas during freezing

process the increase is about 9% which is considered high.

The main question is how to produce this amount of gas?

Gas hydrates are generally considered as chemical compounds since they have fixed

composition. They are compounds of a molecular type initially formed because of the

Van der Waals attraction forces between the molecules. Covalent bond is absent in gas

hydrates because during their formation no pairing of valence electrons occurs[2].

1.7 Structural Forms of Hydrate

Generally Hydrates have six different structural forms [2]:

1. Molecular sieves characterized by interconnected cavity channels

2. Channel network when hydrate forming molecules form a crystalline

3. Layered network forming hydrate with interlaced molecular layers

4. Networks which form with large molecules

5. Polymeric networks formed by clathrate molecules, having a tube-like shape

6. fill in the closed cavities like sphere. Hydrate of gases and volatile liquids are related

to this type of hydrates

Up to now, the unit cells of three hydrate structures have been determined. These

hydrates have different sizes of molecules. Each unit cell includes a specified number

of bonded hydrogen-water molecules. Size and shape of the unit cells are specified by
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the size and the energy of the enclathrated hydrate former guest molecule.

Several potential gas hydrates are tabulated in Table.1.1. :

The basic cage of gas hydrate consists of a certain number of water and gas

molecules. Molecular ratio of water and gas is a function of the size of the hydrate

former gas molecules.

Generally in nature, hydrates have one of structures of type I or type II which will

be described later in the text.

1.8 Impact & Benefits of the Study

Although new carbon-neutral renewable power (e.g., solar, wind, geothermal) will

offset some of the growing worldwide demand for affordable power without significantly

affecting climate, projections show that these alternatives will provide only a small

fraction of the world energy need. There will be growing economic pressure to burn

hydrocarbons and emit CO2 into the atmosphere, with potentially devastating global

environmental consequences. Hence, every feasible strategy for utilizing fossil fuels

while limiting the carbon release should be examined.

The proposed research will improve the understanding of the dynamic character-

istics of the SOFC system. If successful, the reversible SOFC’s can be applied to not

only to the methane hydrate dissociation system but also to hydrogen energy storage

integrated with intermittent wind and solar power sources. This could be followed by

much more commercial viability and marketability of SOFC technology with reversible
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Alkane Alkenes, Alkynes, Aromatics

Methane (I) Ethylene (I)

Ethane (I) Proylene (II)

Propane (II) Isoburylene (II)

Isobutane (II) Allenwe (II)

Butane (II) Cis -2- Butene (II)

Neopentane (II) 2,3 Dimethyl-2-butene (H)

2 Methylbutane (H) 2,3 Dimethyl-1-butene (H)

2,2 Dimwthylbutane (H) 3,3 Dimethyl -2 butene (H)

2,3 Dimethylbutane (H) Acetylene (I)

2,2.3 Trimethylbutane (H) Methylacetylene (II)

Hexamethylethane 3.3 Dimethyl-2 butyne (H)

2,2 Dimethylethane Benzene (II)

3,3 Dimethylethane

Inorganics

O2(II)

N(II)

H2S(II)

CO2(II)

SO2(II)

Cl2(II))

CFC ′s

Table 1.1: Several potential gas hydrates that are tabulated [2].
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operating capabilities, and support the nations renewable power market to enable it to

reach required levels. Reversible SOFCs are not currently available in the market. The

research could improve high temperature and high pressure fuel cell system durability

and marketability. Operating in simulated deep ocean environment, increased market

penetration will be beneficial to the California electric market since SOFC systems

have proven high fuel-to-electricity conversion efficiency with ultra-low pollutant emis-

sions [18]. It is also known that SOFC performs at high pressures. The simulated high

pressure fuel cell for hydrate recovery can also reveal benefits of high pressure fuel cell

by Increased efficiency. These types of SOFCs are critical for future power genera-

tion and reduced greenhouse gas emissions. The ultra-low pollutant emissions support

continuing efforts to reduce the environmental impact of methane hydrate dissociation.

Heat generation is the most promising method among other gas hydrate dissocia-

tion methods. The only state-of-the-art way to produce heat is by steam generators

or combustors. Combustors generate more heat in comparison to fuel cells. However,

downhole combustors require air or oxygen delivery to downhole and hydrate reservoir.

The idea of heat production is that combustor can burn some of the dissociated fuel

from hydrate reservoir. The determination of flow rate of methane needed for thermal

stimulation device is one of the goals of this project. Fuel cells operated under high

pressures have this advantage over combustors that they also produce electricity. The

produced electricity could be delivered to the integrated high pressure electrolyzer in

the proposed system. The rest of the energy is in form of heat that could dissociate the

methane hydrate. In addition the exit CO2 gas of high temperature fuel cell could be
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used to produce more methane from gas hydrate by the process of CO2/CH4 exchange.

Fuel cells are more energy efficient rather than heat engine due to the direct electro-

chemical conversion of the fuel. A fuel cell integrated with an electrolyzer will further

increase the total efficiency compared to combustor since electrolyzer could produce

portion of hydrogen fuel for SOFC.
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Chapter 2

Hydrate Formation Condition

Hydrate formation conditions are specified during the design of the production

technical aspects. The most exact parameters of hydrate formation from a real gas of

complex composition can be obtained experimentally or theoretically. Hydrates can be

divided into two main groups according to their initial formation:

1) Natural: which form and exist in nature with no human intervention. 2) Techno-

genic: which form in technological systems controlled by humans.

Natural and technogenic gas hydrates are identical in their basics, however the

research goals and purposes are different.
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2.1 Conceptual Problems regarding Natural Gas

Hydrates

Conceptual problems regarding natural gas hydrate are:

1. Conditions of formation, accumulation , stability and dissociation

2. Discovery of hydrate formation zones offshore and onshore

3. Estimation of resources of hydrocarbons accumulated in natural gas hydrate

4. Preventing gas hydrate formations at oil and gas pipeline locations

5. Influence of natural gas hydrate on local and global environment

6. Development of technically feasible methods for natural gas hydrate extraction and

recovery

2.2 Effects of Natural Gas Hydrates on Cli-

mate

Hydrates play a significant positive role in controlling the heat flow of our planet,

and a potentially negative role by releasing a vast amount of methane gas into the

atmosphere.

First experiments that studied the formation of natural gas formation conditions

and parameters indicated that natural gas forms natural gas hydrate with rock water

in porous media at appropriate PT conditions [19]. The first world map of gas hydrate
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Figure 2.1: Main methane hydrate resources distribution on earth,[100]

deposits locations was reported in 1985, in which 23 fields were shown [2]. Fig. 2.1.

shows the main methane hydrate resources.

2.3 Pressure and Temperature Conditions of op-

eration Wells

In order to study prevention of hydrate formation, it is necessary to know the

equilibrium conditions of hydrate formation from a gas of known composition and the

change of gas flow parameters in the well. Dependence on the equilibrium temperature

is determined by formulation of thermodynamic equilibrium conditions. Conditions for

hydrate formation and accumulation in the reviewed part of the technological system

exist at Pw > PHydrate or Tw < THydrate, where Pw and Tw are the equilibrium pressure

and temperature of the operating system, and PHydrate and THydrate are the pressure

and temperature of the hydrate formation.
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2.4 Technological Applications of Natural Gas

Hydrates

Knowing the properties of hydrates, hydrate formation process, and a change of hy-

drate former characteristics during their transition from a free into a bounded hydrate

state and back is needed to produce technologies. Change of specific volume during

their transition from a free state into hydrate state or from a hydrate into a free state

(by 9% during transition into ice state) is one property of hydrate. These properties

are used in methods for storage and transportation for large volume of gas in a hydrate

state at low pressures and to produce energy efficient methods without compressors to

increase density for gases. Gas hydrates can be used for thermal compression of gases,

generation of cold and energy production during the use of a low-potential heat.

Recently, a technology of using gas hydrates for desalinization of water was tested.

Only water molecules go into a hydrate phase during hydrate formation and the min-

erals dissolve in water concentrate. During hydrate formation process, fresh water and

mineral solutions will be separated, so we can use this method to provide fresh water

for electrochemical devices such as electrolyzers that can operate using fresh water.

Water vapor pressure is lower around hydrates than water in free state. This property

can be used in gas drying process. Different gaseous and liquid hydrate formers pro-

duce hydrate at different thermodynamic parameters. So the methods of separation

and dissociation are based on the properties of gases.
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2.5 Composition of Gas and Conditions of Natu-

ral Gas Hydrate Formation

The first work regarding natural gas hydrates was for methane gas. Calculations of

the amount of energy stored in hydrates are based on the amount of methane stored in

hydrate cages. However, several cores have shown the very different methane percent-

age in gas hydrates after drilling. In real conditions, generation of gas water saturated

sedimentary rock is accompanied with active migration of gas and water. Knowing the

component and isotopic composition of gas in a hydrate, one can predict the stability

of hydrate for an extended period of time. At a ratio of
CH4

C2H6 + C3H8

≥ 100 , gas is

usually of biogenic origin. At
CH4

C2H6 + C3H8

≥ 80 gas has thermogenic origin.

2.6 Conditions of Natural Gas Hydrate Forma-

tion

At normal thermodynamic conditions, hydrates are stable in the presence of liquid

water and methane gas at certain pressures and temperatures. The process of hydrate

formation has common basis when they form from free water and gas. Also, conditions

such as capillary pressure, surface tension, salt content of fluid, and properties of the

medium should be considered during the process of hydrate formation. The gas hydrate

formation process is catagorized as following:
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1. Formation of hydrates from dissolved gases: in this case the rate of hydrate formation

is determined by diffusive influx of gas from water

2. Formation from free gas in the pores : This case of formation is because of change

in thermodynamic equilibrium parameters
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Chapter 3

Current State of Methane Hydrate

Dissociation Technology

The earth stores significant quantities of methane (about 10 times of the conven-

tional storage of natural gas) in ice-like methane hydrates buried in sediments deep

beneath the ocean surface, and in permafrost. The volume of oceanic methane hydrate

is poorly known, but, based on NETLs 2011 report [20] the amount of natural gas in

hydrate form is estimated at 20000 trillion cubic meters. Methane hydrate deposits

are abundant throughout the world and have been estimated to represent the greater

portion of the worlds fossil energy reserves. Estimates of hydrate natural gas on the

North Slope of Alaska are in the 10’s of trillions of cubic feet, with additional 100’s of

trillions of cubic feet in other areas in the same region, and on the order of 1,000’s of

trillions of cubic feet beneath the U.S. continental margin. Energy efficient extraction
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of these fuel resources could fulfill the U.S energy demand for many years. Despite

the great interest in this amount of stored fuel resources, there is no energy efficient

method for mining methane hydrate. Methane hydrate is not stable in sea level con-

ditions, therefore methods for in-situ energy efficient dissociation of gas hydrate and

delivering it to the sea surface with little contamination are required. Highly specialized

tools and facilities for collecting gas hydrate samples and analyzing them with minimal

contamination and disturbance are also significant challenges, even before considering

strategies for hydrate mining.

Engineering extraction efforts are under processing in China, Korea, Japan, and

Norway [21]. One possible strategy, and the subject of this thesis, for dissociation of

the methane, is the in-situ (deep ocean environment) utilization of integrated electro-

chemical systems based primarily upon the use of high temperature Solid Oxide Fuel

Cell (SOFC) technology system. Such systems have unique features of oxygen extrac-

tion from water, efficient electricity production from released gases, and both heat and

CO2 production for methane hydrate gas dissociation that may be useful in methane

dissociation from hydrate fields.

Currently, many projects are being conducted by the government agencies, indus-

try and academia to probe the dissociation, utilization and the potential impacts of

methane hydrates. ConocoPhillips conducted an experimental study at Ignik Sikumi#1

well in the Prudhoe Bay unit on Alaska’s North Slope (ANS). This study evaluated

the results of a field trial for methane hydrate production by the injection of carbon

dioxide (CO2) molecules that are exchanged in situ with methane molecules within
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a hydrate structure, releasing the methane for the production and use [22]. In this

study, about 210,000 standard cubic feet of mixed carbon dioxide/nitrogen (CO2/N2)

gas was injected into the targeted hydrate-bearing portion of the well. There was

sustainable flow-back of gas from the well over an extended portion of approximate

30 days of the production period. In addition, data from the well, including tem-

perature, pressure and gas compositions (CO2, CH4, N2) and constituent volumes was

collected. From these data, the temperature behavior of the injection fluid and the

heating capacity of hydrate sediments have been studied [22]. Laboratory experiments

conducted by ConocoPhillips have suggested that exchange of CO2 and CH4 is pos-

sible without forming further secondary hydrate and while maintaining high hydrate

saturation [22]. The Georgia Tech Research Corporation has conducted an experimen-

tal study on gas replacement as a potential production mechanism to reduce reservoir

deformation and closure in fine-grained systems. In this study, CO2 molecules replace

CH4 molecules within the larger cages; the heat released in this exchange could main-

tain overall reaction. The addition of nitrogen to carbon dioxide, promotes further

exchange where by the smaller nitrogen molecule can replace methane in the smaller

cages increasing methane production from 64% to 85% ([23],[24]). Also, nitrogen can

prevent condensation to hydrate phas. ConocoPhillips study concluded that nitrogen

alone will cause methane hydrate dissociation (accompanied by lowering the reservoir

temperature) [22]. The pressure vs. temperature phase equilibrium diagram for hy-

drate mixtures of varying molar percent concentrations of carbon dioxide and nitrogen

gas is demonstrated in [25] and [26].
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Precision Combustion Inc (PCI), has conducted a study to demonstrate a novel,

oxyfuel downhole steam generator (DSG) that will efficiently recover gas from methane

hydrate deposits while reducing emissions and also having the potential for carbon

dioxide (CO2) sequestration [27]. Results from this project show that natural gas

can be produced from its hydrate at an energy cost of approximately 15% of the

heating value of the produced gas. This study showed 15% methane consumption for

its production from hydrates, as predicted by their model. Instead of steam, CO2

could be used as an injection gas; however, we should consider that CO2 injection may

affect the produced natural gas quality. On the other hand, overall production may be

enhanced through exothermic formation of CO2 hydrates [20].

Lawrence Berkeley National Lab evaluated the gas production potential of the

Mt. Elbert hydrate deposit and other North Slope accumulations by simulation. By

solving coupled equations of mass and heat balance they modeled non-isothermal gas

release, phase behavior, and flow of fluids and heat under conditions for common

natural methane (CH4)-hydrate-bearing deposits in complex formations. This model

can be applied to a variety of hydrate dissociation mechanisms, e.g., depressurization,

thermal stimulation, salting-out effects, and inhibitor-induced effects and has been used

to evaluate long term hydrate production capabilities at various sites within Prudhoe

Bay and Milne Point [[20], [28]-[32]].

Georgia Institute of Technology, conducted research on Gas production during de-

pressurization, heating, and CO2−CH4 replacement. They have used 2-D experiments

data to simulate the thermodynamics and transport process of hydrate dissociation [33].
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Battelle Pacific Northwest Division, conducted research on a comparative study of con-

ventional and innovative approaches for producing methane from gas hydrate-bearing

geologic reservoirs through numerical simulation. According to this study, the most

promising method to produce hydrate accumulation is to make a hydrate free zone at

the injection location ([34],[35]).

Rice University has conducted research that shows the CO2-hydrate energy of for-

mation will keep the desired temperature for the methane hydrate dissociation process

[36]. They have also determined the velocity of the hydrate dissociation front or the

rate of hydrate dissociation. They have studied the method in which warm water

is utilized as a potential for hydrate dissociation. One of the primary goals of this

project was the simulation of the total mass production of methane for different injec-

tion pressures and temperatures. Their study has shown that despite the fact that the

depressurization method has high energy efficiency in dissociation, it has relatively low

production rate in comparison to the warm water injection approach [36].

In this thesis, feasibility of the integrated electrochemical devices (e.g., fuel cells)

and hydrate reservoir in deep ocean sediments, based on thermodynamic principles,

will be examined. Thermal stimulation and CO2 injection dissociation approaches are

investigated in this effort. Electrochemical devices proposed have very high energy

conversion efficiency and may improve the current approaches of methane hydrate

dissociation in the field studies. As provided in the literature, there are three main

methods for gas recovery from hydrates:

1. Depressurization: In which by drilling wells in sediments and making lower pressure
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than stable hydrate pressure around it, the gas hydrate will dissociate.

2. Thermal Stimulation: In this method hydrate decomposition will happen by ther-

mally stimulating hydrate sediments at higher temperatures than the stable hydrate

temperature.

3. Chemical inhibitors.

It is well known that major parameters governing methane hydrate stability are

pressure, temperature and water salinity [37]. Modeling gas hydrate dissociation re-

quires knowledge of the thermodynamic properties of hydrate at which it is stable.

However, at equilibrium of three phases in pure water, the dissociation pressure of gas

hydrate is a function of temperature and several experimental relation express theses

relations ([38],[39]). Salinity is the other factor which has an effect on methane hydrate

dissociation. [37] have found that salinity of water would decrease the chemical poten-

tial of water and the equilibrium would shift to methane production and consequently

to methane hydrate dissociation. They have also calculated the effect of pressure on

water activity. Thermodynamic equations of stability and solubility of methane hy-

drate were developed in this study using the method of Pitzer. . Dissociation pressures

are calculated for different temperatures and salinities from 273 to 293 K and 0-70 ppt

respectively. They have calculated the solubility of methane and methane hydrate in

seawater. In contrast to previous methods, their approach calculates solubility param-

eters by considering a continuous variation of the control parameters over a wide range

of conditions that are met in the deep ocean environment.

Duan et al., have calculated the fugacity of methane and coefficients of the equation
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of state for CH4−CO2−H2O system based on second virial coefficients in deep ocean

sediments. Numerical calculations of dissociation pressure at the temperature range

of 273-293 [K] and water salinity of 0-70 ppthas been done by their research group

([40] , [41] and [42]). They have also concluded that the fugacity coefficient of CH4 in

the vapor phase of CH4 − H2O mixture differs very little from that in pure CH4 for

temperatures below 250◦. They have presented a thermodynamic model to calculate

methane solubility, liquid phase density and gas phase composition of the H2OCH4

and H2OCH4NaCl systems from 273 to 523 K , from 1 to 2000 bar and from 0 to 6

mol.kg−1 of NaCl with experimental verification.

[43] studied gas bubbles released from three vents of Louisiana at a water depth

of 500m in the vicinity of hydrate deposits. The estimated methane released is from

0.026 (for oily vents) to 0.853 g/s (Pulsing vents). The bubbles had upward velocities of

0.026 (for oily vents) to 0.853 g/s [26]. It has been found that crude oil is the common

component of emission from Gulf of Mexico seeps. [44] has studied gas discharge at the

Northern summit of hydrate by pressure change to be in th order of 6× 104 mol/day.

Methane flux out of bacterial mat-covered sited was found to be 30 to 90
mmol

m2day
. They

have collected samples with benthic instrumentation and from Alvin push cores and

discovered a complex hydrogeologic system where fluid and methane fluxes from the

seafloor vary by several orders of magnitude at sites separated by distances of only a

few meters.

[45]has parametrically studied methane hydrate dissociation in oceanic sediments

by thermal stimulation for different values of permeabilities. They have computed a
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semi-analytical model of the problem based on local equilibrium and build upon pre-

vious studies in order to obtain further insight on the effects of various parameters

that can affect methane production. They have examined parameters including per-

meability, porosity, and thermodynamic/transport properties of the system. In their

work it is shown that, in contrast to previous studies on permafrost, for the case of

oceanic sediments (low permeabilities), the rate of hydrate dissociation depends on the

permeability of the porous sediments. Hydrate saturation values for Malik 2L-38 site

at the arctic Mackenzie Delta are reported to be 35-40% and at the Northern Cascadia

Margin is around 20-35%[46] . The hydrate saturation in some cases exceeded 80%

[47].

[48] has calculated the pressure drop that is required to initialize the hydrate disso-

ciation as a function of sediment temperature. In the region where the pressure is close

to the dissociation pressure, it is reasonable to use depressurization as the main gas

production method. However, For deposits that need very high pressure drop such as

Black Ridge-1 (200bar), Mexico-2(250bar), Costa Rica(260bar), Peru-Chile-2(305bar),

Nankai-2(415 bar) and Peru-Chile-1(430 bar) it is not reasonable to use depressur-

ization, and other methods should be used . [49], conducted a comparative study of

several depressurization and thermal injection numerical models and concluded that

two models of (TOUGH2 developed at LBNL and in-house model) have the necessary

features to describe field-scale, multi-phase methane hydrate recovery.

[32] developed the EOSHYDR2 module to model the nonisothermal methane re-

lease. The objective of that study was to analyze the various gas production scenarios
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from five methane hydrate-bearing zones at the Mallik site. In Zone#1, numerical

simulations using the EOSHYDR2 model indicated that gas production from hydrates

at the Mallik site was possible by depressurizing a thin free gas zone at the base of the

hydrate stability field. Zone #2 showed that a gas hydrate layer with an underlying

aquifer, could yield significant amounts of gas originating entirely from gas hydrates,

the volumes of which increased with the production rate. Zones #3, #4 and #5 were

isolated gas hydrate deposits with no underlying zones of mobile gas or water. In these

zones, thermal stimulation by circulating hot water in the well was used to initiate

dissociation process.

[50] studied the feasibility of modeling gas production from hydrate capped gas

reservoir using the 3D simulator. These investigations show the role of excessive water

production and the requirement for water handling facilities. ([51],[52]) created numeri-

cal model to simulate the isothermal process of gas production from Berea sandstone by

the depressurization mechanism. They developed experiments for hydrate dissociation.

predicted the natural hydrate formation using depressurization and decomposition ki-

netics in hydrate dissociation .[54] conducted analytical approach to model gas hydrate

production during hydrate decomposition.

[55] investigated the feasibility of hydrate production from a thermodynamic point

of view and determined that the gas production is possible by thermally stimulating

the hydrate sediments. [56] determined the upper and lower bounds on gas production

and energy efficiency for a cyclic steam injection process .[65] treated the hydrate dis-

sociation process as a 1-D mathematical model under thermal stimulation. They have
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modeled hydrate dissociation as a moving boundary ablation process and extended

their model to thermal stimulation by hot water injection [58]. [57] conducted experi-

ments to calculate the rate of methane dissociation under a constant heat flux thermal

source . [59] proposed a mathematical model of the dissociation process that contains

two movable phase transition boundaries (hydrate dissociation and ice melting fronts)

and solved it using similarity transformations.[60] proposed a numerical new approach

for hydrate recovery using magnetic thermal stimulation of hydrate sediment using

vertical and horizontal wells.[61] has modeled the methane hydrate dissociation using

a combustion heat source. They have also investigated CO2 hydrate formation. This

method has been shown to significantly reduce the total energy input and verified the

fact that CO2 could be sequestered to produce further methane from hydrate sedi-

ments. Their results have indicated that it is possible to reach total energy efficiency

of 90% for land based reservoirs in the case that hydrate loading is 20%. [63] and

[56] suggested that thermal stimulation is most attractive for gas hydrate dissociation.

[64] presented an approximate solution to the ablation problem using the heat balance

integral method with a second degree polynomial approximation for the temperature

profile. Lawrence Berkeley National Lab evaluated the gas production potential of the

Mt. Elbert hydrate deposit and other North Slope accumulations by simulation. By

solving coupled equations of mass and heat balance they modeled non-isothermal gas

release, phase behavior, and flow of fluids and heat under conditions for common nat-

ural methane (CH4) hydrate-bearing deposits in complex formations. This model can

be applied to a variety of hydrate dissociation mechanisms and has been used to evalu-
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ate long term hydrate production capabilities at various sites within Prudhoe Bay and

Milne Point ([28]-[32]). Georgia Institute of Technology, conducted research on Gas

production during depressurization, heating, and CO2−CH4 replacement. They have

used the 2-D experiments data to simulate the thermodynamics and transport process

of hydrate dissociation [33].

3.1 Technical Feasibility Issues of Methane Hy-

drate Dissociation

The literature and our analyses suggest that there is no clearly superior or more

energy efficient approach for deep ocean dissociation of methane hydrates. The meth-

ods based on CO2 injection have slow kinetics. The methods of depressurization have

slow production of methane. One of the most promising methods for hydrate dissoci-

ation is thermal stimulation. Experiments at Mallik hydrate sites show that thermal

stimulation in the several zones (e.g., Zones# 3-5) that do not have underlying layers

of mobile gas or water can produce more methane from hydrate reservoirs than does

the depressurization method [32].

Most proposed techniques for recovering the natural gas from hydrate require too

much energy input, raise safety concerns, or can only recover a fraction of the gas.

This thesis research will investigate the use of the unique high efficiency and oxygen

recovery from water characteristics of electrochemical devices to explore the technical
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feasibility of novel integrated electrochemical systems for gas production in deep ocean

hydrate reservoirs. As mentioned earlier, in one related study [61], the in-situ methane

recovery method produced a heat source at the location of hydrate formation. In

another study, in which mass production of methane has been simulated for different

injection pressures and temperatures, results show that the depressurization method

has a relatively slower production rate than the warm water injection approach. This

study shows that the bare utilization of depressurization method has lower efficiency

of methane recovery compared to the method that utilizes both depressurization and

thermal stimulation [36].
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Chapter 4

Northern California Hydrates state

of the art

In this section a part of the northern California hydrate reservoir provided by [66]

is summarized. Gas hydrates have been recovered in gravity cores within 10 m of the

sea floor in sediment of the Gulf of Mexico, the offshore portion of the Eel River basin

of California, the Black Sea, the Caspian Sea, and the Sea of Ok- hotsk [67]. Both

Mendocino and Humboldt counties have vast reservoirs of oil and natural gas hydrates

and most of them are just offshore. Today, Japan has made the most significant

research development in methane hydrates and appears to be the closest to commercial

production. Experiments show that hydrate formation is rapid in natural gas and

sediment type affects the hydrate formation kinetics. In 1996, in-situ experiment has

shown that the hydrate formation at Monteray hydrate bed is possible. Studies confirm
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the indirect geophysical and geologic observations that gas hydrates are present north

of the Mendocino Fracture Zone in sediments of the Eel River basin. The margin of

northern California was surveyed in 1977, 1979, and 1980 by the U.S. Geological Survey

to examine both the geologic framework and active geologic processes. During each

survey, navigation systems accurate to 50 m were employed, and deep-penetration and

high-resolution seismic reflection profiles were collected. ‘ The first evidence of gas

hydrates in this region was reported by [68]. Their study identified the widespread

(areal extent, > 3000 km z) presence of a BSR in sedimentary strata of the offshore

Eel River basin. The geology of the Eel river basin is described by [68] and [69].

Details of the margin structure were given by [70]. The gas-hydrate zone inferred by

[68], extends for more than 130 km along the California margin and continues onto

the Oregon margin. Gas hydrates were recovered or suspected at seven sites in the

Eel River basin of northern California at water depths between 510 and 642 m. A

total of seven gas-hydrate containing cores were recovered out of 74 cores taken in

water depths below 500 m in the Eel River basin. The recovered gas hydrates consist

mostly of methane and small amounts of ethane. Sediment samples collected from one

of the cores revealed thermogenic hydrocarbons, which indicates that some natural

gas is present in the offshore Eel River Basin [36]. Seismic records from both sound

sources showed an extensive bottom-simulating reflector (BSR) which shows the base

of a zone cemented by a natural-gas hydrate below the sea floor. Acoustically, inferred

gas hydrate we discuss here was previously identified by Field et al. (1980) and Biddle

and Seely (1983) and is the first to be noted in sediment on the western continental
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margin of the conterminous United States.

[71] evaluated the potential geological distribution of gas hydrates in Northern

California and found that the major regional differences between the areas north and

south of the Mendocino Fracture Zone are likely to form gas-hydrate in the north (Eel

River). They have estimated the possible gas-hydrate resource north of the Mendocino

Fracture Zone of 1 trillion cubic feet (TCF) per 1 meter thickness of hydrate-bearing

sediment (average thickness of the MFZ is 250 m).

Using standard phase boundary diagrams for hydrate stability, It is estimated the

local geothermal gradient within the gas hydrate to be about 55 C/km [68]. Phase

boundary diagram applied to inferred gas hydrates off northern California, showing

geothermal gradients derived for three depths: (1) Minimum water depth of 725 m and

related BSR at 135 m; (2) Typical water depth of 1000 m and related BSR at 225m;

and (3) Maximum water depth of 2000 m and related BSR at 315 m. It is found that

gas and pore-fluid migration in the offshore Eel River Basin is: (1) Associated with

surface morphology; (2) Helps to seabed roughness; (3) A significant mode of sediment

redistribution on the upper slope; and (4) A factor in significant slope failures. In

the Eel river Basin, enough gas and elements necessary for over-pressurizing fluid are

present. The regional presence of large amounts of gas is indicated onshore by the

Tompkins Hill gas field, which has an expected recovery of over 3.34 km3 (120 bcf) of

natural gas [72]. In an attempt to quantify the role of water column methanotrophy

(microbial methane oxidation) as a control on methane release, water column methane

profiles are measured (concentration and δ13C) and oxidation rates at eight stations
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in an area of active methane venting in the Eel River Basin, off the coast of northern

California.

There is an enormous natural gas basin off the Humboldt Coast 90% of Eel river

natural gas hydrates are offshore. Little work has been done on the production potential

and technical feasibility of gas hydrate recovery. It is reported that one exploration well

has reached 9500 feet depth. Production zones are reported at 4000 to 6000 feet and

9400 feet. It is reported that production wells will use fracture stimulation technique.

Biogenic gas hydrates were recovered in shallow cores (higher than 6m deep) from the

Eel River basin in offshore northern California.

The gas hydrates contained primarily methane and occurred as spread crystals,

small nodules, and layered bands within the sediment. These hydrates, recovered

in sediment at water depths between 510 and 642 m, match with areas that show

bottom- simulating reflectors (BSRs) on seismic-reflection records. This study confirms

geophysical and geological observations that gas hydrates are present north of the

Mendocino Fracture Zone in sediments of the Eel River basin. This discovery extends

the confirmed sites of gas hydrates in the eastern Pacific region beyond the Peruvian

and Central American margins to the northern California margin. The other deep-sea

collections of gas hydrates have resulted from deeper coring studied by the Deep Sea

Drilling Project (DSDP) and the Ocean Drilling Program (ODP) in the Blake Bahama

Outer Ridge. Offshore northern California is one of at least 30 offshore localities

worldwide with inferred gas- hydrate reservoirs [73].

California’s northernmost large onshore part of the offshore Pacific Coast Tertiary
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basin is the Eel River basin. The main part of the basin, in the Eel River Valley

area, contains approximately 12,000 ft of Tertiary and Quaternary sedimentary rock

ranging in age from late Miocene to late Pleistocene and Recent. The federal Minerals

Management Service estimates that there is 2 trillion cubic feet of natural gas in those

deposits, mostly in the Eel River area.

4.1 Distribution of Northern California gas Hy-

drates

The gas-hydrate zone inferred by [68], extends for about 130 km along the California

margin and continues onto the Oregon margin.

Gas hydrates were recovered or suspected at seven sites in the Eel River basin

of northern California in water depths between 510 and 642 m. The hydrates were

recovered as part of a surface geochemical exploration program in offshore northern

California in the Eel River and Point Arena basins. A total of seven gas-hydrate

containing cores were recovered out of 74 cores taken in water depths below 500 m in

the Eel River basin.

A high percentage (about 10%) of gas hydrates collected in the Eel River basin

which indicates that gas hydrates are common phenomenan in the shallow sea-floor

of the Eel River basin. Krason and Ciesnik (1986) evaluated the geologic distribution

of gas hydrates in northern California and found that the major regional differences
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Figure 4.1: Showing the extent of gas hydrates inferred from BSR in seismic reflection records
and location of the cores [102]

between the areas north and south of the Mendocino Fracture Zone seem to favor gas-

hydrate formation in the north (Eel River) while preventing hydrate occurrence south

of the fracture zone (Point Arena)[71]. Plate convergence north of the Mendocino

Fracture Zone has produced thick forearc- basin deposits that are gas prone.

4.2 Northern California Composition of Gas Hy-

drates

Hydrogen sulfide, detected by smell, was present in all the gas-hydrate-containing

cores. Analyses show that the gas hydrates are primarily biogenic in origin. Table.4.2
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Core Latitude Longitude Water depth(m) H2S

ER-10 40◦38′14.32” 124◦32′35.52′′ 510 Yes

ER-82 40◦47′08.23” 124◦35′33.12′′ 512 Yes

ER-83 40◦47′08.31′′ 124◦35′26.4′′ 518 Yes

ER-105 40◦48′31.44′′ 124◦37′38.58′′ 567 Yes

ER-139 40◦52′27.49′′ 124◦38′33.13′′ 623 Yes

ER-148 40◦52′45.85′′ 124◦39′16.00′′ 642 Yes

ER-202 40◦56′51.18′′7 124◦34′28.71′′ 559 Yes

Table 4.1: Gas hydrate locations in Eel River basin, Northern California [102]

shows the molecular and isotopic compositions of the decomposed gas.

The inner continental margin of northern California is 50 to 80 km wide and com-

posed of a near-shore shelf and an offshore plateau system that extends to water depths

of more than 1000 m. The plateau system is a sloping surface lying 600 to 1000 m deep

that is bounded on the seaward side by a steep continental slope. Much of the shelf and

the plateau are underlain by the Eel River Basin, a thick Neogene and Quaternary sed-

imentary sequence. In the area of Eureka, the Eel River Basin extends inland about 50

km; offshore, it trends 200 km north-northwest to the vicinity of Cape Sebastian, Ore-

gon. Pliocene and Quaternary deformation have produced numerous folds and faults

that largely parallel the north-northwest basin trend ([74], [75]). Sediment samples

collected from one of the diapirs yielded thermogenic hydrocarbons, in dictating that

some natural gas is present in the offshore Eel River Basin [68].
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Figure 4.2: Phase boundary diagram applied to northern California hydrates [68]
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Core Methane Ethane Propane δ13C − C1% δ13C − C2% C1/C2 Depth in
the core

ER-10 1.8

ER-82 66.3 0.03 Not determined 9.6 2209 0-0.3

ER-83 92.9 0.02 Not determined 5158 ≺ 1.5

ER-105 93.2 0.01 Not determined 57.6 10591 0-0.2

ER-139 93.4 0.12 Not determined 61.1 803 1.8-2

ER-148 90.5 0.02 Not determined 59.7 5324 0-1.8

ER-202 86.6 0.05 Not determined 69.1 27.1 1603 2.2-2.8

Table 4.2: Gas hydrates composition in Eel River basin, Northern California, [102]

The margin of northern California was surveyed in 1977, 1979, and 1980 by the

U.S. Geological Survey to examine both the geologic framework and active geologic pro-

cesses. During each survey, navigation systems accurate to 50 m were employed, and

deep-penetration and high-resolution seismic reflection profiles were collected. Seis-

mic records from both sound sources showed an extensive bottom-simulating reflector

(BSR) which we believe represents the base of a zone cemented by a natural-gas hydrate

below the sea floor. There are at least 12 localities worldwide where the presence of

bottom-simulating reflectors suggest the presence of gas hydrates beneath continental

margins [37]. The acoustically inferred gas hydrate was previously identified by Field

et al. (1980) and Biddle and Seely (1983) and is the first to be noted in sediment on the

western continental margin of the conterminous United States. The BSR is attributed
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Figure 4.3: Study area showing the relationship between the location of Humboldt slide zone
and observations of shallow gas and gas hydrates. The arrows indicate the direction of the
movement [103]

to gas hydrate because it occurs at depths that satisfy the pressure-temperature require-

ments for gas-hydrate stability and because the BSR becomes deeper in the sediment

with increasing water depth.

The geologic setting of the Eel river Basin helps to the presence and migration of

gas and overpressurized fluid. Convergence between the Gorda and North American

plates at 2.5 to 3 cm/yearhelps drive fluid overpressuring by the processes of tectonic

compaction, cementation, and deformation[76]. Sources of methane in both models

for gas hydrate formation discussed previously, the methane is considered to be mainly

microbial in origin. This conclusion is based on geochemical investigations of recovered
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gas hydrates and of hydrocarbon gases from sediment sections known to contain gas

hydrates, such as occur offshore from the southeastern United States, northern Cali-

fornia, and Peru, and in the Black Sea and at some sites in the Gulf of Mexico (Table

1). Methane in all cases constitutes more than 99% of the hydrocarbon gas mixtures.
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Regions Type of
Sample

CH4,% δ13C,% Reference

Offshore SE United States,
Black Outer Ridge
DSDP leg 11 sediment ≥ 99 -88 to -70 Claypool et al. [1973]
DSDP leg 76 sediment ≥ 99 -93.8 to -65.4 Kvenvolden et al.

[1983]
gas hy-
drate

≥ 99 -68 Brooks et al

Offshore Peru, Peru-Chile Trench
ODP leg 112 sediment ≥ 99 -59 to -55 Kvenvolden et al.

[1990]
ODP leg 112 gas hy-

drate
≥ 99 -65 to -59 .6 Kvenvolden et al.

[1990]
Offshore northern California
Eel River Basin gas hy-

drate
≥ 99 -69.1 to 57.6 Brooks et al. [1991]

Black Sea gas hy-
drate

≥ 99 -63.3, -61.8 Ginsburg et al [1990]

Gulf of Mexico
DSDP leg 96 ≥ 99 -73.7 to -70.1 Pflaum et al. [1986]
DSDP leg 96 ≥ 99 -71.3 Pflaum et al. [1986]
Garden Banks ≥ 99 -70.4 Brooks et al. [1986]
Green Canyon ≥ 99 -69.2,-66.5 Brooks et al. [1986]
Green Canyon 62,74,78-44.6,-56.5, 43.2 Brooks et al. [1986]
Mississippi Canyon 97 -48.2 Brooks et al. [1986]
Caspian Sea gas hy-

drate
59 to
96

-44.8 to -55.7 Ginsburg et al. [1992]

Offshore Guatemala,
Middle America Trench
DSDP leg 84 Sediment ≥ 99 -71.4 to -39.5 Kvenvolden and Mc-

Donald [1985]
DSDP leg 84 gas hy-

drate
≥ 99 -43.6 to -36.1 Kvenvolden et al

[1984]
DSDP leg 84 gas hy-

drate
≥ 99 -46.2 to -40.7 Brooks et al [1985]

Table 4.3: Carbon isotopic composition and concentration of methane in natural gas hydrates
[101]
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Chapter 5

Malik Zones Parameters

The parameters that was used by [77] were, porosity (Φ = 0.28), intrinsic perme-

ability , (k = 2 × 10−14m2), composite thermal conductivity of rock reservoir fluids

system (kθ = 1.5
W

m.C
), Rock specific heat, cR = 800

j

kg.C
, Hydrate specific heat,

cH = 1600
j

kg.C
.

Zone I is the deepest hydrate accumulation at Malik site, and has 20m hydrate

bed thickness the base of which is at (-1108.4 m) (hydrate stability zone). The initial

temperature at the bottom of the hydrate layer is T = 13.18◦C which is the gas hydrate

equilibrium temperature TH at the formation pressure of P = 10.8Mpa. Gas hydrate

interval has a uniform hydrate saturation SH=0.8 and water saturation of SW=0.2.

Fluids were produced from the well at cumulative mass flow rate of Q = 1.67×10−3kg/s

using trial and error. They have calculated the mass fraction of methane in production

well while hydrate dissociating. They have shown that gas is the only component
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only for six days of production. After the sixth day, it is shown that water is also

produced beside natural gas. However, fraction of produced gas contributed by hydrate

dissociation increases over time. It should be not forgotten that the water production

limits the gas production by decreasing the gas mass fraction. In case two, they have

used a horizontal well 0.25 m below the hydrate layer and the perforated interval had

a length of 20m. In case 3 and 4 they have investigated the combination effects of

depressurization and thermal stimulation for two vertical wells at Zone#1 of Malik

site. In case 3 steam was injected in the hydrate bed with enthalpy (H = 3200kJkg)

corresponding to T = 420◦C (superheated at that pressure). The steam injection rate

and the liquid production rate were same and equal to Q = 1.67× 10−3(kgs). Case 4,

was injection of CH4 at rate of Q = 8.35× 10−4(kgs) and fluids were produced at the

rate of Q = 2.51× 10−4(kgs).

Zone#2 is characterized by 16-m thick hydrate bearing interval (From -899 to -

915m ) with T = 7.5◦C and P = 9MPa at the base of hydrate interval. The hydrate

saturation is SH = 0.5. Zone#3: Extends from a depth of about -1081 to -1091m, with

SH = 0.8, T = 12.8◦C and P = 10.74MPa. It is the deepest and warmest of these

three zones. Zone#4 extends from the depth of -1007 to -1017 m and has hydrate

saturation (SH=0.5) and the base of hydrate interval, T = 10.5◦C and P = 10MPa.

Zone #5 (SH = 0.5 and P = 8.9MPa) and -905 to -915 m and T = 7.5◦C.
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5.1 Effects of Hydrate Saturation (SH)

For a constant well temperature, a higher hydrate saturation is expected to be

associated with the higher mass production.[77] found that by increasing the hydrate

saturation from 0.5 to 0.8 the gas production increases.

5.2 Effects of Initial Formation Temperature

and Thermal Conductivity

Their study found that the initial formation temperature has a dramatic effect

on the amount of gas production. They have found that increasing the formation

temperature (TH) from 7.5◦C to 11◦C will increase the gas production by the factor of

4.

5.3 Effects of Boundary Conditions

In addition, they have shown that by increasing the well temperature (TW ) from

50 to 70◦C, gas volume production increases by 25%, since the methane production

depends on the temperature difference between the well temperature and the hydrate

formation. However, as the time goes further, this temperature difference decreases as

the formation temperature increases to reach the well temperature. It has been shown

that heat addition (Qw) by the amount of 6kW will increase the production by 40%.
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5.4 Effects of Permeability (k), Hydrate Heat

Capacity (CH) and Rock Heat Capacity (CR)

The study shows that gas production is insensitive to the formation permeability

k when k increased from 2× 10−14m2 to 10−13m2.
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Chapter 6

Candidate Sites for Model Devel-

opment

Candidate sites should be found to deploy a power system that uses seafloor

methane hydrate on the seafloor and dissolved oxygen in sea water to generate power

of the order of 1000W net. For these purposes, candidate sites for this proof-of-concept

are evaluated. Site selection is an important step in the verification of the modelling

process, since it establishes many of the critical design parameters, such as fuel qual-

ity, ambient oxygen levels, operation depth, operating pressures and temperatures,

currents, methane solubility, accessibility, etc. Based on a survey of the methane re-

source, several sites in different areas were identified. The first area is GC185 and

GC234 in the northern Gulf of Mexico southeast of Mississippi River Delta., shown in

Fig. 6.1. verified [43]. Three different seepages were imaged and analyzed in that area.
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Figure 6.1: GC185 and GC234 in northern Gulf of Mexico southeast of Mississippi River
Delta [43]

The total observed gas flux was 62.3× 10−3mol/s, mostly methane. 50% of the bubble

mass was contained in the largest bubbles, r > 5500µm.

Louisiana site has three mounds and corresponding gas bubble seeps which is dis-

cussed in [43]. Coordinates of these sites are shown in Fig. 6.1. Other site overlying

seafloor hydrate mounds in the Gulf of Mexico (GOM) also attract attention. These

include the Atwater Valley mounds shown in Fig. 6.2. and surveyed by NETL.
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Figure 6.2: Atwater Valley mounds [104]
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Chapter 7

Methane Source Investigation

Using current technologies that exist, it is estimated to produce about 1000 W

electricity for a long period of time for years. The main question is whether these tech-

nologies are feasible in deep ocean sediments to produce enough natural gas regarding

volume, concentration and purity required for a fuel reformer (SMR, ATR) or solid

oxide fuel cell (SOFC). Also the energy penalties associated with these devices have to

be considered.

In depth lower than 500 m, vast quantities of methane hydrate are found worldwide

dispersed in the sediments on continental margins. Although most of this hydrate lies

beneath the seafloor, surface hydrate mounds have been observed to occur at many

locations. Methane gas seeps, usually from thermogenic sources, have been detected

over a range of depths. Methane dissolved in sea water or sediment pore water can be

found throughout the oceans.
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Resource Advantages & Disadvantages

Methane gas vents 1) Huge mass flow of gas

2) No energy required to produce gas

3) Mostly exists in shallow water

4) Not Available at all locations

5) High level of contamination

Hydrates 1) Huge source of Energy , Mostly in deep environment
(> 500m)

2) Recovery technology limitations

3) Best energy efficient method is not proved

Pore water methane Available but very low concentrations

Dissolved methane in sea water Available but very low concentrations

Table 7.1: Advantages and Disadvantages of methane resources in deep ocean
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Pore water methane and dissolved methane in sea water are available throughout

the oceans with very low concentrations. So, they could not be a very good choice for

power plant at one location. However, seafloor vents of free methane gas and methane

hydrates have highly concentrated sources of fuel. In the long-term, methane hydrates

(depth<500m) and shallow deposits beneath the seafloor will be viable candidates for

exploitation, since they are more widely available than vents. Recovery of methane gas

from the solid hydrates has technical disadvantage. Recovery has technical deficiencies

on system and techniques that are efficient are verified.

7.1 Fuel Contaminants

Solid Oxide Fuel Cells are targeted to be employed at the power generating unit,

the raw fuel gas will need to be converted to H2 via a reforming step (in this case

Steam Methane Reforming (SMR)). Catalytic thermochemical reforming (followed by

water-shift) is used in the study at a manageable level of risk when adapted to the

relatively unique conditions of the present application (e.g., high pressure, limited

available oxidizer; No maintenance); So, using Steam Methane Reforming is currently

the method of choice. Literature is documented regarding the sensitivity of fuel cell

and reformer to various catalyst poisons. It is essential, that contaminant species of

consequence in the raw gas (methane dissociated from hydrate sediment) entering the

reformer and consequently the fuel cell exist at acceptably low levels so that they do not

to degrade performance or lifetime of these components (e.g. SMR, SOFC, Catalytic

52



combustor, Heat exchangers).

Based on the literature reviews [78], It is found that the limiting concentration

of contaminants is 1000 ppmV H2S for performance of system components without

degradation. Data on gases released from the strong vents offshore Coal Oil Point in

the Santa Barbara Channel that have been documented verify 1000 ppmV H2S. In the

case of methane gas released from hydrates, several examples have been reported where

H2S was detected more than 1000 ppmV. [79] analyzed hydrates from the Cascadia

Margin and determined an average sulfide concentration of 0.27% (i.e., 2700 ppmV).

It has been observed that there can be large variations in H2S over the same general

area. [81] reported sulfide concentrations as high as 18.5% (185,000 ppmV) in hydrates

from one location on the Cascadia Margin. Pre-deployment investigations should be

made in order to specify sites in which power system should be installed.

7.2 Oxygen Resource

Since the start of this project, we have been concerned about the oxygen to down-

hole regions adjacent to strong seafloor methane sources. Since the performance of the

present system is oxygen-limited, any reduction of dissolved oxygen levels is a consid-

erable problem. This does not focus on methods of oxygen delivery, but on the physics

of the high pressure fuel cell and hydrate deposits at deep ocean conditions.
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Chapter 8

Current State of SOFC/SOEC Tech-

nology

Solid Oxide Fuel Cell (SOFC) technology is an attractive, emerging electric power

generation technology. SOFC directly converts fuel to electricity. The direct electro-

chemical conversion of fuel allows for high fuel-to-electric conversion efficiencies without

pollutant emissions. The interest in developing SOFC systems is substantial. Ver-

saPower, FuelCell Energy, Bloom Energy, LG Fuel Cell Systems, Delphi, Ceramic Fuel

Cells Limited, and other companies have been developing SOFC technology for a long

time (from more than 10 to more than 20 years). Many companies have demonstrated

small scale (1-5 kW), and distributed generation scale (100 and 800 kilowatt) integrated

SOFC systems that have shown high efficiency and low emissions ([18],[82],[83]). In ad-

dition, some companies have demonstrated 200 to 330 kilowatts pressurized SOFC/gas
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turbine hybrid systems (e.g., Siemens Power, LG Fuel Cell Systems).

Recently, the robust and high efficiency performance of SOFC technology has

sparked an interest in reversible solid oxide fuel cells for use as electrolyzers solid

oxide electrolysis cell (SOEC) in energy conversion/storage systems. The reversible

SOFC offers dual-mode operation capable of distributed electrical power generation

in the fuel cell mode and hydrogen production by steam electrolysis in the reverse

mode. The hydrogen and oxygen can be used for other purposes or can be reconverted

on-demand to electricity and water through the fuel cell. In the proposed effort, the

SOEC will be considered as one of the electrolysis components for use in the integrated

electrochemical systems designed for methane dissociation from hydrate fields in the

deep ocean. Other electrolysis technologies (e.g., alkaline, proton exchange membrane)

will also be considered.

The most common anode materials for fuel oxidation in current SOFC systems are

nickel/yttria-stabilized zirconia (Ni/YSZ) cermets, which possess excellent catalytic

activity and conductivity. However, the Ni/YSZ anode has some disadvantages, in-

cluding nickel coarsening, sulfur poisoning and carbon deposition, which can hinder

the direct use of practical fuels (e.g., natural gas), and volume instability during redox

cycles, which can cause catastrophic cell fracture. Recently perovskite oxides such as

donor-doped strontium titanate (SrTiO3) have been considered to be a promising al-

ternative SOFC electrode material [[25] , [84]-[88]]. Several investigators have recently

studied the use of traditional SOFC materials sets in reversible SOFC stacks using

a YSZ electrolyte with Ni-YSZ anode and a strontium-doped lanthanum manganite
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(LSM) cathode. These studies have advanced understanding of reversible SOFC tech-

nology and provided useful insights into means of optimizing electrode performance,

expected degradation rates in fuel cell and electrolysis modes, and manufacturing pro-

cess impacts on reversible SOFC performance [92]. In addition, these studies generally

confirm the robust performance of the YSZ materials set in the fuel cell mode. How-

ever, the reversible SOFC technology advanced to-date has not been proven robust and

especially exhibits high rates of degradation in electrolysis mode ([89]-[91]).

The reversible SOFC technology operates at relatively high temperature so that

electrolysis of steam consumes less electrical energy compared to electrolysis at lower

temperatures due to the more favorable thermodynamic and electrochemical kinetic

conditions, and due to the lower polarization losses for the reactions. Reversible SOFC

systems are also likely to have advantages over competing electrolysis technologies. The

analyses proposed will consider these features as integrated into methane dissociation

systems in deep ocean hydrate fields. However, alkaline and proton exchange membrane

electrolyzers are more commercially advanced than are SOEC systems. As a result

the proposed effort will include conceptualization and detailed analyses of integrated

methane dissociation systems that use alkaline and PEM electrolyzers as the base case

systems for consideration.
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Chapter 9

Model Description

9.1 Power Generation

The objective is to produce electricity for electronic devices such as AUVs (au-

tonomous underwater vehicles) or UUVs (unmanned underwater vehicles), or other

instruments and screening devices, specially those with greater electrical requirements

than batteries.

9.2 Fuel Production

The objective is to produce and store fuel (e.g., H2, pure CH4) and, possibly

oxygen. From a thermal systems perspective, this application is a subset of the first

application: which is, the fuel cell (SOFC) is transferred from being part of the elec-
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trical power generation system to the end-use. The primary functions that need to

be performed by the electrical power generation system, like fuel gas purification and

reforming to hydrogen are the same as for Fuel Production.

The selection of a fuel cell as the power module defines the other components of

the systems which can be divided into three categories: 1) fuel supply, 2) oxidizer

supply; 3) ancillary equipment (Heat exchangers). The main function of the reformer

is to provide H2 to the fuel cell with an acceptable level of contaminants at a rate

to sustain system net power production of the order of 1000 W. Specific contaminant

species concentration that fuel cell system tolerates depend on the type of fuel cell. For

instance, the performance of the PEMFC is degraded by CO while the alkaline fuel cell

is sensitive to CO2. However SOFC is chosen in this study because it is tolerant to both

CO and CO2 contaminants, since it operates at high temperatures. The fuel supply

has an equipment to collect and clean the raw dissociated methane gas, to convert it

to H2. There is no need for additional steps of fuel cleaning, because of the reasons

that were explained above.

Options that could be considered to convert the chemical energy of methane to

electrical power are Otto, Brayton, and Rankine cycles (i.e., internal combustion, gas

turbine, and vapor power cycles). In the application of extremely low target power and

no sustain maintenance make these options feasible. Also, Otto, Brayton, and Rankine

cycles require moving components that are subject to wear and failure in the case of

no maintenance. Fuel cells have this advantage that, they do not have any moving

parts. On the other hand, are well-suited to generate power in the range of interest
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(i.e., of the order of 1000 W). However, pumps and fans are required to supply fuel

and oxidizer to the anode and cathode, and to circulate liquid electrolytes or remove

condensates. Electricity is created directly by the fuel cell. The main drawbacks of

fuel cells are their vulnerability to catalyst poisons in the reactant flows and limited

validated lifetimes due to degradation.

Ancillary equipment includes heat exchangers and catalytic combustor. The model

studies: 1) Identification of viable candidate technologies for the two major compo-

nents: the fuel reformer and the fuel cell module; 2) Characterization of the perfor-

mance of these technologies under simulated deep ocean operating conditions; and 3)

Integration of these models to perform a first-order systems analysis to estimate net

power production. 4) Determination of the net methane production over time.

Conventional fuel cell technology will be applied in the system which requires mini-

mal or no servicing for deeply deployed devices. This provides a significant performance

benefit over batteries. The two most vulnerable components are fuel cell module and

reformer catalysts because of the poisoning. Operating histories of conventional fuel

cells have been reported extensively in the literature. The range of reported lifetimes

are: PEMFC about 3,000 hours; Alkaline FC about 5,000 hours; SOFC > 10,000

hours. SOFC has this advantage over other types of fuel cell that has longer lifetime

because of being less vulnerable to poisoning. These values generally correspond to

well-maintained units operating with conventional design limits.

Fig. 9.1. shows a schematic of the model operation in which Solid Oxide Fuel Cell

(SOFC) is used as a thermal heat source to provide heat to the hydrate sediment. Due
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Figure 9.1: Utilization of fuel cell in deep ocean and its relative location to hydrate sediments

to this constant heat flux, natural gas hydrate will dissociate. In this study, a one

dimensional model of hydrate bed dissociation is investigated. Two major methods of

thermal stimulation and depressurization are studied and compared. Steam methane

reformer (SMR) is used as a reformer, to convert methane into hydrogen for the Solid

Oxide Fuel Cell. System operation for different parameters of the fuel cell at high

pressure is studied. Steam Methane Reformer (SMR) is used as a reformer, to convert

methane into hydrogen for the SOFC system. System operation for different parameters

of fuel cell (e.g., utilization) at high pressure is studied.

The project studies an extensive literature review regarding electrochemical com-

ponents and systems, requirements for deep ocean operation, component and balance

of plant performance characteristics expected, etc. From the literature review and

analyses of the data and observations, the study evaluates electrochemical devices and

balance of plant components based upon the measured and/or expected performance

60



characteristics for use in integrated systems for methane hydrate dissociation. Electro-

chemical components being evaluated for the methane hydrates dissociation systems

are including but not limited to: Solid oxide fuel cells, Solid oxide electrolyzer and

various types of fuel reformer. The screening will involve selection of only those tech-

nologies that are reasonably proven capable of operation in integrated systems and

operation at conditions expected in deep ocean environments. System component can-

didates will be evaluated under the unique operating conditions associated with in-situ

methane hydrate dissociation.

9.3 Cycle Conceptualization

This study conceptualizes integrated system cycles comprised of the selected elec-

trochemical devices and all of the balance of plant equipment required to operate in

the deep ocean environment of a methane hydrate field. Each cycle will attempt to ex-

ploit the unique features efficient electricity production from released gases, and both

heat and CO2 production for methane hydrate gas dissociation that may be useful

in methane dissociation in hydrate fields. Each of the cycle concepts developed are

schematically drawn and will be thoroughly described for clarity of integrated system

design reasoning as well as individual component performance expected and interac-

tions amongst system components. Each of the cycles is sufficiently rendered to enable

detailed thermodynamic and dynamic system analyses, including resolution of all rele-

vant physical, chemical and electrochemical performance characteristics and all losses
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in the major system components and balance of plant. In our studies, some integrated

systems are designed and analyzed, and the schematics of the integrated systems are

shown in Fig. 9.2 to Fig. 9.4. One approach for in-situ methane hydrate dissoci-

ation is shown schematically (not all cycle details are shown) in Fig. 9.2. Such an

integrated system utilizes a direct electrochemical solid oxide fuel cells to provide heat

and CO2 to the hydrate reservoir (the electrolyzer can also provide heat). Methane

is directly converted to electricity and heat in the SOFC without using a fuel re-

former/processor. Currently, there are many solid oxide fuel cells operating on direct

conversion of methane to products. This system requires high temperature operation

around 700 − 800◦C for the fuel cell. In the current SOFC study, the temperature of

the inlet gases is set to 700◦C. A portion of the extracted methane from the hydrate

sediments will be used to provide the SOFC fuel or the steam methane reformer. while

oxidant is supplied from an electrolyzer. According to analyses and considering the

amount of heat required for hydrate dissociation (e.g., 10% of the methane heating

value), the amount of produced methane is four times greater than the amount of con-

sumed methane in the fuel cell for this system configuration without considering the

possible enhanced recovery that the CO2/CH4 exchange process may provide.

Current analyses demonstrate that the major portion of the dissociated methane

could be delivered to a land-based power plant. Efficient high pressure electrolysis

will eliminate the use of electric wires from the land-based power plants. Despite the

fact the high pressure electrolysis (e.g., 100 ATM) will require 12% more power than

land-based electrolysis, preliminary analysis shows that an efficient electrolyzer could
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Figure 9.2: Direct electrochemical SOFC integrated with the hydrate sediments.

produce the required oxygen for the fuel cell system. These performance characteristics

of the electrolyzer will be thoroughly evaluated in the proposed effort and verified. In

addition, the electrolyzer produces additional hydrogen, which could be used directly

in the fuel cell system or could be mixed into the methane to produce a synthetic

natural gas.

Another example system configuration is shown schematically in the Figure indi-

cating the integrated use of a fuel cell with a fuel reforming/processing system. The

various types of internal and external fuel reforming systems (e.g., steam methane re-

forming SMR, autothermal reforming ATR) should be investigated for use in deep

ocean environments. The current study, uses SMR as the reformer for the SOFC. In

the fuel reforming system, a portion of the dissociated methane will be converted to the
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Figure 9.3: Fuel reformer and fuel cell/electrolyzer integrated with the hydrate sediment.

hydrogen and CO2 through water gas shift reaction. The exit CO2 has the potential to

make CO2 hydrate in the sediment field. Simulations could be conducted through the

available CO2 injection data in the Ignik Sikumi #1. Based on some preliminary ther-

modynamic analyses, pure oxygen delivery to the downhole has a much higher energy

efficiency than sending air to the deep ocean hydrate sediments. However, according to

some new studies nitrogen could replace the CH4 in smaller cages and produce further

methane ([22],[23]). This process will be verified through simulation of air delivery to

the high pressure fuel cells.

Fuel cells have the potential advantage to be integrated with an electrolyzer and

produce the required oxygen in-situ. In the case that the electrolyzer could not produce

a sufficient amount of the oxygen, other approaches could be investigated. One of these

approaches is delivery of liquefied oxygen to the downhole, as shown schematically in

Fig. 9.4. The energy required for the oxygen liquefaction is 50 KJ/mol. Preliminary
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Figure 9.4: Detailed components of the system of study

analyses show that a portion of the delivered methane to the onshore power plant could

be used to liquefy oxygen and send it to the downhole.

This would be the first time that electrochemical devices for hydrate dissociation

are investigated analytically. The main objective of this study is to select the most

efficient method for hydrate dissociation under controlled conditions. The other main

objective of this study is to measure the potential natural gas production over a spec-

ified period of time. The formation and dissociation are described by:

X(CH4 +Nm.H2O)→ X.CH4 +X.Nm.H2O

where, X is the mole number of hydrate and Nm is the hydration number. This

study involves combination of possible dissociation mechanism including, depressuriza-

tion, and thermal stimulation.
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9.4 Equation of Change for Non-Isothermal Sys-

tems

The equation of change for energy is obtained by [93] through applying the law of

conservation of energy to a small element of volume ∆x,∆y,∆z and then allowing the

dimensions of the volume element to become vanishingly small. Both kinetic energy

and internal energy may be entering and leaving the system by convective transport.

Heat may enter and leave the system by heat conduction as well.

(Rate of increase of kinetic and internal energy)=

Net rate of kinetic and internal energy addition by convective transport +

Net rate of heat addition by molecular transport (Conduction) +

Rate of work done on system by molecular mechanisms +

Rate of work done on the system by external forces

The rate of increase of kinetic and internal energy within the volume element

∆x∆y∆z is:

∆x∆y∆z
∂

∂t
(
1

2
ρv2 + ρû)

(9.1)

Where, û, is the internal energy per unit mass (Specific internal energy). ρû, is the

internal energy per unit volume .
1

2
ρv2, is the kinetic energy per unit volume

The amount of the energy that enters the volume is:
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∆y∆z(Ex − Ex+∆x) + ∆x∆z(Ey − Ey+∆y) + ∆x∆y(Ez − Ez+∆z) (9.2)

E contains the convective transport of kinetic and internal energy, the heat con-

duction, and molecular work. The rate of doing work on the fluid by external forces is

expressed as:

ρ∆x∆y∆z(vxgx + vygy + vzgz) (9.3)

So the energy of equation will become:

∂

∂t
(
1

2
ρv2 + ρû) = −(5.(1

2
ρv2 + ρû)~v)− (5.~q)− (5.p~v)− (5.(τ.~v)) + ρ(~v.~g) (9.4)

The most useful form of the energy equation is one in which the temperature

appears. So the energy equation can be written in the form:

∂

∂t
(ρû2) = −(5.(ρû)~v)− (5.~q)− p(5.~v)− (τ : 5~v) (9.5)

With no further assumptions the equation can also be written in the form:

ρ
DÛ

Dt
= −(5.~q)− p(5.~v)− (τ : 5~v) (9.6)

If we switch to the enthalpy form:
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ρ
DĤ

Dt
= −(5.~q)− (τ : 5~v) +

DP

Dt
(9.7)

Writing the energy equation in enthalpy form gives us:

ρ
DH

Dt
= −(∇.~q)− (τ : ∇~v)− (

∂ lnP

∂ lnT
)p
DP

Dt

(9.8)

This is the equation of change for temperature, in terms of heat flux vector q and

the viscous momentum flux τ .

This is the equation of change for temperature, in terms of heat flux ~q and the

viscous momentum flux τ .

9.5 One Dimensional Model

Fig. 9.5 shows the model developed by [65], in which, gas and water are produced

at a moving boundary (dissociation front). The porous medium is initially at a uniform

temperature Ti which occupies the semi-infinite region, 0 < x <∞. At time t = 0, the

temperature at the boundary x = 0 rises to the fuel cell exit gases temperature, since

the formation and fuel cell exit gases are in thermal equilibrium. The temperature at

x = 0 will be kept constant during the dissociation, since the fuel cell operates steadily.

Temperature of fuel cell exit gases is at a higher temperature than the hydrate disso-

ciation temperature (TD) and the hydrate initial temperature (Ti), thus, the moving
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Figure 9.5: One dimensional model of hydrate dissociation due to temperature rise ore pres-
sure drop

boundary (dissociation front) starts moving at time t = 0. Therefore, at any time t the

hydrate formation is separated into two distinct zones. Zone I: Contains dissociated

water and methane gas. Zone II: Contains undissociated hydrate formation.

Thus, in mathematical terms, at any specific time t, in the 1-D physical model, the

Zone I fills the 0 < x < X(t) and the Zone II fills X(t) < x <∞. Where, X(t) is the

moving boundary position. The assumptions associated with this model are:

1) Water that is dissociated from the hydrate formation is stationary

2) Thermophysical properties of each phase are uniform and in equilibrium

3) Viscous dissipation and Inertial forces are negligible

4) External energy transmission is neglected

5) Undissociated zone is completely saturated with hydrate

6) The dissociation front is at equilibrium and dissociation occurs immediately
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Figure 9.6: One dimensional model of hydrate dissociation due to temperature rise or pressure
drop

7) The gas phase is in thermal equilibrium with sediment temperature

The purpose of this work is to use the semi analytical model developed for per-

mafrost, by [65] for hydrate dissociation under chemical equilibrium stimulated by the

SOFC generated heat.

9.6 Thermal Stimulation Mathematical Model For-

mulation

In this section the one dimensional model of hydrate dissociation under thermal

stimulation in porous media developed by [65] is summarized. Continuity equation

throughout the dissociated zone (water and gas zone) is in form of Eq. (9.9).

ε
∂ρg
∂t

+
∂(ρgvx)

∂x
= 0, 0 < x < X(t)

(9.9)

Where, ε is the porosity of the hydrate reservoir. ρg is methane gas density. vx is

the gas velocity in Zone I. Momentum equation in gas phase and Darcy law for the

dissociated gas in Zone I are in form of:
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vx = − ζ
µ

∂P

∂x
, 0 < x < X(t) , t > 0

(9.10)

Where, P is pressure in Zone I. µ is gas viscosity and ζ is sediment permeability.

Energy balance in Zone I is in form of :

ρICp,I
∂TI
∂t

+
∂(ρgCpgvxTI)

∂x
= kI

∂2TI
∂x2

0 < x < X(t), t > 0

(9.11)

Where, TI is temperature in Zone I. kI is thermal conductivity of Zone I. Cp,g is

methane gas heat capacity. Energy balance in the undissociated zone (Zone II) is in

form of:

∂TII
∂t

= αII
∂2TII
∂x2

X(t) < x, t > 0

(9.12)

Where, TII is the temperature profile in the undissociated zone. αII is the thermal

diffusivity of Zone II. Boundary conditions for the initial value problem is in form of

Eq. (9.13) to (9.15):

T = THX x = 0, t > 0

(9.13)

P = Pw x = 0, t > 0

(9.14)
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Where, THX is the heat exchanger exit temperature. Pw is the production well

pressure. Because of the continuity, temperatures of the two zones are equal at the

dissociation front, thus:

TI = TII = TD x = X(t), t > 0

(9.15)

Mass balance at the moving boundary position is in form of:

ΩερHydrate
dX

dt
+ ρgvx = 0 x = X(t), t > 0

(9.16)

Where, Ω is the mass of methane gas per unit mass of hydrate formation, the

number is found in the literature to be 0.1265 kg methane per kg hydrate [65]. Energy

balance at the dissociation front is in form of:

kI
∂TI
∂x
− kII

∂TII
∂x

= −ερHydrate∆HD
∂X

∂t
x = X(t), t > 0

(9.17)

Where, k1 and k2 are the thermal conductivities of the Zone I and Zone II. ∆HD

is the methane hydrate heat of dissociation which has a relation with temperature.

The thermodynamic equilibrium relation between the hydrate dissociation tempera-

ture, TD, and pressure PD at the dissociation interface is expressed as:
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PD = exp(AD −
BD

TD
) x = X(t), t > 0

(9.18)

Boundary conditions for undissociated zone are shown in Eq. (9.19) to Eq. (9.21):

TII = Ti x→∞ t > 0

(9.19)

TII = Ti 0 < x <∞, t = 0

(9.20)

X(t) = 0 t = 0

(9.21)

Under above assumptions, the similarity solution to the system of equations is

found to be:

TI − T0

TD − T0

=
erf(C1Π + C2)− erfC2

erf(C1Ξ + C2)− erfC2

(9.22)

TII − Ti
TD − Ti

=
erfc(Π)

erfc(Ξ)

(9.23)

The constant parameter, Ξ is the root of the Eq. (9.24):

C1
kI(T0 − TD)

kII(TD − Ti)
exp[−(C1Ξ + C2)2]

erf(C1Ξ + C2)− erf(b)
− exp(−Ξ2)

erfc(Ξ)
=
√
πε
ρhydrate
ρII

StΞ

(9.24)
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Where, Π parameter (non dimensionalized distance) can be found from Eq. (9.25):

x = Π
√

4αIIt

(9.25)

Dissociation front location, is:

X(t) = Ξ
√

4αIIt

(9.26)

Parameters, C1 and C2 can be found in Eq. (9.27) and Eq. (9.28):

C1 = (
αII
αI

)
1
2

(9.27)

C2 = Cp,g
ωερhydrateαII

C1k1

Ξ

(9.28)

The Stefan number (ST) is derived to be:

St =
∆H

CpII (TD − Ti)

(9.29)

It should be noted that, the temperature of dissociation TD and pressure of disso-

ciation PD are independent of time, so we can conclude that they are constant during

the dissociation process. The properties of methane hydrate reservoir that is used is

shown in Table 9.1.
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Parameter Value Used

Porosity,ε 0.3

Permeability,κ 1.38× 10−13m2

Thermal diffusivity of the dissociated zone,αI 2.89× 10−6m
2

s

Thermal diffusivity of hydrate zone,αII 6.97× 10−7m
2

s

Thermal conductivity of the dissociated zone, k1 5.57
W

m.K

Thermal conductivity of the undissociated zone, k2 2.73
W

m.K

Hydrate density, ρH 913
kg

m3

Hydrate heat of dissociation,∆HD(
J

kg
)

248 < T < 273 215.59× 103 − 394.945T

273 < T < 298 446.12× 103 − 3132.638T

Thermal equilibrium equation of hydrate (Phase diagram) PD = exp (49.3185 −
9459

TD
)Pa

Gas heat capacity
J

kg.K
Cpg = 1.23879 × 103 +
3.1303T + 7.905× 10−4T 2−
6.858× 10−7T 3

Gas viscosity (Pa.s) µ = [2.4504 × 10−3 +
2.8764 × 10−5T + 3.279 ×
10−9T 2−3.7838×10−12T 3]+
[2.0891× 10−5ρg + 2.5127×
10−7ρg

2−5.822×10−10ρg
3 +

1.8387× 10−13ρg
4]

Table 9.1: Methane hydrate properties used in one dimensional thermal stimulation modeling
[65]
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9.7 Depressurization Modeling

In this section the mathematical formulation and classical Stefans problem for

hydrate decomposition suggested by [2] are summarized. Distribution of pressure in

the layer is described by Stefan’s one dimensional melting problem in Eq. (9.30):

2εnµ

kn

∂Pn
∂t

=
∂Pn

2

∂x2

(9.30)

Where,

ε1 = (1− τ)ε

(9.31)

ε2 = (1− β)ε

(9.32)

ε is porosity of the one dimensional hydrate layer. ε1 and ε2 are the amount

of free gas and hydrate layer. µ is viscosity of gas in zones 1 or 2. k1 ans k2 are

phase permeability of gas in zone 1 or 2. P1 and P2 are pressures in zones 1 and 2

respectively. τ is water content of the porous media. β is methane hydrate saturation

in one dimensional hydrate layer.

Index n=1 is associated with the region 0 < x < X(t) , and the index n=2 is as-

sociated to the region X(t) < x <∞. X(t) is the position of dissociation front which
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separates zones 1 and 2. The boundary conditions are described in Eq. (9.33) to Eq.

(9.37):

P1(0, t) = Pw

(9.33)

P2(x, 0) = P (∞, t) = Pi

(9.34)

P1(X(t), t) = P2(X(t), t) = PD(TD)

(9.35)

T2(∞, t) = T (x, 0) = Ti

(9.36)

T1(X(t), t) = T2(X(t), t)

(9.37)

Where, Pw is well pressure at position x = 0. Pi and Ti are initial pressure and

temperature of the hydrate layer at t = 0. PD and TD are the pressure and temperature

at the dissociation front respectively. T1 and T2 are the temperatures in zone 1 and

2 respectively. PD(TD), expresses the equilibrium relation between the pressure and

the temperature of hydrate decomposition TD at dissociation front. This relation is

derived from thermodynamic equilibrium between methane gas and methane hydrate

and is described in form of equation:
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logPD = a(TD − T0) + b(TD − T0)2 + c

(9.38)

a,b,c are the experimental constants depending on hydrate structure and pressure

and temperature variation. a , b and c are found to be [94]:

a = 0.0342
1

K
, b = 0.0005

1

K2
, c = 6.4804

(9.39)

PD is in Pa. At the surface X(t) the conditions of gas and water mass balance

should be considered. The term mass fraction of gas in a hydrate is introduced by [95].

θ =
Mgas

G.Mwater +Mgas

(9.40)

Mgas and Mwater are the molecular weight of methane and water. G is the number

of water molecules per one molecule of gas in a hydrate structure. Mass balance for

gas at dissociation front location X(t) is derived from the work of [96]:

ρ1v1 − ρ2v2 = −[βθρ3(1− τ)ρ1 + (1− β)ρ2]ε
dX(t)

dt

(9.41)

Where, ρ1 and ρ2 are the densities of methane gas in dissociated and undissociated

zones. v1 and v2 are velocities of methane gas in dissociated and undissociated zones.

Using equation of state for gas and continuity at X(t) :
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ρ1(X(t), t) = ρ2(X(t), t) = ρ0
PDT0

ZP0TD

(9.42)

Where, Z is the compressibility of gas. ρ0 is the density of gas at atmospheric pres-

sure P0 and temperature T0. Hence, the equation of gas balance at the decomposition

front is as follows:

v1(X(t), t)− v2(X(t), t) = −[θβ
ρ3P0TD
ρ0PDT0

z − (β − τ)]ε
dX(t)

dt

(9.43)

Eq. (9.44) describes the balance of water released from hydrate sediment during

dissociation.

ρW ετ = (1− θ)ρ3εβ

(9.44)

It is assumed water is stationary, and the pressure and temperature are low enough

in a gas hydrate layer. Thus, we can assume ρW and τW is also a constant. Tempera-

ture field of a gas-saturated layer could be expressed by Eq. (9.45):

an
∂2Tn
∂x2

=
∂Tn
∂t
− cvkn
cnµ

∂Pn
∂x

(
∂Tn
∂x
− δ∂Pn

∂x
)− η εncv

cn

∂Pn
∂t

(9.45)

Where, an, cn is the thermal conductivity and heat capacity of the zones. cv is the

volumetric heat capacity of methane gas. δ, η is the throttling and adiabatic coefficients
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of gas. Using Linearization [94]:

∂P1
2

∂t
≈ 2Pw

∂P1

∂t
,
∂P2

2

∂t2
≈ 2Pi

∂P2

∂t

(9.46)

Eq. (9.45) can be approximated without substantial error.

∂Pn
2

∂t2
≈ Λn

∂2Pn
∂x2

n = 1, 2

(9.47)

Λ1 =
k1Pg

ε(1− τ)µ
,Λ2 =

k2Pi
ε(1− β)µ

(9.48)

Self-similar solutions of linearized equation with the boundary conditions in Eq.

(9.33) to Eq. (9.37) is written in form of:

P1
2 = Pw

2 − (Pw
2 − PD2)

erfξ1

erfκ1

(9.49)

P2
2 = Pi

2 − (Pi
2 − PD2)

erfξ2

erfκ2

(9.50)

Where,

ξn =
x

2
√

Λnt
, κn =

√
σ

4Λn

(9.51)
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erfξ =
2

√
π
∫ ξ

0
e−η2 dη

(9.52)

X(t) =
√
σt

(9.53)

Assuming the conductive heat transfer is much smaller than convective heat trans-

fer, Eq. (9.45) can be written in the form of:

∂Tn
∂t
− cvkn
cnµ

∂Pn
∂x

(
∂Tn
∂x
− δ∂Pn

∂x
)− η εncv

cn

∂Pn
∂t

= 0

(9.54)

Solutions of equations is derived as:

T1 = TD + A1δ[erf ξ1 − erfκ1 − (
η

δ
B1 − 1)(Φ1(κ1)− Φ1(ξ1))

(9.55)

T2 = Ti + A2δ[erfc ξ2 − Φ2(ξ2)− η

δ
B2Φ2(ξ2)]

(9.56)

Where,

Φ1(τ0) =
2√
π

∫ τ0

0

νe−ν
2

ν + C1e−ν
2 dν

(9.57)

Φ2(τ0) =
2√
π

∫ ∞
τ0

νe−ν
2

ν + C2e−ν
2 dν

(9.58)
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A1 =
2

erfξ1

PD
2 − Pw2

Pw

(9.59)

A2 =
2

erfcξ2

Pi
2 − PD2

Pi

(9.60)

B1 =
Pw

2ε1c0,v

4P0c1

, B2 =
Pi

2ε2c0,v

4P0c2

(9.61)

C1 =
PD

2 − Pw2

Pw

cv
c1

1

2
√
πerfξ1

k1

µΛ1

(9.62)

C2 =
Pi

2 − PD2

Pi

cv
c2

1

2
√
πerfξ2

k2

µΛ2

(9.63)

PD, TD and σ, which detremines the rate of front movement, are determined as

follows:

TD = Ti − A2δ[erfc κ2 − Φ2(κ2)− η

δ
B2Φ2(κ2)]

(9.64)

The pressure at the dissociation front is found from Eq. (9.38), Substituting Eq.

(9.49) and (9.45) into Eq. (9.43), we can reach the equation to determine σ:

k1
PD

2 − Pw2

√
πΛ1

e−κ1
2

erfκ1

− k2
Pi

2 − PD2

√
πΛ2

e−κ2
2

erfκ2

= A
√
σ

(9.65)
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Where,

A = [θβ
ρ3P0TD
ρ0T0

z − (β − τ)PD]εµ

(9.66)

It should be noted that the temperature and pressure at the dissociation front are

fixed values and dependent on well pressure Pw. The production rate of gas per unit

length of well can be derived in form of equation:

Q = −k1

µ

∂P (0, t)

∂x
=
k1

µ

(PD
2 − Pw2)

Pw

1

erfκ1

1

2
√
πΛ1t

(9.67)

The production rate of gas decreases inversely with time. Eq. (9.64) and Eq.

(9.65) can be used to determine all the characteristics of the process of gas hydrates

dissociation during depressurization.

9.8 Solubility

Thermodynamic potential equations are developed by ([40],[41]). Methane solubil-

ity in sea water is specified by balancing the chemical potential of vapor methane and

liquid methane at the specific temperature and pressure. In terms of fugacity in vapor
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phase and activity in liquid phase, we have:

µvCH4
(T, P, x) = µ

v(0)
CH4

(T ) +RT ln fCH4(T, P, x) (9.68)

= µ
v(0)
CH4

(T ) +RT lnxCH4P +RT lnφCH4(T, P, x) (9.69)

µlCH4
(T, P,m) = µ

l(0)
CH4

(T, P ) +RT ln aCH4(T, P,m) (9.70)

= µ
l(0)
CH4

(T, P ) +RT lnmCH4P +RT ln γCH4(T, P,m) (9.71)

In equilibrium, these chemical potentials are equal, so we obtain:

ln
xCH4P

mCH4

=
µl(0)

CH4
(T, P )− µv(0)

CH4
(T )

RT
− lnφCH4(T, P, x) + nγCH4(T, P,m) (9.72)

With the assumption that water vapor pressure is not affected by the existence of

NaCL and CH4, the molar concentration of methane is:

xCH4 =
P − PH2O

P
(9.73)

Where P is the total pressure and PH2O is the pure water pressure.

The water activity is calculated from the virial expansion of excess Gibbs free

energy:

ln γCH4 =
∑

2λCH4−c.mc +
∑

2λCH4−a.ma +
∑
c

∑
a

ξCH4mcma (9.74)
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Substituting Equation (9.74) in Equation (9.72) gives us :

ln
xCH4P

mCH4

=
µl(0)

CH4

RT
− lnφCH4 +

∑
c

2λCH4−cmc +
∑

2λCH4−ama +
∑
c

∑
a

ξCH4mcma

(9.75)

From [97] the equations is selected for the parameters:

par(T, P ) = c1 + c2T +
c3

T
+ c4T

2 +
c5

680− T
+ c6P + c7P lnT +

c8P

T
+

c9P

680− T
+
c10P

2

T

(9.76)

Where the constants are in Table 9.2.

T-P coefficients µl(0)
CH4

(T, P ) λCH4,Na λCH4,Cl ξCH4,Na,Cl

C1 4.30210345D+01 9.92230792D-02 5.64278808D+00 6.23943799D-03
C2 6.83277221D-02 2.57906811D-05 8.51392725D-03
C3 5.68718730D+03 1.00057752D+03
C4 3.56636281D-5
C5 5.79133791D+01
C6 6.11616662D-03 5.27816886D-05
C7 7.85528103D-04
C8 9.42540759D-02 1.83451402D-02
C9 1.92132040D-02
C10 9.17186899D-06

Table 9.2: Solubility coefficients

Finally, the solubility is expressed as:

lnmCH4 = lnxCH4φCH4P−
µ01

CH4

RT
−2λCH4,Na(mNa+mK+2mCa+2mMg)−0.06mSO4+0.00624mNamCl

(9.77)

Fig. 9.7 Shows the calculated solubility based on the solubility equation in different
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Figure 9.7: Methane solubility in sea water versus temperature and pressure

temperature [273-300]K and pressure range 80-110 bar.

CO2 hydrate formation equations have been formulated by[98]:

These assumptions have been considered for the CO2 hydrate formation theory:

i) The change of density considered to be small, since the density of CO2 hydrate is

reported to be, 1.112× 103 kg

m3
. The density of liquid CO2 is same as water.

ii) The reaction rate of hydrate formation is considered to be of α − th order of the

kinetic of dissolved concentration of water in the liquid CO2.

iii) Because of being in the crystalline state, the diffusion of CO2 is considered to be

small.

iv) Condensation of CO2 hydrate is neglected.

The following equations are derived based on the above assumptions:
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∂cw
∂t

= D
∂2Cw
∂x2

− nkCwα (9.78)

∂Ch
∂t

= kCw
α (9.79)

Cw = (1− Ch
ρM−1

)Cr (9.80)

The initial conditions are:

Cr = 0, Ch = 0, t ≤ 0, 0 < x <∞ (9.81)

Boundary conditions are as follows:

Cr = S, t > 0, x = 0 (9.82)

∂Cr
∂x

= 0, t > 0, x→∞ (9.83)

∂Ch
∂x

= 0, t > 0, x→∞ (9.84)

Where, Cw and Cr are the apparent and real concentration of water in liquid CO2.

t is time, x is the distance of in liquid CO2 from the interface, Ch is the concentration

of CO2 hydrate, D is the diffusion constant of water in liquid CO2. α is the order of

reaction, ρ is the density of CO2 hydrate, M is the molar mass of CO2 hydrate, s is

the solubility of water in liquid CO2. The actual hydrate formation time is defined as

tf . The thickness of CO2 hydrate is calculated to be:
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σ =

∫∞
0
Ch

ρM−1
, t = tf (9.85)

The hydrate concentration rate is:

dCh
dt

= k(1− Ch
ρM−1

)sα, x = 0 (9.86)

By integrating abobe equation, from Ch=0 to Ch=0.99, the formation time:

tf =
6.91ρ

Mksα
(9.87)

9.9 Fuel Cell Modeling

Operating the fuel cell at high pressures has beneficial effects on the fuel cell system.

Since the behavior of gases is different from the ideal behavior, the fugacity coefficients

should be computed. The compressibility of real gases is estimated based on second

virial coefficients of the Van der Waals equation of state in Eq. (9.88):

Z =
PV̄

RT
= (1 +

B2V (T )

V̄
+
B3V (T )

V̄ 2
+ ...) = 1 + (b− a

RT
)

1

V̄
+
b2

V̄ 2
+ ...

(9.88)

Where, Z is the compressibility factor of real gas. a, b are parameters of Van der

Waals equation of state. The fugacity coefficient relation with real partial pressure of

gases is expressed as:
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ln γ = ln
f

P
=

∫ P

0

Z − 1

P ′
dP ′

(9.89)

Or:

γ =
f

P
= exp[(b− a

RT
)
P

RT
]

(9.90)

The entropy of reactant and product gases of the fuel cell at specific pressure of

100 bar are calculated as Eq. (9.91):

s− s◦ = s̄2
◦ − s̄1

◦ −Ru ln
P2

P1

(9.91)

Where, s◦ is the entropy at standard temperature and pressure. s̄◦ are the entropy

independent of pressure. Pressurizing fuel cell in order to increase reactant partial

pressure will increase the reversible voltage. However, because the logarithmic nature

of the voltage, improvement will be slight. Total electrochemical reaction that is con-

sidered in SOFC is the reaction between fuel (hydrogen) and oxygen:

H2 +O2 →
1

2
H2O

(9.92)

The Nernst potential which is the maximum voltage is calculated as a function

of entropy difference between reactants and products of the electrochemical reaction,
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the fugacity of gases and the operating temperature of SOFC which is assumed to be

700◦C.

ENernst = E◦ +
∆s

nF
(T − T0)− RT

nF
ln

fH2O

fH2fO2

(9.93)

Where, n is the number of electrons transferred in the equation. F is Faraday con-

stant. fH2O, fH2 and fO2 are fugacities of gases involved in the electrochemical reaction.

The activation polarization of the SOFC is modeled by Butler-Volmer equation, Eq.

(9.94):

j = j0(e
αnFη
RT − e

−(1−α)nFη
RT )

(9.94)

Where, j0 is the exchange current density. α is electron transfer coefficient. η is the

activation polarization. The ohmic polarization of the fuel cell is in form of:

ηohmic = i(Relectrode +Rionic)

(9.95)

Where Relectrode and Rionic are the resistance of electrode and electrolyte respec-

tively. Electrode resistance is negligible comparing to ionic resistance and it is neglected

in this study. Eq. (9.96) describes the mass concentration polarization:
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ηconc =
RT

nF
ln

jL
jL − j

(9.96)

jL is the limiting current density and j is the current density of the cell. Hence,

total voltage of the cell could be described in the equation, which is the sum of the dif-

ferent types of the polarizations of the fuel cell and the thermodynamic voltage (Nernst

potential) in Eq. (9.97) and Eq. (9.98):

V = Ethermo − ηact,anode − ηact,cathode − ηohm − ηconc

(9.97)

Or:

V = Ethermo − (Y1 + Y2 ln j)− (Y3 + Y4 ln j)− jASRohmic − Y5 ln
jL

jL − j

(9.98)

Y1, Y2 are activation polarization constants of anode compartment and Y3, Y4 are

activation polarization constants of cathode compartment, determined from Butler-

Volmer equation. Y5 is the mass concentration polarization constant.

Enthalpies of reaction at high pressures for the steam methane reformer has been

developed and expresses the enthalpy of real gas based on pressure, temperature and

second virial coefficients in Eq. (9.99) and Eq. (9.100).
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(
∂h

∂P

)
T

= v − T
(
∂v

∂T

)
P

(9.99)

H = H◦ +B(T )P − T ∂B(T )

∂T

(9.100)

Eq. (9.101) and (9.102) determines the partial pressure of hydrogen entering the

SOFC anode compartment and water in fuel cell exit, assuming the ideal gas law :

PH2 = P ×
(1− Uf,H2)× ṄH2,SMR

ṄH2OSMR
+ (1− Uf,H2)× ṄH2,SMR

+ ṄCO2,SMR
+ ṄCOSMR

+ ṄCH4,SMR
+ ṄH2Oprod

(9.101)

PH2O = P ×
ṄH2OSMR

+ ṄH2Oprod

ṄH2OSMR
+ (1− Uf,H2)× ṄH2,SMR

+ ṄCO2,SMR
+ ṄCOSMR

+ ṄCH4,SMR
+ ṄH2Oprod

(9.102)

Where P is the total operating pressure, ṄH2,SMR
, ṄCO2,SMR

, ṄCOSMR
, ṄCH4,SMR

, ṄH2OSMR

are the molar flows of hydrogen, carbon dioxide, carbon monoxide, methane and water

in reformer exit that enters the anode component of fuel cell. ṄH2OSMR
is the water

produced in anode part of the SOFC. Uf,H2 is hydrogen utilization in anode compart-

ment. The partial pressure of oxygen in the cathode component is in the form of Eq.

(9.103):

PO2 = P × (1− Uf,O2)ṄO2

(9.103)

Where Uf,O2 is oxygen utilization in the cathode component. Eq.(9.104) to (9.106)
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Parameter Value Used
Temperature 700◦C

Anode exchange current density (j0,anode) 10
A

cm2

Cathode exchange current density (j0,cathode) 0.1
A

cm2

αO2 0.5
αH2 0.5

ASRohmic 0.04

Limiting current density (jL) 2
A

cm2

S(H2O) 193.71
j

mol.K

S(H2) 128.25
j

mol.K

S(O2) 205.18
j

mol.K

Table 9.3: Solid Oxide Fuel Cell properties used in modeling

express the fugacity of the reactants and products in the SOFC, derived from second

virial coefficients from Van der Waals equation of state:

fH2 = PH2 × e(0.02665− 0.2464
RT

)×
PH2
RT

(9.104)

fO2 = PH2 × e(0.03186− 1.382
RT

)×
PO2
RT

(9.105)

fH2 = PH2O × e(0.03049− 5.537
RT

)×
PH2O
RT

(9.106)

The properties of Solid oxide fuel cell that is used in the model are shown in Table

9.3.

93



9.9.1 Steam Methane Reformer Modeling

Steam methane reforming (SMR) has been studied as an external reformer and

their synergetic effects has been included in the calculations. SMR has been modeled

at 100 bar total pressure and various temperatures. The total equilibrium reaction of

steam methane reformer and water-gas shift are the following:

Steam methane reforming (SMR):

CH4 +H2O ⇀↽ CO +H2

(9.107)

Water-Gas shift reaction (WGS):

CO +H2O ⇀↽ CO2 +H2

(9.108)
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Chapter 10

Results

Solid Oxide Fuel Cell at high pressures has been modeled using the equations of

the section 9.9. Fig. 10.1 shows the fuel cell power for one cell at different oxygen and

hydrogen utilizations. The cell operates for an area of 50 cm2. Also the cell operates

at simulated deep ocean environments which is at a pressure of 100 bar, at which

the conditions for hydrate formation are stable. The cell power decreases by increasing

hydrogen utilization which is also the case for fuel cell operating at standard conditions

(1 atm). Increasing hydrogen utilization will cause a reduction in the voltage of the

fuel cell because of the less leftover gases at the outlet of the cell. Increase in hydrogen

and oxygen utilization will both decrease the concentration of the hydrogen and oxygen

at anode and cathode of the fuel cell at this will have an effect on the thermodynamic

maximum voltage (Nernst potential) and the exchange current density of the fuel cell.

This shows that for obtaining larger powers (close to the target power of 1000W), we
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Figure 10.1: SOFC power at different levels hydrogen and oxygen utilizations.

have to choose a fuel cell with lower fuel utilization. However, this decision will affect

the net efficiency of the system, since in that case the reformer requires more hydrogen.

Fig. 10.2. shows the current density of cell varying with hydrogen and oxygen

utilization at high pressure (100bar). The operation of the system requires us to keep

the cell voltage constant at 0.7 (V), since by varying the reactant stream (Hydrogen

and Oxygen), we can change the operating voltage of the cell. If we want to obtain the

same amount of power, with different fuel utilization at constant operating voltage (In
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Figure 10.2: SOFC current density at different levels hydrogen and oxygen utilizations

this case 0.7 (V)), the current density should be changed accordingly. Since the target

power is same, the current density variation has the same trend as the power varies

with the hydrogen and oxygen utilization.

Fig. 10.3 shows the variation of the Nenst potential of the cell with operating

pressure of the fuel cell which is determined by the methane hydrate stable condition

pressure. As we could see increasing pressure from 50 bar to 140 bar, has a slight

improvement in Nernst potential. However it does not seem to be significant. Variation

of hydrogen utilization has much greater effect on the fuel cell performance than the
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Figure 10.3: Variation of Nernst potential with operating pressure of the fuel cell (Oxygen
utilization = 0.5)
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Figure 10.4: Variation of Nernst potential with oxygen utilization (hydrogen utilization=0.7)

pressure.

Fig. 10.4. shows the variation of the thermodynamic Nernst potential with oxygen

utilization in fuel cell cathode in the range of 0.2 to 0.8 and the pressure range of P=50

bar to P=140 bar side of the fuel cell.

Fig.10.5. shows the effect of high pressure on the stoichiometric concentrations of

the effluent gases in the steam methane reformer temperature range of [750 to 990] K

and in the pressure range of [50 bar to 130 bar]. As we can observe, the concentration

of the produced hydrogen is decreased from 1.5 to 1 which shows the negative effect of

99



Figure 10.5: Variation of SMR equilibrium concentration in temperature range of [750-1000]K
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Figure 10.6: Produced power versus target power change with hydrogen utilization

high pressure on the H2 production. High pressure might slightly improve the Nernst

potential in cell, however it will negatively affect the performance of the stem methane

reformer which is greater than the positive effect of pressure on the Nernst potential.

Fig. 10.6 and Fig.10.7 describe the physical performance of the high pressure fuel

cell which are dependent on the reactants utilization in the anode and cathode. As

we observed in Fig. 10.1., by increasing the reactant utilization in the cell, the power

decreases, since we have lower concentration of leftover reactants at the outlet of the

fuel cell. This will have an effect on the produced power. Fig. 10.6. shows that by

increasing H2 utilization the reduction in the produced power is not uniform and it
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Figure 10.7: Produced power versus target power change with oxygen utilization
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Figure 10.8: SOFC exit temperature change as a function of hydrogen utilization.

will drop sharply as hydrogen utilization gets close to 0.9. This case is less significant

in Fig. 10.7., which has the same trend as the Fig. 10.7., but the variation of oxygen

utilization does not have that much effect on the produced power reduction. It should

be mentioned that all of these parameters are dependent on the parameters of the

SOFC which are shown in the Table 9.3.

Fig. 10.8., shows that the outlet temperature of the fuel cell effluent gases variation

in the range of hydrogen utilization from [0.5 to 0.9] and oxygen utilization from [0.2

to 0.9]. The fuel cell effluent gas temperature increases when hydrogen utilization
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Figure 10.9: Heat exchanger outlet temperature change as a function of oxygen and hydrogen
utilization.

increases mainly because of the high electrochemical reaction rate, and lower leftover

hydrogen gas at the outlet of the fuel cell. At lower oxygen utilizations, the temperature

drops significantly because of the higher concentration of oxygen at the outlet and its

cooling effect. However, at higher utilizations of oxygen the, temperature of the fuel

cell effluent gases will not change significantly because of the low concentrations of

oxygen the negligible cooling effect.

Fig. 10.9 shows the temperature of the effluent gases of the heat exchanger in
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Figure 10.10: Combustor and heat exchanger exit temperature change as a function of hy-
drogen and oxygen utilization for case 1 and case 2 at hydrogen utilization of 0.6

variation with oxygen utilization and hydrogen utilization. At low hydrogen utilization,

the temperature of the heat exchanger (Heat exchanger, which provides heat to preheat

the oxygen) decreases with the oxygen utilization. At high hydrogen utilization, the

temperature of the effluent gases of the heat exchanger, has increasing and decreasing

trends.

Fig. 10.10 shows the variation of the temperature with oxygen utilization for two

different cases: Case 1: Heat of the steam methane reformer is provided by burning

the part of the dissociated methane from the hydrate sediment Case 2: Heat of the
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Figure 10.11: Dissociation front location as a function of hydrogen and oxygen utilization.

steam methane reformer is provided by the fuel cell effluent gases.

Fig. 10.12 shows the temperature rise development in the hydrate sediment for

two specific fuel cell operational parameter (H2 utilization=0.62, O2 utilization= 0.4)

and (H2 utilization=0.62, O2 utilization= 0.4) . The temperature profile depends on

several parameters of hydrate layer including, permeability, temperature of dissocia-

tion, pressure of dissociation, thermal conductivity of both zones, etc. These values

are shown in the Table 9.1..

Fig. 10.13 shows that the dissociation front location does not change significantly
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Figure 10.12: Temperature development in the hydrate layer varying with distance from
the fuel cell system for H2 utilization=0.62, O2 utilization= 0.5 and H2 utilization=0.9, O2

utilization= 0.5
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Figure 10.13: Dissociation front location in the hydrate layer varying with time at different
hydrogen utilization (Oxygen utilization=0.2)
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with hydrogen utilization at the beginning of the initiation of the dissociation process.

We can see the significant dissociation location difference after 100 days. This is mainly

because of the fact that the heat exchanger outlet temperature decreases continuously

with risingH2 utilization at low oxygen utilizations, but it has increasing and decreasing

trend at higher oxygen utilization.

Fig. 10.15 shows the dissociation front location varying with time, and different

porosities of hydrate layer. Increased porosity will increase the chance of higher hydrate

saturation. So the dissociation front moves slower than in the layer with less porosity

because there is more needed heat of dissociation to decompose the layer.

Fig. 10.16 and Fig 10.17, demonstrate the Non - dimensioned dissociation front

location in the hydrate layer varying with temperature of dissociation at different

operating conditions of the hydrogen and oxygen (utilization). The value of Ξ decreases

as the temperature of dissociation increases. Because of the higher temperature of

dissociation, there is less temperature difference between the thermal stimulator source

and the cold dissociation front, So, the heat flux is less effective and the hydrate

front moves slower than the case with lower temperature of dissociation. Also, at

oxygen utilization of 0.2, we have decreasing trend of heat exchanger temperature with

increasing hydrogen utilization. So, the dissociation front moves slower than the case

of less hydrogen utilization.

Fig. 10.18, shows that the dissociation front moves extremely fast in the beginning

of the dissociation process and then there is a reduction in the speed of the dissociation

front movement. Fig. 10.19 , shows the variation of Non - dimensioned dissociation
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Figure 10.14: Dissociation front location in the hydrate layer varying with time at different
oxygen utilization (Hydrogen uutilization =0.7)
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Figure 10.15: Dissociation front location in hydrate layer during time at different porosities
(Hydrogen utilization=0.6, Oxygen Utilization=0.5)
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Figure 10.16: Non-dimensionalized dissociation front location in the hydrate layer varying
with temperature of dissociation at different operating conditions of the hydrogen (Oxygen
utilization=0.5, Case 1).
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Figure 10.17: Non-dimensionalized dissociation front location in the hydrate layer varying
with temperature of dissociation at different operating conditions of the oxygen (Hydrogen
utilization=0.6, Case 2)
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Figure 10.18: Dissociation front location in the hydrate layer varying with temperature of
dissociation during the time (hydrogen utilization=0.6)
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Figure 10.19: Non - dimensionalized dissociation front location in the hydrate layer as a
function of thermal conductivity of zone 1(Hydrogen utilization=0.6, Oxygen Utilization=
0.5)

front location in the hydrate layer as a function of thermal conductivity. It should be

noted in all these cases the temperature of the hydrate layer is kept at Ti=273 K.

Fig. 10.19 and Fig. 10.20 show the non-dimensioned dissociation front location as

a function of the thermal conductivity of the both zones. In Fig. 10.19 the thermal

conductivity of the second zone is constant. In Fig. 10.20 the thermal conductivity

of the first zone is constant. Increasing k2 means that the resistance to heat flow is

decreased at the hydrate occupied zone (II); therefore, the heat diffusion process is
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Figure 10.20: Non - dimensionalized dissociation front location in the hydrate layer as a
function of thermal conductivity of zone 2 (Hydrogen utilization=0.6, Oxygen Utilization=
0.5)
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Figure 10.21: Non-dimensionalized dissociation front location in the hydrate layer as a func-
tion of thermal conductivity of porosity and hydrogen utilization (Oxygen Utilization= 0.5,
Case 1).

easier from the dissociation front so reduces the amount of heat flow that is available

for dissociation. As a result, we have lower dissociation rate.

This is different in the case of Fig. 10.18. By increasing the thermal conductivity

in the dissociated zone, the heat transfer is faster so the temperature rises faster and

reaches the dissociation front. As a result we have a higher dissociation rate.

Fig. 10.21and Fig. 10.22 show the Non - dimensioned dissociation front location

in the hydrate layer as a function of porosity and the fuel cell performance. It can
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Figure 10.22: Non-dimensionalized dissociation front location in the hydrate layer as a func-
tion of thermal conductivity of porosity and hydrogen utilization (Hydrogen Utilization= 0.5,
Case 1)

be seen that the hydrogen utilization change has less effect on the ξ parameter, than

oxygen utilization does. Increasing the oxygen utilization from 0.2 to 0.9 will reduce

the ξ parameter about 0.2. However, Increasing the hydrogen utilization from 0.5 to

0.9 will decrease the parameter by about 0.1.

Fig. 10.23, shows the heat flux to the hydrate layer during the time as a function

of hydrogen utilization. Since increasing hydrogen utilization will decrease the temper-

ature of the heat exchanger, it will also reduce the heat flux to the hydrate sediment.
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Figure 10.23: The heat flux to the hydrate layer during the time as a function of hydrogen
utilization (Oxygen Utilization= 0.5)
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Figure 10.24: The accumulated heat input to the hydrate layer during the time as a function
of hydrogen utilization (Oxygen Utilization= 0.5)

Also, it can be observed that the heat flux to the hydrate sediment decreases during

the time, and this is because of the fact that as the distance between the un-dissociated

hydrate formation and the thermal source will increase as the time passes. Figure 10.24

shows the accumulated total heat input into the hydrate layer.

Fig. 10.27 to 10.31 demonstrate the molar flow of the gases in the steam methane

reformer. Lower utilization of hydrogen requires more methane to be converted into
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Figure 10.25: The heat flux to the hydrate layer during the time as a function of oxygen
utilization (Oxygen Utilization= 0.5)
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Figure 10.26: The accumulated heat input to the hydrate layer during the time as a function
of oxygen utilization (hydrogen Utilization= 0.6)
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Figure 10.27: Carbon dioxide molar flow in SMR as a function of the hydrogen utilization
and oxygen utilization(Target Power=1000W)

hydrogen.

Fig. 10.32 shows the methane mass flow production over time for different power

generations of the fuel cell for two different cases: Case 1: Heat of the steam methane

reformer is provided by burning the part of the dissociated methane from the hydrate

sediment Case 2: Heat of the steam methane reformer is provided by the fuel cell

effluent gases In case 1, it is obvious the temperature of the fuel cell effluent gases are

higher than case 2, so the mass production of methane is higher in this case because
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Figure 10.28: Hydrogen molar flow in SMR as a function of the hydrogen utilization and
oxygen utilization (Target Power=1000W)
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Figure 10.29: H2O molar flow in SMR as a function of the hydrogen utilization and oxygen
utilization (Target Power=1000W)
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Figure 10.30: Carbon monoxide molar flow in SMR as a function of the hydrogen utilization
and oxygen utilization (Target Power=1000W)
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Figure 10.31: Methane molar flow in SMR as a function of the hydrogen utilization and
oxygen utilization (Target Power=1000W)
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Figure 10.32: Methane gas mass flow production over time (O2 utilization=0.5, H2 utiliza-
tion=0.7).

of higher rate of dissociation.

Fig. 10.33 shows that, the net mass production for case 1 is also higher despite

the fact that some of the produced methane are burned to provide the heat for the

reformer. This shows that burning methane would be a better choice regarding the net

mass production of methane.

Figure 10.34 shows the accumulated mass production of the methane during time.

The mass production rate decreases because of the velocity of the dissociation front
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Figure 10.33: Net methane Mass flow production over time (O2 utilzation=0.5, H2 utiliza-
tion=0.7)
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Figure 10.34: Accumulated gas production during time (O2 utilzation=0.5, H2 utiliza-
tion=0.7)

decreases over the long period of time.

Fig. 10.39 shows the maximum amount of power that can be produced by using

the depressurization method for different values of hydrogen utilization. If the fuel cell

has high hydrogen utilization it generates less power, however, it also consumes less

methane to be converted to hydrogen. Fig. 10.39 shows that the net efficiency of fuel

cell with higher fuel utilization is bigger than the fuel cell with low utilization, since it

consumes less methane in the reformer.

130



Figure 10.35: Total methane production for different operations of fuel cell (H2 utilizations),
Oxygen utilization=0.5, Produced power=1000W.
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Figure 10.36: Accumulated methane produced over a period of time for different operations
of fuel cell (O2 utilization =0.5), Produced power=1000W

132



Figure 10.37: Accumulated production of methane after 120 days versus the produced power
of fuel cell for different operating conditions of the fuel cell (Constant O2 utilization= 0.5).
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Figure 10.38: Accumulated production of methane after 120 days versus the produced power
of fuel cell for different operations of fuel cell (Constant H2 utilization= 0.8)
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Figure 10.39: Maximum power generation by SOFC based on depressurized hydrate reservoir
at constant hydrogen utilization=0.6 and PW= 4 MPa
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10.1 Summary and Conclusions

In this study it is shown that the fuel cell can operate steadily for at least 120 days

at the deep ocean environment (e.g., high pressure) regarding the thermodynamics,

energy balance, and mass balance principles. The study calculates the accessible net

amount of methane production simulated at high pressure environment.

Two different scenarios are compared in this study regarding the heat provision of

the steam methane reformer. The first scenario is: providing the heat from burning

the part of the dissociated methane from hydrate sediment. The second scenario is to

provide the heat from effluent gases of the fuel cell. These two scenarios were compared

regarding the net amount of methane production and it is found that the case in which

heat is provided by burning some of the dissociated methane produces a larger amount

of natural gas. Also, the study evaluated different operational parameters of Solid

oxide fuel cell (e.g., reactants utilization), produce methane from hydrate layer.

The other aspect of the study is the maximum power that could be generated by

using depressurization. This study showed that despite the fact that low utilization fuel

cell produces more power than the fuel cell with higher utilizatio, its net efficiency is

less than high utilization SOFC, which is because of the fact that it needs less methane

in the reformer.
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10.2 Recommendations

The outcome of this research indicates that using high temperature fuel cell (e.g,

SOFC) is technically feasible to recover methane gas from methane hydrate sediments.

This study also evaluates the synergetic effects of high temperature fuel cell and steam

methane reformer at simulated high pressure environment of the deep ocean. Future

work could be done on investigation of other types of reformer (e.g Auto thermal re-

former (ATR), Parial oxidation (POX) and internal reforming). SOFC was choice

of study in this study because of better compatibility with other components of the

system regarding the balance of plant. However, It would be useful to evaluate the

technical operation of other types of fuel cell such as (Proton Exchange Memberane

(PEMFC), Alkaline (AFC)) or other high temperature fuel cells such as Molten Car-

bonate (MCFC).

Although, this study assumes that there is an abundant amount of oxygen in

downhole, there is no feasible and verified technology to provide this amount of oxygen

yet. Future research could be an investigation of different methods of oxygen delivery to

downhole. Furthermore, the study is using oxygen as an oxidant in SOFC components.

Future work could investigate the effects of using Nitrogen on the components of the

system. Although, this study proposes the utilization of electrolyzer as a method of

oxygen production, it is not thoroughly investigated. Electrolyzers have unique features

which makes them feasible to operate in the deep ocean environment.
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In addition, this study only verifies that fuel cell operation is feasible from the

theoretical point of view. To obtain a valid analysis, experimental studies should be

done on the high pressure fuel cells or other components of the system.
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