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Abstract 

Natural gas hydrate (NGH) can cause crucial flow assurance problems to the oil and 

gas industry. It is being considered as a potential vast energy resource for the world in 

the future. It could also potentially provide a long-term offshore storage possibility for 

carbon dioxide. Therefore, the risk of hydrate formation during processing and pipeline 

transport of natural gas and CO2, thermodynamics and kinetics of hydrate formation, 

and simultaneous CH4 production from in-situ hydrate and CO2 long-term offshore 

storage in form of CO2 hydrate are important research concerns. The main scientific 

method used in this project is classical thermodynamics based on thermodynamic 

properties calculated using methods in Quantum Mechanics and Classical Mechanics. 

Classical thermodynamics was used together with residual thermodynamics description 

for every phase; this includes the hydrate phase, to analyse different routes to hydrate 

formation between hydrate formers (or guest molecules) and water.  

NGHs are formed from water and natural gas at high pressures and low 

temperatures conditions under the constraints of mass and heat transport. The problem 

is that natural gas is usually produced together with water and operations are usually at 

elevated pressures and low temperatures. Current industrial approach for evaluating 

the risk of hydrate formation is based on liquid water condensing out of the bulk gas at 

dewpoint and at a specific pressure-temperature (P-T) condition. In this method, the 

maximum allowable water content will be kept below the projected dew-point mole-

fractions during transport, considering the operational P-T conditions. However, a 

previous study in our research group suggested that solid surface, particularly rust 

(Hematite) is another precursor to hydrate formation; rust provides another route for 

liquid water to drop out through the mechanism of adsorption. And pipelines are 

generally rusty before they are mounted in place for operations. 

The two approaches have been applied to study the risk of water dropping out from 

natural gas from different real gas fields. The approach of adsorption of water onto 

Hematite (rusty surfaces) completely dominates. The dew-point method over-estimates 

the safe limit (maximum mole-fraction) of water that should be permitted to flow with 

bulk gas about 18 – 20 times greater than when the effect of hematite is considered, 
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depending on the specific gas composition. That suggests that hydrate may still form 

when we base our hydrate risk analysis on dew-point technique. The presence of higher 

hydrocarbon (C2+) hydrate formers causes a decrease in allowable water content with 

increasing concentration of ethane, propane and isobutane for the temperature range 

of 273 – 280 K. As their concentrations increase in the bulk gas, these C2+ act to draw 

down the water tolerance of the gas mixture to a point where they completely dominate 

or dictate the trends.  

For the inorganic components, CO2 has little or no significant impact on the 

allowable upper-limit of water when its concentration increases. While the presence of 

H2S causes a consideration reduction in water tolerance of the system as its 

concentration in the mixture increases. The presence of 1 mol% of H2S in the bulk gas 

may cause about 1 % reduction in water tolerance. The reduction in maximum content 

of water could be up to about 2 – 3 % and up to about 4 – 5 % if the concentration 

increases to 5 mol% and 10 mol% respectively. 

It is not appropriate to interpret hydrate stability entirely based on equilibrium P–T 

curves as often done in literature. The hydrate stability curve of CO2 hydrate has lower 

pressures (thus more stable) compared to that of CH4 hydrate but only to a certain 

temperature. That is the quadruple-point were phase-split occurs causing the pressures 

of CO2 hydrate going above that of CH4 hydrate due to the increase in density caused by 

the CO2 liquid phase. A free energy analysis revealed that CO2 hydrate has lower free 

energy across the entire temperature range, thus more stable at all the temperatures. 

Therefore, hydrate stability should rather be based on free energy analysis since in real 

situations hydrate cannot reach equilibrium. Consequently, the most stable hydrate is 

the hydrate with the minimum free energy. The hydrate with the least or most negative 

free energy will first form under constraints of mass and heat transport, then followed 

by the subsequent most stable hydrate. Among the hydrocarbon guest molecules 

studied, the most stable hydrate is hydrate of isobutane, followed by that of propane, 

and then by ethane. 

Induction times are sometimes mistaken as hydrate nucleation times, which is why 

some works report nucleation times of hours. Hydrate formation is a nano-scale process, 
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and the hydrate nucleation times computed for both heterogeneous and homogeneous 

hydrate formation in this project are in nano-seconds. The long times experienced 

before hydrates are detected are caused by mass transport limitations due to the initial 

thin hydrate film formed at the interface between water and the hydrate former 

interface. Another misunderstanding about hydrate nucleation is that only one uniform-

phase hydrate is formed from either a single guest or a multicomponent mixtures of 

hydrate formers. Based on the combined first and second laws of thermodynamics, 

nucleation will commence with the most stable hydrates, under the constraints of heat 

and mass transport. Nucleation can happen via different routes: hydrate formation will 

originate at the interface between the guest molecule phase and water. A range of 

hydrates with different compositions of the original hydrate former(s), different 

densities and different free energies will form from aqueous solution (dissolve hydrate 

formers). Theoretically, hydrate can also nucleate from water dissolved in the guest 

molecules phase. Such hydrate cannot be stable because of the little mass of water that 

will dissolved in the guest molecule phase as well as limitation of heat transport, 

especially in the case of hydrocarbon guests like methane which is a poor heat 

conductor.  

The thermodynamics of simultaneous natural gas production from in-situ CH4 

hydrate and CO2 long-term offshore storage was studied. Two processes where studied: 

mixing of nitrogen with the CO2 and injecting the mixture into the hydrate reservoir and 

the implication of the enthalpies of hydrate phase transitions. The study indicated that 

the proportion of CO2 needed in the CO2/N2 mixture is only about 5 – 12 % without H2S 

in the gas stream. While it is about 4 – 5 % and 2 – 3 % with the presence of 0.5 % and 1 

% of H2S respectively. Virtually, direct solid-state CO2–CH4 swap will be extremely 

kinetically restricted, and it is not significant.  

Enthalpy changes of hydrate phase transition in literature obtained from 

experiment, Clausius-Clapeyron and Clapeyron models are limited and often lack some 

vital information needed for proper understanding and interpretation. Information on 

thermodynamic properties such as pressure, temperature (or both), hydrate 

composition, and hydration number are often missing. The equation of state utilised is 
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also not stated in certain literature. Several experimental data also lack any measured 

filling fractions, and frequently, they apply a constant value which suggests that the 

values may be merely guessed. In addition, older data based on Clapeyron equation lack 

appropriate volume corrections. The calculations of both Clausius-Clapeyron and 

Clapeyron equations are based on hydrate equilibrium data of pressure and 

temperature from experiments or calculated data. But hydrate formation is a non-

equilibrium process. Information about superheating above the hydrate equilibrium 

conditions to totally dissociate the gas hydrate to liquid water and gas is normally 

lacking. The values vary considerably in such a way that some of them decided to base 

their results on average values over a range of temperatures. For example, Gupta et al. 

(2008) conducted a study with experiment, Clausius-Clapeyron and Clapeyron equations 

but all the results varied substantially. We therefore propose a method based on 

residual thermodynamics which does not have the limitations of the current methods. 

We do not expect much agreement of our results with a lot of the literature, firstly, 

because of the limitations of the other methods, especially, the simplicity of both the 

Clapeyron and Clausius-Clapeyron equations. Secondly, the remarkable disagreement 

among current data reported in literature. 

The residual thermodynamics scheme used in this project is based on the unique 

and straight forward thermodynamic relationship between change in free energy and 

enthalpy change, with thermodynamic properties evaluated from residual 

thermodynamics. Such properties are change in free energy as the thermodynamic 

driving force in kinetic theories, equilibrium curves, and enthalpy changes of hydrate 

phase transition. With residual thermodynamics, real gas behaviour taking into account 

thermodynamic deviations from ideal gas behaviour can be evaluated. 

The results of enthalpy changes of carbon dioxide hydrate phase transitions using 

residual thermodynamics in this project are around 10 – 11 kJ/mol guest molecule 

greater than the ones of methane hydrate phase transition for 273 – 280 K range of 

temperatures. Calculations based on kJ/mol hydrate within the same temperature range 

gave 0.5 – 0.6 kJ/mol hydrate. Anderson’s results using Clapeyron equation are a little 

close to the results obtained in this work, precisely 10 kJ/mol and 7 kJ/mol guest 
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molecule at 274 K and at 278 K respectively. While Kang et al. (2001) in their experiment 

put this difference at 8.4 kJ/mol guest molecule at 273.65 K. 

However, in replacement of in-situ CH4 hydrate with CO2, it is not the temperature-

pressure curve that is most essential, but what is most important is the difference in 

free energies of both hydrates, CH4 hydrate and CO2 hydrate, and the enthalpies of CO2 

hydrate formation relative to the enthalpies of CH4 hydrate dissociation.  The free 

energy of CO2 hydrate is around 1.8 – 2.0 kJ/mol more negative or lower than the free 

energy of CH4 hydrate within a temperature range of 273.15 – 283.15 K (0 – 10 °C). That 

confirms that hydrate of CO2 is more stable thermodynamically than hydrate of CH4. 

It is pertinent to state that this proposition is still under investigation, and it is still 

under development. In addition, there are constraints that are also under study. Hydrate 

formation at the interface between CO2 gas and liquid water is very rapid, forming a 

hydrate film which will quickly block the pore spaces thereby limiting further CO2 supply. 

Studies also need to be done on finding the most efficient and effective way to reduce 

the thermodynamic driving force, either by using any thermodynamic inhibitor or other 

substances. 
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1 Introduction 

This thesis contains the report of the studies done in the Ph.D. project. The project 

is aimed at studying the risk of hydrate formation during pipeline transport of natural 

gas and CO2 with emphasis on the impact of solid surfaces; thermodynamics and kinetics 

of hydrate formation; and enthalpy changes of hydrate phase transition with focus on 

simultaneous production of in-situ methane hydrate and long-term CO2 offshore 

storage. The main part of this thesis is the attached articles (papers). The motivation for 

the project which forms the background of all the studies, objectives and scope of the 

project are written in chapter one. Chapter two contains information about natural gas 

hydrate: history of hydrate, hydrate structures, and applications of gas hydrate. Kinetics 

of hydrate formation and related theories are discussed in chapter three. Important 

thermodynamic concepts of gas hydrate are briefly discussed in chapter four. Chapter 

five has brief explanation of the scientific method, how the projected was executed and 

results disseminated in publications. The summary of every paper that make up this 

thesis is presented in chapter six. Chapter seven contains general discussion, conclusion 

and suggested further works.  

1.1 Motivation 

Natural gas hydrate (NGH) is a problem, a crucial one [1, 2] to the energy industry, 

a potential vast source of low-carbon energy for the world in the future [3-8], and it 

could also potentially provide a long-term storage possibility for carbon dioxide [9-11]. 

Several studies and pilot tests have been performed, and much research efforts are still 

being invested in this subject. Nevertheless, there is still a poor understanding of the 

thermodynamics and even the kinetics of these complex natural systems [9, 12-14]. 

The entire world depends on energy to function. Even with the concerted efforts 

made so far in development and utilization of renewable energy sources like hydro, 

solar, geothermal, wind and biomass/biofuel, it will take decades for them to be able to 

entirely substitute the fossil fuels. Fossil fuels include coal, oil, and natural gas. Natural 

gas is a very low carbon source of energy; thus, it would continue to be accepted as an 
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environmentally friendly energy resource and a good source for producing hydrogen 

[15]. Among the fossil fuels, natural gas consumption [16] will increase the most from 

2010 to 2040. Natural gas accounted for about 22 per cent [17] of the world energy 

consumption in 1990, and it is projected to be around 26 per cent by 2030.  

However, natural gas operations, that is production, processing and transport 

involve thermodynamic conditions that are necessary for hydrate to form. These 

operations are usually carried out at high pressures and low temperatures [18-20]. 

Water is also usually produced together with natural gas [1, 21]. The major components 

in natural gas form hydrate with (free) water when the aforementioned thermodynamic 

conditions exist with favourable mass and heat transport. Natural gas is predominantly 

methane (CH4) but often consists of other higher hydrocarbons like ethane (C2H6), 

propane (C3H8), iso-butane (i-C4H10), normal-butane (n-C4H10), and sometimes, 

inorganics like carbon dioxide (CO2), hydrogen sulphide (H2S) and nitrogen (N2) are also 

present. 

Natural gas is typically produced in places (like offshore, swamps, and hinterland 

forest) that are far from its end-users or markets. Therefore, it must be transported from 

production sites to its processing facilities and finally to its market. Thus, transport is a 

vital aspect of natural gas operations.  

Transport of natural gas from production sites (reservoir) offshore [18, 22, 23] and 

onshore to processing facilities and to supply delivery terminals is mostly done using 

pipelines. An overall pipeline network length of about two million kilometres [24] were 

already in operation in the world in 2010 to transport natural gas, crude petroleum, and 

other petroleum products. As at 2009, about 8000 kilometres[25] long pipeline 

networks (see Figure 1.1) were in use for transporting about 96 billion standard cubic 

metres [19, 26] of natural gas in the North Sea. These pipelines are mostly laid on the 

seafloor thereby exposing them to low temperatures of about 272 −279 K (-1 to +6 ˚C). 

An example of such pipelines is the Europipe II (EP II) [22, 23] in the North Sea (Figure 

1.1). The temperature of the gas at the receiving terminal is expected to be as low as -

5°C [22]. The gas is sent at 190 bar from Norway and it is received at 90 bar in Germany. 

These operations pressure-temperature conditions are favourable for hydrate to form 
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if water drops out from the gas. The Europipe II is an export gas pipeline having a length 

of approximately 660 km [22, 23], with 627 km of the pipeline offshore and it passes 

through the Norwegian-Danish-German parts of the North Sea. This pipeline transports 

65.9 Mega Standard Cubic Metres of gas per day [22, 23] from Kårstø gas processing 

plant in Norway to the Europipe II Receiving Facilities (ERF) reception centre at Dornum 

in Germany. Another example is the 58 km subsea wet gas pipeline [18] that transports 

natural gas from Platform QK18-1 in southwest of Bohai Bay to the gas processing plant 

onshore in Northeast China at elevated pressures and low temperatures. This pipeline 

is occasionally plugged by hydrate.  

In addition, the strong international attention on CO2 emissions reduction to 

mitigate global warming involves situations in which water can condense out of the CO2 

streams in pipelines and eventually leads to hydrate formation from the dropped-out 

water and the CO2. Transport of carbon dioxide in pipelines to offshore storage sites 

classically involves elevated pressures and low temperatures beneficial for hydrate to 

form.  

Norway is a pioneer country in carbon capture, transport, and storage. The country 

recently celebrated 20 years of storing a million ton of CO2 separated from the Sleipner 

gas field per year in the Utsira formation since 1996. From 1996 till now, the amount of 

CO2 that have been injected and stored in Utsira Formation is well over 16 million tonnes 

[27]. In the Snøhvit project, a slightly smaller amount, 700000 tons CO2 per year, is 

stored in deep aquifer formations. The CO2 stream contains water which can also drop 

out and can eventually form hydrate at high pressures and low temperatures, which are 

the usual operations conditions. An example of a CO2 transport pipeline is the planned 

huge pipeline for transport of separated CO2 from the continent, mainly Germany 

(Europipe I) [28, 29] to use for enhanced oil recovery (see Figure 1.1). Though it is 

currently put on hold due to changes in German CO2 handling policy, the project has 

sponsored a hydrate study project at the University of Bergen.  
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Figure 1.1: Network of pipelines in the Norwegian Continental Shelf, showing Europipe I, 
Europipe II and others [30]

Hydrate formation during pipeline transport of natural gas or CO2 is a critical 

problem. Hydrate can eventually plug pipelines (see Figure 1.2), destroy pipelines and 

equipment [1, 31, 32], and lives can also be lost [32, 33]. When this happens, operations 

will stop or be suspended, and by implication, there will be economic losses due to non-

operation. Additional cost will be incurred to safely dissociate the hydrate for operations 

to commence again. The petroleum industry spends about a billion dollars (USD) [31]

every year to prevent hydrate formation in wells, gas processing equipment and 

transport pipelines. According to Jassim & Abdi (2008) [34], offshore operations cost 
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additionally approximately 1.6 million dollars (USD) per kilometre on the insulation of 

subsea pipelines to prevent hydrates. Sloan [35] puts this insulation cost per kilometre 

of pipeline at 1 million dollars (USD). 

 

 

 
 
Figure 1.2: Pipeline plugged by hydrate [36] 

 
The classical method currently used by the industry for evaluating the risk of 

hydrate nucleation and growth is based on estimating water dew-point [2] for the 

specific gas. If the pipeline or processing equipment’s condition of pressure-

temperature is more than or above water dewpoint such that water drops out, then the 

amount of water that will condense out is evaluated. Evaluation of hydrate formation 

will follow. This includes evaluation of the maximum amount of hydrate that would form 

from the dropped-out water. The dew-point method is used to evaluates the upper-limit 

of water (in vapour form), that is the maximum mole-fraction of water that can be 

allowed to flow with the bulk gas without the risk of water condensing out as liquid 

droplets and eventually leading to hydrate formation.  

The problem with the current approach is that before pipelines are mounted in 

place for gas transport operations, they are already rusty (see Figure 1.3). These rusty 

surfaces have hydrate formation implications: they provide water adsorption sites which 

can cause hydrate to form in the pipeline or equipment. These surfaces can make free 

liquid water available through the mechanism of adsorption. The current approach used 
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by the industry does not consider the impact of hematite (rusty surfaces). The 

implication of this other means of water dropping out from the bulk gas stream needs 

to be investigated as it would have an impact on the maximum mole-fraction of water 

that can be permitted to follow the bulk gas during pipeline transport, thus, it could also 

have an impact on gas dehydration systems design. Hence, it is beneficial to enhance 

the understanding of the risk of hydrate formation during pipeline transport and 

processing. For comprehensiveness, impacts of the important components in natural 

gas on safe transport of the bulk gas also need to be investigated. 

 

 

 

 

 

 

 

 

Figure 1.3: Pipelines already covered with rust [37]  

 

Natural gas hydrate could also be a potential solution to the challenge of the world’s 

ever-increasing energy demand [38] as the world’s population continues to grow. 

Natural gas (methane) hydrates are vastly distributed worldwide in the permafrost and 

in the sediments of continental margins of oceans [9, 39]. The abundant amount of 

methane gas trapped in the naturally occurring hydrates promises to serve the world 

for many centuries when produced or extracted [39-41]. Figure 1.3 shows where in the 

world NGHs have been recovered and inferred to exist. NGHs in the world have been 

conservatively estimated to hold organic carbon in the amount of over two times the 

over-all quantities of carbon in the fossil fuels on the earth [38, 39, 42-47]. Therefore, 

the reason for the great international attention and research.  
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For example, Japan imports the highest amount [48] of liquefied natural gas (LNG) in the 

world and the second largest net importer [48, 49] of other fossil fuels in the world, due 

to no significant resources of gas, is actively exploiting other energy resources like wind, 

solar and naturally occurring gas hydrates available to her [50]. Results of Bottom 

Simulating Reflectors (BSR) showed that Japan has a vast amount of gas hydrate 

reserves, mostly distributed in the Southwestern Islands trench, Boso Penisula East, 

Nankai Trough, the Kuril Trench, Tatar Trough, Japan sea east edge, and Okhotsk region 

[20]. The hydrate spreads across around 44 thousand square kilometres with an 

estimated over-all reserve of 40-63 times the gas consumption of Japan [50, 51]. The 

first phase of production of natural gas from methane hydrate applying depressurization 

technique has been carried out by the Japan, Oil. Gas, and Metal National Corporation 

(JOGMEC) off the coast off Shima peninsula and Atsumi peninsula. They produced 120 

thousand cubic metres of methane  gas from the hydrate [20].  

Taiwan also, due to having limited energy resources, about 98 % [52] of their energy 

requirements are imported (Taiwan consumes around 10 billion cubic metres of natural 

gas yearly). However, it has gas hydrate reserves of about 2.7 trillion cubic metres in the 

coast of Tainan-Pingtung, which implies Taiwan can be self-sufficient if the methane in 

these hydrates are mined [53] and their energy need can be met for 270 years.  

It is important to mention China, the highest importer [54] of fossil fuel in the world. 

The good news is that China has about 108 trillion cubic metres of natural gas resources 

trapped in hydrate both in land and offshore. It can take China about 750 years [20] to 

consume these natural gas resources in those hydrate deposits. Therefore, their 

immense investment in gas hydrate research to help them exploit their huge hydrate 

reserves.  

India, the second most populated country in the world, will experience a growth in 

primary energy demand from 2017 to 2040 of over 25 % [55] of the net primary energy 

demand of the entire world, and they import huge amount of natural gas. However, 

India has the second largest [56] natural gas hydrate deposit in the world. The Kerala, 

Cauvery and Krishna-Godavari (KG) basins only are estimated to have about 2.83 – 3.68 
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trillion cubic metres [57] of natural gas hydrate reserves. Thus, India is committing much 

research efforts towards mining the hydrate reserves.  

 

 
 

Figure 1.4: Map showing locations where gas hydrate has been recovered, where gas hydrate is 
inferred to be present on the basis of seismic data, and where gas hydrate drilling expeditions 
have been completed in permafrost or deep marine environments, also leading to recovery of 
gas hydrate [58]. 

 

Several methods have been proposed for production of  methane from the naturally 

occurring gas hydrates: depressurization or pressure reduction [3, 38, 59], thermal 

stimulation [60-62], chemical inhibitor injection (i.e., thermodynamic hydrate inhibitors 

and kinetic hydrate inhibitors) [63-67], and simultaneous CH4 production and CO2 

storage (CH4 replacement by CO2) [10, 68]. Effectiveness and economic implications 

must be considered before choosing any specific method or before combining methods. 

Li et al. (2016) [38] suggest a combination of all the methods. Reduction of the hydrate 

deposits pressure below the hydrate stability pressure will create a thermodynamic 

driving force of course, but the heat of dissociation is required to be supplied. Applying 

the fourth technique promises to potentially provide a solution for reducing CO2 

emission into the atmosphere: it could provide a possibility for long-term storage of CO2 
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(CO2 sink) in form of CO2 hydrate in the place of the in-situ methane hydrate. Whichever 

way, to produce the natural gas trapped in hydrates, heat is required to be supplied [69] 

for the dissociation of the methane hydrate to continue. Therefore, there is need to 

study the heat of hydrate phase transitions.  

To supply or add heat for dissociation of the trapped natural gas in the hydrate, 

information on heat of dissociation is obviously needed. It is vital to know the amount 

of heat required for dissociation of the hydrate, and the superheating involved. Some 

pilot tests have been performed which confirmed the importance of heat supply. 

Examples are the two tests [69] carried out in Japan (offshore) some years ago where 

they encountered the problem of freezing down (they also produce sand and water) in 

the first case just after 6 days. The second test was planned to last for 6 months 

continuous production of methane but was shut down just 24 days into the operation 

due to the same freezing down problem. Thermal stimulation method using steam or 

hot water is a solution, but it has been assessed [69] to be excessively costly if used as 

the only technique. Therefore, injection of carbon dioxide into the methane hydrate 

deposit (4th method) is a more attractive approach. Lee et al. [70] and Falenty et al. [71] 

have demonstrated a solid-state process of CO2-CH4 swap in hydrate for the ice region 

of water. When CO2 is injected into a reservoir of CH4 hydrate, a new CO2 hydrate will 

be formed.  

Based on these discussions, this project was undertaken through rigorous scientific 

research and collaborations. The results obtained have been published the in journals 

and some have been presented at international conferences (oral presentations, poster 

presentation and as proceedings) which form the main report documented in this thesis.   
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1.2 Objective 

Hydrate formation or dissociation is a very complex process where both 

thermodynamics and kinetics play a very major role. A clear investigation into how 

hydrate nucleation and growth occur in industrial systems and nature is vital to provide 

the right and important information that would help to prevent the problem of hydrate, 

and to provide valuable information for production of natural gas from the abundant in-

situ methane hydrate in the earth, and for effective and efficient simultaneous storing 

of CO2 in the place of the original CH4 as CO2 hydrate. And for dissociating hydrate plugs, 

a reliable and simple method for calculating enthalpies of dissociation is important. 

Prior to this projects several hydrate formation and dissociation modelling works 

have been carried at the University of Bergen using especially Phase-Field Theory (PFT) 

and Multicomponent Diffuse Interface Theory (MDIT). Therefore, this work is primarily 

aimed at application of our novel but already developed thermodynamic scheme, but 

(in this project) based on Classical Nucleation Theory (CNT). The application involves 

comprehensive validation of the scheme with experimental data from systems involving 

different single components and multicomponent gas streams; evaluation of upper limit 

of water in different gas systems; illustration of kinetics of hydrate formation and 

evaluation of enthalpies of hydrate formation and their implications.   

The specific objectives of the project are: 

� to evaluate the impact of solid surfaces on maximum limits of water that should 

be permitted in pipeline transport streams (hydrocarbon streams and carbon 

dioxide streams). This involves investigation of different gas systems and the 

impacts of different hydrate formers. 

� to enhance the understanding of the thermodynamics and kinetics of hydrate 

phase transitions in industrial systems and nature. 

� to evaluate the process of combined storage of CO2 and release of CH4 from in-

situ hydrates: the consequences of adding nitrogen to CO2 for combined storage 

of CO2 and release of CH4 from natural gas hydrates; and implication of 

enthalpies of hydrate formation. And to establish a reliable and simple scheme 

for evaluating enthalpies of hydrate dissociation. 
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1.3 Scope 

The Ph.D. project entails the following works in order to achieve the above objectives. 

� Investigation of the impact of solid surfaces (rusty surfaces) on the risk of hydrate 

formation during processing and pipeline transport of natural gas 

(multicomponent gas) and CO2 streams. 

� Non-uniform hydrate formation and free energy analysis for evaluation of 

hydrate distributions during transport of hydrate forming mixtures. 

� Risk of hydrate formation in hydrate forming systems which exhibit phase split 

during transport and hydrate forming conditions during processing. 

� Study of kinetics of hydrate nucleation using classical nucleation theory (CNT). 

� Implications of adding nitrogen to CO2 for combined CO2 storage as hydrate and 

release of in situ methane from hydrate. Free energy analysis and simplified 

kinetic modelling based on classical nucleation theory. 

� Implications of enthalpies of hydrate formation or dissociation on combined CO2 

storage as hydrate and release of in situ methane from hydrate. Free energy 

analysis and simplified kinetic modelling based on classical nucleation theory. 

� Establishment of a reliable and simple scheme for evaluating enthalpies of 

hydrate dissociation. 
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2 Hydrate 
 

Natural gas hydrates (NGH) are non-stoichiometric crystalline inclusion compounds 

that are formed at high pressure and low temperature. They are formed when 

hydrogen-bonded water molecules form three-dimensional solid cage-like structures 

with cavities that entrap suitably small sized molecules of certain gases and volatile 

liquids [26, 72] known as guest molecules. The hydrogen-bonded water molecules are 

known as “hosts” to the “guest molecules”. The guest molecules stabilize the hydrate. 

Examples of guest molecules are methane, ethane, propane, iso-butane, carbon dioxide 

and hydrogen sulphide. The empty clathrate (without any guest molecule) is not 

thermodynamically stable [72]. Thus, guest molecules having diameter lesser than that 

of the water cavities need to occupy the cavities at typically elevated pressures and low 

temperatures to obtain a thermodynamically stable hydrate. 

2.1 History of hydrate 
The discovery of hydrate is credited to Sir Humphrey Davy [73-75] in 1810 for his 

discovery of chlorine hydrate, that is hydrate formation from chlorine and water - the 

first gas hydrate. Several other scientists began to engage in experimental research on 

hydrate. It is noteworthy to mention some of them. Chlorine hydrate was confirmed by 

Faraday [76] in 1823. And in 1840 hydrate formed from H2S was made known by Woehler 

[77]. Hydrate formation from CO2 was studied by Wroblewski [78-80] in 1882. While 

Ditte’s work in 1882 [81], Maumene’s publication of 1883 [82], and Roozeboom’s study 

in 1884 [83]  re-examined Faraday’s [76] proposed water-chlorine ratio. The work of 

Cailetet and Bordet [84] published in 1882 is the first to record measurement of hydrate 

formation involving mixture of two hydrate formers [33]. However, it is after 78 years 

(that is in 1888) from Davy’s discovery of chlorine hydrate that hydrates formed from 

hydrocarbons were discovered by Villard [85]. Hydrates formed from methane, ethane, 

ethene, ethyne and nitrogen dioxide were first studied by him. Before entering the 20th 

century, 40 hydrate guest molecules had already been identified and hydrate science 

was seen as a developing field with particular focus on thermodynamic studies [86].  
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The problem of natural gas pipeline plugging by hydrate was made known in the 1930’s 

by  Hammerschmidt [1] in his work published in 1934. Thus, prevention of hydration 

formation and many other hydrate science areas began to attract extensive research 

efforts. The targets of the researches were on calculation of hydrate composition as well 

as  the effects of various hydrate inhibitors on the process of hydrate formation up to 

initial correlations used for evaluation of hydrate phase equilibrium [74]. Yet, before the 

1930s, information about structures of hydrate was still a puzzle. But the description of 

a hydrogen-bonded water lattice which have cavities that can entrap the guest 

molecules having van der Waals type of interactions between both the guest and host 

was already propounded. These concepts were authenticated between 1951 and 1952 

when modelling and X-ray crystallography  were used to discover the first two structures 

of hydrate structures, (structure I and structure) [87-91]. Hydrates became recognized 

as clathrates. This was founded on Powell’s nomenclature for inclusion compounds 

which have molecules of guests enclosed in cavities of the lattice of a host [92]. Then, 

van der Waals and Platteeuw [93] developed statistical mechanical model,  followed by 

Barrer and Stuart [94]. The model took into account the stability of hydrate lattices and 

a number of unique properties of hydrate; like non-stoichiometry, based on the 

information of structures of hydrate and other thermodynamic information available 

then. It became possible to evaluate macro-scale thermodynamic properties such as gas 

hydrate’s temperature and pressure, with the use of micro-scale properties such as 

intermolecular potentials. And after 1970, it became possible to estimate different 

hydrate properties using physical methods. That included ability to evaluate the 

distribution of guests over the cavities of hydrate and composition of hydrates [86]. 

Likewise, a new structure of hydrate with larger guest molecules became acknowledged 

as structure H [95]. 

A new period in the history of hydrate studies brought about the discovery of in-

situ natural gas hydrates (naturally existing gas hydrate). Makogon and his group drilled 

the  first well [96] (Markhinskaya well) in 1963. The well showed evidence of possible 

existence of in-situ methane hydrate in Siberia. Makogon then hypothesize [31, 97] the 

occurrence of abundant in-situ methane gas hydrate in cold layers. However, he was 
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greatly doubted by experts. They insisted that the idea must be validated 

experimentally. In 1965, Makogon was able to finally use experiment to authenticate his 

claim (hypothesis) [97] that gas hydrates could amass as  large natural deposits (in-situ 

hydrate) in porous rock. Subsequently, the Soviet Union discovered the first main gas 

hydrate naturally existing as deposit in permafrost [98]. The discovery Makogon was 

formally approved and documented in 1969 in the Soviet Union. Therefore, the 

discovery of in-situ gas hydrate is credited to Makogon. The first discovery of substantial 

deposit of gas hydrate in permafrost was in Masssayokha field in the Soviet Union. After 

Masssayokha, more proofs of in-situ gas hydrate reservoirs were found in some other 

parts of the world. Natural occurring gas hydrate discovered at Alaska in the United 

States [99] and at MacKenzie Delta in Canada [100]. Well log responses in the Artic 

Archipelago area have be shown by Weaver and Stewart [101] in 1982 and Franklin [102] 

in 1983. Both [103] and [104] did a summary of in-situ gas hydrate in 1982 and 1995 

respectively. The sum of 23 hydrate cores [33] have already been discovered as at 2008 

in the ocean; Gulf of Mexico and three Soviet Union water bodies.   

2.2 Hydrate structures 

Many different hydrate structures have been identified. But the most common 

types are structure I (sI) and structure II (sII) proposed by Clausen [87-89]. Structure H 

(sH) is acknowledged to be the third hydrate structure type [95], even though the sI and 

sII are more common. Yet, sH is more common compared to all other unusual hydrate 

structure types which are formed from other compounds other than natural gas hydrate 

formers (including Jeffrey’s structures III to VII [105]). Each of the three different 

structure type has different composition. The unit cell is the smallest symmetrical unit 

crystal that is repeated in all cubic dimensions into macro-size crystals [75]. A brief detail 

of the three major or recognized hydrate structures are presented below. 

Every unit cell of sI hydrate is made up of 46 water molecules; it consists of 2 small 

cages and 6 large cages. The two types of cavities are referred to as dodecahedron (small 

cages) and tetrakaidecahedron (large cages). The dodecahedron cavity has twelve-sided 

polyhedron with pentagonal faces is depicted as 512 as proposed by [105]. The “5” 
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signifies pentagonal face and “12” represents the number of faces. The 

tetrakaidecahedron cavity has fourteen-sided polyhedron having twelve pentagonal 

faces and two hexagonal faces and it is similarly described with 51262  [105]. The cubic 

unit cell also referred to as cell constant of structure I hydrate is around 12.01 Å at a 

temperature of 273.15 K. methane, ethane, hydrogen sulphide and carbon dioxide will 

typically form sI hydrate. These guest molecules are the main focus of [Paper 4 – Paper 

8, Paper 10, Paper 11]. 

Hydrate Structure II was first studied by piston cores in water depth of 530 to 560 

m on the Gulf slope offshore of Louisiana [106]. The hydrate was recognised as sII 

hydrate [106] based on the relative high amount of both propane and isobutane (as 

guest molecules) in it. This was confirmed using solid-state nuclear magnetic resonance 

(NMR) [107]. Structure II hydrates also comprise two types of cavities, the 

dodecahedron (small cage) and hexakaidecahedron (large cage), also depicted as 512 and 

51264 respectively. The unit cell consists of 136 molecules of water, having 16 small and 

8 large cavities with a cell constant of 17.36 Å at 273.15 K. Our studies involving sII guest 

molecules are presented in [Paper 1 – Paper 3 and Paper 6]. 

Structure H hydrates have been found in Gulf of Mexico [108]. Mehta and Sloan 

[109] proposed that structure H hydrate could exist in nature as the common occurrence 

of petroleum. Structure H hydrate consists of three sizes of cavity: three pentagonal 

dodecahedrals in the small cavity depicted as 512, the medium cavity with two irregular 

dodecahedron represented as 435663, and the large cavity with one icosahedron 

denoted by 51268.  The smallest cavity of structure H hydrate is like the small cavities in 

sI and sII, but the largest cavity is larger than the large cavity of both hydrate types sI 

and sII. When a smaller “help” molecule, for example methane is present, larger guest 

molecules such as benzene, cyclopentane and cyclohexane can occupy the sH largest 

cavity.  

Figure 2.1 illustrates a typical gas hydrate structure showing water molecules linked 

together to form cavities and showing a guest molecule entrapped in the cavity. The 

three main structures of hydrate are presented in Figure 2.2. The structural properties 

of the three hydrate structure types are summarized in  
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Table 2.1. In subsequent sections and chapters, we will only mention sI and sII 

hydrate since they are the hydrate structure type that we come across in industrial 

processes during processing and pipeline transport of hydrocarbons. Thus, sH hydrate 

will neither be mentioned or investigated.

Figure 2.1: Typical illustration of gas hydrate structure with water molecules linked together to 
form cages and trap gas molecules (like methane, propane and so on) [110]

Figure 2.2: Schematic illustration of structure of gas hydrate [111]

Guest (gas) molecules

Water molecule
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Table 2.1: Summary of hydrate crystal structures [112] 

Hydrate crystal structure I II H 

Cavity type Small Large Small Large Small Medium Large 

Description 512 51262 512 51264 512 435663 51268 

Number of cavities per unit 
cell 2 6 16 8 3 2 1 

Number of water molecule 
per unit cell 46 136 34 

Average cavity radius (Å) 3.95 33   3.91 4.73 3.91* 4.06* 5.71* 

Coordination number^ 20 24      20 28            20             20            36 

*Estimates of structure H cavities from geometric models 
^Number of oxygens at the periphery of each cavity 
 

2.3 Water cavities stabilization 

Figure 2.3 illustrates the relationship between hydrate formers molecules sizes and 

the type of hydrate structure that can be formed. Guest molecules within the range of 

4.4 – 6.0 Å in diameter commonly form structure I hydrate. These are molecules like 

methane, ethane, carbon dioxide, and hydrogen sulphide. Structure II hydrate would be 

formed from guest molecules of propane and isobutane having molecules diameter 

between 6.0 – 7.0 Å. While hydrate formation will not occur from molecules with 

diameter either below 4.2 or 7.0 Å.  Based on this illustration, we may conclude that the 

type of hydrate structure that will be formed mostly depends on the size of the guest 

molecule. That illustration implies the structure of hydrate that will form depends on 

the available space in the cavities relative to the hydrate former molecule’s diameter. 

However, the actual stabilization is dependent on the short-range interactions 

referred to as van der Waal type of interactions. And in certain situations, such as the 

case of H2S (it is a slightly polar molecule), it is coulombic interactions [26] between 

partial charges on the hydrogen and oxygen atoms in the water molecule in the cavities 

and the hydrate former’s molecule without chemical bonding. The explanation is that 

the water cavities (inside) have average inward negative charges (i.e., from the oxygen 
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atom) oppositely facing average positive field on the H2S molecule’s hydrogen atom 

(ion). Therefore, H2S is a better and strong hydrate former because of the effect of its 

polarity [113]. H2S is a better hydrate former than expected due to the impact of its 

polarity [113]. More details on H2S and CO2 have been presented in [26, 113, 114] and 

[Paper 5]. Table 2.2 tabulates cavities stabilization factors as summarized in [26]. 

 

Table 2.2: Factors of water cavities (empty-hydrate) stabilization 

What stabilizes 
cavities Reasons 

Size and shape 
Water lattice cannot collapse because the size and shape prevent it 

from collapsing. 

Water-guest 

attraction 
Helps in holding the water molecule together. 

Coulombic 

interactions 

Average extra attraction by reason of some coulombic interactions: in 

certain situation, like H2S, it gives extra stabilizations in addition to 

hydrogen bonds as empty hydrate. 
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Figure 2.3: Illustration of the relationship between hydrate forming guest molecules size and 
the hydrate structure type that would be formed [115]. 

2.4 Applications of gas hydrates 

In Section 1.1, that is motivation, gas hydrate is discussed as a problem and as a 

potential solution to some of man’s needs. This section then focuses on some other 

applications of hydrate in a beneficial way which are discussed in the following 

subsections. Information in this section was mainly taken from [116]. 

2.4.1 Storage and transport of natural gas 

Storage and transport of natural gas in form of gas hydrates has been demonstrated 

and considered a good means of natural gas transportation, partly because of gas 

hydrates being able to have a high concentration of gas [117]. Three steps are involved 

in this process: producing the hydrate from methane and water, transporting the 

hydrate to where the gas is needed, and lastly hydrate dissociation to methane and 

water to recover the natural gas (methane) [118]. To produce the natural gas hydrate, 

the gas and water are mixed at thermodynamic conditions appropriate for hydrate to 

form. According to [118], a pressure range of 80 – 100 bar, and temperature range of 2–

100 °C are typical. In our publications, [Paper 1 – Paper 6], a temperature range of 0 –7 

°C was mostly used based on the expected temperatures of the North Sea. A pressure 

range of 50 – 250 bar was used because our work focused on pipeline transport of the 

gas, and these are the usual operations pressures in such situations.  

Introduction of surfactant into the solution can speed up the rate of hydrate 

formation [119-121]. A novel approach for the natural gas hydrate production involves 

adding heat to a mixture of natural gas and melting ice which will result in formation of 

hydrate crystals [122]. To keep the hydrates stable during transportation, that is to avoid 

hydrate dissociation, they are cooled to and maintained at -15 °C at atmospheric 

pressure, and the carriers are usually insulated [123]. The natural gas is then finally 

recovered by dissociating (melting) the hydrate, thereby releasing the stored-up gas. 

The metastability of CH4 hydrate [122] makes the entire process of storage and 

transportation possible. Shirota et al. [124] stated that CH4 hydrate will likely show 
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metastable characteristic at temperatures between -80 and 75 °C and atmospheric 

pressure. As long as the pressures are lower and temperature higher than those for 

liquefaction and compression processes respectively, transport of natural gas by means 

of hydrates appears to be as feasible as these classical processes. Utilization of 

surfactant promoters and sH hydrate [125] are now being looked at as a way to increase 

the gas storage capacity [120, 121, 126]. 

2.4.2 Marine CO2 sequestration  

Carbon dioxide is responsible for around sixty-four per cent (64 %) of the 

greenhouse gas effect [127], and anthropogenic activities are responsible for over 6 

gigatonnes per year (Gt/yr) [128]. Greenhouse gas effect is irrefutably the cause of 

global warming [129], thus, there is a key environmental challenge to reduce the 

amount of CO2 emission into the atmosphere. Much proportion of CO2 from several 

sources can be captured by several techniques for example chemical absorption in 

amines [128, 130, 131], and then sequestered in geological media and oceans [116, 132, 

133]. The sequestration can be accomplished by discharging the CO2 in water utilizing a 

procedure adapted to the injection depth [116, 134, 135]. For depth of around 400 

metres, CO2 gas is injected into the water, then it will dissolve in the water [136]. For 

depths of 1000 – 2000 metres in the ocean, liquid CO2 will diffuse and dissolve as well 

[137]. Also, hydrates of CO2 can form in depths of 500 – 900 metres in seawater rich in 

CO2 [135]. Due to the density of the CO2 hydrates [138] being higher than that of 

seawater, they will sink towards the bottom of the deep sea where long term stability 

can be realised [139, 140]. However, marine sequestration of CO2 is currently is still 

being experimented [116], which means there is need for more research on CO2 

solubility [135, 141-143], kinetics of CO2 hydrate formation [138, 139, 144, 145] and the 

stability of CO2 hydrate [140, 145, 146]. In [Paper 7], kinetics of CO2 homogeneous and 

heterogeneous hydrate formation was studied. 
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2.4.3 Cool storage application 

After the ratification of the Montreal Protocol in 1987 and the signing of the Kyoto 

Protocol ten years later in 1997, it is now vital for increased research efforts focused on 

refrigeration systems having less negative effect on the environment. Secondary 

refrigeration is considered as an auspicious option to tackle the challenge by the control 

of a lessened load of primary refrigerant (HFCs) in engine room [116]. The capacity of 

refrigeration transferred to the secondary refrigerant is thus conveyed towards where 

it is used [147-150]. Applying a phase change material in the secondary refrigerant [151-

153] can partly improve the system’s exergy [116]. Certainly, the phase change material 

mostly adds to the heat transport due to the latent heat associated with melting. The 

secondary refrigerants formed which are in two phase could either be slurries of ice 

[151, 154-156] or slurries of hydrate [147, 152, 157], where the carrier fluid is an 

aqueous solution and the phase change material is ice or crystals of hydrate. The first 

indication of gas hydrates in refrigeration processes was associated with refrigerant 

(CFC) hydrate formation, which sadly transpired in expansion valves [158]. Nevertheless, 

gas hydrates were well reconsidered at a later date, particularly for cold storage, having 

established in different literature that they have high heat of melting [152, 154, 159-

162]. Also, because the temperature of the phase transition is more than the freezing 

point of water [152, 159, 161, 163, 164], utilizing the hydrate energy is obviously 

important in air conditioning processes.  

In addition, slurries of hydrates are able to flow effortlessly through secondary 

refrigerant loop [147, 152, 157, 159, 165]. Currently, advanced research is being carried 

out with focused on slurries of hydrates from hydrate formers, for example hydrates 

formed from TBAB which are better environmentally compared to CFC refrigerant [152]. 

Efforts are also being invested in applications of hydrate formed from CO2 at pressures 

that are moderate [153]. Sloan [166] stated that the enthalpy of hydrate dissociation 

may be associated with just the structure of its host (and not the kind of hydrate 

former’s molecule), which comprises molecules of water bonded together by hydrogen 

bonds. But this cannot be so based on our works published in [Paper 8; Paper 10; Paper 

11] and other literature that use even Clapeyron and Clausius-Clapeyron equations. The 
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heat of hydrate dissociation of CO2 is about 9-10 kJ/mol of guest molecule higher than 

that of CH4 according to [Paper 8; Paper 11] which are based on residual 

thermodynamics. Kang et al. [167] put this difference at 8.4 kJ/ mol of guest molecule 

and Anderson [9, 168] at 5.1 – 9.6 kJ/ mol of guest molecule.  

 

Kang and Lee [146] have written that there is a possibility of shifting hydrate formed 

from carbon dioxide and nitrogen from sI to sII if THF is added to the aqueous solution. 

A Cemagref group is presently studying this property for a further utilization of carbon 

dioxide hydrate slurry energy [169].  

2.4.4  Separation processes 

Gas hydrates also find valuable usefulness in desalination or gas-liquid 

fractionation. The practicability of seawater desalination using gas hydrates has been 

proven in the 1960s and in the beginning of the 1970s. However, the process was not 

found to be economically reasonable, thus, there was no advancement to industrial 

level [43]. The process involves production of hydrate by means of injecting refrigerant 

into seawater. When the crystals of gas hydrate have been separated from the residual 

concentrated solution of brine, the hydrate can then be heated to obtain pure water. 

Some literature [159] have indicated that the hydrate desalination process could be hard 

to carry out due to the slurry texture of the gas hydrates.  

A number of researchers are investigating the potential of gas hydrates in a gas 

separation process towards capture of CO2 from flue gas produced from large power 

plants [170]. The United States Department of Energy (DOE) is working on a CO2 

separation process that uses high pressure [171]. This process pays particular attention 

to the low temperature SIMTECHE process [116], and it involves mixing of a stream of a 

shifted synthesis gas (that is carbon dioxide, hydrogen and other gases) and nucleated 

water (which has been pre-cooled) inside a reactor of carbon dioxide hydrate slurry. 

Then, the resulting mixture which comprises slurry of carbon dioxide hydrate, hydrogen 

and other gases enters a hydrate slurry gas separator which splits the stream into two: 

a stream of slurry of carbon dioxide hydrate and a product gas that is rich in hydrogen. 
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One more process referred to as hydrate based gas separation has been studied with 

tetrahydrofuran (THF) as a promoter of hydrate formation [116, 146]. THF is helps to 

lower the hydrate equilibrium pressure and by implication it acts to increase the stability 

zone of the gas hydrate. The authors stated that the hydrate-based gas separation 

process helps to ensure a separation of over ninety-nine mole per cent (99 mol%) of 

carbon dioxide from a flue gas stream. There are many benefits of this process, for 

example, continuous operations can be done at moderate temperature range of 0 – 100 

°C, thus, a possibility of processing higher flows of gas stream. 
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3 Kinetics of hydrate formation 
Hydrate nuclei will not attain thermodynamic stability until they grow up to a 

certain minimum size known as critical core radius or critical nuclei radius or size. This is 

usually a random process in respect of movement of molecules and diffusion of heat. 

Hydrate phase transition is chiefly governed by Gibbs free energy under the constraint 

of heat and mass transport. The Gibbs free energy change of hydrate phase transition 

depends on two contrary contributions that competes for dominance. One of the 

contributions is the “benefit” of a new phase (hydrate) being formed due to phase 

transition to hydrate being favourable (having the least free energy). This is expressed 

as ∆������ 	
����	��  in equation (3.1). It is free energy per unit volume. The second 

contribution is the “push work penalty” which is required to push away the old phase 

(the surroundings) to make space for the hydrate core (the new phase).  It is expressed 

as ∆����� �
�   in equation (3.1) and it is the interface free energy per unit area in 

Joules/m2. The net free energy for these two competing processes at a specific pressure 

and temperature is given as: 

 

∆��	�� =  ∆������ 	
����	�� +  ∆����� �
�                (3.1) 

 
Considering the simplest possible crystal geometry, a sphere, having radius R, we will 
have: 
 

∆��	�� =  4
3 ��3��

�∆��ℎ��� �����!�!"� +  4��2#         (3.2) 
 

where �$
% denotes the molar density of the hydrate and γ signifies the interface free 

energy between the hydrate and the surrounding phase. Partial differentiation of (3.1) 

with respect to R and calculating for the free energy maximum radius (the critical core 

radius) gives us the usual result: 

* 2
H Phasetransition
N

R
G

�
�

� �
�

           (3.3) 
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the superscript * signifies critical nuclei radius or critical core radius. This is the minimum 

size a hydrate core or nucleus must attain before a steady growth can commence.  

Classical nucleation theory (CNT) of crystallization or crystal formation can be used to 

describe the process of hydrate nucleation and growth. This theory was developed in 

the 1930s. The works of Volmer and Weber [172] and Becker and Döring [173] are 

acknowledged as the first works. The works of [174] and [175] are also notable in this 

field. Based on CNT, the kinetics of hydrate phase transitions comprises two physically 

well-defined stages: nucleation stage and stable growth stage. There is a stage that is 

normally referred to as a third stage of hydrate formation. It is known as the induction 

stage, or “onset of massive growth” and it is a result of many different effects [26]. Some 

literature misinterprets induction times as nucleation times. We have comprehensively 

discussed this in [Paper 7, Paper 8]. Nucleation is the first stage of hydrate formation 

when the thermodynamic benefits of hydrate phase transition competes with the 

penalty of the push work to make space for the new phase. The subsequent transition 

over to stable growth when the benefits are much more than the penalties occurs after 

attainment of critical size. Theories of hydrate formation are reviewed in the subsequent 

sections.  

3.1 Hydrate nucleation  

Nucleation is a nano-scale process which involves tens to hundreds of molecules 

gathering and spreading to reach the critical size [33]. Thus, it is difficult to observe. The 

critical core radius can be about one to five nanometres [26]. Therefore, it is likely that 

it cannot be measured [176]. The randomness is about the building blocks’ directions 

and momentum of movement. Transfer of energy also involves random elements 

though heat transfer will be chiefly be in the fastest directions. The system’s rate of local 

heat transport dictates the amount of heat that can be transferred from the system in 

hydrate formation process. This rate is not fast in areas where the concentrations of 

hydrate guest molecules are high. However, it is fast through water and hydrate [26, 

177].  
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Based on the on the theory of nucleation in crystallization in Mullen [178] and Kashchiev 

and Firoozabadi [179], two types of nucleation are known: homogenous and 

heterogeneous nucleation. Homogenous nucleation of hydrate core happens in a single 

(uniform) phase. This can only usually be observed or achieved in the laboratory. This is 

not to say it cannot occur, however the solubility of hydrocarbons in water is limited.  

CO2 is more soluble in water compare to hydrocarbons, but it does not adsorb well 

[26] on rusty surfaces (Hematite) directly.  Yet, it can concentrate in structured-

adsorbed water on rust/Hematite [26]. Its solubility in a water film outside the layer of 

water adsorbed on solid surface (Hematite) will also be higher. Hydrate nucleation from 

CO2 phase outside the water film can ensue homogeneously in the water film, and 

heterogeneously from CO2 adsorbed on the initial hydrate film from below. Thus, it is 

hard to happen in practice. Nevertheless, it is possible for hydrate nucleation to occur 

in a homogenous system with a guest molecule dissolved in water [180]. We have a 

discussion of this in [Paper 7, Paper 8]. An example of homogeneous hydrate nucleation 

is a situation where hydrate nucleates right in the aqueous phase from guest molecules 

dissolved in water.  

Heterogeneous hydrate nucleation can ensue in the presence of a foreign like a solid 

surface (e.g., internal walls of pipeline or container). In a situation where the solid 

surface has some effects on guest molecule and/or water, nucleation can 

heterogeneously occur at smaller supercoolings than that needed by homogeneous 

nucleation [33]. Kaolinite (a clay mineral), Hematite (a thermodynamic stable form of 

rust), and Calcite are characteristic examples of solid surfaces which are active in water 

adsorption. Guest molecules can be trapped in water absorbed onto solid surfaces. In 

some situations, they can be directly adsorbed on the mineral surfaces. An example is 

CO2 adsorption on Calcite. For materials made of plastic, hydrocarbon wetting will occur 

and can result in accumulation of guest molecules on the surface of plastic. This will aid 

hydrate induction as observed by Buanes  [181] experimentally. In porous media two 

types of heterogeneous hydrate may occur; nucleation towards surfaces of mineral will 

compete nucleation ensuing on the interface between the hydrate former phase and 

liquid water. This is what we referred to as hydrate I in [Paper 7 – Paper 8]. We do not 
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imply hydrate structure I (sI) but the first hydrate that will likely form. Stainless steel and 

other atomistic metals [26] having no charge distributions naturally will be neutral. In 

our studies we focused on the impacts of internal walls of pipeline which are normally 

rusty (covered with Hematite) as a route to hydrate formation as presented in [Paper 1- 

Paper 8]. In pipeline transport of bulk gas (hydrate former phase), it is Hematite (rusty 

pipeline surfaces) [182] [Paper 1-3, 5-7] that will promote water drop out from the gas 

stream because the chemical potential of the water adsorbed on Hematite is very low. 

This is the type of nucleation that we frequently come across in nature and industrial 

applications.  

3.1.1 Theories of hydrate nucleation 

Hydrate  nucleation is basically modelled in two different viewpoints as 

documented in literature [183]. What is different with these two perspectives is where 

nucleation originates from. That is if it is in the liquid water interface or towards the 

hydrate former side of the interface [183].  

Based on these two viewpoints, there are two foremost theories of nucleation of 

hydrates. The first is presented in [33] and the second is propounded by Kvamme [183] 

and Long [184]. In the first theory, hydrate nucleation starts with dissolved hydrate 

formers in liquid water. Water molecules form clusters around the hydrate guest 

molecule. The clusters will subsequently transform to unit cells, leading to either sI or 

sII hydrate being form, depending on the type of hydrate former molecule present. This 

will be followed by eventual amalgamation of the hydrate cores or clusters to reach the 

critical nuclei radius for stable growth of the hydrate to commence.  

However, according to the second theory, hydrate nucleation begins from the 

hydrate former side of the interface between the gas and water. This is due to the high 

number of the guest molecules that are needed (maximum of 15 %) inside the hydrate 

[177].  And it is rare to see a high concentration of gas dissolved in the liquid phase as 

this. Kvamme in his works [185-187] originally introduced the hypothesis of this second 

theory.  And recent studies using Nuclear Magnetic Resonance (NMR) spectroscopy 

[188, 189] are in agreement with Kvamme’s proposal. Kvamme’s [183] studies on 
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methane hydrate formation showed that nucleation commences from the gas side of 

the interface and might be most influential in the hydrate formation from the gas 

(methane) and liquid water with the same conditions studied by [190].  According to 

[183], this is the only theory that is associated with the initiation of nucleation of hydrate 

as a surface adsorption process, the studies of Kobayashi [189] from NMR 

measurements at Rice University in Houston also agree with this theory. The input 

parameters of the model needed are pressure, temperature, composition of guest 

molecule, and active interface surface area [183].  

This theory which all our works are based on shows that not only one hydrate having 

uniform composition of the hydrate former, uniform density and uniform chemical 

potentials is formed at the end, but a variety of hydrate phases will finally form. This is 

because each of the hydrate phase will have unique density and unique composition of 

the hydrate former which makes each a unique phase. Figures 3.1 – 3.3 illustrate this 

theory, showing that heterogeneous hydrate nucleation will commence at the interface 

(forming hydrate 1, represented as H1) due to the high concentration of guest molecules 

at the interface. The blue arrows pointing upward show molecules of water leaving the 

liquid water phase to the gas phase, and the black arrows pointing downward represent 

equal number of molecules but of the gas going (dissolving) into the liquid water phase 

at equilibrium. Hydrate 2 (H2) will form from the hydrate former dissolved in the liquid 

water. Homogeneous hydrate formation can occur from the dissolved hydrate former. 

Thermodynamically, hydrate 3 (H3) can form from water dissolved in gas phase, but it is 

highly unlikely to occur due to limited amount of water in the gas phase and heat 

limitation of the gas phase. 

Since hydrate nucleation in real systems are non-equilibrium systems (as explained 

in Section 4.2), we will analyse these routes of hydrate nucleation based on free energy 

changes of phase transition. Using a system of only a single hydrate  guest molecule (for 

example methane) and liquid water under conditions beneficial for hydrate formation, 

and disregarding the impacts of the solid-surface (like rust), we can express the free 

energy change of the hydrate phase transition (of the first hydrate being formed) at the 

interface as illustrated in Figure 3.1 as: 
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Figure 3.1: Illustration of hydrate nucleation at the interface between gas phase and liquid 
water phase.

where ∆� is the change in free energy associated with hydrate phase transition. 

Superscript �& implies the specific hydrate phase, superscript '���� denotes the water 

phase which goes into hydrate formation, and superscript g�� symbolises the hydrate 

former’s phase ( stands for mole-fraction (liquid water phase or hydrate), and ) means 

mole-fraction in hydrate former phase (gas or liquid). The vector (arrow) sign signifies 

the mole-fraction of every component in its actual phase. Subscript * refers to guest 

molecules, while subscript �,- is water. The water phase is normally liquid or ice, but 

only liquid water is relevant in the systems under investigation. Factors like mass 

transport of building blocks and heat play vital roles in the formation process. As the 

initial thin film of hydrate on the water surface develop and closes in, the transport of 

mass for hydrate formation turns out to be very slow (transport limitation).  

The mass transport limitation restricting transport of mass across the interface for the 

nucleation to continue therefore opens up another route to hydrate nucleation. In this 

second route, the guest molecule already dissolved in the liquid water will be used for 

hydrate nucleation. Hydrate nucleation through this H2 route will be restricted by the 
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concentration of guest molecule (methane in this case) in the liquid water. However, it 

is more probable for the nucleation to be heterogeneous at the hydrate/water interface 

(interface at the water side) because of higher concentrations of the hydrate former 

(CH4) at this interface compared to other parts of the water. Nevertheless, 

homogeneous hydrate nucleation in the water solution is likewise possible. 

Remembering that we are dealing with non-equilibrium system, the chemical potential 

of CH4 dissolved in liquid water will not essentially be equal to the chemical potential of 

CH4 of methane in the gas phase (they will be different). Consequently, the composition 

of hydrate (H2) formed in this case will be different from that of H1. The free energy 

change related to this hydrate formation (H2) illustrated in 

Figure 3.2 can be expressed as:

� 	 � 	2 2 2 2 2 2 2

2 2 2
( , , ) ( , , ) ( , , ) ( , , )
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Figure 3.2: Illustration of hydrate nucleation from dissolved hydrate former in liquid water 
phase.
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As already explained above, there is a thermodynamically possible third route to 

hydrate formation (H3), but it is not feasible due to the limited amount of water 

dissolved in the hydrate former’s phase. Besides the mass transport limitation, heat 

transport limitation will also work against hydrate formation in this case since methane 

is very poor in heat transport (it acts as a heat insulator). And if the exothermic heat of 

hydrate formation is not transported away from the system, any hydrate formed will 

dissociate. Although, if water in the hydrate former phase condenses on the initial 

hydrate film at the interface, then hydrate formation can occur but in limited amount.

ThisH3 is represented in Figure 3.3 and the associated free energy change is formulated 

as given in equation (3.6):
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Figure 3.3: Illustration of hydrate nucleation from dissolved water in hydrate former phase.

Besides the two foremost approaches, other modelling perspectives exist. In 1991, Sloan 

and Fleyfel [191] proposed a model for nucleation of hydrate which they referred to as 

the Labile Cluster Hypothesis. They hypothesised that nucleation of hydrate occurs in 

three steps: 
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(i) Spontaneous appearance or formation of hydrate cores or clusters from a 

hydrophobic solute that is dissolved in water in a favourable thermodynamic 

condition of temperature, pressure and chemical potential for formation of 

hydrate.  

(ii) Several of the hydrate cores or cluster aggregate and form a hydrate nucleus, 

where every cluster comprise one gas molecule and 20-24 water molecules. 

(iii)  A number of different configurations of hydrate nuclei are formed, though, only 

a single stable hydrate structure that will be formed and continue to grow. 

 

However, this Labile Cluster Hypothesis has faced severe criticism, it has been 

faulted [192] based on the high amount of available molecular dynamics and Monte 

Carlo simulations results. Furthermore, data from experiment using Neutron Diffraction 

and Differential Scanning Calorimetry [193] showed that the methane hydrated shell 

enclosing the molecule of methane in hydrate phase is around 1 Å bigger than in 

solution. Also, the data showed that during formation of hydrate, there is more 

disorderliness in the shell when compared to in both solution and the hydrate phase, 

thus typifying significant changes to the hydration shell. Labile clusters are consequently 

considered to form basically only in dilute solutions and that the energy barrier the 

clusters need to agglomerate to a critical core radius is high [194].  

Christiansen and Sloan [195] also have another approach. In their model, there is 

no assumption made regarding where the process of nucleation originates or is initiated. 

They modelled hydrate formation using thermodynamic cycle as a standard chemical 

reaction, and also used classical thermodynamic relations to model the free energies 

changes in the cycle leaving from water (liquid) and hydrate formers [183]. Skovborg 

[196] proposed other macroscopic models based on the ideas of Yousif [197] and  

Natarajan [198] established on different formulations of the driving forces. 

3.2 The hydrate core stable growth stage 

This is the second stage of hydrate formation. When the critical nucleus size (and 

shape) is attained, the stage where the hydrate core undergoes continuous growth 
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commences. The rate of growth is controlled by accessibility of hydrate formers (the 

supply of guest molecules) and water, and a coupling of both mass and heat transport 

[176]. In this stage, the consequence of mass and heat transport is essentially crucial.

Based on the simple classical nucleation theory, the mass transport flux is given by:

0

TotalGJ J e �� �� (3.4)

And . = &
/.� (3.5)

where J represents the classical nucleation rate owing to mass transport. J0 is the mass 

transport flux supplying building blocks for hydrate growth. And it is either three 

dimensional (3-D) for homogeneous flux in homogeneous hydrate growth, or it is two 

dimensional (2-D) in case of heterogeneous formation of hydrate. We have discussed 

this in [Paper 7, Paper 8]. The consistent heat of hydrate formation released which is 

coupled to equation (3.4) is given by:

,

2

Total

Total
P N

G
RT H
T RT

� ��
� � �

� ��� � � � � �� � �
N �

(3.6)

where ΔHTotal refers to the enthalpy change owing to the phase transition and the 

related push work penalty. T is temperature in Kelvin, �11⃑ stands for the vector of mole 

numbers in the system, and R is the universal gas constant which is equal to 8.3143 

J/mol·K

The mass transfer of gas (hydrate former) to the hydrate surface will likely dominate 

in the process of stable growth. Hydrate stable growth can also be controlled by the 

heat of formation of hydrate. Instead of formation, dissociation can happen if this 

exothermic heat of hydrate formation is not transported from the system.
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3.2.1 Modelling approaches of hydrate stable growth 

Englezos et al. and Englezos and Bishnoi [199, 200] have modelled the stable growth 

stage as a process of crystal growth. It basically assumed that the gas (hydrate former) 

will move from the vapour phase to the liquid phase. Afterwards, the gas is transported 

to a reaction site at the surface of the already formed nuclei by diffusion. Then the gas 

is converted at a specific rate. The rate at which the hydrate former is transported 

depends on the rate of gas transport and transport of the dissolved gas in the liquid 

phase like in a 2-film theory. Assuming that the crystals are covered by water (liquid) in 

this model is a theoretical ambiguity [183]. Skovborg and Rasmussen [201] have 

simplified this approach and they suggested the use of one rate constant related to the 

liquid water/hydrate interface region, as well as the differences in mole fraction of the 

hydrate former both at the bulk and at the interface. Another approach for modelling 

hydrate stable growth using the classical nucleation theory (CNT) is suggested in [185-

187, 202, 203]. In CNT, water chemical potentials in the different phases are computed 

from the TIP4P [204] model, being aware that simulations of water (liquid) as well as 

hydrate [205] show that this model is capable to correctly recreate important dynamic 

features and also chemical potentials.  

3.3 Induction time 

Induction time is often discussed as the third stage of hydrate formation in 

literature  [176]. This can be viewed as the time for the onset of massive growth of 

hydrate. Nucleation time or lag time are other terms used in some literatures [33] for 

induction time. From a physical viewpoint, and based on previous discussion above, 

induction time is not the same with nucleation time. We have comprehensively 

discussed this in [Paper 7, Paper 8]. Induction time is rather the time required to 

establish a stable cluster of hydrate for continuous growth to ensue unconditionally 

under favourable mass (access to mass) and heat transport in the system (exothermic 

heat of formation must be transported away). Onset of massive growth is often delayed 

by some factors, most frequently, mass transport limitations. An example of hydrate 

formation experiment is presented in Figure 3.2. In this experimental, the resolution was 
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300 microns, therefore, both nucleation stage and first stages of growth could not be 

detected. We can observe from Figure 3.2 that the time for onset of massive growth of 

hydrate is 100 hours or 360000 seconds. This duration cannot be reasonable for hydrate 

nucleation time. Kvamme et al. [206] and the Ph.D works of Svandal [207] and Buanes 

[181] are in agreement with this experimental results. While nucleation is a micro-scale 

phenomenon, induction time is a macro-scale occurrence which can be observed 

visually. Induction time is the time elapse until a noticeable volume of hydrate phase 

can be detected. 

 

 

Figure 3.4:  Experimental results of CH4 hydrate formation from water and CH4 at 1200 psia (83 
bar) and 3 °C [206]  

 

Induction time can be detected by measuring the gas consumption in an experiment 

at controlled pressure and temperature, or reduction of pressure in an experimental cell 

having where the volume is constant. Various possible techniques exist to detect solid 

hydrate particles, and therefore, the accuracy of detecting induction time will also vary. 
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Accuracy of detection depends on the resolution of the monitoring system, whether 

MRI, laser, or pressure change etc. is used. The work of Haymet and Barlow [208] 

presented induction times for very similar freezing water that stochastically vary. 

Therefore, it will be more complicated to predict systems that are more complex like 

hydrate systems with two or more components, involving two or more different phases. 

It is only increasing the driving force (subcooling to a higher degree) that could make the 

system more predictable [166].  

Typically, this period occurs due to limited access to mass needed for the hydrate 

clusters to grow further. Why the induction time could be long sometimes is that when 

a hydrate film is formed on the interface between water and the gas phase (hydrate 

former), the hydrate film then acts like a sealing membrane having very slow mass 

transport (of water and guest molecules) through it. If the system is not stirred to break 

the hydrate film a number of processes will ensue. One of such processes will be hydrate 

growing from guest molecules dissolved in water. On the gas side, little amount of 

hydrate is able to form on the initial hydrate because of water that will be dissolved in 

the hydrate former phase. Thus, a uniform hydrate film is not expected regarding in 

respect of free energy. The hydrate regions that are most stable in the hydrate film will 

consume those that are less stable. Solid surfaces and effects of adsorption are also 

factors that affects induction time. So, induction period is not one physical process but 

several of processes controlled by thermodynamics together with mass and heat 

transport. Induction time can be regarded as the time for “onset of massive growth” of 

hydrate. Hydrate critical core size is around of 2.5 – 3.5 nanometres [207], that is around 

100 – 200  molecules of water, which depends on thermodynamic driving forces and 

favourable mass transport of building blocks. The transport of heat is fast for the initial 

hydrate at the interface. The heat transport is over two times [Paper 2] more rapid than 

transport of mass through the liquid water.  
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4 Thermodynamics 
The focus in this chapter is not to repeat the thermodynamic models used in the 

project. These have already been comprehensively discussed in each of the papers 

which form the main part of this thesis. Therefore, this chapter focuses on emphasizing 

why hydrate formation in industrial systems as well as in nature is a non-equilibrium 

process, hydrate stability, systems involving phase split and hydrate driving forces. 

4.1 Thermodynamics and hydrate formation 

Natural gas hydrate is formed from water and hydrate formers under the conditions 

of low temperature and elevated pressure. Nevertheless, it is Gibbs free energy [26, 

209] that dictates the formation process even though other factors such as mass 

transport of building blocks and transport of the exothermic heat of formation out of 

the system play very significant roles. For hydrate to form, the new phase free energy, 

that is the hydrate phase needs to be lower than the free energies of the original hydrate 

formers phase and the separate water phase, since thermodynamics [Paper 1] favours 

the process with the least or minimum free energy. Systems will always strive towards 

or move in the direction of the lowest or minimum Gibb’s free energy possible based on 

the fact that not all systems can reach equilibrium. And hydrate formation in industrial 

processes and in nature are examples of such processes. Apart from in the laboratory, 

hydrate formation in real systems (industry and nature) like the ones investigated in this 

project are non-equilibrium processes.  If we look at a very simple scenario of a system 

which involves only one guest molecule, CH4 or CO2 for instance and separate water 

phase, the free energies of the guest molecule and water in the hydrate phase have to 

be lower than both of their free energies in their original phases, that is CH4 or CO2 in 

their original phase and water in the separate water phase. In our first paper [Paper 1], 

we performed a free energy analysis on various hydrocarbon guest molecules based on 

the combined first and second laws of thermodynamics to show which molecule will 

preferentially form hydrate first among them. This is however subject to mass transport 

constraint [Paper 1]. 
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4.2 Gibbs phase rule 

A phase can be described as an ensemble of molecules which have unique 

composition and unique density at a specific thermodynamic condition of temperature 

and volume. Based on canonical ensemble in statistical mechanics, a phase will also have 

a unique free energy and other thermodynamic properties as mathematical functions 

of that coupled to macroscopical thermodynamics [26]. A single phase is uniform, but 

any phase controlled by fluids having contact with solid surfaces is non-uniform. Water 

adsorbed on surfaces of mineral will be structured, this is caused by the interactions 

with surfaces of mineral in one direction (z) and will like to retain strong hydrogen 

bonding as much as possible in the plane parallel to the surface of the mineral.  

Hydrate formation in industrial systems and nature considered in this project 

cannot successfully reach equilibrium because of the restriction imposed by Gibbs phase 

rule. To attain thermodynamic equilibrium, the temperature, pressure and chemical 

potential of every component will be equal in all co-existing phases in the system. Gibbs 

phase rule is used to determine thermodynamic equilibrium for heterogeneous systems 

having non-reactive multicomponent. Josiah Willard Gibbs [210, 211] proposed this rule 

in his revolutionary work. This rule is aimed at evaluating the number of independent 

thermodynamic properties that are needed to be defined or specified for a 

thermodynamic system to attain equilibrium. It is simply the balance between 

independent thermodynamic variables in all coexisting phases minus conservation laws 

and equilibrium conditions [Paper 1]. It is just a balance between independent variables 

and governing equations [Paper 1]. The expression for the Gibbs phase rule is: 

 

6 = 7 −  �� + 2         (4.1) 

 

 “6” is the degrees of freedom; the defined or specified independent thermodynamic 

variables in the system. “��” is the number of actively coexisting phases, and “7” is the 

number of active components in respect of hydrate phase transitions. Any 

thermodynamic system is under-determined if 6  is greater than the defined 
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independent thermodynamic variables. It is over-determined if 6  is lower than the 

specified independent thermodynamic variables [212]. 

To exemplify how to use the Gibbs phase rule, we can begin by using a simple case 

of only one hydrate former in a system with bulk gas and liquid water. For example, CH4 

and liquid water. If we have a hydrate cluster, we will have three actively coexisting 

phases, that is �� is 3, and two active components, 7 is 2. Using Gibbs phase rule, there 

will be only one degree of freedom, 6 = 1, for equilibrium to be attained by the system. 

The system will certainly never get to equilibrium because in real systems like the 

industrial situations and nature that involve flowing stream, hydrodynamics and 

hydrostatics, and phase transitions involving exchange of heat, the local temperature 

and pressure are generally defined. Thus, the simplest system with only one guest 

molecule will not reach equilibrium.  

If we consider a system that involves several hydrate formers, for example CH4, 

C2H6, C3H8, i-C4H10 and water, with no hydrate cluster, that is before nucleation takes 

place in the system, 7 will be 5. If we assume no adsorbed phase, then �� is then 2. 

Thus, the independent thermodynamic variables required to be defined for the system 

to reach equilibrium is 5, F = 5 – 2 + 2 = 5. This means we have an over-determined 

system. Likewise, the degrees of freedom will be 4 if we have a hydrate phase (�� = 3) 

and the same number of active components. Equally, we will end up with an over-

determined system which cannot reach equilibrium because the maximum independent 

variables we can specify are the local pressure and temperature. Consequently, hydrate 

formation in real industrial systems and nature cannot attain equilibrium. That is the 

complexity of the system increases when the system in consideration involves a 

multicomponent bulk gas. Nevertheless, it is imperative to remember that the combined 

first and second laws of thermodynamics will always direct the system towards the 

possible least or minimum free energy. Based on the first and second law of 

thermodynamics, hydrate formation will begin with the most stable hydrate from the 

best hydrate former in terms of free energy.  After the best hydrate former is used up 

to form hydrate, the inferior guest molecules will afterward form less stable hydrates. 

At the end we will have a range of different hydrates having gradually increasing free 
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energies, consequently, will be less stable [176]. The different hydrates are 

acknowledged as separate or different phases  [176] because each of them has a unique 

composition, density and free energy. Besides, effect of solid surfaces such as water 

absorbed onto Hematite is also regarded as a separate phase. Consequently, hydrate 

formation in a real system will never attain thermodynamic equilibrium. 

Thermodynamic equilibrium is only possible if the number of thermodynamic variables 

specified are equal to the degrees of freedom, 6.  

However, we only use Gibbs phase rule to find out the maximum possible number 

of phases (��) when the degrees of freedom are defined. The possibility of these phases 

existing under any given thermodynamic conditions is not stated by this rule. Gibbs 

phase rule is merely mass conservation under the constraints of thermodynamic 

equilibrium [176].  

4.3 Hydrate stability from phase diagram 

Phase diagrams of hydrate, water (liquid or ice), and guest molecule (gas or liquid) 

illustrate hydrate stability region in respect of temperature and pressure. These are 

usually referred to as equilibrium diagrams or curves. In Figure 4.1, the straight-line 

phase boundaries are merely used to illustrate phase transition behaviours of water and 

hydrate formers. That is from ice to liquid water, and from gas (or vapour) to liquid 

hydrate formers. Real phase boundaries are not necessarily straight lines as can be seen 

in Figure 4.1 and Figure 4.2, they are typically curved as we can observe in Figure 4.3 

and Figure 4.4. However, we can obtain straight phase boundary lines or nearly straight 

phase boundary lines are from logarithm plots [33] as presented in Figure 4.1 and Figure 

4.2.  
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Figure 4.1: Phase diagram for ice, water, hydrate formers and hydrate

In Figure 4.1, “I” refers to water in ice (solid) phase, “Lw” represents liquid water, 

“H” denotes hydrate phase, “V” signifies hydrate guest molecule (hydrate former) in 

vapour phase, while “Lgm” stands for hydrate guest molecule in liquid phase. Frequently, 

we read about quadruple points in literatures [33]. They are points of coexistence of

four phases and are generally signified by Qn, where “n” denotes numbers (for example,

1 or 2, for Q1 or Q2) to distinguish one quadruple point from the other. Based on the fact 

that natural gas is mostly methane (CH4), the phase boundary line of liquid water-

hydrate-gas (Lw-H-V) is the most significant pressure-temperature conditions in natural 

gas operations [33]. The Lw-H_Lgm line is vertical and that indicates that the guest 

molecule experiences phase transition from gas phase to liquid phase at the point where 

the line turns vertical. These points are represented by A, B, C, D for CO2, C2H6, C3H8, and 
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iC4H10 respectively in Figure 4.2. These are pressure-temperature points where phase 

split occurs, thus, four phases coexist at these points which are referred to as quadruple 

points as already explained. In several literature, these points are smoothened out, 

some stop their experiments or calculations at that point. Smoothening out the point of 

phase split does not give a true representation of the real system. The slope of the phase 

boundary line denoted by I-H-V is less than that of the Lw-H-V phase boundary line.  

In Figure 4.1, hydrates are stable at the left-hand-side of the I-H-V + Lw-H-V + Lw-

H_Lgm phase boundary line, but unstable at the right-hand-side. Therefore, the broken 

line with an arrow from point “a” to “b” illustrates hydrate dissociation by means of 

increase in temperature (the constant pressure is just for simple illustration). Similarly, 

broken line “c” to “d” shows hydrate formation due to increase in pressure (constant 

temperature assumed just for illustration).  

 

 
Figure 4.2: Hydrate equilibrium curves for methane, ethane, propane, isobutene, carbon 
dioxide and hydrogen sulphide. 

 

The main significance of Figure 4.2 is to show and compare different hydrate 

formers hydrate stability P-T conditions and occurrence of phase split (from gas to 

liquid). The pressure is in logarithm to base 10 to enable us to observe a clearer picture 
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of the difference. All the important hydrate formers involved in our publications are 

represented in Figure 4.2. They are methane, ethane, propane, isobutane, carbon 

dioxide and hydrogen sulphide. The two most important hydrate formers in this project 

are methane and carbon dioxide. Thus, we have plotted their P-T equilibrium curves 

using our thermodynamic scheme and compared our estimations with literature in 

Figure 4.3 for methane and Figure 4.4 for carbon dioxide. In Figure 4.4, the experimental 

work of Ohgaki et al. [213] also show a change to liquid CO2 but it occurred about 1 K 

(1˚C) less than our estimate. Anderson [214] calculation probably indicates an 

assumption of gas phase beyond the point of phase split. A comprehensive explanation 

of this occurrence is given in [Paper 3]. We also observe it in the works published [Paper 

9, Paper 11, Paper 12]. 

 

 
Figure 4.3: Methane hydrate equilibrium curve compared with literature [215, 216]   
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Figure 4.4: Carbon dioxide hydrate equilibrium curve compared with literature [213, 214] 

4.4 Hydrate formation driving forces 

Pressure and temperature are not just the only hydrate formation driving forces, 

kinetics of the process as well poses a limitation during formation of hydrate [176, 177]. 

Sufficient mass necessary for hydrate to grow must be available and be transported 

from other existing phases into the hydrate. A number of hydrate formation driving 

forces are recorded in literature [201, 217-222]. Nevertheless, not much of them give 

satisfactory justifications [33] for these driving forces based on equilibrium or non-

equilibrium thermodynamics. Qorbani et al. [223] have presented a lists of hydrate 

formation driving forces for alternative routes to formation and dissociation of hydrates 

useful for  gas pipeline transport situations in respect of their associated free energy 

changes in Table 4.1Table 4.1: List of driving forces for formation and dissociation of hydrate 

[223].. 
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Table 4.1: List of driving forces for formation and dissociation of hydrate [223]. 

i 9  Initial phase(s) Driving force Final phase(s) 

1 -1 Hydrate Outside stability in terms of local P and/or T Gas, Liquid 
water 

2 -1 Hydrate Sublimation (gas under saturated with water) Gas 

3 -1 Hydrate 
Outside liquid water under saturated with respect to 
Methane and/or other enclathrated impurities 
originating from the methane phase 

Liquid water, 
(Gas) 

4 -1 Hydrate 
Hydrate gets in contact with solid walls at which 
adsorbed water have lower chemical potential than 
hydrate water  

Liquid water, 
Gas 

5 1 Gas/fluid Hydrate more stable than water and hydrate formers 
in the fluid phase Hydrate 

6 1 Gas + Liquid 
water 

Hydrate more stable than condensed water and 
hydrate formers from gas/fluid Hydrate 

7 1 Surface 
reformation 

Non-uniform hydrate rearranges due to mass 
limitations (lower free energy hydrate particles 
consumes mass from hydrates of higher free energy) 

Hydrate 

8 1 Aqueous Phase 
Liquid water super saturated with methane and/or 
other hydrate formers, with reference to hydrate free 
energy 

Hydrate 

9 1 Adsorbed Adsorbed water on rust forms hydrate with adsorbed 
hydrate formers.  Hydrate 

10 1 Adsorbed +fluid Water and hydrate formers from gas/fluid forms 
hydrate Hydrate 

 

4.5 Hydrate thermodynamics 

The chemical potential of water in hydrate is usually evaluated applying the 

statistical mechanical model. This is a typical Langmuir type of adsorption model. van 

der Waals and Platteeuw [93] were the first to develop a thermodynamic model from 

statistical mechanics in 1958, with the aim evaluating or predicting gas hydrate phase 

equilibria. It is typically a Langmuir type of adsorption model (as mentioned above) 

generally applied for the description of ideal localised adsorption. The developed their 

model based mainly on the following assumptions:  

a) a cavity can be occupied merely by one hydrate former molecule. 
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b) the movement of a hydrate former’s molecule in its cavity is not dependent on 

the number and types of the hydrate formers’ molecules that are available. 

c) interactions between water cavities (the hosts) and molecules of entrapped 

hydrate formers (the guests) are weak van der Waals forces, that they only 

extend to the initial shell of water molecules surrounding each molecule of a 

hydrate former (guest to guest interactions between different cavities are also 

not considered). 

d) the molecule of hydrate former does not distort the hydrate. 

The model is given in equation (4.2) and (4.3)  

)�: = ;<:><
&? ∑ ;A:>AA

                          (4.2) 

BC = BC
D + EF ∑ G�H�I1 − ∑ )�:� K�     (4.3) 

 

Where L� denotes the fugacity of solute k, )�:  refers to composition, that is occupancy 

by guest molecule k or the probability of a solute (gas) molecule k occupying a host 

(water) cavity of type i, and BC stands for the chemical potential of water in hydrate. BC
D 

signifies the chemical potential of the empty hydrate (that is without guest molecule 

occupation). And 7�:  refers to an equilibrium constant for the kth type of hydrate former 

(guest) or the Jth type of hydrate former for 7M:  in the ith cavity type. While G�  denotes 

the number of type i cavities per water molecule in the lattice of the hydrate.  

This model works well near the ice point of water; however, substantial deviations 

occur going far beyond the ice point. Regardless of the limitations and simplicity of the 

model, other newer models developed are still based on it [43]. In 1972, Parrish and 

Prausnitz [224] extended the van der Waals and Platteeuw model to multi-component 

gas mixtures. Klauda and Sandler [225] formulated a classical thermodynamic method 

in 2000 to evaluate hydrate phase behaviour. This model increases accuracy because 

the reference energy parameters required in the model of van der Waals and Platteeuw 

is eliminated [226]. An approach founded on the phonon properties of crystals applied 
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for direct estimation of water lattice’s free energy, eliminating van der Waals and 

Platteeuw’s assumption of no lattice relaxation was formulated by Westacott and 

Rodger [227]. This model can be applied to evaluate phase diagrams of hydrate when 

used with an equation of state. Another thermodynamic formulation that considers the 

impact of lattice stretching as a consequence of the size of guest molecule on the 

reference chemical potential difference between the lattice of empty hydrate and water 

(ice or liquid water) has also been done by Zele et al. [228]. Molecular dynamics (MD) 

simulations at constant pressure was utilized to evaluate the new reference chemical 

potential difference for prediction of the hydrate equilibrium conditions for one 

component and multi-components gas.  The MD simulations indicated a slight expansion 

of the hydrate lattice when hydrate formers with larger molecules are present. This 

agrees with some experiments [226], for example, the findings indicate that the lattice 

constant for a hydrate formed from krypton, a structure II hydrate is 1.69 nanometres, 

which increases to 1.76 nanometres in the case of another hydrate structure II formed 

from isobutane. 

In this project, all our studies documented in [Paper 1− Paper 11] used the Kvamme 

& Tanaka’s model [186] given in equation (4.4). This formulation considers movements 

of the lattice and corresponding impacts of different guest molecules; it considers 

collisions between molecules of hydrate formers and water which are adequately strong 

to have effect on water motions. We need to remember that the more general van der 

Waal and Platteuw’s model [93] assumes “rigid lattice”- the assumption is that water 

movements in the lattice are not affected by the molecule of hydrate former, 

represented as j. 

 

B%NO
(%) =  B%NO

(Q,%) − �. F ∑ G�H� S1 + ∑ ℎ�T
�UVWXY
TZ&  [,

�Z&    (4.4)  

 

Where superscript � represents the hydrate phase. Thus, B%NO
(%)   is chemical potential of 

water in hydrate, and  B%NO
(Q,%)  is chemical potential of water in empty hydrate structure. 

G�  denotes fraction of cavity type i per water molecule, ℎ�T stand for canonical cavity 
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partition function of component j in cavity type i, and �\���	  is number of guest 

molecules in the system. 

The unit cell of sI hydrate has 46 molecules of water. The sI hydrate has 2 small and 

6 large cages, thus, G�]��� = 1/23 and G��
\� = 3/23.  The canonical partition function 

is evaluated from the relation in equation (4.3): 

 

ℎ�T =  �_DS`:
a_ ∆\:b

:cd[      (4.5)  

 

And    . = &
/.�       (4.6) 

 

R is universal gas constant, and T is temperature. ∆e�T
��f  represents the impacts on 

hydrate water from inclusion of the molecules j of the hydrate former in the cavity i 

[112, 186]. 
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5 Procedure, project and publications  

5.1 Scientific method 

Comprehensive details of the scheme used in this project are given in each of the 

papers presented in this thesis. Therefore, only a brief description of and explanation of 

why we used the method used is necessary. The main scientific method used in this 

project is classical thermodynamics but based on thermodynamic properties calculated 

using methods in Quantum Mechanics and Classical Mechanics. We used classical 

thermodynamics together with residual thermodynamics description for every phase; 

this includes the hydrate phase, to analyse different routes to hydrate formation 

between hydrate formers (or guest molecules) and water.  

The systems investigated in this project, that is hydrate formation or dissociation in 

pipelines and nature (in-situ hydrates) comprise adsorbed phase, water phase, gas (or 

vapour) phase and hydrate phase. Based on restriction by the Gibbs phase rule, these 

systems cannot reach equilibrium. Which implies these systems are not governed by 

equilibrium. More details can be found in the papers, especially [Paper 1]. Consequently, 

free energy minimization method in classical thermodynamics is the right choice of 

scientific method for this project.  Since we are talking about non-equilibrium systems, 

a primary tool for comparison must be minimization of free energy. Rigorous free energy 

minimization technique entails programming fairly extensive computer code. 

Nonetheless, a simplified approximation to this kind of approach is to compare possible 

phase transitions and analyse each in terms of changes in free energy, and qualitatively 

there will possibly be some heat and mass transport challenges. Using the same 

reference state for analysis is also necessary. We do this by using chemical potential of 

liquid water and that of empty hydrate structures. This is based on the molecular 

dynamics simulation works of Kvamme and Tanaka [186]. The gas/fluid phase analysis 

is implemented based on residual thermodynamics, applying Soave-Redlich-Kwong 

(SRK) equation of state [229] and ideal gas as a reference state. Residual 

thermodynamics helps to evaluate the real gas behaviour based on thermodynamic 

deviations from ideal gas behaviour [207]. Additional merit of a discrete evaluation of 
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possible routes to hydrate formation based on free energy gain (for formation of 

hydrate), and consideration of related heat and mass transport aspects is that these 

kinds of evaluations will be uncomplicated and easy to implement in industrial hydrate 

risk evaluation tools in the thermodynamic software (that is as extensions). 

Classical nucleation theory (CNT) has been used for the hydrate 

formation/dissociation kinetics analysis in this project. It enables us to separate the 

thermodynamic impact and the mass transport. Therefore, the possibility to construct 

mass transport models that are based on theoretical work and molecular (MD) 

simulations, yet end up as numerically simple models which can simply be implemented 

as extensions of previously existing codes or software for hydrate risk evaluation. See 

[Paper 7, Paper 8], especially the discussion sections.  

Non-equilibrium systems can be effectively evaluated using more advance 

theoretical concepts like the Multicomponent Diffuse Interface Theory (MDIT) [230, 

231], which is based on changes in structure for determination of kinetic rate; or  the 

Phase Field Theory (PFT) [232-235] that is based on both structure and free energy 

(canonical ensemble). Nevertheless, CNT presents a more perceptible or visible 

distinction between the various contributions and gives better illustration of hydrate 

nucleation as indeed a nano-scale phenomenon. Also, that the usual long induction 

times observed during hydrate formation is principally due to mass transport limitations 

through hydrate films and/or a non-equilibrium process which results in hydrate 

dissociation when there is contact with under saturated phases. CNT makes it easier to 

illustrate the variation of hydrates that can possibly form in a real system, in addition to 

seeing a better picture of critical nuclei sizes and nucleation times. The CNT is an easy 

scheme to illustrate the coupled mass transport and thermodynamic control of the 

kinetics of hydrate phase transition. With CNT, it is more easy to illustrate to people who 

are not well versed in statistical mechanics. The equations are simple enough to be 

extended into hydrate risk evaluation software and in reservoir simulators (already 

implemented into the group’s in-house simulator). Moreover, previous hydrate kinetics 

works in this group have used MDIT [230] and PFT [20, 207, 209, 232-235].  
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5.2 The PhD project and publications 

The focus of this project is application of the group’s already developed 

thermodynamic scheme to study hydrate risk in industrial systems, thermodynamics 

and kinetics of hydrate formation, and simultaneous production of CH4 from in-situ 

hydrate and CO2 long-term storage as hydrate.  

The first study in the first part of the PhD project, hydrate risk analysis with focus 

on the impact of solid surfaces (rust) was carried out based on a gas mixture containing 

CH4, C2H6, C3H8, i-C4H10. The results are published in [Paper 1]. Aromada and Kvamme 

[Paper 1] also presents information about non-uniform hydrate formation and free 

energy analysis for evaluation of hydrate distributions during transport of hydrate 

forming mixtures. The compositions used in [Paper 1] were not based on any real gas 

field data. A new study was conducted using a real gas field data. Composition data of 

Troll gas [236] from the North Sea, which consist of mainly hydrocarbon hydrate formers 

of sI and sII, with a very high concentration of CH4 were used for the study published in 

[Paper 2].  

Natural gas sometimes contains inorganics like CO2. Thus, there was a need to 

investigate the impact of having inorganic gas in the bulk gas. Sleipner gas was selected 

as a case study for this, and the results are published in [Paper 3]. Analysis of systems 

which exhibit phase split during transport and hydrate forming conditions during 

processing was also done in done in [Paper 3]. Some literature [237-241] assume 

uniform phase at all thermodynamic conditions or stop their analysis just at the point of 

phase-split (quadruple point). Analysis involving phase-split, that is quadruple points 

and beyond were also done in some of the subsequent studies.  

Natuna gas field also contains CO2 but over 70 per cent (70 %) which makes it very 

different from Sleipner gas, thus, a hydrate prevention study was conducted on it and 

the results are published in [Paper 4]. Carbon dioxide and hydrogen sulphide are very 

good hydrate formers, more aggressive hydrate formers than the hydrocarbons, and 

they could be present in natural gas streams. So, investigation of the impacts of these 

two inorganic gases was also done. The results are published in [Paper 5].  
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Another hydrate risk analysis was conducted on a wet-gas subsea pipeline that 

occasionally experience plugging by hydrate in China [18]. The results were presented 

at the 10th EUROSIM2019 congress in Spain. The full paper which is [Paper 6] will be 

published in the proceedings. Even though [Papers 7, Paper 8] are mainly works in the 

second part of the project, which focus on the kinetics of hydrate formation (nucleation, 

growth and induction time), we also highlighted the impacts of solid surface (rust) on 

the upper limit of water that can be permitted in both the CO2 stream and natural gas 

stream respectively in these papers. Europipe I [28, 29] and Europipe II [22, 23] in the 

North Sea were used for the hydrate risk studies presented in [Paper 7, Paper 8] 

respectively. 

In the second part of this project we focused on the second main objective, kinetics 

of hydrate formation. That is hydrate nucleation times, growth and induction period. 

The studies were done for CO2 [Paper 7] and methane [Paper 8]. Nucleation times of 

hydrate are very fast, they happen in the nanoseconds range.  

The third part of the project focuses on enthalpies of hydrate phase transition, as a 

potential means for simultaneous production of CH4 from in-situ CH4 hydrate and long-

term CO2 storage. We found out that in several literature, enthalpies data obtained 

directly or indirectly for hydrate formation and dissociation are limited. And relevant 

information needed for proper interpretation are often lacking. Owing to the limitations 

associated with current methods, we propose a solution by using residual 

thermodynamics for evaluation of enthalpy changes of hydrate phase transitions in 

[Paper 9]. Part of the work which involved only methane hydrate formation was 

presented at the 10th EUROSIM2019 congress in Spain, and it is published in Simulation 

Notes Europe Journal [Paper 10]. A study focused on the implication of enthalpies of 

methane and CO2 hydrate phase transitions, and their free energies (to show the more 

stable hydrate) in simultaneous CH4 production from in-situ CH4 hydrate and long-term 

CO2 hydrate was conducted. The results were also presented at the 10th EUROSIM2019 

Congress in Spain [Paper 11]. In the final paper, that is [Paper 12], we re-emphasize the 

use of residual thermodynamics for evaluating enthalpy changes of hydrate phase 

transitions and we did a more comprehensive analysis of applications of these enthalpy 
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changes in CH4 – CO2 swap. These twelve papers are summarized in Section 6, and how 

the publications fulfil each part of the Ph.D. project is illustrated in Figure 5.1. 

Figure 5.1: The Ph.D. project and publications. Arrow connects each paper to the part of the 
project it fulfils

The Ph.D. Project 

Part I:
Risk of hydrate 

formation/impact of solid 
surfaces (rust)

Part II:
Kinetics of hydrate 

formation

Part III:
Simultaneous energy 

production & CO2 storage

Paper 1

Paper 2

Paper 3

Paper 4

Paper 5

Paper 6

Paper 7

Paper 8

Paper 9

Paper 10

Paper 11

Paper 12
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6 Summary of papers 
 

This chapter contains a summary of each paper in this project. The reason each 

paper was written (the objective it fulfils), what was done, and the outcome are stated 

in the summary of each paper. The summary is arranged according to paper numbers, 

such that Paper 1 is Section 6.1. The summary of Paper is Section 6.2 and so on.   

6.1 New approach for evaluating the risk of hydrate formation 

during transport of hydrocarbon hydrate formers of sI and 

sII 

The primary focus of this first work is to evaluate the impact of rusty surfaces on 

maximum limits of water that can be permitted to flow with hydrocarbons during 

processing and pipeline transport without the risk of water dropping out of the bulk gas 

and eventually leading to hydrate formation. This is because currently the industry 

evaluates the risk of hydrate formation using water dew point calculations, without 

acknowledging the effects of the presence of rust on the surfaces of the internal walls 

of gas pipelines and gas process equipment. Even before pipelines are mounted in place 

for natural gas transport operations, they are already rusty. When we talk about rust in 

all the studies, we refer to Hematite which is one of the most thermodynamically stable 

form of iron oxide.  In this study, we refer to the dew point approach as “Route 1” for 

hydrate formation, while we call the second method which involves water dropping out 

on rusty surfaces through the mechanism of adsorption “Route 2” for hydrate 

formation. The rusty surfaces work as a catalyst to pull-out water from the bulk gas 

stream, thereby making water available for hydrate to form. Hence, a new approach for 

evaluation of the risk of hydrate formation based on water adsorbing on hematite.  

The investigations of upper limits of water were based on only hydrocarbon guest 

molecules; pure and mixtures of hydrate Structures I and structure II hydrocarbon, 

namely, methane, ethane, propane, and isobutane. The study indicates that the safe 

limit of water mole fractions in pure hydrocarbons based on Route 1 is about 19 times 

higher than that estimated using the new approach of Route 2 at 274 K. The value 
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obtained applying Route 1 is approximately 18 times higher than that with Route 2 at 

280 K. The results clearly show that water will choose to drop out more easily through 

the process of adsorption onto rusty surfaces than dropping out below dew-point 

conditions. Similar values were estimated for a mixture of the four hydrocarbon 

components. A sensitivity analysis revealed the effects of the Structure II hydrocarbon 

guest molecules in binary mixtures with methane. The allowable maximum mole-

fraction of water in the gas mixture decreases with increasing concentrations of propane 

and isobutane with the heavier isobutane having more impact. These suggest that the 

presence of Structure II hydrate guest molecules in considerable amounts in natural gas 

may cause a decrease in the safe-limit of water compared to that of pure methane of 

methane highly dominated gas mixture.  

Another major objective of this work was to conduct a free energy analysis to 

qualitatively give insight into the selectivity of the different hydrocarbons during 

hydrate formation. With this analysis, we able to visualize the nonuniform hydrate 

formation characteristic in real situations. That is to show which hydrate former will 

form hydrate first based on the combined first and second laws of thermodynamics in 

terms of Gibbs free energy.  Based on the first and second laws of thermodynamics, the 

most stable hydrate will form first from a multicomponent mixture, under constraints 

of mass and heat transport. That is the one with the least or minimum free energy. 

Thermodynamic systems proceed in the direction of the least free energy as function of 

pressure, temperature, and distribution of masses in the system over possible phases, 

under the constraints of mass and heat transport. The structure II hydrate formers will 

therefore go into hydrate first and they form more stable hydrate compared to 

particularly methane. 

This study simply suggests that the new route to hydrate formation involving 

adsorption of water onto the internal walls of pipelines covered by rust (Hematite) 

totally dominates. Consequently, this route of liquid water adsorption onto rusty 

surfaces could have a considerable impact on the design parameters in natural gas 

dehydration systems.  
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6.2 Risk of hydrate formation during the processing and 

transport of Troll gas from the North Sea.  
 

The main objective of the work documented in this paper is also to investigate the 

impact of rusty surfaces on the upper-limits of water (in vapour phase) that can be 

allowed in natural gas streams during processing and pipeline transport to avoid the risk 

of condensation of liquid water from the bulk gas, as that would lead to hydrate 

formation. In this study, we used real natural gas field molar composition data, data of 

Troll gas field in the North Sea of Norway. We used the molar composition data of Troll 

gas well-head fluid and of Separator 1 from Statoil (Norway). Troll gas is very rich in 

methane, having about 96 per cent of methane and negligible amount of sII hydrate 

formers and no CO2 or H2S.  

Like in other publications, we gave a detailed description of the equations that make 

up the thermodynamic scheme. We also extensively and systematically performed 

model verification on pure hydrocarbon hydrate guest molecules and multicomponent 

mixtures of hydrocarbon hydrate formers by comparing the estimates of equilibrium 

pressures (equilibrium curves) with experimental data. And we observed a very good 

agreements without any form of data fitting.  Molar free energy was also computed for 

the hydrate and water chemical potential as a function of temperature for the 

equilibrium pressures to show their thermodynamic stability along the equilibrium curve 

in non-equilibrium perspective. This is important because the systems under 

investigation cannot attain equilibrium. A discussion of the three thermodynamically 

possible routes to hydrate formation was also done: water condensation at or below 

dew point conditions, adsorption of water unto hematite (rust-solid surface) and direct 

hydrate formation from water vapour dissolved or dispersed in the gas phase. The direct 

route is only thermodynamically possible, in real situation it is highly unlikely due to 

especially mass transport limitation. Heat transport will also pose a barrier. Therefore, 

this third route is not investigated in this work and most of the other studies that are 

parts of this project.  Our investigations cover a pressure range of 5000 – 25000 kPa and 
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temperature range of 273-280 K because they represent the operation conditions in the 

North Sea of Norway. 

The trends from our investigations based on the dew point water drop out which is 

the current industrial hydrate risk evaluation approach compared with those based on 

the new approach of adsorption of water on Hematite are very clear. The latter clearly 

dominates. Results of the dew point calculations of the maximum mole-fractions of 

water vapour that can be permitted in the troll gas are about 18 to 19 times higher than 

the estimates using the approach of water onto solid surfaces (rust), depending on the 

pressure-temperature conditions and composition. This can be explained from chemical 

potential perspective. Earlier work suggested that absorbed water on Hematite may 

have a chemical potential of 3.4 kJ/mol more negative than that of liquid water. And 

thermodynamic systems strive towards the least or minimum free energy as function of 

pressure, temperature, and distribution of masses in the system over possible phases, 

under the constraints of mass and heat transport according to the combined first and 

second laws of thermodynamics. Despite that hematite routes dominates water drop 

out process, and thus very significant in hydrate nucleation, the very low chemical 

potential of the first three to four layers of the water absorbed on the solid surface 

(Hematite) makes it impossible for initial hydrate nuclei to attach directly to the 

hematite, but on absorbed water above the first 3 – 4 layers. 

The solubility of water in hydrocarbons is sensitive to the system’s density and 

composition. Thus, the solubility of water in the heavier hydrocarbon (C2+) increases, 

therefore, the safe-limit of water increases accordingly, in contrast to the light systems 

of methane where the upper-limit of water decrease with increasing pressure. The 

reverse is the case for the higher hydrocarbons. In addition to the solubility explanation, 

the opposite trends observed for the C2+ compared to CH4 is also because of the high-

density nonpolar phase of the higher hydrocarbons at higher pressures. This is revealed 

in a sensitivity analysis of the C2+. The sensitivity analysis also shows that the dew-point 

method over-estimates safe-limit of water in the gas in the order of 20. This calls for a 

concern if we must operate without the risk of hydrate formation. 



Aromada, S. A. (2021)  

 

___ 
58   

 

6.3 Alternative routes to hydrate formation during processing 

and transport of natural gas with a significant amount of 

CO2: Sleipner gas as a case study 

In this study, the main aim is to study another gas system that has substantial 

amount of higher hydrocarbon hydrate formers (propane and isobutane) and an 

inorganic gas, CO2 in this case. We found Sleipner gas to be appropriate for the analysis 

of the impacts of higher hydrocarbons and CO2 (an inorganic gas) on water tolerance 

during processing and pipeline transport of natural gas. What is unique is that Sleipner 

gas has CO2, less methane and significant concentration of higher hydrocarbons (C2+) 

compared to the Troll gas. In production and processing of Sleipner gas, over one million 

tons of CO2 are transported and injected into Utsira formation in the North Sea every 

year. And since 1996, more than 16 million tons have been injected into Utsira 

Formation. 

Our finding is that no remarkable differences in water tolerance between the 

Sleipner gas with CO2 and without CO2. The water tolerance in Sleipner gas without CO2 

compared with that with CO2 is very negligible, it is not up to 0.1 %. The explanation is 

based on the fact that both cases are methane-dominated. The mole-fraction of CO2 

used is just around 0.035, and both CH4 and CO2 exhibit similar trends within the 

pressure range of 5000 – 25000 kPa investigated. The water tolerance of pure methane 

and pure carbon dioxide were also investigated and comparing the estimates, only a 

very insignificant shift in the absolute values is observed, methane having the very 

slightly higher values. 

The trends of water tolerance of the pure components of hydrate structure I 

hydrate formers (methane and CO2), the safe limit of water decreases with increase in 

pressure. Same results are obtained for the Sleipner gas studied showing its methane-

dominance. The heavier structure II hydrate formers (propane and isobutane) cause the 

water tolerance of the Sleipner gas stream to become relatively insensitive to further 

increase in pressure from 13000 to 25000 kPa, in contrast with the case of the pure CH4 

and CO2. The C2+ (C3H8 and iC4H10 in this case), also exhibit opposite trends due to 
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solubility implication and resistance to pressure because of the high-density nonpolar 

phase at higher pressures. This can also be seen in both [Paper 1, Paper 2]. The presence 

of the heavier hydrocarbons also results in a slight shift in the absolute values of the 

upper limit of the allowable mole fractions of water even at 5000 and 9000 kPa. A 

sensitivity analysis of the mole fractions of water that can be permitted at varying 

concentrations of the higher hydrocarbons of propane and isobutane (structure II guest 

molecules) are also examined. The nonpolar heavier hydrocarbons act to draw down 

the water tolerance of the gas mixture to a point where they completely dominate or 

dictate the trends. This can also be observed in [Paper 2], especially in the sensitivity 

analysis section. 

We applied both the dew point method and the technique of adsorption of water 

onto Hematite. From the alternative approach of adsorption of water onto Hematite, 

the dew point methods over-estimates the maximum concentration of water allowable 

in the Sleipner gas system in the order of more than 18 times. 

In this study, we also show that hydrate forming systems can exhibit phase split. 

That is the hydrate former originally in gas phase can split into two phase, gas and liquid 

phase at higher pressure-temperature condition, unlike the uniform phase that is 

reported in several literature. We observed this using our inhouse software and other 

commercial software. This means different hydrate phases are expected to form from 

this kind of system, since the hydrate that will form from each phase will have different 

composition of the original hydrate former and different densities. By definition, a phase 

can be described as an ensemble of molecules which have unique composition and 

unique density at a specific thermodynamic condition of temperature and volume. 

 
 
 
 



Aromada, S. A. (2021)  

 

___ 
60   

 

6.4 Maximum tolerance for water content at various stages of a 

Natuna production.  

This study was conducted because of the uniqueness of the composition of Natuna 

gas and the area the gas field is located, which are very relevant to this project. The 

Natuna gas contains over 70 per cent of CO2. Therefore, we considered separation of 

the gas into two streams: methane-rich stream and CO2-rich stream. We performed 

hydrate risk analysis on the original reservoir stream containing about 71 % CO2, the 

methane-rich stream and the CO2-rich stream. Like the three previous studies, the 

analysis was based on the maximum amount of water that can be permitted to flow with 

the gas streams without the risk of liquid water either dropping out at or below dew-

point and by mechanism of adsorption of water onto rusty internal walls of gas 

transmission pipelines. The hydrate risk estimates for the three gas similarly indicate 

that the application of the dew-point criterion over-estimates the safe-limit of water in 

all the gas streams over 18 times when compared to using the approach of adsorption 

of water onto Hematite (rusty surfaces).  

One of the challenges we have to look at is, “how to utilise the large amount of CO2 

produced together with the Natuna natural gas”. Indonesia is fortunate because 

significant amount of naturally occurring gas hydrate has been found at around 1127 km 

(700 miles) from Natuna gas field. This makes gas transmission pipeline economically 

feasible. Therefore, we can consider utilisation of the CO2 for production of the methane 

as source of energy while storing the CO2 for long term in form of hydrate. The data 

collected by Jackson (2004) Indicates that the hydrates occurs at a depth of 2.45 km 

spreading to area of 8000 m2. With information about the properties of seafloor and 

crust, we are able to estimate the pressure and temperature gradients of the reservoir. 

This led us to a pressure range of 200 – 250 bar and a temperature range of 274 – 282 

K. Direct solid-state CO2-CH4 exchange (swap) has been demonstrated, but practically, it 

will be tremendously restricted kinetically and is not significant. Pilot tests have been 

conducted in Alaska (U.S.A.) where nitrogen gas has been mixed with CO2 to reduce the 

thermodynamic driving force, in order to avoid the normal rapid CO2 hydrate formation. 

We evaluated the proportion of CO2 in the CO2/N2 mixture that will ensure successful 
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conversion of CH4 hydrate to CO2 hydrate without the risk of rapid formation of CO2 

hydrate that can eventually block further supply of CO2. Even though Natuna gas may 

not have H2S or significant H2S, the impact of H2S, a very vigorous hydrate former was 

also investigated. The amount of CO2 that will be needed in mixture with N2 required by 

the solid-state swap mechanism is around 5 – 12 % when H2S in not present in the gas 

stream. However, introducing only 0.5 % of H2S into the gas mixture will caused the 

required composition of CO2 to reduce to only 4 – 5 %, and 2 – 3 % when 1 % of H2S is 

considered. 
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6.5 Impacts of CO2 and H2S on the risk of hydrate formation 

during pipeline transport of natural gas.  

One of the objectives of this PhD project is to evaluate the impacts different hydrate 

guest molecules will have on the upper limit of water to prevent the risk of hydrate 

formation. This has been evaluated for the hydrocarbon hydrate forming molecules in 

[Paper 1]. Natural gas in most cases includes some inorganic components that form 

hydrate like CO2 and H2S. CO2 and H2S are more soluble in water compared to the 

hydrocarbons and are also better hydrate formers. Therefore, it is important to evaluate 

impacts of their presence in a natural gas stream during pipeline transport. To do this, 

Troll gas from the North Sea of Norway was selected because it does not contain H2S 

and very negligible amount of CO2.  

We performed our calculations on varying concentration of these two inorganic 

components. The water tolerance of the systems was evaluated. We observed that the 

introduction of CO2 in varying amount does not show any distinguishable effect on water 

tolerance of the system. The presence of H2S causes a considerable reduction in the 

water tolerance of the system. With H2S, the maximum content of water that can be 

tolerated in the gas stream decreases with increasing mole-fraction of H2S. We also 

studied the impacts of varying (increasing) the concentration of ethane in the Troll gas, 

that is without CO2 and H2S. The maximum allowable content of water in the Troll gas 

stream without the risk of hydrate formation also decreases with increasing mole-

fraction of ethane, just like H2S. However, the presence of H2S showed the least water 

tolerance among the three components investigated. 
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6.6 Simulation of hydrate plug prevention in natural gas 

pipeline from Bohai Bay to onshore facilities in China 

Since conference presentation(s) is a requirement needed to be fulfilled in this PhD 

programme, it is important to present a work on risk of hydrate formation during 

pipeline transport which forms a major objective of this PhD project. We found a natural 

gas transmission pipeline case in China which is very relevant for the study. That is the 

58 kilometres subsea pipeline used for transmission of natural gas from Platform QK18-

1 in southwest of Bohai Bay to the onshore natural gas processing plant in Northeast 

China. This is a wet gas subsea pipeline which is occasionally blocked or plugged by gas 

hydrates. This happens for the reason that the operational conditions are favourable for 

gas hydrates to form; a wet gas transported through a subsea pipeline at elevated 

pressures and low temperatures.  

Li et al. (2013) conducted an experimental study on how to prevent the occurrence 

of the gas hydrate formation in this pipeline and suggested three ways that could help. 

They are reduction of operational pressure (that should be below hydrate formation 

pressure at a given local temperature) or increasing the temperature by means of 

heating or dehydrating the gas (that should be through subsea processing), or by adding 

chemicals (e.g., thermodynamic hydrate inhibitors) that can sufficiently shift the hydrate 

zone backward and upward. The study in this paper focuses on the second suggestion, 

which Li et al (2013) stated that is the best solution. Their study did not state how much 

water is safe to follow the gas or any method that can be used to evaluate that. We 

therefore responded through this study, with emphasis on the impact of solid surfaces 

(rusty surfaces of internal walls of gas transport pipelines) as another precursor for 

hydrate formation in pipelines. We evaluated the maximum content of water that 

should be allowed in the bulk gas transported through the subsea pipeline to prevent 

the risk of water dropping out to eventually lead to hydrate formation.   

For this gas composition, the current industrial method based on water dew-point 

analysis over-estimates the maximum allowable water contents 18 to 19 times higher if 

the criterion for calculation is based on the mechanism of adsorption of water onto 

Hematite (rusty pipeline walls).  This suggests that with the effect of rusty surfaces in 
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gas transmission pipelines, it may still be risky basing our hydrate risk evaluation on the 

current industrial approach based on water dewpoint calculations. Sensitivity analysis 

of pressure was also conducted which indicate that the safe limit of water in the bulk 

gas reduces with increase pressure.  
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6.7 Heterogeneous and homogeneous hydrate nucleation in 

CO2/water systems. Journal of Crystal Growth 

The emphasis in this work is to show that different ranges of hydrate can 

homogeneously form from CO2 dissolved in water; to show the difference between 

hydrate nucleation and induction; to show that nucleation times are very fast and that 

they are in nanoseconds; to show why induction time can be very long, which is because 

of the slow transport of hydrate building blocks through the initial hydrate films.  

Chapter 4 dealt with the focus of this paper, but since this is a summary of a paper, it 

has to be reviewed again. 

Hydrate formation process is typically divided into two physically well-defined 

stages: nucleation stage and stable growth stage. The first stage which is the nucleation 

stage is an unstable crystallisation phase where the thermodynamic benefit of the 

hydrate phase transition competes with the thermodynamic penalty of pushing away 

the existing phases towards attainment of the hydrate critical core radius. The second 

stage starts after the attainment of the critical radius, when the growth of the hydrate 

can be stable. This second process is a function of the size and shape of the growing 

hydrate nuclei. Another stage is normally identified as third stage, though not uniquely 

physically defined. This is known as induction time. This is the stage where the hydrate 

growth is massive and visible by several detection techniques such as laser detection of 

crystals, change in pressure, or other imaging methods.  

Hydrate nucleation times are often mistaken as induction times. This may be 

because of the small size of the initial thin stable hydrate film, which is formed at the 

interface between water and the guest molecule phase. This thin initial hydrate film 

causes a restriction to transport of water and hydrate building blocks required for the 

stable growth of hydrate. This could cause a delay by several hours before a detectable 

hydrate core can be observed (onset of massive growth), which depends on the situation 

and likely effects of solid surface. Solid surfaces, for example, rusty surfaces of internal 

walls of pipelines frequently have effect on the hydrate phase transition process- 

transitions to induction. In the previous articles, we have explained the role of solid 

surfaces (Hematite) as a precursor to hydrate formation. 
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The nucleation times calculated for heterogeneous hydrate nucleation on 

water/CO2 interface are in nanoseconds. It is the same for homogeneous hydrate 

nucleation from CO2 dissolved in water. The delayed observed during induction time is 

because of the slow mass transport through the initial hydrate films formed at the 

interface between water and the hydrate former. Simple estimates show that induction 

times could be many hours when there are no hydrodynamic shear forces to break the 

hydrate films, for example in the absence of stirring. The slow mass transport limited 

growth towards a detectable hydrate is for that reason commonly misconstrued as 

absence of hydrate. 

In addition, contrary to the assumption that only one structure and only one 

hydrate composition could form during hydrate formation, a variety of hydrates will 

form. We have discussed that hydrate formation will commenced at the interface 

between the hydrate former phase and water due to the higher concentration of both 

original phases at the interface. This we usually denote as H1. Then several hydrates 

having different hydrate composition and densities can be form from dissolved hydrate 

former in water, which we also refer to as H2. Another hydrate can thermodynamically 

be formed from dissolved water in hydrate former phase, but this will be challenged by 

too little mass of water in the hydrate former phase and heat transport limitation. We 

designate this as H3.  

Hydrate formation in industrial systems and in nature will never reach equilibrium. 

Local chemical potential of H2O and guest molecules are consequently subject to local 

minimum free energy under the constraints of heat and mass transport. This means that 

the cavity partition functions in the statistical mechanical theory for hydrate will vary 

with local chemical potentials for hydrate formers. Hydrate formation from dissolved 

hydrate formers in water can form several hydrates with different compositions and 

densities as the concentration of guest molecules in the surrounding water changes.  

We used a simple nucleation theory, the classical nucleation theory (CNT). 

Thermodynamic properties associated with the hydrate phase transitions in this model 

are evaluated from classical thermodynamics. Hydrate properties are derived from data 
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obtainable from molecular dynamic (MD) simulations to get a consistent and 

transparent reference level for every component in every phase. 

It is important to discuss upper limit of water allowable in CO2 stream when 

discussing kinetics of hydrate nucleation since CO2 and water can form hydrate. 

Therefore, we considered a pipeline situation for transport of CO2, the Europipe I for 

transporting CO2 from Germany to the North Sea of Norway for offshore long-term 

storage. We applied the same approaches used in the previous articles. The water dew-

point method calculated about 20 times higher water tolerance in the CO2 stream 

compared to the approach based on water adsorption on solid surface (Hematite). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Aromada, S. A. (2021)  

 

___ 
68   

 

6.8 Hydrate nucleation, growth and induction.  

This study follows the same procedure of [Paper 7], but our component of interest 

here is methane. The main objective is also to clarify some misconceptions about 

kinetics and thermodynamics of hydrate formation. Nucleation time is different from 

induction. Nucleation times are nanoscale processes. The dynamics of hydrate stable 

growth can be very slow because of mass transport limitations; limitation of 

transporting water and hydrate-forming molecules across initial hydrate films. 

Diffusivity decreases, thus, the time for stable growth to attain a point of detection by 

any instrument or technique will increase because of the mass transport limitation 

posed by the initial hydrate film formed at the interface. 

Hydrate formation in industrial systems and nature cannot reach thermodynamic 

equilibrium since both temperature and pressure are always specified, and we will end 

up with only one degree of freedom for a simple case involving one hydrate-forming 

component. It is not only one but a number of different hydrates with different 

densities, different compositions and different free energies will form. It depends on the 

phases the hydrate forming molecule and water come from. A variety of different 

hydrates can also form from a mixture of methane and carbon dioxide based on the 

impact of the combined first and second laws of thermodynamics. This implies hydrate 

nucleation will begin first with the most stable hydrates, under the constraints of heat 

and mass transport. Nucleation can occur through a variety of routes. 

Several misunderstandings about hydrate stability also exist. Discussions on hydrate 

stability are mainly based on pressure-temperature stability limit projection, which is 

not proper. It could be reasoned that hydrate of methane is more stable above a specific 

pressure-temperature condition based on P-T equilibrium curve, that is above the 

quadruple-point where CO2 gas splits into two phases (gas and liquid). But plotting the 

free energies of both CH4 and CO2 hydrates along the hydrate formation curves indicates 

that CO2 hydrate is more stable compared to CH4 hydrate over the entire P-T range for 

both hydrates. These features are not directly observable in the old-fashion hydrate 

formation P-T or stability curves because they are founded on semi-empirical fitting of 

the chemical potential of liquid water minus the chemical potential of empty hydrate. 
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A pipeline hydrate risk analysis was also conducted to discuss the different routes 

water can be made available for hydrate to form thermodynamically. Our study was 

based on Europipe II which transports export natural gas from the Kårstø processing 

facility in Norway to the Europipe receiving facilities (ERF) reception centre at Dornum 

in Germany. The results show that rusty surfaces in pipelines will makes it about 20 

times riskier for liquid water to drop out through the process of adsorption compared 

to the route of condensation via water dewpoint. 
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6.9 Consistent enthalpies of the hydrate formation and 

dissociation using residual thermodynamics  

This article contains some of the works done in the third and last part of the project. 

Enthalpy of hydrate formation or dissociation is one of the most vital properties of gas 

hydrates. The experimental data obtainable for gas hydrate formation and dissociation 

enthalpies are limited and commonly contain various types of bias. A characteristic 

reason for bias is the applied conditions. Even if the temperature is specified, with 

missing pressure information, it will still be impossible to define the degree of 

superheating required for total dissociation of hydrate relative to hydrate equilibrium 

pressure at the given temperature. For example, Kang et al. (2001) state: “…was kept 

above the equilibrium dissociation pressure”. However, the degree of superheating 

(temperature above the equilibrium temperature) is necessary to understand how much 

heat is used in heating the hydrate sample and how much heat is actually being 

consumed for dissociation of the sample. This is very imperative because it is clearly not 

possible to dissociate a sample of hydrate precisely at the hydrate equilibrium 

conditions because it will take infinite time. 

Indirectly, models used for evaluating enthalpies of hydrate formation and 

dissociation have been based generally on both the Clapeyron and Clausius−Clapeyron 

equations. In several articles, the simplified Clausius−Clapeyron equation is used 

together with hydrate equilibrium data obtained by experiment or by calculation. 

However, these methods fail for conditions where condensed phase volumes become 

significant. These approaches have a number of limitations. For instance, Clapeyron and 

Clausius−Clapeyron equations cannot be applied directly to conditions outside of the 

hydrate equilibrium curve. Clausius−Clapeyron equation will fail at higher pressures.  

Therefore, we propose a consistent thermodynamic scheme, which is based on 

using residual thermodynamics for evaluating every property such as change in free 

energy as the thermodynamic driving force in kinetic theories, equilibrium curves, and 

enthalpy changes of hydrate dissociation and formation. Unlike the Clapeyron method, 

this approach can easily be extended to thermodynamic conditions outside of 

equilibrium, and to other hydrate phase transitions. Applicable cases are enthalpy 
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changes associated with hydrate forming from dissolved guest molecules in water, and 

the reverse process of dissociation of hydrate towards water undersaturated with 

hydrate former. Other applicable hydrate phase transitions are hydrate formation 

toward solid (mineral) surfaces. This residual thermodynamic approach can simply be 

applied to any mixtures of hydrates that will be formed in a free-energy analysis of 

hydrate formation from mixture of guest molecules. 

In this work, data of enthalpy changes of hydrate formation/dissociation from 

experiments and from both Clausius−Clapeyron and Clapeyron equations were plotted, 

as well as the results we obtained using our proposed scheme. There is a wide 

disagreement with most of the available data, even the ones obtained from the same 

approach. This may be due to the over-simplifications involved in Clausius−Clapeyron 

and Clapeyron and the obvious limitations in some of the experiments. We are to 

evaluate real gas behaviour taking into account thermodynamic deviations from ideal 

gas behaviour by use of residual thermodynamics. 
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6.10 Modelling of methane hydrate formation and dissociation 

using residual thermodynamics.  

It was also important to us to present the work in the third part of the PhD project 

in an international conference since we are the only research group who have used our 

proposed approach. In this paper, we show how the data of enthalpies of hydrate 

formation or dissociation that are currently available are not consistent, thus unreliable. 

That is because they usually lack relevant information that are essential for proper 

interpretation, like the hydrate composition, hydration number, the pressure condition 

at which they were estimated. In addition, the level of superheating needed for total 

dissociation of hydrate usually captured. Yet, it is very important because expecting 

hydrate to dissociate at equilibrium conditions is not feasible, because it will take infinite 

time. The Clausius-Clayperon and the Clapeyron modelling approaches are usually based 

on equilibrium pressure-temperature conditions (they cannot directly be applied for 

non-equilibrium situations which is the normal industrial systems and nature). They 

involve oversimplification that affects their results. The limitations of the current 

methods used for evaluation of enthalpy changes of hydrate phase transitions are 

discussed. Some of the current data are plotted as well as the estimates from our 

proposed approach based on residual thermodynamics. This study is based on only 

methane as we have done a more comprehensive study in [Paper 9]. 
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6.11 Production of methane from hydrate and CO2 zero-

emission concept 

We stated in [Paper 9, Paper 10] that enthalpy is one of the most important 

properties of gas hydrates. One of the reasons is its practical implication to greenhouse 

gas control and production of a cleaner source of fossil fuel, natural gas; simultaneous 

CH4 production and CO2 offshore long-term storage. We evaluated the enthalpy changes 

of hydrate formation and dissociation for methane and carbon dioxide using residual 

thermodynamics approach. We also performed a free energy analysis for both 

components. According to our study, the exothermic heat of CO2 hydration formation 

may be 9 – 10 kJ/mol of guest molecule greater than the heat needed for dissociation 

of a CH4 hydrate to CH4 gas and liquid water. The implication is that the released heat is 

available to help to dissociate the surrounding CH4 hydrate to liquid water and CH4 gas. 

The dissociation of CH4 hydrate will make additional free water available added to the 

free pore water for new CO2 hydrate to form in place of the originally existing in-situ CH4 

hydrate. Based on the combined first and second laws of thermodynamics, which helps 

us to analyse non-equilibrium thermodynamic processes based on free energy analysis, 

we found out that the change in free energy of CO2 hydrate could be 1.8 – 2.0 kJ/mol 

more negative (that is less) than that of CH4 hydrate. And consequently, since the 

systems under consideration cannot attain equilibrium, we concluded that the free 

energy change difference between CO2 and CH4 hydrates as well as the relative heat of 

formation or dissociation are the most important factors to consider in replacing in-situ 

CH4 hydrate with CO2 as CO2 hydrate and eventual mining of the natural gas. 
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6.12 Enthalpies of hydrate formation and dissociation from 

residual thermodynamics 

A poster of this work was presented at the 12th International Methane Hydrate 

Research and Development Conference and China Engineering Technology Forum (12th 

IMHRD) which was held in Chengdu-China between 31st of October to 3rd of November 

2018. The presentation is among the seven selected for special issue journal publication 

in Energies. It is in this presentation that we first proposed using residual 

thermodynamics for calculation of enthalpies of hydrate formation and dissociation.  

What is new in this article? We emphasise the approach of residual 

thermodynamics because of the obvious limitations of the current approaches, and also 

reported the important implication of the heats of hydrate formation and dissociation 

in in-situ CH4-CO2 swap. We did a more rigorous review of available experimental data 

and calculated data from Clapeyron and Clausius-Clapeyron modelling approaches for 

enthalpy changes of hydrate formation and dissociation. We calculated and plotted 

enthalpy changes of hydrate formation and dissociation in kJ/mol of guest molecule in 

terms of temperature and also as a function of pressure to give overview of the currently 

available data. We did the same in the case of hydration number. We also calculated 

enthalpy changes of hydrate formation or dissociation in kJ/mol of hydrate, considering 

the hydration number. In addition, we used both Clausius-Clapeyron and Clapeyron 

equations to calculate enthalpy of hydrate formation or dissociation, which were also 

plotted together with extensive data from literature and our proposed residual 

thermodynamics approach. 

The implication of enthalpy changes of hydrate phase transitions to 

environmentally friendly mining of natural gas from in-situ methane hydrate and 

simultaneous long-term carbon dioxide offshore storage in form of gas hydrate is also 

documented in this paper. We evaluated CO2 enthalpy changes of hydrate phase 

transition to be 10 – 11 kJ/mol of guest molecule much more than that of CH4 hydrate 

for 273 – 280 K range of temperature. Thus, our inference of this implication is the same 

for [Paper 11], that is, the heat of CO2 hydrate formation is available, and more than the  
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7 General discussion, conclusion and further works 

This chapter presents the general discussion of the studies conducted in this 

project, which fulfil the objectives of the project. Relevant conclusions drawn from the 

studies follows the general discussion, which is finally followed by suggested further 

works. All the papers are discussed together in each of the three main objectives. 

Therefore, a repetition of some of the information especially in Chapter 6 (Summary of 

papers) should be expected. 

7.1 General discussion  

This PhD project is meant to extensively validate the thermodynamic scheme with 

experimental data (including calculated data from very good literature) and to apply it 

to comprehensively study the risk of hydrate formation during processing and pipeline 

transport of natural gas, thermodynamics and kinetics of hydrate formation, and 

simultaneous CH4 production from in-situ hydrate and CO2 long-term offshore storage 

in form of CO2 hydrate.  

Equilibrium or stability pressures estimated from the thermodynamic scheme used 

in this project were compared with several experimental data for validation. The 

agreements were satisfactory for all the systems investigated. Model validation was 

done for hydrates formed from single component, binary and multicomponent mixtures 

of guest molecules. 

7.1.1 Risk of hydrate formation and the impact of rust in pipeline transport 

of natural gas and CO2 

Water is always produced together with oil and natural gas. This water gives the 

petroleum industry a great concern [1] since it can form hydrate with the light 

components in natural gas (methane, ethane, propane and isobutane in their pure form) 

at high pressures and low temperatures. Hydrates can plug pipelines [1, 18] which can 

lead to severe economic losses [31]. 
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The typical techniques proposed and used for prevention of hydrate formation in 

gas transport pipelines are pressure reduction, thermal means (increasing the 

temperature above hydrate stability temperature), injection of chemicals, or 

dehydration of the gas [2, 18, 32, 226, 242-244]. 

The first three method are very costly especially for long pipelines like the ones 

studied in this project, particularly [18, 23, 245-247]. Therefore, dehydration of the gas 

is the best option [18], especially for export gas. The vital question is then, “how much 

water should be removed from the gas, or how much water vapour should be allowed 

to follow the gas without the risk of liquid water dropping out to eventually lead to 

hydrate formation”?  

The current industrial practice for estimating the maximum mole-fraction of water 

that can be permitted without the risk of liquid water dropping out has been based on 

if the gas is either at or below water dew-point [2]. This classical approach [2] presently 

used for hydrate risk evaluation during transport of natural gas and CO2 is based on 

condensation of water from the bulk gas at dew point (as stated above). Which means 

the mole-fraction of water that should be permitted in the bulk gas must be below the 

water dewpoint mole-fraction of the least operation P-T conditions. 

Previous works [248-250] in our research group indicated that the rusty surfaces of 

the internal walls of gas transport pipelines and equipment could provide another route 

(besides dewpoint condensation) for liquid water to drop out of the bulk gas and 

ultimately leads to hydrate formation. This is ignored in the current hydrate risk 

approach. However, before pipelines are mounted and laid on the sea floor for 

hydrocarbon operations, they are already rusty as discussed in Section 1.1 and shown in 

Figure 1.3.  [37].  These rusty surfaces have hydrate formation implications: they provide 

water adsorption sites, thus, a precursor to hydrate formation in the pipeline or 

equipment. These rusty surfaces can make free liquid water available through the 

mechanism of adsorption. Rust [19, 26] is a mixture of several different oxides of iron 

like iron oxide (FeO), hematite (Fe2O3), and magnetite (Fe3O4). Magnetite generally 

forms very quickly or early, but the most dominant oxide is hematite, and it is one of the 

most thermodynamically stable forms of the ordinary rust. By ordinary rust we imply 
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different oxides of iron that are formed by exposing iron to oxygen and water. 

Therefore, discussions are based on impact of Hematite in this project. 

Hydrate nucleation and growth cannot occur directly on hematite [19] because of 

incompatibility between the distribution of partial charges of hydrogen and oxygen in 

the lattice and atom charges in the hematite (rusty) surface. Nevertheless, the hematite 

works as a catalyst for pulling out the water from the gas by means of adsorption. Then, 

hydrate can form slightly outside of the first 2-3 layers of water of about 1 nm.  

A third route for hydrate nucleation and growth, where water dissolved in the guest 

molecule can lead to hydrate nucleation is theoretically or thermodynamically possible, 

but it is not feasible. This is due to the very low concentration of water in the hydrate 

former’s phase and poor heat transfer out of the system: mass and heat transport 

limitations. During hydrate formation from water and guest molecule at the interface 

between them, a hydrate film will subsequently and rapidly be formed at that interface. 

This will block further transport of mass through the hydrate film (very low coefficient 

of diffusivity) very quickly, thereby preventing continuous growth or cause a delay in the 

growth of the hydrate. Nevertheless, in the absences of effects of surface stress from 

flow on the water/hydrate former system (just like a system without stirring), hydrate 

formation will happen from the water dissolved in gas. This will also benefit from 

hydrate nucleation on the hydrate surface from water condensed on it and hydrate 

guest molecules. When a flowing situation with turbulent shear forces is considered, 

hydrate formation from water dissolved in gas phase cannot be realised. Hence, this 

route to hydrate formation is not considered in most of the studies. 

The results of the hydrate risk analysis of all the systems investigated in this project 

[Paper 1 – Paper 8] indicate that the approach of adsorption of water onto Hematite 

(rusty surfaces) completely dominate. The dewpoint method over-estimates the safe 

limit (maximum mole-fraction) of water that should be permitted to flow with the bulk 

gas about 18–20 times greater than when the effect of hematite is considered, 

depending on the specific gas composition. This can also be explained based on the 

combined first and second laws of thermodynamics, from which we understand that 

thermodynamic systems will move or proceed towards the minimum or least free 
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energy possible as a function of temperature, pressure, and distribution of masses in 

the system over possible phases, under the constraints of mass and heat transport. 

Water adsorbed on Hematite (rusty surface) has an average chemical potential of 

approximately -3.4 kJ/mol [176, 182] less than or more negative than the chemical 

potential of liquid water. It means that it is more likely for liquid water to adsorb on 

rusty surfaces for subsequent hydrate formation to occur than for water to drop out 

through water dewpoint condensation.  This implies gas transmission pipelines could 

still encounter hydrate plugging if the hydrate risk evaluation done is entirely based on 

dewpoint technique.  

Almost all the systems investigated involved hydrate formers of structures I and II 

since real natural gas usually contain more than methane and other structure I hydrate 

forming guest molecules. Therefore, real natural gas compositions were used in most of 

the studies. Natural gas fields data of Troll gas [Paper 2, Paper 5], Sleipner gas [Paper 3], 

Natuna gas [Paper 4], a wet gas from Bohai Bay in China [Paper 6], export gas from 

Norway to Germany through Europipe II [Paper 7], and that of the CO2 pipeline from 

Germany to Norway through Europipe I [Paper 8] were used. Few years before this 

project, Kvamme et al. [19] obtained a similar result, precisely 20 times higher but for 

pure methane and pure CO2. Kvamme and Sapate [251] also calculated the dewpoint 

analysis 18 times greater than analysis based on the mechanism of adsorption of water 

onto Hematite, but it is also based on a binary gas system of only structure I hydrate 

former, precisely, methane and ethane.  

Other research groups do not discuss calculation of the maximum limit of water, 

but they usually discuss that the gas needs to be dehydrated [18, 252]. However, it is 

important to know to what extent should the gas be dehydrated. This will have impact 

in the design of gas dehydration systems. What a lot of the other research groups focus 

on is mainly injection of chemicals which is quite more expensive [69, 226, 253, 254].  

The effect of the presence of higher hydrocarbon hydrate formers which we 

referred to as C2+ in this project were investigated [Paper 1 – Paper 3]. The trends 

demonstrate a decline in allowable water content with increasing concentration of 

ethane, propane and isobutane for the temperature range of 273 – 280 K. As their 
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concentrations increase in the bulk gas, these C2+ act to draw down the water tolerance 

of the gas mixture to a point where they completely dominate or dictate the trends.  

The effects of the presence of inorganic gases of CO2 [Paper 3 – Paper 5] and H2S 

[Paper 5] in the bulk gas on water tolerance were also studied. CO2 has little or no 

significant impact on the maximum mole-fraction of water that can be permitted to flow 

with the bulk gas as its concentration increases. While H2S, like ethane, propane and 

isobutane show a consideration reduction in water tolerance of the system as its 

concentration in the mixture increases. Its impact is slightly greater than that of ethane 

according to the dewpoint analysis. But based on the approach of water on Hematite, it 

has a well greater effect on the safe-limit of water compared to ethane. The presence 

of 1 % of H2S in the bulk gas may cause about 1 % reduction in water tolerance. The 

reduction in maximum content of water could be up to about 2 – 3 % and up to about 4 

– 5 % if the concentration increases to 5 % and 10 % respectively [Paper 5]. 

In the literature [255], discussion of hydrate stability is often based on equilibrium 

pressure-temperature curves. This is not proper because industrial system and even in 

nature hydrate systems can never attain equilibrium. They are non-equilibrium systems. 

In equilibrium situation, the chemical potentials of different guest molecules in a 

multicomponent gas mixture in different phases are equal. However, in a 

nonequilibrium systems, the chemical potentials of different hydrate formers are not 

equal, they are distinct in value across all the phase boundaries. Therefore, free energy 

analysis based on the combined first and second laws of thermodynamics under the 

constraints of conservation of mass and energy is appropriate. Based on this, the results 

obtained explained why in a multicomponent mixture of hydrocarbon gases the most 

stable hydrates will form first, under the constraints of mass and heat transport, 

followed by the subsequent most stable hydrates according to each stability. The most 

stable hydrate is then the hydrate with the minimum free energy. The most stable 

hydrate is therefore hydrate of isobutane, followed by that of propane, and then by 

ethane [Paper 1]. Consequently, i-C4H10 followed by and C3H8 will first fill the large 

cavities of sII hydrate but under the constraints of distribution of masses. Then C2H6 will 
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occupy the large cavities of sI hydrate before CH4 will enter and occupy the small cages 

of sI hydrate. 

This explanation may be seen as the same with hydrate stability analysis based on 

hydrate equilibrium or hydrate stability curves, but it is not so. For instance, the hydrate 

stability curve of CO2 hydrate has lower pressures (thus more stable) compared to that 

of methane hydrate, but only to a certain temperature. That temperature is the point 

where the gas guest molecule experiences a phase-split, were CO2 hydrate, liquid water, 

liquid CO2 and CO2 gas coexist (quadruple-point). Beyond this temperature, the 

pressures of CO2 hydrate stability curve become higher than those of CH4 due to the 

density change caused by the additional (liquid) phase of CO2. This can mistakenly be 

interpreted as CH4 hydrate becoming more stable than CO2 hydrate beyond this point if 

we base our interpretation only on stability curves. Conducting a free energy analysis 

revealed that CO2 hydrate has lower free energy across the entire temperature range. 

Thus, CO2 hydrate is more at all the temperature even beyond the quadruple-point were 

phase-split occurs [Paper 8]. 

7.1.2 Kinetics of hydrate formation 

Kinetics of hydrate formation is not well understood, certain misinterpretations or 

misunderstanding exist [9, 12, 14, 256]. Hydrate formation just like the process of 

crystallisation is generally divided into two well defined phases or stages: hydrate 

nucleation and hydrate stable growth stage [199, 200, 218, 257]. Kinetics of hydrate 

formation has been extensively discussed in Section 3.1. The first stage involves random 

formation and shrinking of hydrate nuclei under beneficial thermodynamic conditions 

and favourable heat and mass transport [258] to attain the critical nuclei size from which 

stable hydrate growth (second stage) can commence. Another stage which is physically 

not well defined is often referred to as a third stage known as induction. Induction time 

is the time elapse before hydrate becomes detectable. While hydrate nucleation time is 

the time it takes for hydrate core or nuclei to form.  

Nucleation times are sometimes mistaken as induction times. This is not correct 

because nucleation is a nano-scale process. That hydrate cannot be detected before 



Hydrate Phase Transition-Risk, Energy Potential and CO2 Storage Possibilities 

 

  

___ 
81 

 

induction does not imply hydrate does not exit. That several hours may elapse before 

hydrate can be detected does not mean hydrate nucleation took several minutes or 

hours. For example, Davies et al. [259] calculated a nucleation time of over five hours in 

the isothermal experiment they conducted at 268 K.  The hydrate nucleation times 

computed for both heterogeneous and homogeneous hydrate formation in this project 

are in nano-seconds [Paper 7, Paper 8]. The works of [14, 260] are also in agreement 

with the results obtained in this project. The long times experienced before hydrates are 

detected are caused by mass transport limitations due to the initial thin hydrate film 

formed at the interface between water and the hydrate former interface [Paper 7, Paper 

8]. This has been comprehensively discussed in Section  3.1.1. There is a limitation in the 

transport of guest molecules and water across thin initial hydrate film. This implies a 

decrease of diffusivity coefficient, thereby resulting in increase in the time for 

continuous growth to reach a detectable size. 

Another misunderstanding about hydrate nucleation is that only one uniform-phase 

hydrate is forms from either a single guest or a multicomponent mixtures of hydrate 

formers. This analysis has also been presented in Section 3.1.1.  Based on the combined 

first and second laws of thermodynamics, nucleation will commence with the most 

stable hydrates, under the constraints of heat and mass transport. Nucleation can 

happen via different routes [Paper 7, Paper 8]. Even in a system with a single guest 

molecule and water, a variety of hydrate with distinct density, distinct chemical 

potential and distinct composition will finally form. While a system with 

multicomponent guest molecules and water, the final hydrate will be a mixture of 

different hydrates, different hydrate structures (when guest of more than one structure 

exist), different chemical potential, different densities and different composition. 

Hydrate formation will commence at the interface between the guest molecule phase 

and water [Paper 7, Paper 8] and [258]. The experimental work of [261] gives a good 

illustration of this in page 4166. A range of hydrates with different compositions of the 

original hydrate former(s), different densities and different will form from aqueous 

solution (dissolve hydrate formers). Theoretically, hydrate can also nucleate from water 

dissolved in the guest molecules phase. Such hydrate cannot be stable because of the 
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little mass of water dissolved in the guest molecule phase as well as limitation of heat 

transport, especially in the case of hydrocarbon guests like methane-poor heat 

conduction.  

In Section 4.2, non-equilibrium nature of hydrate formation in industrial systems 

and nature has been comprehensively discussed. Hydrate stability for different hydrate 

formers has also been discussed in the previous section, Section 4.3. 

7.1.3 Simultaneous production of energy and long-term CO2 offshore 

storage 

Natural gas hydrates (NGHs) are widely distributed all over the world, in the 

permafrost and in the oceans [9]. They are being considered as possible unconventional 

energy resource for the world in the future [262, 263]. NGHs have been estimated to 

hold a huge amount of relatively cleaner energy resource (natural gas) [10], as much as 

twice the amount of the entire reserves of all the fossil fuels in the world [264, 265]. 

Some of the great economies of the world like Japan and India have significant deposits 

of natural gas hydrate but are currently largely depended on import of fuels for their 

energy needs [263, 266-269]. This explains the increase interest in hydrate research. 

Several methods have been proposed to mine these energy resources for the 

benefit of man. Though, attention has been given to mostly pressure reduction and 

thermal stimulation (for example, use of steam or hot water). A more innovative 

approach is utilisation of CO2. This approach is attractive because it combines both 

mining of the natural gas stored up in the NGHs and simultaneously storing of CO2 in 

form of hydrate, and in place of the original CH4 hydrate. One of the techniques which 

has been tested in a Pilot test conducted at Alaska (U.S.A.) [270] involved mixing 

nitrogen gas with CO2 to reduce the thermodynamic driving force, to avoid the typical 

rapid formation of CO2 hydrate. This is based on a solid-state swap mechanism. Lee et 

al. [70] and Falenty et al. [271] have verified the solid-state process for the ice region of 

water. The amount (%) of CO2 needed in the CO2/N2 mixture to successfully convert the 

CH4 hydrate to CO2 hydrate to avoid the risk of rapid CO2 hydrate formation which can 

eventually block further supply of CO2 was studied in this project [Paper 4]. Natuna gas 
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in offshore Indonesia is the case study. The study indicated that the required proportion 

of CO2 about is around 5 – 12 mol% without H2S in the gas stream. While it is about 4 – 

5 mol% and 2 – 3 mol% with the presence of 0.5 mol% and 1 mol% of H2S respectively. 

Direct solid-state CO2-CH4 swap will be extremely kinetically restricted and is not 

significant.  

 Just as discussed in Section 1.1 (Motivation), Offshore of Japan two pilot tests were 

also performed some years ago [3]. In both Pilot tests, a major problem they 

encountered was freezing down as a result of inadequate heat supply capacity from the 

surroundings [69]. Even though thermal stimulation offers solution to this challenge, it 

is however considered too costly as the only means. Nevertheless, any technique that 

will be applied to produce CH4 from CH4 gas hydrates successfully will involve heat 

transfer. Therefore, it is imperative to investigate the heats of these hydrate formation 

and dissociation. Thus, it is vital to obtain accurate values of these heat of hydrate phase 

transitions. 

In this project, we proposed a residual thermodynamic approach for computing 

consistent enthalpy changes of hydrate phase transitions. This is because there are 

different limitations and sources of biases in the current approaches. Experimental data 

of enthalpy changes of hydrate phase transitions available in literature lack significant 

information essential for right interpretation. They are also filled with various sources 

of bias. A lot of calorimetric experimental data does not also have any measured filling 

fractions. They often apply a constant value, which indicates the constant values could 

be merely guessed. Information about superheating above the hydrate equilibrium 

conditions to completely dissociate the gas hydrate to liquid water and gas is normally 

not lacking. Other relevant information needed for good understanding and appropriate 

interpretation are normally missing. Generally missing information are composition of 

hydrate, hydration (occupation) number, temperature and/or pressure data, and 

degree of super heating involved in total hydrate dissociation.  

Clausius-Clapeyron model used with either measured or calculated pressure-

temperature equilibrium data is the simplest indirect methods used for evaluating 

enthalpy changes associated with hydrate phase transition. However, this approach 
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involves over-simplifications. These over-simplifications make all the data based on 

Clausius-Clapeyron to be unreliable. Therefore, the ordinary Clapeyron equation is 

favoured by most recent works applying different modifications, especially models for 

the change in volume associated with the hydrate phase transitions [168, 214]. 

However, older data obtained from the Clapeyron approach do not have appropriate 

volume corrections. In addition, both Clausius-Clapeyron and Clapeyron are based on 

equilibrium P-T data obtained by experiment or by calculation. But hydrate cannot 

attain equilibrium in industrial systems and nature. In non-equilibrium systems, we 

apply free energy analysis (minimisation). 

Enthalpy change is uniquely but trivially related thermodynamically to change in 

free energy. Therefore, thermodynamic models used for description of change in free 

energy related to phase transition of hydrate (formation or dissociation) will have a 

consistent change in enthalpy on the basis of the specific models. This is why we 

recommend the method based on using residual thermodynamics scheme for all 

properties like equilibrium (pressure-temperature) curves, free energy changes as 

thermodynamic driving force in kinetic theories and enthalpies of hydrate formation and 

dissociation. With residual thermodynamics we calculate real and not just ideal 

thermodynamic properties. We can calculate values outside of equilibrium. We can 

obtain the degree of superheating needed for dissociation of hydrates to liquid water 

and guest molecule back to its original phase (this is not included in this study but in a 

subsequent work to this). Calculations based on residual thermodynamics enable us to 

evaluate real gas behaviour with consideration of the thermodynamic deviations from 

ideal gas behaviour. 

Enthalpy changes of hydrate phase transition and hydration number in literature 

obtained from experimental studies as well as Clausius-Clapeyron and Clapeyron models 

have been studied in this project. The values vary significantly in such a way that some 

of them decided to base their results on average values over a range of temperatures 

[272]. Gupta et al. [273] obtained dissimilar values for enthalpies of hydrate dissociation 

from experimental study, Clausius-Clapeyron and Clapeyron equation. We do not expect 

much agreement with our results based on the limitations of the other methods, 
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especially, the simplicity of both the Clapeyron and Clausius-Clapeyron equations. 

Nevertheless, for methane hydrate, the results of Nakamura et al. [215] are closed to 

our results, and also the experimental results of Gupta et al. [273] but only between 280 

and 286 K. The single point value of Kang et al. [167] and Sloan and Fleyfel [274] are 

close to our results. 

The results of enthalpy changes of carbon dioxide hydrate phase transitions using 

residual thermodynamics in this project are around 10 – 11 kJ/mol of guest molecule 

greater than the ones of methane hydrate phase transition for 273 – 280 K range of 

temperatures. Calculations based on kJ/mol hydrate within the same temperature range 

give 0.5–0.6 kJ/mol hydrate. Anderson’s results [168, 214] using Clapeyron equation are 

a little close to the results obtained in this work, precisely 10 kJ/mol and 7 kJ/mol of 

guest molecule at 274 K and at 278 K respectively. While Kang et al. [167] in their 

experiment put this difference at 8.4 kJ/mol of guest molecule at 273.65 K. 

These results suggest that the exothermic heat released per guest molecule or per 

hydrate during CO2 hydrate formation, especially from the available free water (pore 

water inclusive) and also directly via solid-state mechanism is more than that required 

for dissociation of CH4 hydrate. The implication is that if CO2 is injected into CH4 hydrate 

deposits, the heat supply requirement from the surroundings for dissociation of CH4 

hydrate to continue and to avoid the problem of freezing down will be met by the 

exothermic heat of CO2 hydrate formation. The exothermic heat of CO2 hydrate 

formation will help to dissociate the CH4 hydrate to CH4 gas and liquid water. The CH4 

gas can then be produced, and the liquid water will be used for further CO2 hydrate 

formation. However, it is pertinent to state that this proposition is still under 

investigation, and it is still under development. In addition, there are constraints that 

are also under study. Hydrate formation at the interface between CO2 gas and liquid 

water is very rapid, forming a hydrate film which will quickly block the pore spaces 

thereby limiting further CO2 supply. 

In replacement of in-situ CH4 hydrate with CO2, it is not the temperature-pressure 

that is essential, but what is important is the difference in free energies of both hydrates, 

CH4 hydrate and CO2 hydrate, and the enthalpies of CO2 hydrate formation relative to 
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the enthalpies of CH4 hydrate dissociation.  The free energy of CO2 hydrate is around 1.8 

– 2.0 kJ/mol more negative or lower the free energy of CH4 hydrate within a temperature 

range of 273.15 – 283.15 K (0 – 15 °C). That confirms that hydrate of CO2 is more stable 

thermodynamically than hydrate of CH4. 

We also studied enthalpies of hydrate phase transitions involving mixtures. The 

mixtures are limited to our components of interest (CH4, CO2 and N2) for “simultaneous 

production of natural gas from CH4 hydrate and CO2 long-term offshore storage in form 

of CO2 hydrate. The limits of N2 in possible injection gas mixtures has been studied in 

[275, 276] and in [Paper 4].  Hydrate formation from the mixtures of these components 

will result in a better stabilization of both cavities, with CO2 filling the large cavities and 

CH4 and N2 stabilising the small cavities, so, we expect higher absolute values of 

enthalpies. Excess enthalpies available for dissociation of the in-situ CH4 hydrate were 

also calculated. For example, even at a N2 concentration as high as 30 mole per cent 

with 70 mole per cent of CO2, excess heat of around 6 kJ/mol was computed.  

7.2 Conclusion  

Current industrial approach for evaluating the risk of hydrate formation is based on 

liquid water dropping out of the bulk gas at dewpoint at a given pressure-temperature 

(P-T) condition. In this method, the maximum allowable water content will be kept 

below the projected dew-point mole-fractions during transport, considering the 

operational P-T conditions. Solid surfaces, in this project, rust (Hematite) is another 

precursor to hydrate formation. Rust provides another route for liquid water to drop 

out through the mechanism of adsorption. And pipelines are generally rusty before they 

are mounted in place for operations. 

The approach of adsorption of water onto Hematite (rusty surfaces) completely 

dominates. The dew-point method over-estimates the maximum mole-fraction of water 

that can be permitted to flow with bulk gas about 18 – 20 times greater than when the 

impact of hematite is considered, depending on the specific gas composition. Thus, 

hydrate may still form when we base our hydrate risk analysis entirely on dew-point 

method.  
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The presence of higher hydrocarbon (C2+) guest molecules causes a decrease in the 

safe-limit of water with increasing concentration of ethane, propane and isobutane for 

the temperature range of 273 – 280 K. These C2+ act to draw down the water tolerance 

of the gas mixture to a point where they completely dominate or dictate the trends as 

their concentrations increase in the bulk gas.  

For the inorganic components, CO2 has little or no significant impact on the 

allowable upper-limit of water when its concentration increases. While the presence of 

H2S causes a consideration reduction in water tolerance of the system as its 

concentration in the mixture increases. The presence of 1 % of H2S in the bulk gas may 

cause about 1 % reduction in water tolerance. The reduction in maximum content of 

water could be up to about 2 – 3 % and up to about 4 – 5 % if the concentration increases 

to 5 % and 10 % respectively. 

It is not proper to interpret hydrate stability completely based on equilibrium P-T 

curves as frequently done in literature. The hydrate stability curve of CO2 hydrate has 

lower pressures (thus more stable) compared to that of CH4 hydrate but only to a certain 

temperature. That is the quadruple-point were phase-split occurs causing the pressures 

of CO2 hydrate going above that of CH4 hydrate due to the increase in density caused by 

the CO2 liquid phase. A free energy analysis revealed that CO2 hydrate has lower free 

energy across the entire temperature range, thus more stable at all the temperatures. 

Therefore, hydrate stability should rather be based on free energy analysis since in real 

situations hydrate cannot reach equilibrium. Consequently, the most stable hydrate is 

the hydrate with the minimum free energy. The hydrate with the least or most negative 

free energy will first form under constraints of mass and heat transport, then followed 

by the subsequent most stable hydrate. Among the hydrocarbon guest molecules 

studied, the most stable hydrate is hydrate of isobutane, followed by that of propane, 

and then by ethane. 

Induction times are sometimes mistaken as hydrate nucleation times, which is why 

some works report nucleation times of hours. Hydrate formation is a nano-scale process 

and the hydrate nucleation times computed for both heterogeneous and homogeneous 

hydrate formation in this project are in nano-seconds. The long times experienced 
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before hydrates are detected are caused by mass transport limitations due to the initial 

thin hydrate film formed at the interface between water and the hydrate former 

interface.  

Another misunderstanding about hydrate nucleation is that only one uniform-phase 

hydrate is formed from either a single guest or a multicomponent mixtures of hydrate 

formers. Based on the combined first and second laws of thermodynamics, nucleation 

will commence with the most stable hydrates, under the constraints of heat and mass 

transport. Nucleation can happen via different routes: hydrate formation will originate 

at the interface between the guest molecule phase and water. A range of hydrates with 

different compositions of the original hydrate former(s), different densities and 

different free energies will form from aqueous solution (dissolve hydrate formers). 

Theoretically, hydrate can also nucleate from water dissolved in the guest molecules 

phase. Such hydrate cannot be stable because of the little mass of water that will 

dissolved in the guest molecule phase as well as limitation of heat transport, especially 

in the case of hydrocarbon guests like methane which is a poor heat conductor.  

For injection of CO2 into in-situ CH4 for simultaneous mining of the CH4 and storage 

of the CO2 in form of hydrate, the amount of CO2 needed in the CO2/N2 mixture is only 

about 5 – 12 % without H2S in the gas stream. While it is about 4 – 5 % and 2 – 3 % with 

the presence of 0.5 % and 1 % of H2S respectively. Direct solid-state CO2–CH4 swap will 

be extremely kinetically restricted, and it is not significant.  

To successfully produce CH4 from the in-situ CH4 hydrates, whichever method or 

combination of methods chosen, heat is required to be supplied from the surroundings. 

To know how much heat is needed, that has to be calculated. However, enthalpy 

changes of hydrate phase transition in literature obtained from experiment, Clausius-

Clapeyron and Clapeyron models are limited and often lack some vital information 

needed for proper understanding and interpretation. These are the current approaches 

for evaluating these enthalpies. Information on thermodynamic properties such as 

pressure, temperature (or both), hydrate composition, and hydration number are often 

missing. The equation of state utilised is also not stated in certain literature. A number 

of experimental data also lack any measured filling fractions, and frequently, they apply 
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a constant value which suggests that the values may be merely guessed. In addition, 

older data based on Clapeyron equation lack appropriate volume corrections. The 

calculations of both Clausius- Clapeyron and Clapeyron equations are based on hydrate 

equilibrium data of pressure and temperature from experiments or calculated data. But 

hydrate formation is a non-equilibrium process. Information about superheating above 

the hydrate equilibrium conditions to totally dissociate the gas hydrate to liquid water 

and gas is normally lacking. However, enthalpy change of any phase transition is trivially 

coupled to the free energy change of the phase transition. 

We therefore propose a consistent scheme for calculating free energy change, as 

well as the associated enthalpy change, using residual thermodynamics was proposed. 

This scheme is feasible due to results from Molecular Dynamics simulations, which 

provides chemical potential for water in liquid state, ice and empty clathrates of 

structures I and II. With residual thermodynamics, real gas behaviour taking into account 

thermodynamic deviations from ideal gas behaviour can be evaluated. Residual 

thermodynamic (equation of state) description of the hydrate former phase gives a 

complete scheme for residual thermodynamic description of each component in all co-

existing phases.  

Injecting CO2 into naturally occurring CH4 reservoir, a new CO2 hydrate is expected 

to form especially from the available pore water. The enthalpies of the resulting CO2 

hydrate formation are well higher than that required for dissociation of in-situ CH4 

hydrate. The free energy of CO2 hydrate is also more negative or lower than the free 

energy of CH4 hydrate within a temperature range of 273.15 – 283.15 K (0 – 15 °C). That 

confirms that hydrate of CO2 is more stable thermodynamically than hydrate of CH4. In 

replacement of in-situ CH4 hydrate with CO2, what is important is the difference in free 

energies of both hydrates, CH4 hydrate and CO2 hydrate, and the enthalpies of CO2 

hydrate formation relative to the enthalpies of CH4 hydrate dissociation.  However, it is 

appropriate to state that this proposition is still under investigation and it is still under 

development. In addition, there are constraints that are also under study. Hydrate 

formation at the interface between CO2 gas and liquid water is very rapid, forming a 

hydrate film which will quickly block the pore spaces thereby limiting further CO2 supply. 
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Studies also need to be done on finding the most efficient and effective way to reduce 

the thermodynamic driving force, either by using any thermodynamic inhibitor or other 

substances. 

7.3 Further works 

Having completed this project, it will be interesting to study the following suggested 

areas/topics in Section 7.3.1 – Section 7.3.6. 

7.3.1 Comparative cost of dehydration to dewpoint and hematite demands  

 
It will be interesting to perform a cost analysis of dehydration of an export natural 

gas to the level required by dew-point technique and by the approach of water 

absorption onto Hematite (rusty surfaces). The studies in this thesis have provided 

useful information for this. In this work, natural gas dehydration plant(s) need(s) to be 

design and simulated using Aspen HYSYS, Aspen Plus, UniSim Design or any other 

relevant process simulation software. This will be followed by equipment 

dimensioning/sizing. The equipment sizing should preferably be done using the 

Spreadsheet in the process simulation software (for example Aspen HYSYS). Microsoft 

Excel, Matlab or Python can also be used. Equipment cost data can preferably be 

obtained from the recent version of Aspen In-Plant Cost Estimator (A.I.C.E.). Cost data 

can also be obtained from some chemical engineering websites, articles, or books. 

Detailed factor or other methods can be applied, and the cost can be escalated to the 

year of study. The cost of processes of chemicals injection like thermodynamic inhibitors 

and/or kinetic inhibitor can similarly be evaluated. Then, they can be compared. The 

advantages and disadvantages of each process can also be evaluated, especially 

environmental impact of each process.  

 



Hydrate Phase Transition-Risk, Energy Potential and CO2 Storage Possibilities 

 

  

___ 
91 

 

7.3.2 Experimentation of impact of rusty surfaces on the risk of hydrate 

formation in gas transport pipelines 

The studies on impact of solid surfaces on the risk of water dropping out from 

natural gas streams and eventually forming hydrate have been based on the 

thermodynamic properties obtained from Molecular Dynamic simulations. Several 

reviewers were interested in seeing a follow up work where the process of adsorption 

of water onto Hematite could be experimented. 

7.3.3 Impacts of the presence of other gases that cannot form hydrate but 

can affect hydrate formation  

In this project, our focus was on only hydrate formers that can form hydrate in their 

pure form. These are methane, ethane, propane, isobutane, carbon dioxide and 

hydrogen sulphide. However, natural gas often contains some components that cannot 

form hydrate in their pure form for example normal butane and nitrogen. They can 

however form hydrate in the presence of a help molecule like methane. Normal-butane 

and nitrogen generally have dilution effect on hydrate formation process of the main 

guest molecules. There is need to evaluate the effects of these other gases (e.g., n-

C4H10 and N2) will have on the maximum content of water that can be permitted to 

flow with the bulk gas without the risk of hydrate formation.  

 

7.3.4 More experimental works involving carbon dioxide and structure II 

hydrate formers  

One major challenge encountered in this project was that experimental data for 

hydrate equilibrium for mixtures of carbon dioxide and propane or isobutane are very 

limited. In actual fact, for any given mixture composition of these components, there is 

a lack of pressure-temperature (P-T) data sets having more than two or three P-T points. 

Adisasmito and Sloan (1992) [165] also observed this since 1992. Therefore, it will be 

meaningful to perform more experiments to obtain adequate P-T data set for such 

mixtures. Propane and isobutane can exist in considerable amount in natural gas from 

certain gas fields. In addition, the system of mixture propane and carbon dioxide in te 
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work of Adisasmito and Sloan [165] seem to be more complicated in terms of quadruple 

points or phase-split. This same system has been evaluated in this project applying 

different equations of state and commercial software as well as in-house PVT tool.  

From our studies, these systems at certain P-T condition undergo phase-split, where part 

of the gas becomes liquid (quadruple-point). Therefore, it would also be worthwhile to 

experimentally re-examine these systems. 

 

7.3.5 Injection gas mixture of choice 

There is a need to carry out a study to find out the best substance to combine with 

CO2 during injection into in-situ methane hydrate reservoir to simultaneously produce 

methane and store CO2 in form of hydrate. Substances that can reduce the driving force 

of CO2 hydrate formation but can allow much amount of CO2 in the mixture are needed 

for this operation. 

7.3.6 Calculations outside hydrate equilibrium pressure and temperature 

At equilibrium, all phases, that is hydrate phase, water and hydrate former phase 

will co-exist. Thus, it will take some amount of superheating above equilibrium 

temperature to achieve complete dissociation. It will take infinite time to completely 

dissociate hydrate at equilibrium. It is important to evaluate the excess enthalpy 

(superheating) needed for total dissociation of hydrates. This is possible with the 

residual thermodynamic scheme. Thermodynamic proprieties outside of equilibrium 

can be evaluated. Clapeyron and Clausius-Clapeyron approaches are based on hydrate 

pressure-temperature equilibrium data and thus cannot be used for determining the 

required superheating to achieve complete dissociation of a required hydrate like in-situ 

methane hydrate for efficient production of methane or complete dissociation of 

hydrates in industrial systems in pipelines and equipment. It will be interesting to 

evaluate the enthalpies required for complete dissociation of hydrates using residual 

thermodynamic scheme.  
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