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Abstract

Fundamental understanding of gas hydrate formation and decomposition
processes is critical in many energy and environmental areas and has spe-
cial importance in flow assurance for the oil and gas industry. These areas
represent the core of gas hydrate applications, which, albeit widely studied,
are still developing as growing fields of research. Discovering the molecular
pathways and chemical and physical concepts underlying gas hydrate forma-
tion potentially can lead us beyond flowline blockage prevention strategies
toward advancing new technological solutions for fuel storage and trans-
portation, safely producing a new energy resource from natural deposits of
gas hydrates in oceanic and arctic sediments, and potentially facilitating ef-
fective desalination of seawater. The state of the art in gas hydrate research is
leading us to new understanding of formation and dissociation phenomena
that focuses on measurement and modeling of time-dependent properties of
gas hydrates on the basis of their well-established thermodynamic properties.
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INTRODUCTION

Gas hydrates (also known as clathrate hydrates) are solid inclusion compounds that are formed
when water and gas come into contact at high pressures and low temperatures. This host-guest
system comprises a host lattice of hydrogen-bonded water molecules that form cages, which
encapsulate guest gas molecules such as methane, carbon dioxide, and propane (1). A detailed
description of the structural properties of gas hydrates is given in the next section.

Sir Humphry Davy (2) first discovered gas hydrates in 1810 when he noticed that a solid was
formed from a solution of chlorine gas (then known as oxymuriatic gas) and water above the ice
point. The discovery may have even preceded Davy, as in 1778 Priestley discovered compounds
(formed from freezing SO2 in water) that may have been clathrate hydrates, but the lack of adequate
documentation makes this earlier discovery uncertain (1).

Gas hydrates were not considered to have any practical relevance until 1934, when
Hammerschmidt discovered that gas hydrates rather than ice were responsible for plugging gas
transmission lines in Canada (3). Gas hydrates still continue to plague the oil and gas indus-
try, as they cause a severe risk of blockages in oil and gas pipelines, both onshore and offshore
(Figure 1). Deepwater offshore oil fields have enhanced high pressure and low temperature envi-
ronments; thus, the risk of gas hydrate blockages in pipeline and offshore facilities is extreme. As
such, gas hydrates are the primary problem for flow assurance, the field concerned with ensuring
continuous flow of fluids in oil/gas flowlines and facilities.

Gas hydrate formation is also a key issue in deepwater oil/gas production from a safety per-
spective. As recently witnessed in 2010, gas hydrates were a major problem in the containment
of the oil leak following the deepwater oil/gas well blowout of the Macondo well in the Gulf of
Mexico. At the water depths where the oil leak was located, the temperature and pressure con-
ditions were readily favorable for the formation of gas hydrates from the rising oil/gas plume.
In fact, gas hydrate formation was the cause for the failure of a 100-ton containment structure

Figure 1
Gas hydrate plug recovered from a subsea pipeline (in a slug catcher, which stores slugs from the upstream
system and is located between the outlet of the pipeline and processing equipment) off the coast of Brazil
(courtesy of Petrobras).
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Figure 2
Deepwater Macondo well containment strategies. Original 100-ton containment structure (a). Lower marine riser package (LMRP) cap
containment system comprising effective hydrate prevention (methanol) lines (b,c). ROV, remote operating vehicle; BOP, blowout
preventer.

following the Macondo well blowout in the Gulf of Mexico. As such, subsequent containment of
the oil leak required incorporation of effective hydrate mitigation strategies to prevent hydrate
formation (see illustration in Figure 2).

Although gas hydrates are considered a nuisance when they occur in oil/gas flowlines, they
are considered a potential asset when present in large natural deposits in arctic regions under
the permafrost and in oceanic sediments along the continental margins (Figure 3). The global
estimates of the amount of energy (methane gas) trapped within natural gas hydrate deposits varies
widely, but even the most conservative estimates place the amount of energy in hydrated deposits
to be twice that of all fossil fuel reserves available worldwide; upper estimates of gas hydrate
deposits are orders of magnitude greater than those for natural gas reserves (4). According to
the recent National Research Council report on methane hydrates (4), there are no fundamental
technological hurdles to recovering energy from these natural deposits, although more research
needs to be performed to determine the environmental impact of such exploration.

Other technological applications of gas hydrates include storage of natural gas and hydrogen
(H2). The ability to store natural gas in the form of gas hydrate pellets is appealing, particularly for
stranded gas applications where the produced gas is too small to justify building a liquefied natural
gas plant and production is too far away from a pipeline (5–7). The storage and transportation
of natural gas hydrates are near commercialization; current work focuses on development and
optimization for efficient production of large volumes/scale-up of gas hydrate pellets (8). Further
details on the important lessons learned and heuristics for gas hydrates in energy applications,
including flow assurance, energy production, and natural gas storage, are provided below.

Efforts have also been made to develop gas hydrates for hydrogen storage applications.
Although hydrogen was first thought to be too small to stabilize the clathrate hydrate frame-
work, Dyadin et al. (9) and Mao et al. (10) demonstrated that at high pressures (greater than
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Figure 3
Global gas hydrate deposits inferred ( filled circles) and recovered (open circles) in sediments along the continental margins and under the
permafrost (courtesy of K. A. Kvenvolden; Reference 4).

200 MPa at room temperature), H2 molecules can occupy the small and large cages of structure
II hydrates. Promoter molecules such as tetrahydrofuran (THF) enable H2 hydrates to be formed
(and stabilized) at significantly lower pressure conditions than those required by pure H2 hydrates.
A range of promoter molecules and different clathrate structures has been used in the attempt to
reduce the temperature and pressure conditions for H2 storage (11–16). The key outstanding
challenge is to store H2 in clathrate materials at near-ambient temperature and pressure condi-
tions as well as at high capacity (the U.S. Department of Energy target is 5.5 wt% of H2 storage
by 2015; 17).

Gas hydrates can also be applied to separation processes including separation of flue gases
and desalination of seawater. In the former application, flue gases including carbon dioxide are
selectively captured in gas hydrates while excluding (totally, or partially in most cases) nitrogen and
other benign molecules (18). Various patents have emerged for this technological application of
gas hydrates, but currently there is no clear path to commercialization. Desalination is enormously
important to many countries for freshwater generation. The use of gas hydrates in the desalination
process is attractive because gas hydrates will form from seawater such that salt ions are excluded
(19–22). Although first suggested several decades ago (23, 24), desalination of seawater using
gas hydrates is still an underexplored but potentially fruitful area requiring further research and
development to investigate the technical and economic feasibility of this process.

This review examines the fundamental science and engineering knowledge base of gas hydrate
structure and composition, thermodynamics, and kinetics. The state of the art of gas hydrate
physics and chemistry is then incorporated into details on the lessons learned and heuristics of
gas hydrate formation and decomposition in the three key energy applications of flow assurance,
energy recovery, and storage materials.
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GAS HYDRATE STRUCTURE AND COMPOSITION

Gas hydrates are composed of approximately 85 mol% water, and therefore many of their proper-
ties are similar to those of ice (e.g., physical appearance, refractive index, density), whereas other
properties contrast greatly with those of ice (e.g., mechanical strength, heat capacity, thermal con-
ductivity). Table 1 compares the physical properties of the two most common hydrate structures
with those of liquid water and ice. There are three main types of gas hydrate crystal structures,
which are known as structure I (sI), structure II (sII), and structure H (sH). Figure 4 shows the
different hydrate structures and their associated cage types. sI comprises two different cage types,
a small pentagonal dodecahedral cage, denoted 512 (contains 12 pentagonal faces on the cage), and
a large tetrakaidecahedral cage, denoted 51262 (contains 12 pentagonal and 2 hexagonal faces on
the cage). sII also includes the small 512 cage in addition to a large hexacaidecahedral cage, denoted
51264 (contains 12 pentagonal and 4 hexagonal faces on the cage). sH is composed of the small
512 cage, a mid-sized 435663 cage (contains 3 square, 6 pentagonal, and 3 hexagonal faces on the
cage), and a large icosahedral cage, denoted 51268 (contains 12 pentagonal and 8 hexagonal faces
on the cage). The type of structure formed depends primarily on the size of the guest molecule;
i.e., methane fits into both the small and large cages of sI, whereas propane is too large to fit into
the large cage of sI but can fit into the large cage of sII and therefore forms sII. Gas hydrates found
in oil and gas pipelines are mainly sII because natural gas contains methane with small amounts
of larger hydrocarbon molecules such as propane and isobutane (25). Conversely, the majority of
naturally occurring deposits of gas hydrates are sI because they are composed of methane (from

Table 1 Physical properties of gas hydrates compared with those of icea

Property Water Ice Ih Structure I Structure II References
Thermal conductivity λ

(W m−1 K−1)
0.58 (283 K) 2.21 (283 K) 0.57 (263 K) 0.51 (261 K) (29–31)

Thermal diffusivity κ

(m2 s−1)
1.38 × 10−7 b 11.7 × 10−7 b 3.35 × 10−7 2.60 × 10−7 (30, 32, 33)

Heat capacity CP

( J kg−1 K−1)
4,192 (283 K) 2,052 (270 K) 2,031 (263 K) 2,020 (261 K) (29, 30, 34, 35)

Linear thermal
expansion at 200 K
(K−1)

– 56 × 10−6 77 × 10−6 52 × 10−6

Compressional wave
velocity, VP (km s−1)

1.5 3.87 (5 MPa, 273 K) 3.77 (5 MPa, 273 K) 3.821 (30.4–91.6 MPa,
258–288 K; C1–C2)

(36–39)

Shear wave velocity VS

(km s−1)
0 1.94 (5 MPa, 273 K) 1.96 (5 MPa, 273 K) 2.001 (26.6–62.1 MPa,

258–288 K; C1–C2)
(38, 40)

Bulk modulus K (GPa) 0.015 9.09 (5 MPa, 273 K) 8.41 (5 MPa, 273 K) 8.482 (30.4–91.6 MPa,
258–288 K; C1–C2)

(38, 39, 41)

Shear modulus G (GPa) 0 3.46 (5 MPa, 273 K) 3.54 (5 MPa, 273 K) 3.666 (30.4–91.6 MPa,
258–288 K; C1–C2)

(38, 39)

Density ρ (kg m−3) 999.7 (283 K) 917 (273 K) 929 (263 K) 971 (273 K); 940c

(C1–C2–C3)
(29, 36, 42, 43)

aTable modified from References 1 and 32; values for sI are based on CH4 hydrate, and those for sII are based on tetrahydrofuran, CH4-C2H6 (indicated
by C1–C2), or CH4-C2H6-C3H8 (indicated by C1–C2–C3) hydrate.
bCalculated from k = l/(r CP) (32).
cCalculated from Reference 1.
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Figure 4
Common gas hydrate structures (sI, sII, sH) and the water cage types that compose the hydrate structures
(47). The smallest sI repeating crystal structure is composed of 2 small 512 cages and 6 large 51262 cages; sII
comprises 16 small 512 and 8 large 51264 cages; and sH contains 3 small 512, 2 mid-sized 435663, and 1 large
51268 cages.

biogenic sources) and do not contain heavier hydrocarbons. Exceptions are thermogenic gas hy-
drate deposits that contain heavier hydrocarbons and therefore are formed from sII and in rarer
cases sH (1, 26, 27).

Gas hydrates are known as nonstoichiometric compounds because some of the cages in the
structure can be vacant; however, a sufficient number of cages must be occupied by guest molecules
for the gas hydrate to be stable. Typically there is a maximum of one guest per cage, except under
high pressure conditions (>0.1 GPa) when multiple occupancies of large cages can occur (e.g.,
high pressure H2 and CH4 phases; 1, 28).

The most effective techniques for confirming/characterizing the structure of gas hydrates are X-
ray diffraction, Raman spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy. From
powder X-ray diffraction, the lattice type (sI, sII, or sH) can be readily identified. The relative cage
occupancies can be determined conveniently from Raman spectroscopy, as the vibrational modes
of the guest molecules provide signatures of their molecular environments (free gas, small/large
cages of sI, sII). For example, the symmetric stretching mode for methane molecules trapped in
hydrate cages is easily distinguished from those for methane in the free gas and liquid phases
(1, 27, 44). Although qualitative information on the relative guest occupation of hydrate cages can
be deduced from Raman spectroscopy, NMR spectroscopy is applied to obtain more quantitative

242 Koh et al.
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information on the guest(s) occupancy in gas hydrates (45). For example, solid state 13C MAS
(magic angle spinning) NMR spectral data for methane/ethane binary hydrates show the unique
chemical shift (ppm) peak positions for each guest type occupation as well as for the free gas (46).

More sophisticated (though less accessible) tools, such as synchrotron X-ray diffraction and
neutron diffraction, enable in situ structural characterization of gas hydrates at high pressure con-
ditions during formation and decomposition processes (48–51). The definitive tool for structural
characterization of gas hydrates is single-crystal X-ray crystallography. However, as this method
requires the formation of a gas hydrate single crystal of a restricted size, which is an exceptionally
challenging undertaking, only a couple of single-crystal X-ray measurements have been performed
successfully (52). In a rare and remarkable case, single crystals of naturally occurring gas hydrate
samples were obtained and analyzed (53).

The state of the art of structural investigations of gas hydrates is as follows:
� Gas hydrate structure can be identified by diffraction [generally considering that only known

structures (sI, sII, sH) will be present].
� Guest occupancy in the cages can be elucidated with spectroscopy, although full large cage

occupancy must be assumed. Carbon dioxide occupancy in a hydrate can be confirmed,
though its distribution in large to small cages cannot be elucidated.

� Identification of new structures is a challenge requiring sophisticated modeling and ideally
single-crystal X-ray crystallography. Although gas hydrates are typically found to be sI,
sII, or sH, in some unique instances other structures are formed, such as when a large
organic molecule is combined with a gas hydrate former; e.g., TBAB (tetrabutylammonium
bromide) + methane produces a semiclathrate structure. TBAB participates as part of the
host lattice, hydrogen bonding with water, and also as a guest (11). A novel structure HS-1
(1.67 choline hydroxide · tetra-n-propylammonium fluoride · 30.33 H2O, in which the
choline guest exhibits hydrophobic and hydrophilic modes of hydration) has been revealed
that comprises alternating stacking layers of sH and sII hydrates (54). It is reasonable to
assume that other gas hydrate structures can form, though their identification may not have
been realized yet or remains a challenge.

� Metastable gas hydrate phases, which precede the thermodynamically stable structure, can
exist for prolonged periods (48, 55).

THERMODYNAMICS OF GAS HYDRATES

A clear understanding of the thermodynamic properties of gas hydrate systems is critical in all
gas hydrate applications, from determining the temperature and pressure conditions at which a
pipeline will be within the hydrate stability zone, to assessing the conditions necessary to dissociate
a gas hydrate plug in a pipeline or a natural gas hydrate reservoir for energy production, to simply
establishing the conditions at which a gas hydrate system can be synthesized in the laboratory. Gas
hydrate stability depends on temperature, pressure, gas composition, and condensed phase com-
position (including liquid hydrocarbon phase, salt content, and chemical inhibitor concentration).
Figure 5 illustrates the pressure and temperature profile to which fluids can be subjected within
an oil/gas pipeline from a deepwater well to the platform and central processing facility. The
shaded envelope is the hydrate formation/stability region; any fluid within the pipeline section in
this region can form gas hydrates, which could result in hydrate plug formation.

As indicated in Figure 5, adding a chemical inhibitor such as methanol (or monoethylene
glycol), typically called a thermodynamic inhibitor, will result in the hydrate stability zone shifting
to colder temperatures and/or higher pressures. As an example, adding 30 wt% methanol in this
case will shift the hydrate stability curve to the left such that the previously hydrate-prone pipeline
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Figure 5
Schematic of the pressure and temperature conditions of fluids (gas/water/oil) in a subsea pipeline and the
gas hydrate formation/stability region.

section illustrated here will no longer be within the hydrate stability zone, and therefore hydrates
will be prevented from forming. This methodology of preventing gas hydrate formation using
thermodynamic inhibition is also known as gas hydrate avoidance. Other thermodynamic methods
to inhibit gas hydrate formation include heating/insulating the pipeline section(s) above the gas
hydrate formation temperature or operating naturally with a high-salt-content fluid (1, 25).

Gas hydrate thermodynamic stability depends on the fluid composition and in particular on
the gas composition. For example, the addition of a larger molecule, such as propane to methane,
will result in the mixed gas hydrate (containing methane + propane guest molecules) forming at
significantly lower pressure (milder conditions) than pure methane hydrate. That is, at 277.6 K,
the formation pressure for pure propane hydrate (sII) is 4.3 bar, for pure methane hydrate (sI) is
40.6 bar, and for a methane + propane hydrate (50:50 binary gas mixture) is approximately 8.0 bar.
As noted above, propane stabilizes the large cage of sII but is too large to fit into the large cage
of sI (and can also form as pure propane hydrate). Therefore, a methane + propane gas mixture
(with >0.01 mol% propane) will form sII hydrate, whereas pure methane forms sI hydrate. In the
case of methane + ethane gas mixtures, although each guest type forms sI alone, at specific binary
gas compositions and pressures, binary sII hydrate or binary sI hydrate can be formed alone, or sI
and sII binary hydrates can coexist (1).

The effect of propane in a methane + propane system is analogous to the promoter molecule
effect that is exploited in gas storage applications to reduce the pressure conditions for hydrate
stability. In this case, the promoter molecule can stabilize the hydrate structure at lower pressures
than can the fuel gas molecule (methane, natural gas, or H2). For example, THF (which is similar
to propane) stabilizes the large cage of sII, and alone will form sII hydrate at atmospheric pressure
at temperatures below 277.5 K. Therefore, by adding THF to methane or hydrogen, the hydrate
stability pressure can be significantly reduced (56, 57).

Gas hydrate thermodynamic prediction models (of the gas hydrate phase boundary) are cur-
rently mostly based on the original van der Waals-Platteeuw (vdWP) theory (1, 58), which in turn
is based on the key idea of estimating the free energy of the hydrate as that of a framework of water
cages that can absorb guests individually and independently. This free energy is then compared
with that of the coexisting phases to determine the phase boundary.

The vdWP theory can be considered to consist of a set of key assumptions about the nature
of molecular interactions plus methods to estimate the parameters that characterize the strength
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of these interactions. Specifically, the commonly cited central assumptions are (a) independence
of the free energy of the water framework from the guest occupancy (sometimes described as
the guest not distorting the water lattice), (b) single occupancy of cages, (c) lack of guest-guest
interactions, and (d ) no quantum effects (valid for all but the lightest guests). These assumptions
lead to a relatively simple form for the chemical potential of water in a lattice with guest molecules,
relative to a hypothetical empty lattice [hydrate (H), water (W)]:

�μH
W = −kT

∑
m

νm ln

(
1 −

∑
i

�mi

)
, 1.

where νm is the number of cages of type m in the unit cell, T is the absolute temperature, k is
Boltzmann’s constant, and the fractional occupancy of guest species i in hydrate cages of type m
is given by

�mi = Cmi fi

1 + ∑
i

Cmi fi
, 2.

where Cmi is the Langmuir constant for guest species i in cages of type m, and fi is the gas
phase fugacity of guest species i. The original vdWP theory estimates the Langmuir constant, a
measure of the guest-water interaction strength, by making further simplifying assumptions that
this interaction can be modeled as pairwise and short range between a freely rotating guest in a
single spherical cavity.

Although many of the specific assumptions have been shown to be individually quantitatively
inaccurate, the success of the vdWP theory in large part lies in the robustness of the form of
Equations 1 and 2 to relaxing the assumptions above. For instance, long-range guest-water in-
teractions as well as deformations of the lattice can be incorporated into an effective Langmuir
constant; these and related effects do not change the form of the equations as long as these guest-
water interactions are independent from each other. Recent advances in molecular simulation
have allowed careful dissection of the accuracy of specific assumptions of the vdWP model and
have in addition concluded that the accuracy of the original theory was due in part to cancellation
of errors from individual assumptions (59). Naturally, the accuracy of the model improves if the
Langmuir constants are fit to experimental data, and such semiempirical models provide the best
fits, at least for temperature and pressure.

Several of the current models include various modifications of the vdWP theory such as ex-
tending the model to multicomponent gas mixtures (61), accounting for lattice expansion due
to guest occupation (60, 62), and implementing a Gibbs energy minimization model, which is
the basis of the thermodynamic hydrate prediction model called CSMGem (CSM Gibbs energy
minimization model) (62, 63). Molecular (Monte Carlo, MC) simulations have also been applied
to compute hydrate thermodynamics; these simulations can independently evaluate the vdWP
method and determine the gas hydrate phase boundary from knowledge only of the intermolec-
ular potentials/interactions of the guest and host molecules (59, 64, 65).

Figure 6 compares the accuracy of several different hydrate thermodynamic prediction soft-
ware packages against many data sets measured for a wide range of gas hydrate systems. This
comparison demonstrates that the incipient hydrate temperature and pressure can be predicted to
within the experimental accuracy of the measurements, i.e., 0.65 K and 10% of overall pressure,
respectively. Similarly, comparisons of predictions and experiments for inhibited hydrate systems
(i.e., gas + water systems containing methanol and NaCl) are accurate to within approximately
2 K and 20% of overall pressure.

Experimental methods for measuring phase equilibria of hydrates as well as tables of systems
investigated can be found in review papers (66, 67). In some more specialized applications, such
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Figure 6
Comparison of the uninhibited incipient hydrate temperature (T ) and pressure (P) errors (absolute) for
natural gas hydrates (1,685 data points) using several different gas hydrate thermodynamic prediction
software packages: a Gibbs energy minimization program, CSMGem; an earlier CSM hydrate program,
CSMHyD; and commercial packages including DBRHydrate from DBR-Schlumberger, Multiflash from
Infochem, and PVTSim from Calsep (1).

as for gas fields containing high concentrations of hydrogen sulfide (H2S), there is a need to
produce new reliable gas hydrate experimental data, which are limited; further measurements are
also required to validate predictive models. However, apart from such specific applications, one
can conclude that the thermodynamic properties of gas hydrates (phase equilibria) are sufficiently
well characterized to enable the state of the art in gas hydrate research to focus on developing our
understanding of time-dependent hydrate phenomena.

TIME-DEPENDENT PROPERTIES OF GAS HYDRATES

Unlike the well-established thermodynamic properties of gas hydrates, the kinetics of gas hydrate
formation remains a challenge. That is, predictions, and even measurements, of the rate of gas
hydrate formation are difficult and unresolved owing to problems with obtaining reproducible
and instrument-independent kinetic data. The stochastic (random) nature of hydrate formation
is commonly observed in laboratory-scale experiments, where the nucleation induction time can
vary under identical test conditions from minutes to hours to days. The nucleation induction time
is typically defined as the time up to the point when hydrate growth occurs spontaneously, which
in practice is usually taken as the time that produces measurable changes such as pressure decrease,
gas consumption, temperature rise, or crystals that can be observed visually.

The ability to control and/or predict the kinetics of gas hydrate formation is important in
preventing gas hydrate plug formation during risk management strategies. Risk management is
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Gas
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Water

PluggingHydrate growthWater entrainment Agglomeration

Figure 7
Conceptual picture of hydrate formation in a multiphase flow line used in the CSM Hydrate Kinetic model, CSMHyK.

typically used when thermodynamic avoidance is uneconomical and/or technically unfeasible, e.g.,
requiring large amounts of methanol (>40 to 60 vol%), or when umbilicals have limited methanol
injection capacity. Risk management strategies include controlling the time-dependent properties
of gas hydrates.

The ability to predict when gas hydrates will form in a flowline is extremely valuable to explo-
ration field design and developments and is the focus of a unique state-of-the-art tool, CSMHyK
(CSM Hydrate Kinetic model), which is coupled to an industrial standard multiphase flow sim-
ulator, OLGA R© from the SPT Group. The conceptual picture for hydrate formation in an oil-
dominated pipeline that is used in version 1.0 of the CSMHyK model is illustrated in Figure 7.
Initially, water droplets are entrained in the continuous oil phase owing to shear in the pipeline
and often also because of surface-active agents in the oil phase (68). Hydrate nucleates and grows at
the water interface (which is in contact with gas dissolved in oil) to form a hydrate shell around the
droplet. The hydrate particles agglomerate owing to capillary attraction (69, 70) and eventually
jam and plug the pipeline (1, 71–73).

A key input parameter in CSMHyK is the subcooling (Teq – Tsystem) at which hydrate starts
to form, which has been empirically determined to be 3.6 K. This value was first suggested by
Matthews & Notz (74) when evaluating the subcooling required for hydrate formation during
Texaco flowloop tests and the Werner-Bolley gas condensate field test. Given the enormous
investment and efforts required for hydrate field tests, the Werner-Bolley field test remains the
most controlled and documented one for gas hydrate plug formation. Since this time, numerous
flowloop tests (at the ExxonMobil and Tulsa University flowloop facilities) have demonstrated
that the subcooling temperature at which hydrates form is 3.6 ± 0.3 K.

CSMHyK-OLGA R© has been used to predict gas hydrate formation in flowloop and field
tests. A scaling of 1/500 of the intrinsic kinetic rate constant for methane hydrate formation (75),
reflecting the need to account for mass and heat transfer rate-limiting effects, was determined by
fitting CSMHyK predictions to one oil in the ExxonMobil flowloop. The same fit was found to
successfully predict hydrate formation in two different flowloops for four different oils. CSMHyK
also predicted hydrate plug formation data obtained in the Tommeliten Gamma field test (73).

The ultimate goal for designed kinetic control of hydrates in pipelines (as well as in clathrate
hydrate storage materials) is to elucidate the detailed mechanisms of hydrate formation and design
chemical inhibitor molecules (or promoter molecules) to target key kinetic pathways. Over the past
few years, elucidation of the mechanism of hydrate formation has been accelerated owing to the
development of high performance supercomputing power. The first microsecond-scale computer
simulations of methane hydrate nucleation and growth have revealed new insights into a possible
mechanism for these processes (76; Figure 8a).
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Figure 8
(a) Microsecond-scale computer simulations revealing a mechanism of methane hydrate nucleation. (b–d )
sI/sII motifs linked by 51263 cages in the final methane hydrate structure (76).

From these simulations the suggested mechanism involves the following key steps: (i ) dissolved
methane molecules increase the chances of shared planar water rings forming; (ii ) the initial
structure gradually forms partial and complete hydrate cages, and methane adsorbs onto (coats
and protects) the planar faces of the cages and induces local order; and (iii–vii ) the initial cages
fluctuate owing to dynamic hydrogen bonding, with the small 512 cages dominating. Figure 8b–d

shows that the final structure has a mixture of sI/sII motifs, with 51263 linking cages facilitating this
structure coexistence (cf. 77). The sI/sII coexistence identified in these computer simulations of
hydrate formation is consistent with experimental observations reported by Schicks & Ripmeester
(78) and also by Murshed & Kuhs (48) and Ohno et al. (55); in the last study sI/sII mixtures were
formed before converting to thermodynamically preferred phases.
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New insights obtained from such large-scale computer simulations of the molecular pathways to
gas hydrate formation could be utilized in the future to facilitate molecular engineering and design
of the control processes and chemicals for enhanced gas hydrate inhibition and/or promotion,
which are key concerns in the energy applications of gas hydrates.

ENERGY APPLICATIONS

For hydrate formation, four ingredients are jointly required: (a) small guest molecules (<0.9 nm
diameter), (b) water (in any physical state), (c) relatively low temperature (typically <323 K), and
(d ) high pressure (typically 2 to 1,000 MPa). Without any one of the four, gas hydrates cannot
exist. However, those four components are typically present in natural gas and oil production, and
thus gas hydrate crystals jeopardize fluid flow. When oil is produced, almost invariably natural
gas and water are also produced at high pressure, whereas pipelines often are at low temperature.
Low temperatures are unavoidable, for example, in winter or arctic conditions, or at ocean depths
greater than 600 m, where the temperature is approximately uniform at 277 K.

Because hydrate crystals can plug flowlines, resulting in days and sometimes weeks of lost pro-
duction, there is substantial incentive to avoid hydrates by removal of one of the four components
despite the expense. Avoidance of hydrate plugs in flowlines is achieved (in parallel with the four
above requirements) through four methods:

1. Dead oil—oil without dissolved smaller molecules—is frequently circulated in a flowline
until the line has warmed above the hydrate formation temperature.

2. Both free and dissolved water are removed using separators followed by glycol or molec-
ular sieve drying towers. Inhibitors such as alcohols and glycols are injected into flowlines
to compete with hydrates for available free water (through hydrogen bonding). Inhibitor
injection requires lower temperatures and/or higher pressures for hydrate formation.

3. Onshore, it is possible to produce gas at the wellhead so that reservoir temperatures are
retained above hydrate formation conditions until the hydrocarbon reaches the point of
water removal.

4. The economics of high energy density normally prevents low pressure operation of flow-
lines. However, when hydrate plugs do form in flowlines, depressurization provides hydrate
temperatures below those of the environment, resulting in radial dissociation due to heat
flow.

As an example mechanism by which hydrate plugs form, consider a flowline producing gas, oil,
and water in the deep (>600 m) ocean. At the inlet, both the pressure and the temperature are
high, retaining the reservoir thermal energy. However, within a short distance from the wellhead,
the temperature cools to 277 K, usually with only a small pressure drop, so the system enters the
hydrate formation stability region. Water (usually brine) produced from the reservoir as well as
condensed freshwater accumulate at low-lying points in the flowline. When the gas and oil bubble
through the accumulated water, their exit creates substantial surface area in the form of bubbles
and foams. If the cold water is uninhibited, hydrated bubbles of gas will form and aggregate into a
plug just downstream of the accumulated water. Although other mechanisms of gas hydrate plug
formation exist (25, chapter 2) the resulting plugs have the same effect—no flow.

Figure 9 shows a time sequence of hydrate plug formation from methane (the major component
of natural gas) bubbling through water in a sight glass at 6.7 MPa and 277 K. In the first frame
(a), the water layer is below the gas in the chamber; in the middle frame (b) a small aggregation of
hydrate-encrusted gas bubbles appears at the interface, which grows to a more substantial plug in
the last frame (c). Such a picture also might be representative of a plug at a collection vessel from
a deepwater well blowout (cf. Figure 2).
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Figure 9
The aggregation of hydrate-encrusted gas bubbles at an interface. The white arrows indicate the passage of
time from no hydrates to a hydrate plug.

Hydrate plugs anneal and harden with time, inhibiting fluid flow. Unlike plugs of other materi-
als such as wax, asphaltenes, or scale, which require days or weeks to form, hydrate plugs aggregate
in minutes but require emergency remediation for days, weeks, or sometimes months. It is this
situation that all flow assurance engineers seek to avoid, and why hydrates rank as the principal
flow assurance problem in deepwater oil/gas production. Happily, unlike flowline blockages with
other materials, industry has no recorded incident of abandonment of a flowline owing to a hydrate
plug.

After the hydrate plug location and length are determined, remediation requires removal of
one or more of the four requirements, usually via depressurization of the pipeline, but also through
injection of inhibitors at the plug face/annulus, careful thermal heating, or sometimes mechanical
removal using coiled tubing. Safety precautions are observed in plug removal (25, chapter 3) for
two reasons. First, during depressurization, the most common removal technique, the flowline
plug temperature is below that of the surroundings, so radial detachment occurs first at the wall;
any preexisting pressure gradient will cause the plug to become a flowline projectile, sometimes
with disastrous consequences. Second, if a flowline is heated, large volumes of gas evolve (164
volumes of gas at standard temperature and pressure for every volume of dissociated hydrate),
which requires gas release at the plug terminals to prevent line overpressure.
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Because plug remediation is so expensive from both safety and lost production perspectives,
substantial effort is spent on plug prevention. In addition to the above avoidance techniques, which
have been in common practice since the initial flowline hydrate plug discovery in 1934, new risk
management techniques have arisen since 1990, largely owing to low dosage hydrate inhibitors
(LDHIs). In these techniques small hydrate particle formation is encouraged, but aggregation
to large plugs is avoided via kinetic and agglomeration prevention. In kinetic inhibition, crystal
nucleation and growth are prevented by anchoring polymers at the small crystal surface, which
provides a barrier to crystal growth that is overcome only at higher (>10◦C) subcooling. In the
second technique, antiagglomerants prevent the aggregation of small hydrate particles to form a
plug, enabling flow of particles with the oil phase (79). Although avoidance techniques remain the
norm in industry, risk management methods are becoming accepted to enable tenuous production
to become economical.

Energy Recovery

Large natural gas hydrate deposits have resulted in programs to recover this hydrocarbon resource.
Figure 10 shows four hydrated deposit samples: At left are two from permafrost regions in Canada
(Figure 10a) and Alaska (Figure 10b), and at right are two from the ocean in India (Figure 10c)
and off Canada (Figure 10d ).

A review paper (80) summarizes the state of the art of hydrated gas recovery. Figure 11a

shows the relative amount of hydrated gas relative to conventional gas reserves, indicating that

Permafrost hydrates Oceanic hydrates

Mallik (2005)

Mount Elbert (2007)

KG Basin, India (2008)

Barkley Canyon (2006)

a c

b d

a c

b d

Figure 10
Four hydrated samples. At left are two from the permafrost regions in Canada (a) and Alaska (b) (used with
permission from R. Boswell and T. Collett); at right are ocean samples from India [Krishna Godavari (KG)
Basin, c] and Canada (d).
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Energy in hydrates = 2x total from 
fossil fuels available

Ocean 983
(includes dissolved
organics and biota)

Land 2,790
(includes soil, biota,

peat, detritus)

Atmosphere
3.6

U.S. annual natural gas use: ~23 TCF

In-place resources
(TCF of gas)

Reservoir type

Arctic sands100s

1,000s to 10,000s

100,000s

??

Marine sands

Fractured muds

Mounds
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Harder to recover
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5,000
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a b

Figure 11
(a) A comparison of energies in conventional hydrocarbons and hydrates. The distribution of organic carbon in Earth reservoirs is
shown in gigatons (1015 tons) of carbon. 1 gigaton = 38.84 trillion ft3 (TCF). (b) A comparison of hydrated resources and the difficulty
of recovery, which increases as production progresses to the silts and undeformed muds shown lower in the diagram. The estimated
global amount of methane in gas hydrate deposits is 700,000 TCF; the U.S. annual natural gas use is ∼23 TCF. Adapted from
Reference 84 with permission from AAAS.

there is twice as much hydrated gas as there is gas in all other hydrocarbon reserves combined.
Figure 11b shows that gas hydrate deposits contain 700,000 trillion ft3 (TCF) of methane relative
to the U.S. annual natural gas usage of 23 TCF.

Four points should be noted about Figure 11:

1. Almost all of the hydrated energy is in the ocean, so much so that errors in the oceanic
hydrate estimate can overshadow the hydrated gas in the permafrost regions.

2. The most approachable natural hydrates are located in small, concentrated permafrost de-
posits. Proof of concept for hydrated gas production was performed in 2007 and 2008 in the
permafrost. The first long-term permafrost hydrate production tests will be done in 2012 to
assess methods of production and geomechanical effects, to provide data to correct models,
and to provide a basis for technology transfer to ocean production.

3. In the oceans, the most producible deposits are those hydrates in sandy sediments. The
majority of hydrate deposits in silt (shown in Figure 11b) are not thought to be producible
(81).

4. Hydrated gas production technology is currently precommercial but aggressively pursued
by Japan, China, India, Korea, Taiwan, and the United States (1, 4). Japan has an initial goal
of producing gas from hydrates by 2015.

Stranded Gas Transport via Hydrates and Hydrate Slurries

Approximately 70% of the world’s gas is defined as stranded—too small to justify a liquefaction
facility and too far away from a pipeline. Gudmundsson & Parlaktuna (82) first suggested hydrated
storage and shipping of natural gas; subsequent publications from the Gudmundsson laboratory
(6, 7) developed this idea further.

The concept was given more impetus by Stern et al. (83), who discovered an anomalous
self-preservation effect of hydrates that suggested only mild refrigeration (268 K) was required
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Figure 12
Self-preservation of hydrates (dissociation rate on left ordinate, and time for 50% dissociation on right) as a
function of temperature. The extrapolated time is shown as a dashed line versus the black points
representing observations in the self-preservation region. Figure courtesy of L. Stern.

to preserve the hydrates for longer periods at atmospheric pressure. This result is shown in
Figure 12; the data suggest that at 268 K, 50% of the hydrate could survive for one month; when
extrapolated, the expected 50% survival time was a few minutes. Because these phenomena are
not present above the ice point, ice seems to play a role in self-preservation.

Mitsui Shipbuilding & Engineering Company has a 5,000 ton day−1 pilot plant close to their
liquefied natural gas offloading facility in Hiroshima and plans to scale up to a 100,000 ton day−1

facility to enable this technology. The topic of natural gas hydrate storage in slurries is currently
an active area of interest by industry.

CONCLUSIONS

This article has examined the state-of-the-art knowledge base of gas hydrates. The structural
and physical properties of gas hydrates are largely well characterized (though hydrate-bearing
sediment systems are less well defined). The structural properties of gas hydrates (and hence gas
composition) play an important role in the thermodynamic properties of these compounds. As
thermodynamic prediction tools are accurate to within experimental measurement accuracy in
most cases, the research focus is moving to time-dependent studies of gas hydrates. This shift in
focus is key to all applications of gas hydrates, from the pipeline issue of preventing hydrate plugs
from forming, to processes involved in energy recovery or storage.

New advances in gas hydrate science and engineering are pushing the frontiers of research to
more challenging and sophisticated areas of time-dependent gas hydrate properties as well as to
molecular engineering design of gas hydrate control strategies. These advances are accompanied
by requirements to control gas hydrate formation under more extreme environments of deepwa-
ter drilling and exploration where pressures can exceed several tens of MPa and even approach
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100 MPa in some cases; also energy recovery from hostile environments several thousands of
meters under the permafrost and/or deep oceans present conditions where hydrate reformation
will be prevalent. The benefits of developing new methods to control hydrate formation and disso-
ciation processes can be enormous, including avoiding hydrate plug formation during development
of deepwater oil/gas fields, promoting hydrate slurry flow during subsea oil/gas transportation,
recovering the enormous energy prize trapped within deep natural hydrate deposits, and facili-
tating effective storage of fuel within the hydrate lattice. Among all these advanced technological
applications of gas hydrate engineering, safety is by far the most important consideration, in terms
of personnel, equipment and environmental safety and impacts.
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