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NOMENCLATURE
D [m?3/s] Diffusion coefficient
P [MPa] Pressure
R [mol/(m?s)]  Rate
T K] Temperature
x,X [1] Mole-fraction
z [nm] Distance
H Hydrate phase
B [mol/kJ] Inverse temperature 1/(RT)
p [mol/m3] Molar density
u [kJ/mol] Chemical potential
G [kJ/mol] Gibb’s free energy.
ABSTRACT

Natural gas hydrates (NGHs) cannot reach thermodynamic
equilibrium in real reservoir conditions. The enormous amount
of methane stored in NGHs could be a potential source of en-
ergy. Lack of reliable field data makes it difficult to predict the
production potential, as well as the safety of CH4 production
from NGHs. Computer simulations cannot substitute field data.
Nevertheless, state of the art modelling can be used to evaluate
possible long-term scenarios. However, we need proper kinetic
models to describe hydrate dissociation and reformation and all
phase transition routes must be considered. In this work, we uti-
lized an in-house extension of RetrasoCodeBright (RCB) to per-
form a gas hydrate case study of the Bjgrngya basin, based on
very limited geological data extracted from reported field stud-
ies. The aim of this research was to use a reactive transport sim-
ulator and non-equilibrium thermodynamics to analyse CH4 pro-
duction from the gas hydrate. Results show fast propagation of
pressure drop wave throughout the reservoir layer by imposing
drawdown pressure on the well, as a result, gas hydrate dissoci-
ation and CH4 production started at the early stages of the five
year simulation period.

INTRODUCTION

Hydrates are ice-like crystal structures of water containing
trapped gas molecules (inside the cages formed by hydrogen
bonded water molecules). Various hydrate formers in nature lead
to different phases of hydrates. Thus, the combined first and sec-
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ond law of thermodynamics and Gibb’s phase rule imply that hy-
drates cannot reach thermodynamics equilibrium in nature. Due
to this fact, there will be a competition between different hydrate
phase transitions.

Natural gas hydrate occurrences are found in regions where
at least temperature and pressure facilitates the formation of hy-
drate from natural gas components, like for instance in the per-
mafrost and the continental margins. Total thermodynamic sta-
bility of these hydrates requires that the hydrate phase is the
phase of lowest free energy for all components in the hydrate.
This is normally hard to accomplish since there is always some
fluid circulation on pore level and above, as a minimum diffusion
in between hydrate and minerals. Normally it is therefore more
correct to discuss the hydrate occurrences as being in a stationary
state as trapped beneath clay, shale or other impermeable sealing
structures.

Gas trapped inside the natural gas hydrates can have two dif-
ferent origins: gases with a biogenic source (that originate from
natural decay of organic rich sediments) and gases with a ther-
mogenic source (which, when leaking from deeper sources, is
formed as a result of thermal maturation of organic substances)
[1].

Due to the ever increasing demand for energy, new sources of
energy are required worldwide. It is estimated that the amount
of fuel gas that trapped inside the natural gas hydrate reservoirs
could be twice the explored natural fossil fuels in the world
[2]. The main hydrocarbon component inside NGH reservoirs
is CHy, as a result NGHs has attracted attention as a potential
source of energy for the future.

Several conventional methods are proposed for productions
of CHy from these reservoirs, such as pressure reduction, ther-
mal stimulation and inhibitor-injection [3]. Recently, some new
methods of CHy production has been proposed, such as CO, gas
exchange through sequestration of CO; into NGHs reservoirs
[4], microwave technology, fluorine gas and microwave technol-
ogy [5]. However, apart from the economical point of view, it
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has not yet been proven that application of these methods are
safe enough in the long term. During production of CHy from
natural gas hydrate reservoirs, the hydrate structure, which con-
sists of water and gas, will dissociate and huge amounts of water
will be associated with the produced gas. This may affect the
geomechanical stability of the dissociating area and cause struc-
tural deformation.

In addition, the ongoing increase in the temperature at the bot-
tom of the sea in the Arctic could destabilize the hydrate bearing
sediments and release huge amounts of methane from the melt-
ing hydrate structure to the ocean and atmosphere. This phe-
nomenon could potentially accelerate climate warming [6] (CHy
is a greenhouse gas which is much more aggressive than CO;).

The Bjgrngya basin is located in the south-west of the Bar-
ents sea. The inferred gas hydrate and free gas is located nearby
or above large faults [1]. These faults control displacements of
gas hydrates and free gases. The gas hydrate stability region is
located close to the sea bed. Thus, the thickness of the gas hy-
drate is affected by a geothermal gradient, pore water salinity and
water temperature at the seabed [7].

Gas leakage in this basin might be related to the Cenozoic
evolution of the Barents Sea that caused removal of 1 km of sed-
iments from the shelf of the basin, which in turn results in an
expansion of gas and a tilting of the old reservoirs, thus releasing
the gas [1]. Lithology of the area of accumulation of the gas hy-
drate and free gas in the Bjgrngya basin mostly consists of clay-
stone and siltstone and to a lower degree sandstone. Thus, at the
primary stages of gas migration, diffusion of gas as a result of
the concentration gradient might be the dominant phenomenon
[1]. Another possible stage of gas accumulation is the migration
of gas in the form of bubbles or gas dissolved into water pores
passing through fractures and faults towards the hydrate stability
zone [1]. The total accumulation of gas hydrate in the Bjgrngya
basin may cover an area of up to 55 km? [1].

Understanding the long term processes that may takes place
after initiating the production of CH4 from NGHs is of high im-
portance. Conducting field scale experiments are costly and time
consuming. Therefore, using computer simulations to analyse
several scenarios related to production and safety can be efficient
both from a time perspective, as well as from an economic point
of view.

Most hydrate simulators treat hydrate phase transitions using
the equilibrium approach, while those that use the kinetic ap-
proach utilize simple laboratory derived formula like for example
the Kim and Bishnoi laboratory scale method [8], which deviate
severely from real reservoir conditions. Another limitation that
can be found in all of todays hydrate simulators is that they only
consider one route for hydrate phase transitions, which is towards
water and hydrate formers in the gas phase (ignoring other possi-
ble routes). However, other routes do exist, for example, hydrate
can also form from water and hydrate formers dissolved into the
aqueous phase. Furthermore, hydrate can also form from hydrate
formers adsorbed onto mineral surfaces.

The RetrasoCodeBright (RCB) hydrate simulator [9] has pre-
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viously been modified to model CHy production using the de-
pressurization method from natural gas hydrate reservoirs [10;
11]. Two different routes for hydrate phase transitions were
implemented: hydrate formation, reformation and dissociation
from hydrate formers inside the gas phase and hydrate form-
ers inside the aqueous phase. A non-equilibrium thermodynamic
package [12; 13; 14; 15] developed by our group was added to
RCB, making it possible to account for competing hydrate phase
transitions through minimization of Gibb’s free energy changes.
Nucleation theory was used as a primary step to relate mass and
heat transfer contributions to the kinetic rate of hydrate phase
transitions.

Today, the only NGH reservoir in the world that is produc-
ing gas is the Messoyakha field. However, the gas production
data from this field is not accurate enough for history matching
purposes.

In this work we have used RCB to examine the effects of our
implementations in a case study of a real NGH reservoir located
in the Bjgrngya basin. We briefly present our approach in the
methods and procedures section and the interested reader can
find a more detailed calculation and implementation method in
Ref. [10] and [11], respectively. Simulation setup section con-
tains the properties that we used to make the model. Results from
our modifications are discussed in results and discussion section.
Conclusions are made in the summary and conclusion section.

METHODS AND PROCEDURES

Even for a simple system of water and methane equilibrium
cannot be established between three phases when temperature
and pressure are both fixed by local conditions. This is of course
trivial and the basis for all equilibrium measurements, in which
only one of them is fixed. One consequence is that chemical
potential of methane in different phases is not uniform and ac-
cordingly also hydrate created from methane as gas, as dissolved
in water or as trapped in water structures on mineral surfaces will
all result in different hydrate compositions and different unique
phases by definition. The complexity of non-equilibrium in-
creases with additional hydrate formers present in the system.
As a result, equilibrium could not be reached and there is al-
ways a competition between the various hydrate formers. Thus,
at each time step and each node only those hydrate phase tran-
sitions that yield a minimum free energy change have the pos-
sibility to occur. A realistic modelling of NGHs requires taking
into account all of the various routes of phase transitions by con-
sidering the competition between all presenting hydrate formers
using Gibb’s free energy minimization. Previously, two routes
for methane hydrate phase transitions were implemented into
RCB using the reactions CHflgas) +5.75 HZO(“‘” — (Hydrate)l,
and CHf‘an) +5.75 H,09) — (Hydrate)?. The interested reader
can find detailed calculations and implementation methods in
Ref. [10; 11]. The following description is the methodology
that we have used in implementing the second route where guest
molecule is CHﬁf‘q'). At this stage we used classical nucleation
theory to calculate the kinetic rate of hydrate phase transitions.
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Figure 1. The maximum CHj solubility into aqueous phase
(red surface) and the minimum soluble CHy4 inside the aqueous
phase that is required to keep hydrate stable(blue line)

Through nucleation theory it is possible to relate mass transfer,
heat transfer and non-equilibrium thermodynamic calculations to
the kinetic rate of hydrate phase transitions:

R(i,t,n) = Ry-e PAY, (1)

where R(i,7,n) is the dissociation/formation/reformation rate of
hydrate type i in node number 7 at time step t. Ry is the mass
transport controlling term that is calculated using Fick’s Law. In
the CH-hydrate system water is the dominant component and it
always exists in the environment. As a result mass transport of
CHy inside the aqueous phase is the constraint for phase transi-
tions. Thus, we have that Ry = —D - p - 9X/dz, where Ry is the
mean value of the CHy diffusive flux at the hydrate and water
interface. dX /dz is the CHy mole fraction gradient from the hy-
drate surface to the interface. p is the methane hydrate molar
density that is equal to 949.4 mol/m>.

A non-equilibrium thermodynamic package that is developed
within our group was added to RCB [12; 13; 14; 15]. Using this
package made it possible to define the constraints of the system
with respect to thermodynamic variables. To determine which
hydrate phase transitions are likely to occur for every node at ev-
ery time step, AG of each phase transition is calculated based on
independent thermodynamics variables, namely pressure, tem-
perature and concentration of CHf‘aq') . Then, we ignore those
hydrate phase transitions with positive AG and those which are
unlikely with AGs < ¢, thus taking into account only those phase
transitions that have negative enough free energy changes to pass
the barrier of nucleation. The free energy change is

(aq-),a)}

H aqg.),a H H
AG = B[y (ty — pY*) + xCyy, (Cw, — HCr)

where AG in this formula is calculated for every hydrate phase
transition. & will become +1 for hydrate formation and —1 for
hydrate dissociation. The superscripts H and (aq.) denotes hy-
drate and aqueous phases. Superscript (a.) denotes the mole frac-
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tion of CH{® in Fig. 1 at given pressure and temperature condi-
tions in the specific node.

Whether the aqueous phase is supersaturated or undesatu-
rated with respect to the hydrate former, CHﬁfq‘), depends on the
CHEfq') concentration at given pressure and temperature in every

node and every time step. A concentration of CHfflq') that lies
above the blue line and below the red plane in Fig. 1, implies
that the aqueous phase is supersaturated with respect to CHffq').
Thus hydrate formation will take place according to the kinetic
rate that is defined in Eq. (1). If the specific area in the reservoir
model comes into contact with brine water that is undersaturated
with respect to CHy then the CH{"® concentration in Fig. 1 lies

below the blue line and the hydrate will start to dissociate.

SIMULATION SETUP

Gas hydrate at Bjgrngya overlays a gas zone. The gas has a
thermogenic source [16] and has migrated from deeper sources.
To simulate gas production from this basin, we constructed a
two-dimensional model shown in Fig.2. The length and thick-
ness of the model were 1000 m and 300 m, respectively. We di-
vided the model into 300 elements with equal sizes of 20 mx 10
m. The model consists of three layers, with a sealing layer at the
top, a hydrate layer in the middle and an underlying gas layer.

The average water depth in the Barents sea is about 230 m,
while inferred gas hydrate occurrence takes place at a water
depth of 400 m [16]. Thus, the top of the caprock in the model is
located at a water depth of 400 m. The location of the assigned
production well is 10 m below the hydrate layer inside the gas
layer. Production pressure of the well was set to 4.5 MPa, which
is outside of the CH4-hydrate stable region of that specified node.
The gas hydrate stability zone increases exponentially with the
water depth up to 500 m and after that depth the increase in sta-
bility zone turns to be gradually [7].

Unconsolidated sediments spread along the young continen-
tal margins in the west [17]. Due to the mineralogy of Bjgrngya
basin [1] and since we could not find any representative data for
permeability of the hydrate layer and the gas layer, thus we uti-
lized the unconsolidated siltstone and very fine sandstone perme-
abilities and set them equal to 3- 10~!> m? for the hydrate layer
and 2-0~'% m? for the gas layer.

The average density and porosity are estimated to be equal
to 2150 kg/m? and ¢ = 30 %, respectively, while the maximum
and minimum hydrate saturation are expected to be between 47%
and 26% [16]. Thus, the highest and the lowest hydrate in-situ
volume will be between 3.8- 108 m? and 1.9-10® m?, respectively
[16]. For our model we used the minimum hydrate saturation
value. In the Barents sea the geothermal gradient is varying [7]
and its average is approximately 0.03 °C/m [1]. The pressure
gradient is estimated to be 0.01 MPa/m [1].

Average bottom water temperature in the Barents sea is af-
fected by different water mass movements [18]. The main water
masses consists of cold water from the Arctics and the warm wa-
ter from the Atlantic sea. At the cold water mass boundary the
temperature varies between -1.5 °C to 5 °C from the bottom to
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the top, while in the warm water region it varies from 2 °C to
10 °C. The variation in temperature between summer and winter
time is negligible [7]. The bottom sea temperature is approxi-
mately 2° C [1]. The thickness of the hydrate stability zone is
varying from approximately 155 m at areas that water depth is
395 m to 170 m where water depth is 440 m [1]. The thickness
of the hydrate layer is estimated to be approximately 110 m in
this paper.

Initial pressure, temperature and mean stress, were set to 4
MPa, 275.15 K and 8.97 MPa, respectively for the top boundary,
while for the bottom boundary they were set to 7 MPa, 285.65 K
and 15.4 MPa, respectively. Initial hydrate saturation was 0.26.
Reservoir properties and material properties that were used to
model the Bjgrngya gas hydrates are listed in Table 1 and Table 2.
Chemical primary species in the aqueous phase were set to H>O,
HCO;, OH™ and O(Zgas), while chemical secondary species were
CHY, CO2~, H* and COS. In the gas phase we had CHE®.
The model was run for 5000 time steps, which is equivalent to a
5 years time span.

RESULTS AND DISCUSSION

CHy production from the assigned production well started at
time zero. Temperature and pressure of the production well were
set to values outside the stability region of the gas hydrate. Pres-
sure difference between the production well and its surroundings
is the main driving force for dissociation of hydrate to initiate.
As itis clear from Fig. 3, pressure draw down propagated rapidly
throughout the entire hydrate layer.

Hydrate phase transitions were tracked through porosity
changes. As aresult of rapid pressure drops propagating through-
out the entire reservoir, the complete hydrate layer was driven
outside the stability region at the early stages of simulation, thus
causing hydrate to dissociate. The increase in porosity is de-
picted in Fig. 4. Gas flux towards the production well from the

Property G H C

Young’s modulus [GPa] 0.5 0.5 0.5
Poisson’s ratio 0.25 0.25 0.25
Zero stress porosity 0.3 0.3 0.08

Zero stress permeability [m?] 2:10°%  3.10°15  107%

Van Genuchten’s gas entry

pressure (at zero stress) 0.0196 0.0196 0.196
Van Genuchtens exponent [m] 0.457 0.457 0.457
Longitude dispersion factor [m] 11 11 11
Molecular diffusion [m] 10710 10-10 1010

Table 1. Properties of the reservoir model layers, where G de-
notes the gas layer, H denotes the hydrate layer and C the cap
rock layer.
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Figure 3. Pressure changes after 5 years of production.
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Figure 4. Porosity changes inside the reservoir after 5 years of
production.
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Figure S. CHy gas flux inside the reservoir after 5 years of pro-
duction.

gas layer and the hydrate layer is shown in Fig. 5. Heat transfer
is the controlling mechanism of methane hydrate dissociation,
which is an endothermic process that adsorbs heat from its sur-
roundings. Fig. 6 shows heat flux in the model. As it is clear
from Fig. 7, temperature of the reservoir decreased continuously.
In the layer that contains gas, reduction of temperature due to gas
expansion is clearly visible.

The strength of the hydrate bearing sediments is affected by
the strain rate, consolidation stress, grain size, temperature, den-

Property Value Unit

Thermal conductivity of

saturated medium 2.18 W/(m-K)
Thermal conductivity of

dry medium 2.0 W/(m-K)
Solid Phase Density 2150 Kg/m3
Specific heat of rock 874 J/(kg-K)
CHjy-hydrate molecular weight 119.5 g/mol
CHy-hydrate density 907.40 kg/m?
CHjy-hydrate specific heat 2200 J/(kg-K) [19]

CHy4-hydrate reaction enthalpy 53.24 kJ/mol

Table 2. Medium Properties
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Figure 2. The reservoir model with one production well
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Figure 6. Heat flux inside the reservoir after 5 years of produc-
tion.
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Figure 7. Temperature after 2 and 5 years of production.
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sity and cage occupancy [20]. Hydrate, as a pseudo mineral, is
part of the matrix and hydrate saturation above 25-40 % can con-
tribute in bearing of the overburden stress of the top layers [21].
Dissociation of hydrate reduces the matrix volume that carry the
load. Thus, effective stress becomes the dominant mechanism
that controls the sediment stiffness and strength [21]. Further-
more, during production of CHy from hydrate reservoirs, the
pore pressure will drop gradually and the net compaction pres-
sure on the matrix increases. Therefore, the stability of the dis-
sociated area will be affected and may cause compaction and
destruction of the local structures. Inside RCB geomechanical
effect of hydrate dissociation from hydrate bearing sediments
was performed implicitly and carried out applying geomechani-
cal calculations at the same time step that flow calculations were
preformed. Fig. 8 shows effective stress in the vertical direc-
tion. Due to lack of tensile strength data of the hydrate layer in
Bjgrngya, it was not possible to analyse the possibility of col-
lapse and compaction of the structure.

SUMMARY AND CONCLUSIONS
We applied the RCB hydrate simulator [9] to conduct a case
study on pressure reduction triggered production of natural gas
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Figure 8. Effective stress in Y-direction after 5 years of pro-
duction.

based on geological data from the Bjgrngya hydrate reservoir [1].
The current version of the hydrate simulator utilizes a reactive
transport algorithm to minimize free energy locally for calcu-
lations of most likely phase distributions in a non-equilibrium
system. The advantage of this platform is that each of the com-
peting hydrate phase transitions can be modelled as pseudo reac-
tions and then be treated as non-equilibrium reactions subject to
the free energy minimization algorithm. In every time step the
solver has an implicit algorithm for solving mass flow, heat flow
and geomechanics. The mass flow is then, in the same time step,
correcting for changes in phase distributions of all components
over all possible phases and returns the individual mass fluxes of
all components back to the next time step of the primary solver.
Kinetic rates of hydrate dissociation and reformation were calcu-
lated within RCB using classical nucleation theory. Competing
phase transitions of two possible hydrate routes were calculated
using a non-equilibrium thermodynamic package developed by
our group and added to RCB.

Results show that the pressure drop imposed through the pro-
duction well propagated rapidly throughout the reservoir. This
may be due to the high permeability of both the hydrate and the
gas layers, resulting in a better connection between pores inside
the medium. Thus, methane hydrate dissociation from the hy-
drate layer starts at the early stages of simulation.

Gas hydrate at Bjgrngya consists of loose fine-grained sedi-
ment. Thus, hydrate occurrence might be spread in the sediment,
forming veins and nodules [21]. Consideration of sand produc-
tion due to hydrate dissociation can also be of importance for
this basin. A sensitivity study on critical parameters like perme-
ability, porosity, inhomogenieties and initial mechanical strength
of the hydrate filled sediments is needed in order to get a better
picture of the hydrate production potential.

Lack of specific data on flow parameters and initial mechan-
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ical strength of the sediments containing the hydrate is a limita-
tion for quantitative interpretations of the simulation. A sensitiv-
ity study on critical model parameters for the actual conditions is
planned.
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