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Abstract

Though the Natuna field in offshore Indonesia contains natural gas resources, its CO, content exceeds 70%. While existing
technologies can handle the separation challenges, the question of CO, transport and storage will still remain due to the lack of
aquifer storage sites with sufficient sealing integrity in this part of South Asia. Substantial occurrences of natural gas hydrates
have been discovered in offshore Indonesia roughly 700 miles from Natuna, making the pipeline transport economically feasible.
This work aimed to assess the risk of hydrate formation during this transport as evaluated by two different approaches: traditional
method based on water dew-point versus evaluation accounting for alternative routes of hydrate formation. The hydrate risk
analysis was also conducted for produced natural gas at transport conditions. We have investigated the case study involving using
the separated CO, for simultaneous safe long-term storage of CO, and release of methane for in situ hydrates located at the North
Makassar Basin in offshore Indonesia. Utilization of CO, will require additive gases to increase gas permeability and reduce the
blocking of sediments by new CO,-dominated hydrate. This analysis was conducted for variable content of nitrogen and H,S. We
have concluded that the water dew-point-based method appears to severely underestimate the risk of hydrate formation; the
maximum water concentration it allows in gas will be larger by a factor of eighteen than the one permitted by approaches that
used water adsorption on hematite (rust) as the criterion.

Nomenclature hy; Canonical cavity partition function of component j
T Temperature [K] in cavity type i
T. Critical temperature [K] Agfj{“‘ Free energy of inclusion of the guest molecules j
P Pressure [bar or kPa] in the cavity i
H Chemical potential [kJ/mol] 0, Filling fraction of component j in cavity type i
H Hydrate phase 16} Inverse of gas constant times temperature
AG  Free energy change XT Total mole fraction of all guests in the hydrate
G Free energy change [kJ/mol]
P Parent phase
R Universal Gas Constant [kJ/(K mol)] .
(%) Fugacity coefficeint 1 Introduction
Y Activity coefficient
¥ Mole fraction of liquid Hydrocarbons being transported to the processing plant for
¥ Mole fraction of gas treatment are always accompanied by reservoir water. Under

certain conditions, the water presence in natural gas mixtures
during processing and transport gives rise to serious hydrate
formation concerns. At high pressures and low temperatures,
it can be thermodynamically beneficial for water molecules to
54 Tatiana Kuznetsova form ice-like lattices (three-dimensional structures) with cav-
tatyana.kuznetsova@uib.no ities encaging molecules of hydrocarbons and volatile liquids

as well as certain inorganics like carbon dioxide and hydrogen

Department of Physics and Technology, University of Bergen, sulphide (guest molecules). The resulting nonstoichiometric
Allegaten 55, 5007 Bergen, Norway crystalline compounds are often referred to as clathrate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-018-2490-4&domain=pdf
http://orcid.org/0000-0001-6323-3547
mailto:tatyana.kuznetsova@uib.no

1060

Heat Mass Transfer (2019) 55:1059-1079

hydrates or natural gas hydrates. Hydrate can grow to plug
processing equipment and transport pipeline. In this work,
we have evaluated the risk of hydrate formation based on
the upper limit of water content that can be permitted in a
multicomponent natural gas mixture with substantial amount
of carbon dioxide. The Natuna gas field contains more than
70% of CO, and as such makes for a good case study of
hydrate formation risk during the transport of CO, and hydro-
carbons. The potential for simultaneous utilization and safe
long terms storage of CO, in the natural gas hydrate coastal
fields of Indonesia is a fascinating opportunity.

Several unit operations commonly employed in natural gas
processing involve thermodynamic conditions that could give
rise lead to hydrate formation. Processes that lead to increasing
pressure and/or decreasing temperature can in many cases bring
the fluid phases (CO,, hydrocarbons) into hydrate formation re-
gion if free water is either available outright or can drop out from
the fluid. Examples are turbines where gas expands and cools
down, as well as low-temperature separators and compressors.
The Natuna field has the advantage of not being very far from
mainland Indonesia. From a long-term production perspective,
700 miles of pipeline transport for utilization and storage of CO,
is certainly economically feasible. Moreover, the presence of
offshore methane hydrates fields provides a storage option for
the excessive CO, produced by the gas field. The seafloor tem-
peratures in the area between Natuna and mainland Indonesia
typically vary between 274 K and 283 K, with the pipeline
transport from Natuna to onshore Indonesia involving pressures
between 50 and 300 bars. A substantial portion of this thermo-
dynamic range will fall inside the hydrate formation zone if free
water becomes available by either dropping out from as liquid
water or being adsorbed on rusty pipeline walls. A direct hydrate
formation from water dissolved in fluid is possible but highly
unlikely due to substantial limitation in mass transport and trans-
port of released heat. As will be discussed in more detail later,
studies available in open literature indicate that the presence of
hematite significantly lowers the level of water tolerated during
transport without invoking the risk of hydrate formation.

Determining the maximum water tolerance for gas being
processed or transported is one of the critical parameters when
it comes to design of drying facilities, whether solvent based
(glycols is most common) or adsorption based (zeolites for
instance).

Hydrate formation occurring in a system composed of nat-
ural gas with substantial admixture of impurities, for example
water and carbon dioxide, will be a complex process involving
competition between different phase transition mechanisms
and routes, with both kinetics and thermodynamics playing
significant roles. Conventional techniques currently used in
industry to evaluate the risk of hydrate formation assume that
hydrate will form when water drops out of the gas stream
during processing or transport. Therefore, this method in-
volves estimating the dew-point temperature of natural gas
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mixtures in question. We refer to this approach as water
drop-out or dew-point route to hydrate formation. However,
the problem with this approach is that absolutely disregards
that the presence of rust on the inside of pipeline walls and
processing equipment will provide sites for water adsorption
and consequently offer an alternative route for hydrate forma-
tion (the hematite route, hematite being the most dominant
and one of the most thermodynamically stable forms of rust).

The problem grows in complexity [1] due to the fact that in
an industrial setting like pipeline transport and processing,
hydrate formation from natural gas cannot successfully attain
equilibrium, as a result of limitations imposed by either Gibbs
phase rule or mass and heat transport. The Gibbs phase rule is
given as: 7=n—m+ 2. Here, 7 refers to the degrees of free-
dom, which is the number of defined independent thermody-
namic variables in the system, and 7 represents the number of
actively coexisting phases, while # is the number of active
components in terms of hydrate phase transitions. If we
choose a simple scenario with only a single hydrate forming
guest molecule present in the system containing bulk gas and
water, say methane and water, with the existence of a hydrate
nucleus, we will have three actively coexisting phases (7 = 3)
and two actively components (n =2). And according to the
Gibbs phase rule, the degrees of freedom should be just one
(7=1) for the system to reach equilibrium. But the system will
never attain equilibrium because for a real industrial case in-
volving flowing stream, hydrodynamics and hydrostatics in-
cluding phase transitions which involves heat exchange, the
fact that local pressure and temperature are specified. This
means that even the simplest system with one guest molecule
equilibrium (methane) can never achieve equilibrium.
Furthermore, mass transport limitation and low concentration
of water in methane could hinder hydrate crystal nucleus from
ever attaining the critical size, thus preventing stable growth
from even commencing.

Heat transport is yet another problem that can compound
the issue of hydrate growth. Methane is a bad thermal conduc-
tor compared to liquid water clusters and hydrate before hy-
drate is formed [1], this means that transporting the exother-
mic heat of hydrate formation away from the system will
become a challenge that could also critically restrict hydrate
formation rate. Solid surfaces will also indirectly affect forma-
tion of hydrate; for instance, hydrate formation occurring on
the interface between methane-rich gas and the aqueous phase
adsorbed on solid wall surfaces covered with rust. This possi-
ble impact of water-wetting surfaces on the phase transitions
should not be ignored just because the gas phase will dominate
as far as the mass is concerned [1]. Hydrate nucleation and
growth may take place either when both water and hydrate
formers are adsorbed on the rusty surface or when water alone
is present in the adsorbed phase, and hydrate former species
are imported from the methane-rich phase. Hydrate formation
will not occur directly on hematite surfaces due to
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incompatibility between charge distribution in hydrate water
lattice and hematite surface. Nevertheless, hematite will effec-
tively function as a catalyst that removes water from the bulk
gas via adsorption, thereby providing a separate water phase
for hydrate formation, which will occur just outside the first
two or three tightly structured water layers.

Thermodynamically, there exists a third possible pathway to
hydrate formation. It involves hydrate forming directly from wa-
ter dissolved in the natural gas stream. But the low concentration
of water in the bulk gas combined with heat and mass transport
limitations will make it highly improbable for hydrate to form via
this pathway. Therefore, this alternative pathway has been left out
of consideration in this work. Nevertheless, if surface stress from
flow does not impact on water/hydrocarbon system at all, a quick
formation of hydrate film on the water/hydrocarbon interface can
take place, which will very rapidly block further transport of
molecules of hydrate formers and waters through the hydrate film
(extremely low diffusivity). Therefore, hydrate will form from
the hydrate formers dissolved in water, and could also form from
water dissolved in gas, which then would take advantage of
nucleation on the hydrate surface. However, in case of flow with
turbulent shear forces present, this situation is not feasible.
Another difference between a flowing case and a case of a sta-
tionary constant volume and constant mass laboratory experi-
ment is that new mass is supplied continuously. Consequently,
the limiting situation where the water is completely consumed
thus stopping hydrate formation will never happen.

This paper presents the application of our novel thermody-
namic scheme for investigation of different routes to hydrate
formation, utilizing ideal gas as reference state for all compo-
nents in all phases including hydrate phase. We apply this
scheme to determine the upper limit of water content that
could be tolerated in a multicomponent natural gas with a
substantial amount of CO, (Natuna gas as a case study) with-
out the risk of hydrate formation during processing and trans-
port. Two alternative pathways to hydrate formation, the tra-
ditional dew-point route approach and that facilitated by water
adsorption on hematite-covered surfaces inside process equip-
ment and pipeline are discussed below.

Using CO, for simultaneous safe long terms storage of CO,
and release of methane from in situ hydrates is one alternative
use for the substantial amount of CO, produced at the Natuna
field. The conversion between methane hydrate and CO,-dom-
inated hydrate is made viable by two primary mechanisms. A
solid-state exchange is possible but will be extremely slow and

Table 1 Composition of
the original gas from Gas
Natuna gas-field

Mole fraction

Co, 0.710
CH, 0.270
C,Hs 0.010
N, 0.010

Table 2 Composition of

the CHy-rich gas stream Gas Mole fraction
CH, 0.940
C,Hg 0.035
CO, 0.025

thus of limited practical importance. The second mechanism
will involve the formation of new hydrate from injected CO,,
with heat released by the formation process assisting in disso-
ciation of in situ methane hydrate. The formation of new hy-
drate from injected CO, will be an extremely fast process and
can potentially plug the reservoir. In addition, the permeability
of CO, injected into water wetting reservoir is quite low. One
way to circumvent these limitations is to add nitrogen to the
injection gas. For instance, injection gas used in the Ignik
Sikumi experiment in Alaska [2] even consisted of 77.5% N,
by volume. A drawback of adding such high fraction of N is
the dramatic impact it can have on the thermodynamics of new
CO; hydrate formation. In the worst-case scenario, the injection
mixture may become too lean in CO, to create a new hydrate.
In this limit, the system will have to proceed via the very slow
solid-state exchange process, while a number of other phase
transitions contributing to dissociation of in-situ methane hy-
drate may occur in the meantime. These transitions include
hydrate dissociation when exposed to a N, rich phase and water
under-saturated with methane. A substantial portion of accumu-
lated methane released in the above-mentioned pilot experi-
ment was likely due to the pressure reduction period. It is there-
fore hard to extract from the data how much CH, that were
converted due to CO,. In view of the low concentrations of
CO, in the injected gas and other phase transitions that con-
sume CO, (solution in water, adsorption of CO, on minerals).
Various laboratories around the world has also conducted ex-
periments on the exchange process but experimental set-up and
conditions are frequently far away from a real situation in na-
ture, including the fact that most of these available experimental
data were conducted in equipment with tight temperature con-
trol. Since the most efficient conversion mechanism involves
the formation of a new hydrate and dissociation of the methane
hydrate due to released heat from this new formation of CO,
dominated hydrate. Heat exchange with an external cooling
system will therefore interfere with the natural mechanism.
On top of this there are all the usual limitations of imitating a
natural hydrate system which exposed to flow (diffusion to
hydrodynamics depending on connection to fracture systems),

Table 3 Composition of

the CO,-rich gas stream Gas Mole fraction
CO, 0.982
N> 0.014
CH,4 0.004
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geochemistry and fluid/hydrate/mineral interactions which are
different from the experimental set-up. And since these hydrate
systems can never reach thermodynamic equilibrium they exist
in a stationary that has developed over geological time scales
that is impossible to reproduce over limited time in a laboratory
set-up.

The second part of this study has been therefore focused on
the examination of thermodynamic stability limits governing
the formation of hydrate from various mixtures of CO, and N,
as related to a particular hydrate field example in offshore
Indonesia. A comprehensive examination of all of the hydrate
occurrences in that are lay well beyond the scope of this work;
our choice of example also reflects the varying scope and
quality of data available in the open literature.

2 Natuna gas reservoir

The gas composition of the Natuna Gas Reservoir is dominat-
ed by a very high content of CO,. According to [3], the gas
consists of approximately 71% carbon dioxide, 27% methane,
1% ethane and heavier hydrocarbons (approximated as eth-
ane), and 1% nitrogen and hydrogen sulphide combined.
While hydrogen sulphide is an aggressive hydrate former, a
tiny fraction of H,S (less than 1%) will have only a limited
impact on either the water dew-point and the maximum water
content before drop-out due to adsorption on hematite. Rough
estimates of conditions relevant for transport from Natuna to
onshore Indonesia indicate that temperatures (below 280 K for
seafloor pipeline transport) and pressures (between 50 and
300 bar) will fall inside the hydrate formation region. A crit-
ical question thus arises concerning the lowest fraction of
water that will trigger either water condensation or adsorption
on rusty pipe walls. In view of this, Table 1 presents gas
composition chosen to model the gas stream being transported
to land for separation.

Typically, the maximum CO, content of sales gas is limited
to 2.5%. The acceptable loss levels of hydrocarbons in the
separated CO, stream will be highly dependent on the sepa-
ration method and costs versus increased value per extra unit
of methane recovered. It will be desirable to separate as much
of the methane as possible from the other gasses. Assuming
that all N, will follow CO,, and all ethane will follow the CH,-
rich phase resulted in the model systems for separated phases
given in Tables 2 and 3 below.

3 Fluid thermodynamics

In equilibrium, temperatures, pressures, and chemical poten-
tials of all coexisting phases must be the same across all phase
boundaries. Though the equilibrium is unattainable in prac-
tice, applying a quasi-equilibrium method will help us to

@ Springer
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Fig. 1 Estimated equilibrium pressures for hydrate formed from a gas
mixture containing 88.53 mol% of CO,, 6.83 mol% of CHy,
0.38 mol% C,Hg and 4.26 mol% of N, compared to experimental data
[H7[

evaluate the thermodynamic advantages of different pathways
to formation/dissociation of hydrate as asymptotic stability
limits for each given phase transition. The residual thermody-
namics approach will be applied for all components and all
phases (hydrate, liquid water, aqueous phases, ice) through the
use of the Soave—Redlich—Kwong (SRK) equation of state
[4]. Parameters required by the SRK have been mostly sup-
plied by molecular dynamics simulations involving water in
different phases (empty hydrates, liquid water, and ice) [5].
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Fig. 2 Estimated equilibrium pressures for hydrate formed from a gas
mixture containing 90.2 mol% of CH, and 9.8 mol% of C,Hgq
compared to experimental data [12]
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In equilibrium systems, both phase distributions and compo-
sitions can be evaluated by means of free energy minimization.
Provided that thermodynamic models are available, it is not a
critical issue to choose a reference state for different components
in different phases for equilibrium systems. However, in non-
equilibrium systems, the most favourable local phase distribu-
tions, together with the thermodynamic driving forces encourag-
ing each component to move across the phase boundaries from
one phases to another can be determined by a free energy anal-
ysis. It is convenient in this case to use ideal gas as the reference
state to ensure same reference values for free energy of every
phase present in the estimation of the chemical potential of all
components, irrespective of the phase as presented in Eq. (1):

" (T,P, 7’) et 8o (T,P, 7’) — RT.In@ j(T,P, 7)
lim (&;)—1.0...for ideal gas
(1)

Where &; refers to the fugacity coefficient for component j
in given phase; 3 is the gas mole fraction vector. The chem-
ical potential of the ideal gas comprises the trivial mixing term
since ideal gas mixing of gases at constant pressure.

Another reference state is used to evaluate the chemical
potential of component ; as an intermediate step for the liquid
state. It is given in Eq. (2) below generally known as symmet-
ric excess. This equation involves the ideal liquid term (chem-
ical potential) as well including the trivial ideal mixing term
together with the pure liquid value.

" (T,P, ?) - gyl liguid (T,P, 7) - R.T‘ln’yj<T,P, ?)

lim(~; )] —>1.0 when xj—1.0

(2)

where +; is the activity coefficient for component;j in the liquid
mixture. When applying Eq. (2) to water, the ideal gas refer-
ence state can suitably be applied too when the chemical po-
tential of pure liquid water is evaluated from molecular inter-
action models by means of molecular dynamics (MD) simu-
lations. In this work we have utilized data from [5].

In case of gas components with low solubility in water, like
the hydrocarbons in consideration, the “infinite dilution” of
gas in water will make for a more suitable liquid reference
state. Therefore, the asymmetric excess formulation in Eq.
(3) will be appropriate. It is called asymmetric excess because
the activity coefficient limit of the component j tends to one as
the mole fraction vanishes as shown below:

ujj]zO (T,P, ?) + ‘u;hO,oo (T,P, ?) ( )
3

= RT.n [0 20 (1, P, %) ] lim (720 ) when xj—0

Where uf 29 s the chemical potential of component j in water;

oo stands for infinite dilution; *yjho‘w is activity coefficient of
component j in aqueous phase based on the same reference
state; R is the universal gas constant. In practice, the evalua-
tion of infinite dilution chemical potential with ideal gas as the
reference state can be be achieved by means of molecular
dynamics (MD) simulations and application of the Gibbs
—Duhem relation [6, 7], contingent on thermodynamic prop-
erties of all phases can also be specified and evaluated outside
of equilibrium. The combination of the first and the second
laws of thermodynamics requires that both available mass of
every component as well as the overall mass will have to be
distributed over all possible phases coexisting under specific
local pressure and temperature conditions. This evaluation is
quite straightforward for most of the fluid phases of interest,
with the hydrate phase being somewhat an exception and
needing a special consideration; it has however been compre-
hensively evaluated in Kvamme et al. [7, 8]. Thus, the mini-
mization of free energy and obtaining values for the local
phase distributions becomes possible through combining ther-
modynamic formulations for fluids in Egs. (1), (2) and (3)
with hydrate nonequilibrium formulations from Kvamme
etal. [7, 8]. A number of algorithms capable of implementing
this approach are available in the open literature.

Except for the hydrate phases, all the relevant pressures and
temperatures will refer to a liquid state. All the situations con-
sidered in this work involve very low mutual solubilities and/
or low concentrations. The following approximation in Eq. (4)
should therefore prove satisfactorily accurate for most indus-
trial applications where hydrate formation is a risk factor:

)

+RT.In[¥, (T, )] (4)

=l

uj.(T,P, 7>zﬂjz°° (T, P,

Here the subscript i distinguish between different phases
with low solubility and subscript j refers to different
components.

4 Thermodynamics of hydrate: model
description and verification

The chemical potential of water in hydrate can be evaluated
using the statistical mechanical model for water in hydrate,
which is a typical Langmuir type of adsorption model. We
used the version presented in Kvamme & Tanaka [5] given
in Eq. (5). Unlike that of van der Waal and Platteuw (1959)
[9], the Kvamme & Tanaka [5] form considers the lattice
movements and corresponding effects of different guest mol-
ecules; it takes into account collisions between guest

@ Springer



1064 Heat Mass Transfer (2019) 55:1059-1079
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Where H denotes to hydrate phase; ,éfjo

ical potential of water in hydrate; uﬁf;’é )

refers to the chem-

is the chemical po-
tential of water in empty clathrate structure; v; refers to the
fraction of cavity type i per water molecule. The unit cell of
hydrate of structure I is composed of forty-six water mole-
cules. Structure I hydrate has two small and six large cavities,

Fig. 6 Maximum concentration x 10

Temperature (K)

consequently, Voai caviey = 1/23 and Vigrge caviey = 3/23. hy;is the
canonical cavity partition function of component j in cavity
type i. ng,ey stands for number of guest molecules in the sys-
tem. Equation (6) is used to evaluate the canonical partition
function:

(6)

hj = ef‘g(”:H*Agyc)

of water that can be permitted in = J— barl
the CHy-rich gas before liquid — 90 bar

water drops out. Curves from top —— 130 bar
to bottom correspond to pressure ——— 170 bar
of 50 bar, 90 bar, 130 bar, 170 bar, 25H ——210 bar
210 bar and 250 bar respectively —— 250 bar

Mole fraction of water before liquid drop out

1
280
Temperature (K)
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@ Springer



1066

Heat Mass Transfer (2019) 55:1059-1079

-5

Fig. 7 Maximum concentration x 10
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Mole fraction of water before adsorption on hematite
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Here, [ is the inverse of the product of gas constant and temper-

ature, and Ag™ is the impact on hydrate water from inclusion of

i
the guest molecules j in the cavity 7 [10]; its expansion coeffi-
cients are tabulated in Tables 4 and 5 below for carbon dioxide
and hydrogen sulfide guests, respectively. In equilibrium, the
chemical potential of component ; in hydrate phase “H” must
be identical to that in the (parent) phase from which it has been
extracted [1]. Chemical potential of all gas components in hy-
drate are estimated by employing Eq. (1). The usual equilibrium
approximation most hydrate simulators utilize is presented in Eq.
(7) below assuming a free hydrate former phase (gas, liquid,
fluid) in which every component’s chemical potential is generally
estimated by an equation of state and the resulting chemical
potential required in Eq. (6) for the cavity.

S 5
Table 4  Coefficients of Agiycpsion in the equation Ag’"""‘”"” =Yk

[Tﬂl in case of CO, inclusion in structure I hydrate. Subscript ¢ onTin

the equation denote critical temperature. Critical temperature for CO, is
304.13 K. Units on k are in kJ/mol

276

L I
278 282

280
Temperature (K)

284 286

0, Mguest
ugzg)_R.TZ?:lv,-ln(l + 3 hy )

__ . Pure water
= im0

(T,P) + RTI [xis1,0%0a0.0(T- P, %) | (7)

The estimation of the chemical potential of water in empty
chlatrate (hydrate) structure has been implemented by means of
Kvamme and Tanaka model [5]. This model has been proven to
have predictive capabilities; consequently, it makes any empirical
formulations for these chemical potentials unnecessary and pos-
sibly also nonphysical since chemical potential is a fundamental
thermodynamic property. Given that the aqueous phase water
lacks any ions and includes only limited amount of dissolved
gases, the right-hand side of Eq. (7) has been approximated by
the pure water value. This involves only a minor shift in chemical
potential of liquid water. For instance, at 15000 kPa and 274 K

. . 5
Table 5 Coefficients of Agjnciusion in the equation Agelusion— 5 f
{TT]' for H,S in structure 1. Subscript ¢ of T in the equation déndte

critical temperature. Critical temperature for H,S is 373.0 K. Units of k
are kJ/mol

k Large cavity Small cavity k Large cavity Small cavity

0 1.624892126738541 —0.001472006897812825 0 16.016081922594900 —22.756290074587520
1 1.163780531566063 —55.894438257553600 1 24.620388773936620 0.7857734898893513
2 —56.736684127967590 —5.622310021096491 2 —44.136111233969420 —33.910124845368450
3 —27.993674783103930 19.483488092203920 3 —39.553535022042830 0.2509106251170165
4 16.859513200395660 11.325243831207700 4 2.362730250749388 —16.141504094980840
5 19.774626541207180 3.033541053649439 5 15.324247971160300 19.005383720423500
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Table 6 The maximum
concentration of water permitted
in different gas-streams and com-
paring the two different routes to

hydrate formation at a pressure of
250 bar

Pressure: 250 bar Original gas CHy-rich gas CO,-rich gas
274K 280K 274K 280K 274K 280K
Maximum mole fraction of water before liquid 0.701 1.078 0569 0.836 0564  0.832
drop out (x 107)
Maximum mole fraction of water before adsorption ~ 0.036  0.061 0.030  0.047  0.029  0.047

on hematite (x 107>)

the correction will be as small as —0.07 kJ/mol. Though slightly
greater for 20,000 kPa and 25,000 kPa, it is still not dramatic for
the purpose of this study. However, Eq. (8) has been proven to be
beneficial to estimate free energy change corresponding to a
hydrate phase transition Ag””.

A = 5;2”1)55 (1) (®)

Where H is refers to the hydrate phase of molecule j; P is
parent phase of molecule j. While Eq. (9) presents the relation
between the filling fraction, the mole fractions and cavity par-
tition function as shown below:

Xl hy

fy=—-" = 9
v VJ(I_XT) 1+Zjhlj ( )

Where x refers to the total mole fraction of all guests in the
hydrate; 0;; stands for the filling fraction of component j in cavity
type [; and xf is the mole fraction of component j in cavity type i.

Figures 1 and 2 present the comparison between the experi-
mental data [11, 12] and hydrate equilibrium pressure-
temperature curves estimated by our theoretical model for com-
ponents relevant to this work: carbon dioxide, methane, ethane,
and nitrogen. Rather that fitting the interaction parameters to
replicate the experiment, our main goal was to ensure that the
statistical-physics model of [5] was free of adjustable parameters
in every term, including chemical potential of water in empty
hydrate lattice, as liquid water, and in the form of ice. The com-
parison of our estimates with widely accepted experimental data
demonstrates a quite satisfactory agreement without any

Table 7  Recapitulative table of pressure temperature and composition
dependency for CO, hydrates formation and substitution in CH, hydrates
structure I

Pressure [bar] Fraction range Minimal temperature

required for (0.1) CO, [K]

200 [0.1; 0.8] 277.0
210 [0.1; 0.8] 276.9
220 [0.1; 0.8] 276.7
230 [0.1;0.8] 276.5
240 [0.1;0.8] 276.3
250 [0.1;0.8] 276.1

empirical fitting required. The slight deviation observed in
Fig. 1 is due to guest-guest interactions for a quaternary gas
mixture like the one in question. Figure 2 exhibits a very good
match, especially inside the relevant temperature ranges of 273—
286 K, which is just a binary gas mixture of methane and ethane.
Therefore, we have deemed the deviations to be acceptable for
the purposes of this work.

5 Hydrate risk analysis: alternative
approaches for evaluating the risk of hydrate
formation for Natuna gas from the reservoir

When hydrate risk under transport or processing is to be
assessed for a particular gas mixture containing hydrate-
forming hydrocarbons and inorganics (structure I components
and CO, and in this study), the initial step is to evaluate the
upper safe limit of water tolerated by the gas or liquid system
before water will drop out as condensate. The classical ap-
proach to hydrate risk analysis involves evaluating the mole
fraction of water in gas or liquid phase at the water dew-point.
More recent analysis has been extended by considering two
other alternative pathways [1, 7]. The first of these alternative
pathways takes into account the process of water condensing
out as adsorbed phase on the rusty (hematite) pipe walls. The
other alternative route to hydrate formation considers hydrate
forming directly from water dissolved in hydrate former
phase. Despite the fact that the latter alternative route is ther-
modynamically feasible, it was associated with large mass-
and heat-transport limitations in the hydrate forming systems
examined in those studies [1, 7]. Thus, the route where hydrate
forms directly from dissolved water will be extremely improb-
able compared to both the classical (dew-point) water drop-
out approach and the alternative approach involving adsorp-
tion of water on hematite (rusty) surfaces. Therefore, our study
ignored the third alternative and focused on the other two.
The produced gas transportation from Natuna gas-field will
typically involve temperature 274 K to 283 K and pressures
ranging from 50 to 300 bars. The processing conditions during
separation onshore are not known since they are highly de-
pendent on the separation methods. After the separation pro-
cess on mainland, two new gas streams will be generated with
compositions presented above in Tables 2 and 3. Both the
CHy-and CO,-rich gas streams are expected to be transported
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Fig. 8 Maximum concentration x10°

of water that can be permitted in 3 T

the CO,-rich gas before liquid ——-50 bar

water drops out. Curves from top —— 90 bar

to bottom correspond to pressure — 130 bar

of 50 bar, 90 bar, 130 bar, 170 bar, ——— 170 bar

210 bar and 250 bar respectively 25H ——210 bar
— 250 bar

Mole fraction of water before liquid drop out

1 1 1 1

0374 2;6

by pipeline operating at temperature and pressure ranging

from 274 K to 285 K, and 50 bars to 250 bars, respectively.
Our novel thermodynamic scheme for investigation of dif-

ferent routes to hydrate formation, using ideal gas as reference

Fig. 9 Maximum concentration

278 280
Temperature (K)

286

state for all components in all phases including hydrate phase
has been applied to investigate the maximum limit of water
content that should be permitted in Natuna gas from the
Greater Sarawak Basin. Figure 1 presents the hydrate

of water that can be permitted in 16 .
the CO,-rich gas before water is
adsorbed on hematite. Curves

14

from top to bottom correspond to
pressure of 50 bar, 90 bar, 130 bar,
170 bar, 210 bar and 250 bar

respectively
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Mole fraction of water before adsorption on hematite
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Fig. 10 Chemical potential as PR chemical potentials for P=200bars [H25]=0,0

function of temperature of present '

components in the injection gas at .

P =200 bar. The upper dashed T e

curve is chemical potential of e III—

liquid water. The lower dashed e e T _

curve is for chemical potential of T 492 o ——— TTReeelll T

water in methane hydrate. The _E T e

dash-dot curve is the chemical 2 ‘ B

potential of water in an artificial 8 oar—_— -

hydrate of structure II formed g B T o

from a gas composition contain- Y aal- B e S T et |

ing CHy, CoHg and C3Hg. Solid g ) o —— T : o

curves are chemical potential for e — IS o T

water in hydrate formed from _3 498 | e

various CO,/N, ratios. Top curve i) IR o e

is foramole % of CO, 0f 1%. The § . —:'_"_'i —_— ]

following curves are for hydrate O s0r__ e —— 1

formed from a mole % of respec- o - _—'**‘~7—;_:—_17*—~7—

tively 2, 5, 10, 20, 40, 60, 80% e T

CO, from top to bottom -50.2 ] ]
S04 L g 1 IS L AL .l 1 J

274 275 276 277 278 27 280 281 262

equilibrium curves for the three gas streams in question.
Figures 2, 3,4, 5, 6 and 7 illustrate qualitatively the safe limits
of water content for Natuna gas before and after most of the
CO, is separated out of the bulk, with both the classical dew-
point liquid water drop-out approach and the alternative route
involving adsorption of water on the rusty surfaces of process
equipment and transport pipes. Maximum water level tolerat-
ed before water will start to drop out from the original gas
from Natuna are plotted in Fig. 2. Levels calculated basing
on adsorption on hematite is shown in Fig. 3 for the same gas.

Fig. 11 Chemical potential as 48.8 .

Temperature (K)

Both the methane- and CO,-rich gas exhibit similar
trends for all pressures presented in Figs. 4 to 7. Only a tiny
shift in absolute values of water drop-out mole fractions is
present, with methane values being slightly higher compared
to CO,. Generally, both hydrate formation routes share a
significant reduction in the gap/difference between the pres-
sure curves between 50 bar and 90 bar, and between 90 bar
and 130 bar. The curves for the two highest pressures,
210 bar and 250 bar, overlap for both methane and CO,.
In case of the CO, stream, the pressure curves overlap

chemical potentials for P=210bars [H2S]=0,0

function of temperature of present
components in the injection gas at
P =210 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy, C,Hg and C5Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N; ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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-49.2

-49.4

-49.6

-49.8

Chemical potential of water (kJ/mole)

-50

-50.2

-50.4 !

274

278
Temperature (K)
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Fig. 12 Chemical potential as chemical potentials for P=220bars [H2S]=0,0
T T T T T

function of temperature of present 488 ' '
components in the injection gas at
P =220 bar. The upper dashed
curve is chemical potential of 49 -
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The °
dash-dot curve is the chemical C 492
. . i S
potential of water in an artificial 5
hydrate of structure Il formed f‘:
from a gas composition contain- 2
ing CHy4, CoH, and C3Hg. Solid S 4941
curves are chemical potential for k]
water in hydrate formed from :‘lj
various CO,/N, ratios. Top curve § 496 -
is for a mole % of CO, of 1%. The 2
following curves are for hydrate El
formed from a mole % of respec- E
tively 2, 5, 10, 20, 40, 60, 80% Q2 498
CO, from top to bottom O
-50 - 1
_502 1 1 1 1 1 1 1
274 275 276 277 278 279 280 281 282
Temperature (K)
almost completely, indicating the higher density impact. The The safe-limit of water content decrease as the pressure
differences at the highest pressures are virtually insensitive  increases for pure structure I hydrate components as methane
to pressure due to the high density. and CO,. This is also the case original CO,-dominated Natuna
Fig. 13 Chemical potential as e chemical potentials for P=230bars [H2S]=0,0
function of temperature of present ’ ' ' ' ' ' ' '
components in the injection gas at
P =230 bar. The upper dashed
curve is chemical potential of 49 -
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The mn
dash-dot curve is the chemical —g -49.2 -
potential of water in an artificial 35
hydrate of structure II formed *'f-’
from a gas composition contain- %
ing CH,, C,Hg and C;H. Solid S 4941
curves are chemical potential for G
water in hydrate formed from E
various CO,/N, ratios. Top curve § 496 -
is for a mole % of CO, of 1%. The 2
following curves are for hydrate ;]
formed from a mole % of respec- E
tively 2, 5, 10, 20, 40, 60, 80% Q2 498
CO, from top to bottom o
-50 -
_50'2 1 1 1 1 1 1 1
274 275 276 277 278 279 280 281 282

Temperature (K)
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Fig. 14 Chemical potential as 488

chemical potentials for P=240bars [H2S]=0,0

function of temperature of present
components in the injection gas at
P =240 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure Il formed
from a gas composition contain-
ing CH,, C,Hg and C3Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N, ratios. Top curve
is for a mole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

-49

-49.2

-49.4

-49.6

-49.8

Chemical potential of water (kJ/mole)

-50 [

1 1 I 1 1 1

-50.2

274 275

gas due to its lack of heavier hydrocarbons such as propane,
and iso-butane etc.

When comparing safe water limit corresponding to the
two hydrate formation routes in case of Natuna gas, the
formation route that involves water adsorption on hematite
yielded the water mole fraction which was by a factor of
19 smaller than value given by the classical dew-point ap-
proach currently used as industrial standard. This large

Fig. 15 Chemical potential as 488

276 277 278 279 280 281 282
Temperature (K)

difference underlines the risk that hydrates may still form
in industrial processes if only the dew-point approach is
used as the hydrate safety criterion measure. Therefore, this
alternative route involving adsorption of water on rusty
surfaces and providing a free water phase for hydrate nu-
cleation should not be ignored if the risk of hydrate forma-
tion without addition of inhibitions or applying other costly
measures during processing and pipeline transport of

chemical potentials for P=250bars [H2S]=0,0

function of temperature of present
components in the injection gas at
P =250 bar. The upper dashed
curve is chemical potential of
liquid water. The lower dashed
curve is for chemical potential of
water in methane hydrate. The
dash-dot curve is the chemical
potential of water in an artificial
hydrate of structure II formed
from a gas composition contain-
ing CHy, C,Hg and C5Hg. Solid
curves are chemical potential for
water in hydrate formed from
various CO,/N; ratios. Top curve
is for amole % of CO, of 1%. The
following curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

-49

-49.2

-49.4

-49.6

Chemical potential of water (kJ/mole)

-50.2

274 275

276 277 278 279 280 281 282
Temperature (K)
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Fig. 16 Chemical potential as

chemical potentials for P=200bars [H2S]=0,01

-48.8
function of temperature of present
components in the injection gas .
containing 1% H,S at P =200 bar. 49+ ~~

The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has

-49.2 -

Chemical potential of water (kJ/mole)

been added directly as molar ratio -50 -

and the composition has been I
normalized. Top curve is for a

mole % of CO, of 1%. The fol- -50.2 -

lowing curves are for hydrate

formed from a mole % of respec- aoal .
tively 2, 5, 10, 20, 40, 60, 80% 274 275

CO, from top to bottom

natural gas must be avoided. On the other hand, it is not
possible for initial hydrate nuclei to attach directly to the
rust surface due to the low chemical potential of adsorbed
water. The hydrate formed will be bridged by at least three
to four layers of structured water on the surface of the
hematite. This alternative route to hydrate formation
through adsorption on hematite absolutely dominates when
it comes to the risk of water dropping out from gas mixture
and pure components to form a separate water phase and

Fig. 177 Chemical potential as

276 277 278
Temperature (K)

279 282

ultimately resulting in hydrate formation. This can be un-
derstood from the fact that the average chemical potential
of water adsorbed on hematite could be 3.4 kJ/mol lower
than that of liquid water. And thermodynamics does favour
minimum free energy.

Table 6 presents the maximum amount of water tolerated
in various gas streams calculated using coefficients provided
in Tables 4 and 5. With anticipated transport pressures vary-
ing between 50 and 250 bars and the highest seafloor

chemical potentials for P=210bars [H2S]=0,01

-48.8 T
function of temperature of present
components in the injection gas S
containing 1% H,S at P =210 bar. 49 - T

The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and CsHg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-

-49.2

Chemical potential of water (kJ/mole)

-50.4 .

tively 2, 5, 10, 20, 40, 60, 80% 274 275

CO, from top to bottom
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Fig. 18 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H,S at P =220 bar.
The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

Chemical potential of water (kJ/mole)

-48.8

chemical potentials for P=220bars [H2S]=0,01

-49.2

-49.6

-49.8

-50

-50.4
274

275

temperature around 6 degrees Celsius, it is obvious from Fig.
1 that all considered mixtures will exist inside the hydrate
formation region. The question is therefore at which water
concentrations in gas the water will drop out. Since the max-
imum pressure (Figs. 2 to 7) provides the estimate for the
lowest of permitted gas in all systems, we have extracted
some illustrative examples corresponding to that pressure.

Fig. 19 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H2S at P =

230 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C5Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

Chemical potential of water (kJ/mole)

-48.8

276 277 278 279 280 281 282
Temperature (K)

Table 6 lists the maximum safe water limits permitted at
two temperatures 274 k and 280 K and 250 bars.

As expected from earlier studies, water solubility are
quite similar for both methane-rich and carbon dioxide-rich
gas mixtures. The maximum amounts of water before liquid
water drop-out or adsorption respectively are also quite sim-
ilar for the two mixtures, in contrast to the original Natuna

chemical potentials for P=230bars [H2S]=0,01

-49.2

-49.4

-49.6

-49.8

1 1 1 1 1 T

-50.2
274

275

276 277 278 279 280 281 282
Temperature (K)
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Fig. 20 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H,S at P =240 bar.
The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom

Chemical potential of water (kJ/mole)

chemical potentials for P=240bars [H2S]=0,01
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gas. In all cases, the maximum water tolerances based on the
dew-point are in the order of 18 times higher that tolerance

criteria based on Hematite adsorption.

6 A possible hydrate reservoir for CO, storage

and utilization

While considering the production of natural gas from the
Natuna field wells, it is extremely important to address the

Fig. 21 Chemical potential as
function of temperature of present
components in the injection gas
containing 1% H,S at P =250 bar.
The upper dashed curve is
chemical potential of liquid water.
The lower dashed curve is for
chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and CsHg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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high fraction of CO, (71 mol%) that this field contains.
Given the impact of global warming and the focus on sustain-
able industry, the storage alternatives for such a huge amount
of CO, must be carefully considered. Luckily, Indonesia is
fortunate to have several huge methane hydrates fields that
could serve as perfect storage options for CO, and a viable
intermediary for the EOR.

The North Makassar Basin hydrate field is one of them, with a
reasonable collection of seismic data available [12], making it a
good case study to address the storage and utilization of carbon

chemical potentials for P=250bars [H2S]=0,01
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Fig. 22 Chemical potential as 488

chemical potentials for P=200bars [H2S]=0,005

function of temperature of present

components in the injection gas

containing 0.5% H,S at P= 49
200 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol- -50.2
lowing curves are for hydrate

formed from a mole % of respec-

-49.2

-49.4

-49.6

-49.8

Chemical potential of water (kJ/mole)

-50

-50.4

tively 2, 5, 10, 20, 40, 60, 80% 274 275

CO, from top to bottom

dioxide from Natuna. To be able to store CO, efficiently, CO,
must be converted to hydrate. Indeed, in such a solid form, there
are limited risks of leaks from the wells and pollution of the area.

Moreover, when it comes to EOR, combining the storage
of CO, with recovery of almost pure methane is one of the
best ways to go, provided that pressure and temperature of
methane hydrate fields are suitable for CO, substitution in
type I hydrate. The affinity of CO, for type I hydrate structures

Fig. 23 Chemical potential as 488

276 277 278 279 280 281 282
Temperature (K)

is greater than that of CH4 over pressure and temperature
ranges easily achievable in the hydrates fields, thus allowing
us to seriously consider the possibility of CO, storage.

Data collected by B. A. Jackson [13] show an 8000 m? area
where several indicators point to potential presence of hy-
drates at approximate depth of 2450 m. Given the provided
properties of seafloor and crust, it is possible to calculate pres-
sure and temperature gradient in the field. Our calculations

chemical potentials for P=210bars [H2S]=0,005

function of temperature of present

components in the injection gas

containing 0.5% H,S at P= 49
210 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and CsHg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol- -50.2
lowing curves are for hydrate

formed from a mole % of respec-

-49.2
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Fig. 24 Chemical potential as 488 .

chemical potentials for P=220bars [H2S]=0,005

function of temperature of present
components in the injection gas
containing 0.5% H,S at P=

220 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-

-49

-49.2

-49.4

-49.6

-49.8

Chemical potential of water (kJ/mole)

-50
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-50.4 :

tively 2, 5, 10, 20, 40, 60, 80% -5

CO, from top to bottom

yielded the 200 bar - 250 bar pressure range and 274 K to
282 K temperature range, facilitating the estimation of chem-
ical potential for the different relevant components. These
results are plotted in Figs. 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26 and 27 below, where
the solid lines represent different concentration of CO,
[CO,]=0.01; 0.02; 0.05; 0.1; 0.2; 0.4; 0.6; 0.8. The dashed
line corresponds to water, the dot dashed line to methane hy-
drate structure I (the only one relevant in our case), and the

Fig. 25 Chemical potential as 488 ;
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double dash dotted line to methane hydrate structure II.
Analysis of the present figures show several points that should
be highlighted.

As reservoir pressure increases, chemical potential of CO,
becomes progressively lower, indicating easier CH,4 substitu-
tion by CO,, but we must exercise caution when it comes to
the stability of CO, hydrates. Indeed, if CO, hydrate forma-
tion is too fast, it may seal off the reservoir close to the injec-
tion zone. CO, would then form hydrates directly from free

chemical potentials for P=230bars [H2S]=0,005

function of temperature of present
components in the injection gas
containing 0.5% H,S at P=

230 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and CsHg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
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lowing curves are for hydrate

formed from a mole % of respec- .
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CO, from top to bottom
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Fig. 26 Chemical potential as

chemical potentials for P=240bars [H2S]=0,005

function of temperature of present

components in the injection gas -~a

containing 0.5% H,S at P=

240 bar. The upper dashed curve
is chemical potential of liquid
water. The lower dashed curve is
for chemical potential of water in
methane hydrate. The dash-dot
curve is the chemical potential of
water in an artificial hydrate of
structure II formed from a gas
composition containing CHy,
C,Hg and C3Hg. Solid curves are
chemical potential for water in
hydrate formed from various
CO,/N, ratios. H,S amount has
been added directly as molar ratio
and the composition has been
normalized. Top curve is for a
mole % of CO, of 1%. The fol-
lowing curves are for hydrate
formed from a mole % of respec-
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tively 2, 5, 10, 20, 40, 60, 80%
CO, from top to bottom
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water present in the reservoir, and may never encounter meth-
ane hydrates it is supposed to react with. CH, substitution by
CO; in hydrates is limited by the rate of solid diffusion, a slow
kinetic phenomenon, which would take place after new hy-
drates formation, so the CO, concentration in injected gas
must be calculated to allow CO, the time to travel close to
the CH,4 hydrates. Therefore, the injected gas composition will
be of crucial importance; the amount of N, present in the gas

Fig. 27 Chemical potential as
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should be judged wisely to optimise hydrate formation with-
out plugging the system.
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being an intensively corrosive agent. This fact allowed us
to calculate chemical potential profiles for all the compo-
nents while ignoring a possible presence of H,S.
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Nevertheless, data compiled in the above figures should
prive quite relevant for any potential industrial trial
considerations.

These figures above clearly show that there exists a range
of temperatures and compositions where CO, can replace CH,
in the structure I hydrate. Table 7 below groups these ranges
for the pressures concerned.

To summarise, the CO, storage coupled with CH,4 recovery
from hydrates fields appears to offer a sustainable alternative
to combine with gas extraction from high CO, concentrated
fields. Figures used to illustrate this study are based on seismic
data that could be refined further for the purposes of a practical
industrial implementation. Nevertheless, the ranges selected
are wide enough to include temperatures and variations the
most probable in such hydrates fields.

tin formation of CO,-dominated hydrate and thus enable a
rapids mechanism for formation of CO, hydrate and release of
methane due to heat generated dissociation of in situ methane
hydrate. A fraction of injected CO, will dissolve in the
groundwater and adsorb on mineral surfaces. The
“enrichment” of CO, when it either adsorbs on mineral sur-
faces or becomes trapped by adsorbed water layers can en-
hance the overall nucleation rate of the new CO, hydrate for-
mation in sediments. But a rigorous estimate of the lowest
limit of CO, needed in the injection gas will require a detailed
modelling for each reservoir in question to make sure that the
fast conversion mechanism is retained throughout the reser-
voir. The extremely slow mechanism of direct solid-state ex-
change is of not practical importance, but as indicated by Figs.
8 to 25, the concentration of CO, in the N,-dominated mixture
needed by the solid-state exchange is higher. In the absence of
H,S in the gas mixture, roughly 5 to 12% CO, will be re-
quired. These limits will decrease to between 4 to 5% for
0.5% H,S in the gas mixture and to between 2 to 3% for the
case of 1% H,S. Since the Natuna gas has a very limited
presence of higher hydrocarbons, the artificial structure-II
gas mixture is not particularly relevant. It is included to pro-
vide a qualitative indication of the situation in a reservoir with
similar conditions but more thermogenic gas.

7 Conclusion

In this work, we have investigated the Natuna gas as well as
two realistic separated streams, a CO,-rich stream and a
methane-rich stream, to determine the maximum water frac-
tion that can be permitted without invoking the risk of hydrate
formation. Our estimates suggest that pipeline transport con-
ditions expected for all three streams will fall inside the hy-
drate formation region if liquid water becomes available either
by condensing below the dew-point or adsorbing on rusty
pipeline surfaces. The low chemical potential of water
adsorbed on hematite (dominating form of rust) will result in

@ Springer

substantially lower tolerance limits for the water content of
transported gas. When the water dew-point is used as the
criteria, the permitted water mole fraction in gas is roughly
eighteen times higher than in the case of using the limit of
adsorption on rust.

We have also studied the feasibility of the separated CO,
for simultaneous safe long terms storage of CO, and release of
methane from in sifu hydrates in the North Makassar Basin
hydrate field at offshore Indonesia. It was found that the min-
imum concentration of CO, required to create a new hydrate
while retaining a fast exchange rate will be reasonably low in
case of this deep reservoir. Even CO, fractions as low as
2 mol% in CO,/N, gas will allow the new hydrate to form.
This is of course a theoretical limit, in practice the injection
gas mixture will have to be adjusted depending on hydrate
consumption throughout the reservoir. While N, will mostly
fill the small hydrate cavities, a tiny fraction of it may even
enter the large cavities while competing with the far more
thermodynamically favoured CO,. Data available on the
Natuna gas indicates that the combined fraction of N, and
H,S amounts to 1%. If H,S accounts for only a half of the
admixture, gas able to form a new hydrate is only required to
contain as little as 1% of CO,. Direct solid-state exchange
between in situ CH,4 hydrate and CO, hydrate will be extreme-
ly restricted kinetically and of no practical importance.
Nevertheless, the minimum level of CO, in N, required by
this mechanism is higher. Roughly 5 to 12% CO, will be
needed in the absence of H,S, and 2 to 3% when the mixture
contains 1% H,S.
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