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Abstract

Despite sgnificant growth in LNG projects, reativdy large invesments and incrementd
cgpacity place a limit on its applicability as a means of transportation for stranded ges.
The concept of compressed gas transport is currently being investigated as a lower
incremental cost solution. The ability to contain large fractions of naturd gas as a
solution in light hydrocarbons like LPG is currently being developed as an dternate
vehicle fue, but dso appears to have potentid for naturd gas transport as well. This
paper presents initid results on dorage conditions and quantities in comparison with
proposed CNG carriers.  Lower pressures of storage of the NG-LPG mixtures as
pressurized liquids theoreticdly dlow for lower weght pressure vessds (piping) and
lower compresson requirements. This results in a higher raio of hydrocarbon cargo to
pressure vessdl and shows that increased natural gaes capecity and energy for the same
szed ship may be possible.



I ntroduction

The inherent benefits of naturd gas as a cean fud are leading to subgtantidly
increesed demand.  This increased demand, in the US especidly, is reallting in
ggnificant supply shortages that cannot be overcome in the short term, and perhaps not
even in the forexeesble future. The disadvantage of natura gas is its rdaive un-
trangportability, particularly in comparison to oil. In the US, demaend has very recently
sourred substantid  expectation of dramatic increases in marine natura ges ddiveries to
the US in the future. Essentidly dl of this is presently expected to be by the established
technology of LNG, despite the fact that the deivered cost from the most convenient
supply zones: Venezuda, Trinidad and possbly Colombia and Mexico in the future, have
been prohibitively expensve. Despite this optimistic picture, there is substantiad room
for improved technologies to continue to lower the costs of LNG and room for
congderation of other technologies.

Cran and Stenning (1998, 1999, 2000) have provided renewed interest in marine
trangport of CNG. Using long coils of pipes in dructures cdled “cosdles” they have
achieved improved hydrocarbor/sted ratios and costls over earlier pressure bottle
concepts.  Long coils of commercidly available pipe reduce fabrication costs and provide
for use of industry standard inspection techniques. Additiond factors suggest that the
development of appropriate shipping and safety codes should be achievéble  Their
edimates of costs suggest a window of scenarios of moderate distances and volumes in
which subgantid savings over LNG may be achieved, but the cost is ill higher than
may be dedrable for many locations as the primary limitation remans the fact tha the
vessel cargo load is dominated by the weight of the sted pipe.  The use of higher grade
ged or composte materids to further increase the hydrocarbon fraction of the cargo may
increase initid codt, but reduce the lifetime cost.

Starling et a (1995, 1997, 1999, 2000) proposed a method of storing naturd gas
in hydrocarbon solutions. The advantage of this method is that the resultant solutions
have high energy densty a moderate temperature and pressure. The initid focus of that
research was the development of a clean vehicular fue, and this has achieved an energy
dengity of twice that of compressed naturd gas a hdf the pressure.  Subsequent research
has dso found that a certan conditions there is a volume reduction in solutions of
methane and light hydrocarbons.

The objective of this work is to explore the posshility of usng these mixtures,
cdled SupergasO, as an dternative natural gas transportation technology. In order to
optimize the transport capacity, the effect of the trangport pressure and the size of sed
pipe to be used as the pressure vessd, the investment cost of the loading termina and the
effect of propane recovery a the receiving termina have been studied. No consideration
has been given to the actud fabrication condraints and requirements of the pressure
vessel or transport ships. For comparative purposes, the published work of Cran and
Stenning have been used to provide a base case scenario as apoint of departure from their
technology, but usng their cost basis for the trangport ships.  Effectively, ther ship sze
and cost ae assumed, and only the sted required to carry the maximum amount of
hydrocarbons or methane is optimized.



Methane Transport Capacity and Supergas Density

Methane storage capacity and SupergasO density are two important properties in
these gas trangport caculations. The former relates to the naturd gas (methane) transport
capacity of a ship, the latter relates to the total amount of hydrocarbons that a ship is able
to carry. In this study, propane is used as a mode light hydrocarbon component to creste
the SupergasO solution. In practice it would of course be expected that some condensate
or other avaladle light hydrocarbon siream, such as naphtha, would be used. The ability
to recycle the light hydrocarbon stream is dso possble, thus reducing the required supply
from areas where only dry gas is avallable. Methane storage capacity is measured as a
dandard volume.  Cdculaions have been caried out usng PROIlI from Smulation
Sciences, Inc. using the RKS Equation of state.

Figures £2 show the methane storage capacity at —50 °F and 30 °F, respectively.
In Figure 1, we can see the following tendencies.

The methane storage capacity adways increases with increasing pressure.

The curve for amixture with a higher propane concentration is flatter than a mixture

with less propane.

The 50/50 (molar) mixture and the 70/30 mixture are actudly in the liquid Sate,
which isless compressible,

In the low- pressure range, some mixtures have a higher methane storage capacity

than the pure methane. For example, at 1400 psia, the methane capacity of a 90%

mixture is higher than that of pure methane.

This feature is important in optimizing the naturd gas trangport conditions. The
optima composition changes with the pressure. When the pressure is higher than 2800
psa pure methane has a higher methane capacity than any mixture. When the pressure is
lower than 1800 psia, the 70/30 mixture has the highest methane capacity. The above
tendencies are dso seen a 30 °F, dthough the methane capacity decreases with
increasing temperature. When the temperature is raised to 80 °F, however, no mixture
exhibits a higher methane capacity then that of pure methane. This means that when the
temperature is higher than around 80 °F, one does not enhance methane capacity by using
aSupergasO type mixture, athough the energy capadity is not limited in this way.

C1 Storage Capacity in C1-C3 solution as a
Function of Pressure (-50 F)
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Figure 1. C1 Storage Capacity in C1-C3 solution at —50 °F




C1 CAPACITY AS A FUNCTION OF PRESSURE AND
COMPOSITION AT 30 F
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Figure 2. C1 Storage Capacity in C1-C3 solution at 30 °F

Super gas Shipment Capacity

The objective now is to optimize the methane shipment capacity. We assume the
limting factor is the weght of the cargo. It has been noted that in CNG marine
trangportation (Stenning, 1999), the weight of sted pipe accounts for a mgor pat of the
whole cargo. The essentid point of this study is tha to increese the amount of
hydrocarbons shipped for a given sze vessd (and for a given set of temperature and
materid condraints), the weight of piping must be reduced. The effect of the pipe sze
and the alowable working pressure were studied and compared to the base case scenario
of Cran ard Stenning, with a ship dead weight tonnage (cargo capacity) of 60,000 and a
shipment temperature of 30 °F.

The effectiveness of pipe in storing the hydrocarbon solution can be measured by
the contained volume per pound of sted. A large contained volume means a ship can
better use its cargo capacity by carrying less steel and more hydrocarbons.

We have seen in Figure 2 that the optima gas compostion for methane storage
changes with the working pressure. The optima gas compostions are shown in Table 1
When the pressure is higher than 2800 psa pure methane has the highest storage
capacity. However, when the pressure is in the range of 2500 to 2800 psia, the 90%
mixture has the highest methane storage. With the decrease of pressure, the compostion
of the mixture with the maxima methane cepacity shifts towards more propane. When
the pressure is lower than 1800 psa, the optimal composition is 70% methane,



Table 1. Optima Gas Compositionsat 30 °F

Pressure Cl mole% Clwt %
(psia)

<=1800 70 0.459

<=2000 75 0.522

<=2200 80 0.593

<=2500 85 0.673

<=2800 90 0.766
>3000 100 1.000

The corresponding densties are shown in Figure 3. The solid points denote the
densities given by PRO Il (SRK equation), and the dotted line is a 4" order polynomial
correation that is a fit of the thermodynamic prediction. The correlation is to be used to
cdculate the gas dengties a various working pressures in the optimization.

Figure 3 can be divided into three regions according to the working pressure;

Region I: p £ 1800 psia,
Region I1: 1800 < p < 3000,
Region I11: p3 3000 psia

The optima compostion is congtant in region | and IlI. In region II, however, the
gas compostion changes with the pressure, which accounts for some variation in the
result. Note that the densty curve has a peak between 1400 and 2200 psia. This feature
can be utilized to maximize the total transport capacity.

The Density of Hydrocarbon
Mixture of Optimal Composition
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Figure 3. Dendity of gas mixtures of optima composition

Table 2 bdlow summarizes the compressed gas shipment capacity for Cran and
Stennings s base case (Stenning, 1999).



Table 2. Compressed Natural Gas Shipment Capacity (Stenning, 1999)

Item Vdue
Pressure, bar 200
Temperature, F 30
Sales gas capacity per coselle, MMCF 3.09
Gas amount per coesdlle, tonnes 71
No. of cosdlles per ship 108
Sales gas capacity per ship, MMCF 333.72
Heeting vaue per ship*, MMbtu 349,891
Sdes gas weight per ship, tonnes 7668

* Natural gas heating value used is 1080 btu/scf. In this research, 1048 btu/scf is used.

The amount of methane and propane stored in a ship depends on the size and the
grength of the sted pipe. The transport capacities for different szes of sed pipe and
pressures determined from the optimization are shown in Table 3. The pipe data comes
from the GPSA Data book (1998) and is based on the alowable working pressure. Cran
and Stenning upgrade the dloy by applying a safety factor of 2. This does not effectively
change their hydrocarbon/sted ratio, but of course is taken into account in the cost. Since
we ae udng ther ship/cosdle costs (even though we ae usng less ged), the dloy
upgrade safety factor is trangparent to our caculaions and is accounted for. We reiterate
that the ability to fabricate, certify and meet codes for these configurations, is not taken
into account in consdering these “best” answers.

Now we ook at two scenarios:
.  Maximizing the methane (naturd gas) transport capacity of aship
Il.  Maximizing the SupergasQ transport capacity of a ship
The answer for thefirs scenariois
10 inch pipe with a thickness of 0.20 in. The working pressure is 1421 psa The
methane capacity is 377 MM SCF/ship.
12 inch pipe with a thickness of 0.25 in. The working pressure is 1465 psa The
methane capacity is 373 MM SCF/ship.

The answer for the second scenario is:

8 inch pipe with a thickness of 0.16 in. The working pressure is 1349 psia. The Btu
relative capacity is 1.98.

10 inch pipe with thickness ranging from 0.19 to 0.22 in. The working pressure
ranges from 1305 to 1523 psa. The Btu relative capacity ranges from 1.96 to 1.99.

12 inch pipe. The thickness can be 0.22 or 0.25 in. The working pressures are 1291
and 1465 psia respectively. The Btu relative capacities are 1.98 and 1.97 respectively.

Note that the different optima are not tremendoudy different and so the sensitivity to
compasition, pressure or pipe diameter isnot great. In the region of conditionsin which
the optimum is found, the maximization of either natural gas or energy content aso does
not result in large differences.



Table 3. SupergasO Transport Capeacities for Various Sted Pipe Sizes

Pipesize |Allow. Work|  Wall Supergas Cc1L C1 capacity | C3/ship | Relative
In pressure* | Thickness | density wt% |MMSCF/ship| MM gal | transport
Ib/sgin inches Ib/ft> capacity**
2 3263 0.15 12.15 10 206 0.00 052
3 1798 0.13 16.53 0.46 248 273 1.26
3 2248 0.16 1550 0.67 231 126 0.96
6 1769 0.16 16,50 0.46 355 393 1.82
(GR.B358.6)
6 2118 0.19 16.04 0.59 340 247 152
(GR.B358.6)
6 2480 0.22 14.32 0.67 335 157 120
(GR.B358.6)
6 xxx 2828 0.25 12.63 1.00 328 0.00 0.95
(GR.B358.6)
6 3162 0.28 12.00 1.00 321 0.00 0.82
(GR.B358.6)
6 3524 031 1358 1.00 3 0.00 0.82
(GR.B358.6)
6 4235 0.37 2821 1.00 244 0.00 128
(GR.B358.6)
6 4888 0.43 30.00 1.00 197 0.00 116
(GR.B358.6)
8 1349 0.16 13.89 0.46 366 4.27 198
(GR.B358.6)
8 1639 0.19 16.14 0.46 366 413 191
(GR.B358.6)
8 1769 0.20 16.50 0.46 355 393 182
(GR.B358.6)
8 1900 0.22 164 052 348 327 171
(GR.B358.6)
8 4337 0.50 30.00 1.00 236 0.00 131
(GR.B358.6)
10 1305 0.19 13.35 0.46 356 4.27 1.98
(GR.B358.6)
10 1421 0.20 14.66 0.46 377 4.30 199
(GR.B358.6)
10 1523 0.22 1550 0.46 372 4.23 196
(GR.B358.6)
10 1740 0.25 16.45 0.46 356 397 184
(GR.B358.6)
12 1102 0.19 10.02 0.46 332 3A 182
(GR.B358.6)
12 1189 0.20 11.62 0.46 A1 413 191
(GR.B358.6)
12 1291 0.22 13.16 0.46 358 4.28 198
(GR.B358.6)
12 1465 0.25 15.06 0.46 373 4.26 197
(GR.B358.6)
12 1653 0.28 16.20 0.46 367 414 192
(GR.B358.6)
12 1827 0.31 16.55 052 353 341 178
(GR.B358.6)

* upto 120 °C (Type A, F=0.72, GR.B 241.4)
** relative to the capacity given by Stenning and Cran (1999), BTU basis
*** 6 in pipe used by Stenning (before alloy upgrade).

Conclusion

An dternative naturd ges trangport method --- SupergasO trangportation, has
been dudied in a prdiminary way. These hydrocarbon solutions can be utilized to
increase the hydrocarbon transport capecity of a specific Sze ship. It is dso found in



CNG trangport that more than 80% of the ship’s dwt is used to $ip the sted pipe itsdf.
Therefore, it is important to optimize the sze and thickness of the sted pipe, though it is
understood that there are congraints on fabrication and codes and standards requirements.
The capacities of various sSze of ded pipes are studied in comparison to CNG transport
(6 in, 0.25 in thick), and some pipes are found to have Btu based capacities dmost twice
that of the base case CNG transport, while carrying as much or more methane (natura

gas).

Although the focus of this paper has been on marine transport, the application for
pipdines might be noted. The dominaing condraint of the weight of the pipe is not a
ggnificant factor for transmisson pipelines. It appears that as higher grade steds and the
codes for them ae developed, higher pressure desgn and operation will prove
advantageous.  Under those conditions, probable higher ambient temperatures and
operating pressures above 1500 or 2000 psia it may not be as likey tha increased
methane capacity of the SupergasO solution above that of pure methane (meaning “pure’
pipdine qudity naturd gas), but it will be possble to increese the energy throughput
sgnificantly and might be expected to be in the same operating range as that for vehicles,
where energy capacity isat least twice 3000 psa CNG at about half the pressure.
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