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& (57) Abstract: A water-going liquefied carbon dioxide (LCD) transport vessel comprising a pressurised and refrigerated LCD con-
e\ tainer, a cargo discharge pump within said container for pumping LCD out of said container along a conduit, a booster pump for
pumping LCD along the conduit to a platform, a first backflow line downstream of the cargo pump to the container, a second back-
flow line from downstream of the booster pump to the container, and optionally a heater arranged to heat LCD flowing from said

O
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vessel along the conduit.
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This invention relates to improvements in and relating to the processes and
apparatus for the transfer of liquid carbon dioxide (LCD) from a water-going LCD

transport vessel to an injector well-head, and to water-going LCD transport vessels.

Carbon dioxide (CO5) is a gas produced as a by-product in large quantities in certain
industrial operations, e.g. the manufacture of ammonia. Release of this by-product
into the atmosphere 1s undesirable environmentally as 1t 1s a greenhouse gas. Much
effort has thus been made towards the development of techniques for the disposal of
CO; 1n a way other than simple release to the atmosphere. One technique of
particular interest is to pump the CO; into porous sub-surface strata (i.e. 10ck), e.g.

down an 1njector well 1 an o1l field

Subsurface disposal can be simply ito porous strata or beneficial advantage of the
subsurface disposal can be realised if the stratum mnto which 1t 1s disposed is
hydrocarbon-bearing as the injected CO, serves to drive hydrocarbon (e.g. oil or
gas) in the stratum towards the producer wells (i.e. wells from which hydrocarbon 1s
extracted). Injection of CO; 1s thus one standard technique 1n late stage reservoir

management for achieving enhanced recovery of hydrocarbons.

The quantities of carbon dioxide mvolved when disposal 1s by subsurface injection
are immense, generally of the order of millions of tonnes. This poses problems 1n
terms of transporting the CO, from the site at which 1t 1s created to the site at which
it 1s injected, especially where the injection site 1s offshore. Carbon dioxide at
ambient temperatures and pressures 1s gaseous and, if transported batchwise, such
voluminous containers are required that the process would be unfeasible. While
transport by pipeline might in some circumstances be feasible, the required
infrastructure 1s expensive. Itis therefore desirable to transport the carbon dioxide,

especially to offshore injection sites, batchwise 1n liquid form.
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Transport of liquid carbon dioxide is however not a problem- or expense-iree
exercise. If the liquid CO, is not refrigerated, the pressures required to maintain it in
the liquid state are high (60-70 bar) making the required wall thicknesses of the
pressurized containers high and making such containers for large scale
unrefrigerated liquid CO, transportation immensely expensive. Transport of liquid
CO, at sub-ambient temperatures reduces the required pressures and required
container wall thicknesses but is expensive since refrigeration 1s required and, as
carbon dioxide has a solid phase, there is arisk that solid carbon dioxide can form.
Solid carbon dioxide formation makes CO, transfer by pumping problematic and,

due to the risks of pipe or valve blockage, potentially dangerous.

Thus in balancing the economies of refrigeration and container cost and avoiding the
risk of solid CO, formation, in any given circumstances there will generally be a
temperature and pressure which is optimal for the liquid CO; in the containers, €.g. a
temperature which is below ambient and a pressure which is above ambient but still
sub-critical (the critical point of CO; is 73.8 bar A). Typically for large scale liquid
CO, transport the optimum temperature is likely to be in the range -55 to -48°C and
the pressure is likely to be 5.5 to 7.5 bar A, i.e. corresponding to the position in the
phase diagram for CO, which is just above the triple point in terms of temperature
and pressure. The triple point for CO, 1s 5.2 bar and -56.6°C. Higher pressures

require more expensive containers; and lower pressures and temperatures raise the

risk of solid formation.

The type of pressurised containers used on water-going vessels for transport of
liquefied petroleum gas (LPG) from a producer well-head to shore are not generally
suitable for transport of LCD since the pressures required for LCD transport are
higher. Moreover, the liquid transfer apparatus for transferring LPG from an
offshore producer well to the water-going vessel (i.e. ship) are unsuitable for
transfer of LCD from the vessel to an injector well -head since LPG does not pose

the risk of solids formation that are encountered with LCD.
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Nonetheless there is a need for liquefied gas transport vessels that may be used for
transport of LPG, LNG, PLNG and LCD transport and for transfer systems that may
safely and efficiently be used for LCD transfer from transport vessel to an offshore

injector well-head.

We have now developed an LCD transfer process and apparatus that may safely and
efficiently be used for LCD transfer from a transport vessel to an offshore injector
well-head. The LCD containers on the transport vessels used according to the

invention may moreover be used safely and efficiently to transport LPG, LNG or

PLNG from an offshore producer well to shore.

Thus viewed from one aspect the invention provides a process for transferring liquid
carbon dioxide from a pressurised and refrigerated liquefied gas container on a
water-going transport vessel (hereinafter "a ship") to an offshore injection well
connected to a surface platform, said process comprising: connecting said container
and said platform with a conduit comprising a flexible section at least part of which
is immersed within the water between said vessel and said platform, a first pump, a
second pump, a heater, an expansion tank, and a third pump, using said first pump,
pumping liquid carbon dioxide from said container along said conduit to said second
pump, using said second pump pumping said liquid carbon dioxide along said
conduit and past said heater to said third pump; using said heater heating said liquid
carbon dioxide before it reaches said third pump, preferably before it enters said part
of said flexible section which is immersed in water; using said third pump to pump
said liquid carbon dioxide down said injection well; using said expansion tank to
regulate the pressure in said conduit upstream of said third pump and downstream of
the upstream end of said flexible section in the period before operation of said third
pump to pump said liquid carbon dioxide down said injection well, and using a
pump or pressurised gas to transfer liquid carbon dioxide collected in said expansion
tank to said conduit during the period of operation of said third pump to pump said

liquid carbon dioxide down said injection well.
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In the process of the invention, the vessel for use in LCD transport 1s preferably
provided with at least two pumps, a discharge pump within the LCD container and a
booster pump outside the container. The LCD is preferably contained within the
container at the temperature and pressure conditions mentioned above, 1.e. at a

pressure above the triple point.

It will be appreciated that the CO, may be pumped from the container using
alternatives to a conventional pump. Thus, the first ‘pump' may be any suitable

means to discharge the CO, from the container.

For example, in one alternative arrangement the CO; may be discharged from the
container to the second (or booster) pump by pressurising the LCD container to
displace the LCD. In this arrangement the minimum pressure of the LCD container
is defined by the required pressure at the inlet of the second pump required to avoid
formation of vapour bubbles in the pump inlet. The required margin to the bubble

point 1s specified by the required Net Positive Suction Height HPSH for said second
pump

In an alternative arrangement, the LCD container can be pressurized by vaporizing
LCD by means of a heat exchanger placed inside the LCD container, or by
vaporizing LCD outside the LCD vessel for injection to the LCD vessel. The

transport pressure will be near saturated and the pressure 1s imncreased prior to and

during unloading of LCD.

The vessel 1is preferably provided with a heater so that at least part of the heating of
the LCD can, if necessary, occur before the LCD enters that portion of the conduit
which is immersed. This serves to avoid the need for a heater on the platform or to
reduce the demands on the heater on the platform or to ensure that sufficient heating
capacity is available as well as to reduce the risk of the submerged section of the
conduit icing up and the risk of solid carbon dioxide formation in the conduit
leading from the container to the platform. This on-board heater is preferably

downstream of the discharge and booster pumps. Some of the carbon dioxide from
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downstream of the cargo and/or booster pumps is preferably withdrawn, vaporized
and fed back into the LCD container to maintain the pressure therein so as to keep

the LCD above the triple point and thereby ensure optimum transfer of LCD.

The vessel is desirably also provided with a conduit coupling by means of which at
which the conduit from the container may be attached to a flexible conduit leading
to a submerged turret loading (STL) system. From the STL, a further flexible
conduit (a flexible riser) preferably leads to the sea bed to connect to a sub-sea
flowline leading to a further rigid or flexible riser to bring the LCD to the platform.
At least those parts of the conduit leading to the platform and which are not
submerged are preferably thermally insulated both to prevent undue icing up and

condensation from the atmosphere.

The expansion tank on the conduit serves to ensure that the pressure within the
conduit does not exceed design pressure during the period between each transfer of
LCD from ship to platform. Between each transfer, the LCD in the conduit will
absorb heat from the surroundings and expand. The expansion tank serves as a
reservoir to accommodate that expansion and the LCD which collects 1n it can be

fed back into the conduit during the subsequent LCD transfer operation.

If not already at the desired temperature for down-hole injection, the LCD reaching
the platform is desirably heated to such a temperature using a heater located on the
platform. In general, to avoid down hole formation of gas hydrates, the LCD will be
heated to about 10°C or more, preferably 12°C or more, especially 14 to 20°C. The
LCD may similarly be heated to at or above 0°C to avoid down hole formation of
gas hydrates. Such a temperature increase with respect to the transport temperature
(i.e. the temperature in the LCD container) involves a concomitant pressure increase
to avoid formation of CO, gas phase during heating and the second (booster) pump
should thus have an outlet pressure which ensures the LCD is kept away from the

bubble point during heating to the injection temperature.
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L.CD in the conduit is fed to the injection pump or pumps (e.g. one, two, three or
four pumps in series) to bring it to the desired pressure for injection, desirably about
150 to 350 bar, e.g. 200 to 300 bar. One or more of these pumps may be arranged
for down-hole water injection when LCD injection is not taking place;, however
more usually different pumping systems will be used for water and LCD mjection,
with the conduit systems for both joining after the pumps and more preferably after
the manifolds for separation of injection fluid intended for different bores in a multi-

bore platform.

Since LCD injection will generally be performed batchwise with water injection
occurring between LCD injection from successive °LCD transport vessels since the
injection well will be kept pressurised during the changeover between water and
LCD injections, and since there will be a time delay before the full LCD injection
rate is achieved, it is desirable that, in the injection pump start-up phase, carbon
dioxide from downstream of the injection pump is recycled into the carbon dioxide

flow to the injection pump, optionally during this recycling with cooling.

In a particularly preferred embodiment, the pumps and heater on the LCD transport
vessel are arranged to introduce LCD into the immersed section of the flexible
conduit at a temperature in the range -50°C to +0°C and at a pressure such that the
CO, is in the liquid phase and such that cavitation is avoided. More preferably,
however, the booster pump is operated at a pressure which ensures the CO, gas
phase is avoided until it reaches the platform,; in this event, a portion of the carbon
dioxide may be separated from the main LCD flow, evaporated and recycled into the
L.CD container so as to maintain the pressure within the LCD container as its
contents are discharged. Such a backflow line may be from the pressurised side of
the cargo pump, or from the pressurised side of the booster pump. Preferably,
however, there will be backflow lines from both downstream of the cargo pump and
downstream of the booster pump. The first ensures the flowrate and pressure at the
inlet of the booster pump before start-up is appropriate and avoids liquid to gas

phase transition in the conduit at start-up. The second ensures the flowrate and
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pressure to the platform before start-up is appropriate and again assists in preventing

undesired liquid to gas phase transition in the conduit at start-up.

The platform is preferably provided with an expansion tank which can accumulate
1.CD in the period between LCD injections. This tank is preferably off the conduit
and attached thereto by a valve which is pressure activated to accommodate increase
in the CO, volume as the CO; in the conduit is heated by the surroundings. In this
way unwanted release of CO, to the atmosphere may be avoided or minimised.

Alternatively the CO, could be vented directly to atmosphere.

The platform is also preferably provided with a backflow line from the pressured
side of the injection pump to the input side of the injection pump. This may be done
to ensure a desired flowrate and pressure during start-up until designed injection
pressure and flowrate are achieved. To avoid temperature increase at a high
backflow rate, the backflow line is preferably provided with a cooler, e.g. a heat

exchanger.

Desirably the transport pressure and temperature for the LCD on board ship is 5.2 to
10 bar A corresponding to a temperature of -57 to -40°C; and the pressure of the
I.CD as it leaves the ship is preferably 30 to 70 bar A corresponding to a
temperature of -50 to 0°C. The pressure of the LCD as it leaves the injection pump
depends on the particular well but typically may be 100 to 300 bar A corresponding
to a temperature of 10 to 20°C.

The containers, conduits, couplings, pumps, etc. used should therefore be such as to

withstand these temperatures and pressures.

Viewed from a further aspect the invention provides an LCD transfer system, said
system comprising an LCD transport vessel, a surface platform connected to an
injection well, and a conduit connecting said vessel and an LCD injection pump on
said platform, said vessel being provided with a pressurised and refrigerated LCD

container, a cargo discharge pump within said container for pumping LCD out of
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said container along said conduit, a booster pump for pumping LCD along said
conduit to said platform, a first backflow line downstream of said cargo pump to

said container, a second backflow line from downstream of said booster pump to

said container, and optionally a first heater arranged to heat LCD tlowing from said
vessel along said conduit, preferably located downstream of said booster pump, and
said platform being provided with an injection pump for injecting LCD down said
well, an expansion tank arranged to regulate pressure of LCD in said conduit
upstream of said injection pump, a third backflow line from downstream of said
injection pump, optionally a second heater arranged to heat LCD in said conduit
upstream of said injection pump, and optionally a cooler arranged to cool carbon
dioxide in said third backflow line; at least one of said first and second heaters being

present in the said system.

Viewed from a still further aspect the invention provides a water-going L.CD
transport vessel, said vessel comprising a pressurised and refrigerated LCD
container, a cargo discharge pump within said container for pumping LCD out of
said container along said conduit, a booster pump for pumping LCD along said
conduit to said platform, a first backflow line downstream of said cargo pump to
said container, a second backflow line from downstream of said booster pump to
said container, and optionally a first heater arranged to heat L.CD flowing from said
vessel along said conduit, preferably located downstream of said booster pump.

The LCD container in the vessel for the invention preferably has an internal volume

of at least 500 m’, especially 1000 to 10000 m”.

By a surface platform herein is meant a platform at or above the water surface, e.g.

either a fixed or floating platform.

Embodiments of the invention will now be described with reference to the

accompanying drawing, in which Figure 1 1s a schematic diagram of an LCD

transfer system according to the invention.
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Referring to Figure 1 there is shown a vessel 1 having a refrigerated and pressurised

LCD tank 2 connected via conduit 3 to a surface platform 4.

Within the LCD container is a cargo pump 5 which drives LCD to a booster pump 6
which itself drives LCD to the platform via STL 7. Downstream of the cargo and
booster pumps 5 and 6 are respectively backflow lines 8 and 9 which feed CO, back
into the LCD container. The ship is also provided with a heater 10 which heats the
LCD leaving the ship. The conduit arriving on platform 4 is provided with an
expansion tank 11 to accommodate the expansion the LCD due to heating by the
surroundings. Following the expansion tank 11 the conduit leads via heater 12 to
Injection pump 13 which serves to inject LCD down hole. Downstream of injection
pump 13 the conduit is provided with a backflow line 14 which feeds excess CO;
back to a position upstream of the heater 12. To avoid overheating of injection
pump 13 during the start-up phase, backflow line 14 is itself provided with a heat

exchanger 135.
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Claims
1. A process for transferring liquid carbon dioxide from a pressurised and

refrigerated liquefied gas container on a water-going transport vessel (hereinafter "a
ship") to an offshore injection well connected to a surface platform, said process
comprising: connecting said container and said platform with a conduit comprising a
flexible section at least part of which is immersed within the water between said
vessel and said platform, a first pump, a second pump, a heater, an expansion tank,
and a third pump; using said first pump, pumping liquid carbon dioxide from said
container along said conduit to said second pump; using said second pump pumping
said liquid carbon dioxide along said conduit and past said heater to said third pump;
using said heater heating said liquid carbon dioxide before it reaches said third
pump, preferably before it enters said part of said flexible section which 1s immersed
in water; using said third pump to pump said liquid carbon dioxide down said
injection well; using said expansion tank to regulate the pressure in said conduit
upstream of said third pump and downstream of the upstream end of said flexible
section 1n the period before operation of said third pump to pump said liquid carbon
dioxide down said mjection well; and using a pump or pressurised gas to transfer
liquid carbon dioxide collected in said expansion tank to said conduit during the

period of operation of said third pump to pump said liquid carbon dioxide down said

injection well.

2. A process as claimed 1n claim 1, wherein the first pump 1s a discharge pump

disposed within the container and the second pump is a booster pump disposed

outside the container.

3. A process as claimed 1n claim 2, wherein the vessel is provided with a heater

arranged to heat at least part of the liquid carbon dioxide before entering the portion

of the conduit which is immersed in water.

4, A process as claimed in claim 3, wherein the heater is disposed downstream

of the discharge and booster pump.
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5. A process as claimed in any preceding claim, wherein a portion of the carbon
dioxide from the first and/or second pump is withdrawn, vaporized and returned into

the container so as to maintain the pressure within the container.

6. A process as claimed in any preceding claim, wherein the liquefied carbon

dioxide in the container is maintained above the triple point.

7. A process as claimed 1n any preceding claim, wherein the pumps and heaters
are arranged to introduce liquefied carbon dioxide into the immersed section of the
flexible conduit at a temperature and at a pressure such that the CO, is in the liquid

phase.

8. A process as claimed 1n claim 7, wherein the pumps and heaters are arranged
to introduce liquefied carbon dioxide into the immersed section of the flexible

conduit at a temperature in the range -50°C to +0°C

. An LCD transfer system, said system comprising an LCD transfer system,
said system comprising an LCD transport vessel, a surface platform connected to an
injection well, and a conduit connecting said vessel and an LCD injection pump on
said platform, said vessel being provided with a pressurised and refrigerated LCD
container, a cargo discharge pump within said container for pumping LCD out of
said container along said conduit, a booster pump for pumping LCD along said
conduit to said platform, a first backflow line downstream of said cargo pump to
said container, a second backflow line from downstream of said booster pump to
said container, and optionally a first heater arranged to heat LCD flowing from said
vessel along said conduit, preferably located downstream of said booster pump, and
said platform being provided with an injection pump for injecting LCD down said
well, an expansion tank arranged to regulate pressure of LCD in said conduit
upstream of said injection pump, a third backflow line from downstream of said
injection pump, optionally a second heater arranged to heat LCD in said conduit

upstream of said injection pump, and optionally a cooler arranged to cool carbon
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dioxide in said third backflow line; at least one of said first and second heaters being

present in the said system.

10. A water-going LCD transport vessel, said vessel comprising a pressurised
and refrigerated LCD container, a cargo discharge pump within said container for
pumping LCD out of said container along said conduit, a booster pump for pumping
LCD along said conduit to said platform, a first backflow line downstream of said
cargo pump to said container, a second backflow liné from downstream of said
booster pump to said container, and optionally a first heater arranged to heat LCD
flowing from said vessel along said conduit, prefefably located downstream of said

booster pump.
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