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RELIQUEPACTION OF BOlIA>FF FROM PRESSURE LNG 

FIELD OF THE INVENTION 

This invention relates generally to an improved process for reliquefaction of 

5 pressurized boil-off gas from pressurized liquefied natural gas. 

BACK.GROUND OF THE INVENTION 

Because of its clean burning qualities and convenience, natural gas has 

become widely us'ed in recent years. Many sources of natural gas are located in 

remote areas, great distances from any commercial markets for the gas. Sometimes a 

10 pipeline is available for transporting produced natura.1 gas to a commercial market. 

When pipeline transportation is not feasible, produced natural gas is often processed 

into liquefied natural gas (which is called "LNG") for transport to market. 

LNG refrigeration systems are expensive because so much refrigeration is 

needed to liquefy natural gas. A typical natural gas stream enters a LNG plant at 

15 pressures from about 4,830 kPa (700 psia) to about 7,600 kPa (1,100 psia) and 

temperatures from about 20°C to about 40°C. Natural gas, which is predominantly 

methane, cannot be liquefied by simply increasing the pressure, as is the case with 

heavier hydrocarbons used for energy purposes. The critical temperature of methane 

is -82.5°C. This means that methane can only be liquefied below that temperature 

20 regardless of the pressure applied. Since natural gas is a mixture of gases, it liquefies 

over a range of temperatures. The critical temperature of natural gas is typically · 

between about -85 °C and -62 °C. Natural gas compositions at atmospheric pressure 

will typically liquefy in the temperature range between about-165 °C and-155°C. 

Since refrigeration equipment represents such a significant part of the LNG facility 

25 cost, considerable effort has been made to reduce refrigeration costs. 

Many systems exist in the prior art for the liquefaction of natural gas by 

sequentially passing the gas at an elevated pressure through a plurality of cooling 

stages whereupon the gas is cooled to successively lower temperatures until the gas 
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liquefies. Conventional liquefaction cools the gas to a temperature of about -160°C at 

or near atmospheric pressure. Co9ling is generally accomplished by heat exchange 

with one or more refrigerants such as propane, propylene, ethane, ethylene, and 

methane. Although many refrigeration cycles have been used to liquefy natural gas, 

5 the three types most commonly used in LNG :plants today are: (1) "cascade cycle" 

which uses multiple single component refrigerants in heat exchangers arranged 

progressively to reduc~ the temperature of the gas to a liquefaction temperature, 

(2) "expander cycle" which expands gas from a high pressure to a low pressure with a 

corresponding reduction in temperature, and (3) "multi-component refrigeration 

1 O cycle" which uses a multi-component refrigerant in sj>ecially designed exchangers. 

Most natural gas liquefaction cycles use variations or combinations of these three 

basic types. 

One proposal for reducing refrigeration costs is to produce liquefied natural 

gas at temperatures above -112°C (-l 70°F) and a pressure sufficient for the liquid to 

15 be at or below its bubble point. This pressurized liquid natural gas is referred to as 

PLNG to distinguish it from LNG which is at or near atmospheric pressure. PLNG 

requires significantly less refrigeration since PLNG can be more than 50°C warm.er 

than conventional LNG. For most natural gas compositions, the pressure of the 

PLNG ranges between about 1,380 kPa (200 psia) and about 3,450 kPa (500 psia). In 

20 the storage, transportation, and handling of PLNG, there can be a considerable 

amount of "boil-off." A needs exist for a process for re-liquefying PLNG boil-off gas 

to again produce PLNG and at the same time having power requirements that are 

economic. 

SUMMARY 

25 This invention relates to a process for reliquefying pressurized boil-off gas 

produced by pressurized liquid natural gas. In this process, refrigeration duty is 

provided to a heat exchanger by means of a refrigeration cycle, preferably a closed­

cycle refrigeration system have mixed refrigerants as the cooling medium. 

Pressurized natural gas is fed through the heat exchanger, which at least partially 
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liquefies the natural gas. ·The natural gas is then expanded to a lower pressure to 

produce a liquid stream having a temperature above about-112°C (-17C>°F) and 

having a pressure sufficient for the liquefied stream to he at or below its bubble point. 

The liquid stream is then passed to a first phase separator to remove from the liquid 

5 stream any vapors that may exist after the expansion step. A boil-off vapor to he 

reliquefied is passed through the heat exchanger, thereby providing refrigeration duty 

to the heat exchanger for cooling the feed natural gas and wanning the incoming hoil­

off gas. The boil-off gas is then compressed and cooled before being recycled back 

through the heat exchanger for further cooling of the boil-off gas. The compressed, 

10 cooled boil-off gas is then expanded to a lower pressure and passed to a second phase 

separator. The second phase separator produces a vapor stream and a liquid stream. 

The vapor stream produced by the second separator is removed from the process for 

further use preferably as pressurized fuel, and more preferably the removal for use as 

fuel occurs after the vapor stream has passed through the heat exchanger for wanning 

15 of fuel. The liquid stream produced by the second phase separator is passed to the 

first phase separator to produce a pressurized product stream having a temperature 

above about -l 12°C and a pressure sufficient for the liquid to he at or below its 

bubble point. 

An advantage of this process is that vapors produced by loading of ships and 

20 other storage containers with PLNG can be liquefied with minimal recompression of 

the vapors. This process also reduces the total compression required by the 

recovering for use as fuel a portion of the vapor to be teliquefied. This is 

advantageous since the vapor portion removed as fuel contains a significantly higher 

concentration of nitrogen than the nitrogen concentration in the liquefied gas product. 

25 Removal of nitrogen from the process in accordance with this invention requires up to 

seven percent less overall compression for the liquefaction plant than would be 

required if the nitrogen was not removed and all of the vapor was liquefied. 

BRIEF DESCRIPTION OF THE DRAWING 

The present invention and its advantages will be better understood by referring 

30 to the following detailed description and the attached drawing, which is a simplified 
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flow diagram of one embodiment of this invention illustrating a process for 

reliquefaction of boil-off gas from PLNG. Thls flow diagram presents a preferred 

embodiment of practicing the process of this invention~ The drawing is not intended 

to exclude from the scope of the invention other embodiments that are the result of 

5 normal and expected modifications of this specific embodiment. Various required 

subsystems such as valves, flow stream mixers, control systems, and sensors have 

been deleted from the drawing for the purposes of simplicity and clarity of 

presentation. 

DESCRIPTION OF THE INVENTION 

10 A natural gas liquefaction process has been discovered that liquefies a 

pressurized natural gas stream and at the same time liquefies boil-off gas generated 

from a pressurized liquid natural gas. This invention is particularly well suited for 

reliquefaction of boil-off from liquid natural gas having a temperature above about 

-l 12°C (-170°F) and a pressure sufficient for the liquefied stream to be at or below 

15 its bubble point, which is referred to in this description as "PLNG." 

The process of this invention is also will suited for liquefying boil-off gas 

generated from PLNG that contains nitrogen. If PLNG contains nitrogen, the boil-off 

gas from the PLNG will typically contain a higher concentration of nitrogen. The 

primary source of nitrogen impurity in the boil-off vapor is the nitrogen in the PLNG. 

20 Nitrogen, more volatile than liquefied natural gas, flashes off preferentially and 

concentrates within the boil-off vapor. For example, PLNG containing 0.3 mole 

percent N2 can produce a vapor containing approximately 3 mole percent N2. At the 

higher temperatures and pressure of PLNG, the nitrogen flashes off even more 

preferentially than conventional liquefied natural gas at or near atmospheric pressure. 

25 The process of this invention reliquefies boil-off vapor having a relatively high 

nitrogen composition to produce PLNG having a relatively low nitrogen composition. 

The term .. bubble point" as used in this description of the invention is the 

temperature and pressure at which a liquid begins to convert to gas. For example, if a 

certain volume of PLNG is held at constant pressure, but its temperature is increased, 
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the temperature at which bubbles of gas begin to fonn in the PLNG is the bubble 

point. Similarly, if a certain volume of PLNG is held at constant temperature but the 

pressure is reduced; the pressure at which gas begins to fonn defines the bubble point. 

At the bubble point, PLNG is saturated liquid. It is preferred that the PLNG is not 

5 just condensed to its bubble point, but further cooled to subcool the liquid. 

Subcooling the PLNG reduces the amount ofboil-off vapors during its storage, 

transportation and handling. 

The first consideration in cryogenic processing of natural gas is 

contamination. The raw natural gas feed stock suitable for the process of this 

10 invention may comprise natural gas obtained from a crude oil well (associated gas) or 

from a gas well (non-associated gas). The composition and pressure of natural gas 

can vary significantly. As used herein, a natural gas stream contains methane (C1) as 

a major component. The natural gas will typically also contain ethane (C2), higher 

hydrocarbons (C3+), and minor amounts of contaminants such as water, carbon 

15 dioxide, hydrogen sulfide, nitrogen, butane, hydrocarbons of six or more carbon 

atoms, dirt, iron sulfide, wax, and crude oil. The solubilities of these contaminants 

vary with temperature, pressure, and composition. At cryogenic temperatures, C02, 

water, and other contaminants can fonn solids, which can plug flow passages in 

cryogenic heat exchangers. These potential difficulties can be avoided by removing 

20 such contaminants if conditions within their pure component, solid phase 

temperature-pressure phase boundaries are anticipated. In the following description 

of the invention, it is assumed that the natural gas stream has been suitably treated to 

remove sulfides and carbon dioxide and dried to remove water using conventionai and 

well-Imown processes to produce a "sweet, dry" natural gas stream. If the natural gas 

25 stream contains heavy hydrocarbons which could freeze out during liquefaction or if 

the heavy hydrocatbons are not desired in the PLNG, the heavy hydrocarbon may be 

removed by a fractionation process prior to or as part of the liquefaction process 

descnbed below. 

The process of this invention will now be described with reference to the flow 

30 diagram illustrated in Fig. 1. A natural gas feed stream 10 enters the liquefaction 
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process at a pressure above about 1,380 kPa (200 psia) and more preferably above 

about 2,400 kPa (350 psia) and temperatures preferably above about-112°C (-l 70°F) 

and still more preferably above about-94°C (-138°F); however, different pressures 

and temperatures can be used, if desired, and the system can be appropriately 

S modified accordingly. If the gas stream IO is below about 1,380 kPa (200 psia), it can 

be pressurized by a suitable·compression means (not shown), which may comprise 

one or more compressors. 

Feed stream 10 is passed through heat exchanger 51 to liquefy the natural gas. 

The heat exchanger 51 may comprise one or more stages cooled by a conventional 

10 cooling system SO. For example, the cooling system 50 can comprise a single or 

multi-component refrigeration system having propane, propylene, ethane, carbon 

dioxide, or any other suitable liquid as a refrigerant. Refrigeration system 50 is · 

preferably a closed-loop multi-component refrigeration system which is a well known 

means of cooling by indirect heat exchange. The tenn "indirect heat exchange, 11 as 

15 used in this description, means the bringing of two fluid streams into heat exchange.· 

relation without any physical contact or intennixing of the fluids with each other. 

This invention is not limited to any type ofheat exchanger 51, but because of 

economics, plate-fin exchangers and spiral wound, and cold box heat exchangers are 

preferred, which all cool by indirect heat exchange. The optimal refrigeration system 

20 50 and heat exchanger 51 can be detennined by those having ordinary skill in the art 

taking into account the flow rate and compositions of fluids passing through the heat 

exchanger 51. 

Liquefied natural gas stream 12 exiting heat exchanger 51 is passed through 

one or more expansion means, such as an expansion valve 52. This isenthalpic 

25 reduction in pressure results in the flash evaporation of a minor gas fraction, 

liquefaction of the balance of the natural gas~ and the overall reduction in temperature 

of both the minor gas fraction and the remaining major liquid fraction. To produce a 

PLNG product in accordance with the practice of this invention, the temperature of 

the natural gas in stream 13 is preferably above about-112°C. Flow stream 13 is 
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passed to a phase separator 53 which produces a liquid product stream 14 which is 

PLNG having a temperature above about -112°C (-l 70°F) and a pressure sufficient 

for the liquid product to be at or below its bubble point. The PLNG is passed to a · 

suitable storage means (not shown in Fig. 1) such as a stationary storage tank or a 

5 carrier such as a PLNG ship, truck, or railcar. For the liquid product to remain in a 

liquid phase, the temperature must be below the critical temperature for the product, 

which will typically be below -62°C (-80°F). The phase separator 53 will typically 

produce minor fractions of vapor stream 16, which may be removed from the process 

as fuel. Preferably, vapor stream 16 is heated in heat exchanger 51 before being used 

10 as fuel (stream 26). 

Boil-off vapor resulting from evaporation during the storage, transportation, 

and handling (not shown in Fig. 1) of liquefied natural gas is introduced to the process 

of this invention as stream 18. The temperature of the boil-off gas generated by 

PLNG will typically be above about-l 12°C (-l 70°F) and the pressure will typically 

15 be above about 1,380 kPa {200 psia). The boil-off gas stream 18 can contain up to 

3 % nitrogen. 

The boil-off gas is passed through heat exchanger 51 which warms the boil-off 

gas well above cryogenic temperatures. The heat exchanger captures the cold energy 

of the boil-off gas before it is pressurized. After exiting heat exchanger 51, the boil-

20 off gas (stream 19) is compressed by compressor 55. In the practice of this invention, 

since incoming boil-off gas of stream 18 is pressurized, the power requirements of 

compressor 55 is minimal since the compressor will boost the pressure of the boil-off 

gas to a pressure above the pressure of product stream 14, preferably between about 

20 and about 150 psia above the pressure of the product stream 14, and more 

25 preferably between about 40 and about SO pounds above the pressure of product 

stream 14. The power required to obtain this compression is substantially less than 

the power that would be required in a conventional process (not shown in the 

drawings) for re-liquefying boil-off gas in which the boil-off gas is compressed to the 

pressure of feed stream 10 and then combined with the feed stream 10. 
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The compressor is shown in Fig. 1 as a single unit, which in most applications 

will be sufficient. It is understood, however, that in the practice of this invention a 

plurality of stages (e.g., three with two intercoolers) can be used. Also an after-cooler 

positioned down stream :from the last compression stage is used. In Fig. 1, only one 

5 after-cooler 56 is shown, preferably using ambient air or water as the cooling 

medium. 

After exiting after-cooler 56, the compressed boil-off gas (stream 21) is passed 

back through the heat exchanger 51 to further cool the boil-off gas. From the heat 

exchanger 51, the boil-off gas is passed (stream 22) through an expansion means, 

10 such as Joule-Thomson valve 57 to further reduce the temperature of the boil-off gas. 

This isenthalpic reduction in pressure results in the flash evaporation of a gas fraction, 

liquefaction of the balance of the boil-off gas, and the overall reduction in temperature 

of both the boil-off gas fraction and the remaining liquid fraction. To produce a high 

pressure liquid natural gas product from the boil-off gas in accordance with the 

15 practice of this invention, the temperature of the natur_al gas in stream 23 is preferably 

above about -1 l 2°C and the pressure is pref~bly approximately the same pressure 

as stream 13. Flow stream 23 is passed to phase separator 58 which produces a liquid 

product stream 24, a pressurized liquid natural gas having a temperature above about 

-l 12°C (-170°F), which is passed to phase separator 53. 

20 Also withdrawn from phase separator 58 is a vapor stream 25 rich in methane 

and containing an appreciable quantity of nitrogen. This vapor stream is mixed with 

the vapor stream 16 for use as pressurized fuel. . The outlet temperatures of streams 12 

and 22 are controlled to match the amount of uncondensed vapor volume (stream 25) 

with the fuel needs of ~e liquefaction plant. The volume of stream 25 increases with 

25 increases in the temperature of stream 22. If the fuel requirements of the plant are 

low, the temperature of stream 22 as well as stream 12 can be lowered. The 

regulation ofheat exchanger 51 to achieve a desired volume of stream 25 can be 

detennined by those skilled in the art in light of the teachings of this description. 
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Example 

A simulated mass and energy balance was caxried out to illustrate the 

embodiment illustrated in Fig. 1, and the results are set forth in the Table below. The 

data were obtained using a commercially available process simulation program called 

5 HYSYS™ (available from Hyprotech Ltd. of Calgary, Canada); however, other 

commercially available process simulation programs can be used to develop the data, 

including for example HYSIM™, PROflTM, and ASPEN PLUSTM, which are familiar 

to those of ordinary skill in the art. The data presented in the Table are offered to 

provide a better understanding of the embodiment shown in Fig. 1, but the invention 

10 is not to be construed as unnecessarily limited thereto. The temperatures and flow 

rates are not to be considered as limitations upon the invention which can have many 

variations in temperatures and flow rates in view of the teachings herein. 

A person skilled in the art, particularly one having the benefit of the teachings 

of this patent, will recognize many modifications and variations to the specific 

15 processes disclosed above. For example, a variety of temperatures and pressures may 

be used in accordance with the invention, depending on the overall design of the 

system and the composition of the feed gas. Also, the feed gas cooling train may be 

supplemented or reconfigured depending on the overall design requirements to 

achieve optimum and efficient heat exchange requirements. As discussed above, the 

20 specifically disclosed embodiments and examples should not be used to limit or 

restrict the scope of the invention, which is to be determined by the claims below and 

their equivalents. 



Stream Phase Pressure Pressure Temp 

psi a kPa °F 

10 Vapor 1234 8515 39 

12 Liquid 1204 8515 -139.3 

13 Liquid 410 2827 -146.2 

14 Liquid 410 2827 -146.2 

16 

18 Vapor 385.5 2658 -138 

19 Vapor 382.5 2637 - 31.7 

20 Vapor 500 3448 - 74.6 

21 Vapor 490 3379 52 

22 Vapor/ 460 3172 ~139.3 

Liquid 

23 Vapor/ 410 2827 ~145.3 

Liquid 

24 Liquid 410 2827 -145.3 

25 Vapor 410 2827 -145.3 

26 Vapor 407 2806 37 

TABLEl 

Temp Flow Flow 

oc lbmole/hr kgmole/hr 

XlOOO XlOOO 

3.9 224.4 101.8 

-95.2 224.4 101.8 

-99 224.4 101.8 

-99 224.4 101.8 

0 0 

-94A 16.6 7.5 

-0.2 16.6 7.5 

23;7 16.6 7.5 

11.1 16;6 7.5 

-95.2 16.6 7.5 

-98.5 16.6 7.5 

-98.5 10.7 4.9 

-98.5 5.9 2.7 

2.8 5.9 2.7 

Composition 

C1 Nz 

mole% mole% 

97 0.73 

97 0.73 

97 0.73 

91 0.73 

97.2 1.8 

97.2 1.8 

97.2 1.8 

97.2 1.8 

97.2 1.8 

97.2 1.8 

97.5 1.1 

96.6 3.2 

96.6 3.2 

·-· -~ 

~ 
c:> 

~ 
~ 
Cl\ -

~ 
~ 
fl) 

'° ~ 
I 
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What is claimed is: . * C L M S * 

1. A process for reliquefying pressurized boil-off gas produced by pressurized 

liquid natural gas, comprising the steps of: 

(a) providing refrigeration duty to a heat exchanger by means of a 

refrigeration cycle; 

(b) passing pressurized natural gas through the heat exchanger to cool the 

natural gas, said pressurized natural gas being warmer than the pressurized 

boil-off gas; 

( c) expanding the cooled natural gas to a lower pressure, thereby liquefying at 

least part of the cooled natural gas, the liquefied gas having a temperature 

above about -112°C (-170°F) and a pressure sufficient for the liquefied 

gas to be at or below its bubble point; 

( d) separating in a first phase separator any vapor phase, if a vapor phase 

exists after the expansion of step ( c ), from the liquefied gas; 

1 S ( e) warming in the heat ex.changer the boil-off gas to be reliquetied, thereby 

providing refrigeration duty to the beat exchanger; 

(t) compressing and cooling the warmed boil-off gas; 

(g) returning the compressed boil-off gas to the heat exchanger to further cool 

the compressed boil-off gas; 

20 (h) expanding the compressed boil-off gas to a lower pressure to produce a gas 

phase and a liquid phase; 

(i) phase separating in a second phase separator the gas phase and the liquid 

phase of step (h); 

0) passing the liquid phase of step (i) to the first phase separator; 
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(k) recovering vapors from the second phase separator; and 

(I) withdraWing liquid from the first phase separator as pressurized liquid 

natural gas having a temperature above about -112°C (-170°F) and a 

pressure sufficient for the liquid to be at or below its bubble point. 

5 2. The process of claim 1 further comprises the step of passing recovered vapor 

of step (k) through the heat exchanger. 

3. The process of claim 1 further comprises producing a predetermined amount 

of vapor recovered in step (k) by regulating the amount of cooling of the boil­

off gas in its passage through the heat exchanger. 

10 4. The process of claim 1 wherein the boR-off gas introduced to the process has 

as temperature above -112°C (-170°F) and a pressure above 1,379 kPa. 

5 .. 

6. 

15 

20 

The process of claim 4 wherein the boil-off gas has a pressure above 

2,413 kPa. 

A process for reliquefying nitrogen·containing boil-off gas from a vessel 

containing pressurized liquid natural gas having a temperature above about 

-l 12°C (-170°F) and a pressure sufficient for the liquefied stream to be at or 

below its bubble point, comprising the steps of: 

(a) circulating a refrigerant in a closed circuit through a heat exchanger; 

(b) passing pressurized natural gas through the heat exchanger to cool the 

natura1 gas; 

( c) expanding the cooled natural gas to a lower pressure to produce liquefied 

gas; 

(d) separating _in a first phase separator any vapor phase, if a vapor phase 

exists after the expansion_ofstep (c), from the liquefied gas; 
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(e) warming the boil-off gas to be reliquefied in the heat exchanger, thereby 

providing refrigeration duty to the heat exchanger, 

(f) compressing and cooling the wanned boil-off gas; 

(g) returning the compressed boil-off gas to the heat exchanger to further cool 

the compressed gas; 

(h) expanding the compressed boil-off gas to a lower pressure to produce a gas 

phase and a liquid phase; 

(i) phase separating in a second phase separator the gas phase and the liquid 

phase of step (h); 

10 (j) passing the liquid phase of step (i) to the first phase separator; 

15 

(k) withdrawing vapors containing nitrogen from the second phase separator; 

and 

0) withdrawing liquid from the first phase separator as pressurized liquid 

natural gas having a temperature above about -112°C and a pressure 

sufficient for the liquid to be at or below its bubble point. 


