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	 1

The	liquefied natural gas	(LNG)	industry	in	the	U.S.	can	be	traced	back	
to	 the	1940s.	However,	 the	 industry	never	 received	much	attention	

from	 the	general	public	until	 the	beginning	of	 this	 century.	Firstly,	most	
LNG	produced	in	the	U.S.	is	used	for	peak	shaving	purposes.	Even	for	this	
function,	LNG	cannot	distinguish	itself	from	other	mechanisms	for	natural	
gas	storage,	such	as	salt	caverns.	Secondly,	domestic	gas	production,	with	
the	help	of	pipeline	imports	from	Canada,	has	been	mostly	self-sufficient	
until	the	end	of	the	past	century,	so	there	was	no	need	to	import	LNG	in	
any	significant	quantity.	Using	LNG	as	a	baseload	fuel	had	a	false	start	in	the	
1970s.	Of	the	four	LNG	import	terminals	built	at	the	time,	only	two	(Everett	
in	Massachusetts	and	Lake	Charles	in	Louisiana)	managed	to	stay	in	opera-
tion	during	that	time.

With	the	increased	consumption	and	dwindling	domestic	natural	gas	
production	in	recent	years,	LNG	imports	are	projected	to	increase	significantly	
in	the	near	future.	There	have	been	close	to	50	proposals	for	constructing	new	
LNG	receiving terminals	on	both	coasts	and	the	Gulf	of	Mexico	areas.	The	public	
interest	in	LNG	is	also	aroused	by	the	unprecedented	high	natural	gas	prices.

In	response	to	the	heightened	interest,	this	book	provides	a	compre-
hensive	coverage	of	all	domains	in	the	LNG	industry.	One	intended	use	of	
this	book	is	for	the	training	classes	presented	by	the	Petroleum	Extension	
Service	(PETEX)	of	The	University	of	Texas.	The	readers	of	this	book	are	
assumed	to	be	managers	new	to	the	LNG	industry	or	operating	personnel	
who	have	already	accumulated	suitable	technical	background.	The	focus	of	
the	materials	will	be	on	the	process	side	so	as	to	present	an	overall	picture	
regarding	how	LNG	liquefaction	and	regasification	facilities	work	and	why	the	
industry	has	evolved.	Of	course,	no	descriptions	can	be	complete	without	
touching	the	key	equipment,	particularly	those	items	specific	to	the	industry.	

The	way	we	 acquire	 information	has	 changed	dramatically	 in	 the	
information	age.	The	pace	of	change	accelerated	in	the	past	ten	years	after	
high-speed	internet	connections	and	powerful	search	engines	became	gener-
ally	available.	It	is	almost	a	daily	experience	that	we	provide	only	the	“key	
words”	and	gain	access	to	myriads	of	information	coming	from	the	internet.	
The	presentation	style	of	this	book	reflects	this	reality.	Instead	of	detailed	
descriptions	of	a	chosen	topic,	we	provide	brief	but	comprehensive	coverage	
of	the	ideas	involved.	Interested	readers	can	pick	up	the	correct	key	words	
to	easily	gain	access	to	more	detailed	information	from	the	internet.	More	
importantly,	 comprehensive	coverage	will	 enable	 the	 reader	 to	 judge	 the	
relevance	of	searched	information	and	not	get	lost	in	a	sea	of	information.

Out	of	the	hundreds,	probably	thousands,	of	Web	sites	related	to	the	
LNG	industry,	the	site	run	by	the Oil and Gas Journal	(OGJ)	has	been	heavily	
referenced.	Throughout	the	years,	OGJ	has	become	an	industrially	recognized	
leader	in	providing	information	in	the	hydrocarbon	industry.	Additionally,	
the	database,	which	is	maintained	by	OGJ	after	1990,	is	user-friendly	and	
comprehensive.	

1 
Introduction
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2 
Overview of 
LNG Industry

This	chapter	provides	an	overview	of	the	LNG	industry,	from	the	de-
velopment	of	cryogenic	technology	to	the	modern-day	gas	monetization	

mega-projects.	A	historical	perspective	is	helpful	in	appreciating	the	current	
status	of	the	industry.

There	are	four	distinctive	phases	in	the	life	cycle	of	an	industry:	devel-
opment,	expansion,	saturation,	 then	decline	or	 transformation.	Two	well-
known	examples	are	the	coke	and	steel	industries	(Anderson	and	DeLawyer,	
1995).	In	the	very	beginning,	as	the	developing	technology	is	seeking	public	
acceptance,	the	industrial	scale	is	small	and	expansion	is	usually	slow.	Once	
these	hurdles	in	technology	development	and	acceptance	are	overcome,	a	
fast	expansion	phase	follows.	The	saturation	phase	sets	in	when	the	widely	
practiced	technology	is	challenged	by	other	emerging	ones	or	parallel	com-
petitions	reduce	the	profit	margin	to	a	merely	sustainable	level.	At	this	point,	
the	industry	either	can	decline	or	transform	and	rejuvenate	the	life	cycle.	

It	is	difficult	to	pinpoint	the	exact	phase	of	LNG	industry	at	the	present	
moment.	However,	there	are	indications	that	it	has	passed	its	development	
stage	and	is	entering	the	expansion	phase.	This	is	witnessed	by	the	surge	of	
announced	LNG	projects	in	the	past	few	years.	However,	how	long	this	trend	
will	last	and	to	what	extent	it	will	continue	probably	only	future	historians	
will	be	able	to	tell	(True,	2006).

The	first	 section	of	 this	 chapter	provides	a	brief	history	of	 the	LNG	
industry,	describing	the	technological	advances	that	contributed	to	its	wide	
acceptance	nowadays.	The	second	section	describes	the	emergence	of	the	base-
load	LNG	industry	and	the	essential	components.	The	third	section	provides	
a	snapshot	of	the	current	LNG	industry	and	its	role	in	global	gas	trading.	The	
last	section	provides	a	brief	description	of	steps	in	forming	an	LNG	project.

HISTORY OF LNG INDUSTRY
Although	the	cryogenic	disciplines	for	gas	liquefaction	were	developed	in	
the	late	19th	Century,	the	early	commercial	efforts	were	directed	toward	air	
liquefaction	and	separation.	Many	companies	formed	at	that	time,	such	as	
British	Oxygen	Company	(BOC),	Air	Liquide,	and	Linde,	remain	familiar	
trade	names	today	(Scurlock,	1992).

The	advantages	of	using	liquefaction	to	reduce	gas	volumes	and	vapor	
pressures	for	fluid	storage	and	transportation	were	noticed	by	the	natural	
gas	industry.	The	first	pilot	plant	for	natural	gas	liquefaction	was	built	in	
West	Virginia	in	1939.	The	results	were	so	encouraging	that	in	1941	the	first	
commercial	LNG	plant	was	completed	in	Cleveland,	Ohio.	In	the	next	few	
years,	several	relatively	large	spherical	storage	vessels	were	added.	In	1944,	
a	large	cylindrical	LNG	tank	with	a	novel	base-construction	design	failed,	
because	insufficient	metallurgical	knowledge	at	the	time	allowed	the	tank	
to	be	built	with	3.5	percent	nickel	steel.	The	leaked	LNG	discharged	into	the	
sewage	system	of	a	neighboring,	congested	community	and	resulted	in	a	
catastrophic	explosion,	which	demolished	the	entire	community	and	caused	
128	deaths.	This	incident	halted	LNG	development	for	a	decade.

The	development	of	the	LNG	industry	resumed	after	it	was	concluded	
that	9	percent	nickel	steel	was	adequate	for	LNG	storage	applications.	This	
specification	is	still	in	use	today.	
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The	liquefaction	plant	is	the	most	capital-intensive	link	in	the	entire	
LNG	monetary	chain.	This	chapter	provides	some	detailed	descriptions	

of	the	cryogenic	liquefaction	unit,	the	technical	core	of	this	link.	There	are	
other	supporting	units	in	an	LNG	plant,	such	as	gas sweetening,	dehydration,	
NGL	removal,	and	nitrogen	(N2)	rejection.	They	will	be	covered	in	Chapter	7.

The	basis	of	the	following	discussion	is	a	single	LNG	train.	Combining	
several	LNG	trains	to	form	an	LNG	plant	or	complex	for	utility-sharing	will	
not	be	addressed.	These	issues	are	more	related	to	the	plant	layout,	reliability,	
and	economics.	Also,	only	the	onshore	applications	will	be	covered	in	this	
chapter.	Offshore	applications	are	mainly	extensions	of	onshore	counterparts	
and	will	be	covered	in	Chapter	9.	

The	first	section	of	this	chapter	describes	three	LNG	processes	to	fa-
miliarize	readers	with	the	technical	domain.	The	second	section	describes	
train-capacity	trends	resulting	from	technological	advances.	The	last	section	
describes	challenges	faced	by	the	industry	during	the	construction	of	a	base-
load	LNG	plant.	Experiences	are	provided	for	references	in	future	projects.	
It	should	be	emphasized	that	each	project	has	its	own	characteristic	features	
and	difficulties.	Past	experiences	may	serve	as	useful	guidelines	 to	avoid	
the	same	traps.	However,	discretion	should	be	used	as	to	the	applicability	
of	these	experiences	on	specific	projects.	

The	development	of	an	LNG	liquefaction	process	is	an	on-going	en-
deavor.	Not	only	are	novel	processes	being	patented,	 improvements	and	
variations	of	existing	ones	are	constantly	being	proposed,	studied,	and	in-
stalled.	Cumulatively,	all	these	innovations	and	incremental	improvements	
contribute	to	the	success	of	the	LNG	industry	today.	The	LNG	plants	today	
are	efficient,	safe,	and	cost-effective.	In	particular,	their	safety	records	are	
exemplary	in	the	energy	sector.	

LIQUEFACTION TECHNOLOGIES	

There	are	more	than	100	patents	in	the	U.S.	alone	describing	different	pro-
cesses	for	LNG	liquefaction.	However,	only	a	handful	of	processes	have	been	
installed	commercially.	Among	those	installed,	some	encountered	operational	
and	reliability	challenges.	Afterwards,	they	were	never	used	again.	Others	
emerged	only	recently	and	are	still	in	the	process	of	construction.

Process	selection	significantly	affects	the	outcome	of	an	LNG	project.	
Extensive	discussions	are	available	 in	 the	open	domain	 to	address	 issues	
related	to	process	efficiency,	plant	constructability	and	operability,	economic	
performances,	and	environmental	concerns	(Chiu,	Dimitroff,	and	Shah,	2006;	
Mokhatab	and	Economides,	2006;	Yost	and	DiNapoli,	2003).	

Three	examples	are	presented	below	to	highlight	the	main	features	of	
LNG	processes.	The	criteria	for	choosing	the	three	examples	include	their	
commercial	success	or	perceived	commercial	potential.	The	three	processes	
are:	propane	precooled	mixed	refrigerant	(C3MR)	liquefaction	process	of	the	
Air	Products	company, ConocoPhillips	Optimized	CascadeSM Process	(COPOC),	
and	multi-fluid	cascade	process	(MFC®)	of	Linde.	

3 
Baseload 
Liquefaction 
Plant
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The	receiving	terminal	is	an	indispensable	link	between	LNG	ships	and	
the	targeted	pipeline	grid.	The	terminal	serves	three	functions:	(1)	to	

receive	and	store	ship-delivered	LNG,	(2)	to	regasify	the	LNG,	with	optional	
compositional adjustments,	and	(3)	to	deliver	contracted	volumes	of	gas	into	
the	designated	pipeline	grid	at	specified	times.	Thus,	the	storage	capacity	
in	a	receiving	terminal	also	provides	adequate	buffering	should	inclement	
marine	conditions	interrupt	the	LNG	delivery	for	a	finite	number	of	days.

The	global	operational	 capacity	of	LNG	receiving	 terminals	 should	
match	that	of	the	production,	as	shown	in	Table	2.1.	Japan	is	the	largest	LNG	
importing	country	which	accounts	for	about	40	percent	of	global	LNG	trade.	
In	contrast,	the	U.S.	currently	imports	less	than	10	percent	of	global	LNG	
supplies.	The	scenario	is	projected	to	change	by	the	year	2025,	when	the	U.S.	
is	expected	to	import	about	30	percent	of	the	globally-traded	LNG,	matching	
the	level	of	Japan	at	that	time.	Also,	the	imported	LNG	will	account	for	20	
percent	of	the	U.S.	domestic	gas	balance	(Shanley	et	al.,	2004;	Martin,	2005).	

The	global-installed	capacity	of	LNG	receiving	terminals	exceeds	that	
of	production.	This	excess	receiving	capacity	is	used	by	some	countries	as	
an	assurance	against	possible	interruptions	in	the	LNG	delivery	links.	For	
example,	 there	 is	no	national	gas	pipeline	grid	 in	 Japan	and	each	power	
company	is	expected	to	provide	its	own	LNG	spare	capacity.	As	a	result,	
there	is	excess	LNG	capacity	in	Japan	if	viewed	from	a	national	perspective.	
Another	example	of	excess	receiving	capacity	is	in	the	U.S.,	where	two	of	
four	terminals	were	moth-balled	due	to	unfavorable	operating	economics	
in	the	past	30	years.	

Since	 the	U.S.	market	 is	 the	major	driving	 force	behind	 the	 current	
global	LNG	boom,	 this	 chapter	will	 focus	on	 the	U.S.	LNG	market.	The	
chapter	 is	divided	into	 four	sections.	The	first	section	describes	receiving	
terminals	in	the	U.S.	The	second	section	provides	technical	descriptions	of	
a	 typical	 receiving	 terminal.	The	 third	section	discusses	 the	possibility	of	
integrating	the	refrigeration	in	a	receiving	terminal	with	other	facilities	in	
its	vicinity	in	order	to	improve	the	overall	thermodynamic	efficiency	of	the	
whole	system.	The	fourth	section	describes	the	issue	of	gas interchangeability,	
which	assures	that	imported	LNG,	after	being	regasified	and	delivered	into	
the	existing	pipeline	grid,	is	compatible	with	existing	domestically-produced	
gas.	This	assurance	eliminates	possible	adverse	impacts	on	end	users	due	to	
compositional	changes.	

4 
Receiving 
Terminal
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5 
LNG Shipping 
Industry

Shipping	 is	 a	 key	 link	 in	 the	LNG	monetization	 chain.	 In	 current	
LNG	commercial	practices,	where	 there	 are	minimum	activities	 in	

spot	markets,	few	LNG	ships	are	built	on	noncommitted	bases.	Each	LNG	
project	includes	its	own	dedicated	LNG	fleet.	The	occasional	transportation	
needs	 created	by	 spot	market	 activities	 are	met	by	 chartering	 ships	with	
spare	load	capacity	available	at	the	desired	times	and	locations.	LNG	spot	
market	transactions	are	expected	to	increase	in	the	future,	as	will	the	volume	
of	LNG	 transported	by	nondedicated ships	 chartered	after	 construction	on	
variable	terms.	

This	chapter	is	divided	into	three	sections,	the	first	of	which	provides	a	
global	view	of	the	current	global	LNG	ship	fleet.	As	anticipated,	the	upsurge	
of	LNG	capacity	in	the	next	few	years	will	be	matched	by	expansion	of	the	
LNG	fleet.	The	second	section	is	further	divided	into	three	subsections	to	
describe	three	types	of	LNG	ships:	Moss,	membrane,	and	prismatic.	The	third	
section	describes	the	measures	the	LNG	shipping	industry	taken	to	reduce	
greenhouse gas	emissions.

LNG FLEET

Similar	 to	 efforts	 to	 expand	 the	production	 capacity	of	LNG	production	
trains,	LNG	ship-builders	have	been	striving	to	increase	ship	size	to	capture	
the	economy	of	scale.	However,	the	advances	in	ship-building	technology	
appear	as	quantum	leaps	compared	to	the	gradual	expansion	of	the	LNG	train	
capacities.	The	maximum	size	of	LNG	ships	recently	increased	to	210,000	m3	
after	languishing	at	about	140,000	m3	since	1975	(Cho	et	al.,	2005).	As	a	result	
of	this	long	plateau,	the	capacities	of	most	current	LNG	ships	fall	between	
100,000	m3	and	140,000	m3.	Figure	5.1	shows	the	global	ship-size	distribution	
as	of	2005	(Rajvanshy,	2005).	

Figure 5.1 Sizes of global LNG ships in 2005
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There	are	hundreds	of	equipment	items	in	an	LNG	plant.	It	would	be	
difficult	 to	describe	everything	 in	a	single	book.	Fortunately,	many	

of	the	same	equipment	items	are	also	used	in	the	gas	processing	industry.	
Excellent	general	references	on	the	Web	or	in	print	are	available	for	these	
items	(GPSA,	2000;	Perry	and	Green,	1997).	Examples	include	vessels,	tow-
ers,	air	coolers,	shell	and	tube	exchangers,	centrifugal	and	piston	pumps,	
compressors	and	drivers	and,	optionally,	gas	expanders.

This	chapter	focuses	on	selected	items	specific	to	the	LNG	industry.	
These	items	include	cryogenic exchangers,	large	compressors	and	drivers,	LNG	
pumps	and	liquid	expanders, loading arms,	LNG	tanks,	and	LNG	vaporizers	
used	 in	 receiving	 terminals.	Large	 compressors	 and	drivers	 are	 included	
because	their	size	makes	their	applications	unique.

Each	item	of	LNG	equipment	is	explained	in	the	following	seven	sec-
tions.	The	photos	used	to	illustrate	this	equipment	have	been	reprinted	with	
permission	 from	kind	many	LNG	vendors	 currently	 supplying	 the	LNG	
industry.

CRYOGENIC EXCHANGERS 

Aluminum,	because	of	 its	 superior	 thermal	 conductivity	and	mechanical	
strength	at	low	temperatures,	is	a	favored	material	for	cryogenic	applications.	
For	clean	and	noncorrosive	(NC)	fluids,	aluminum-based	construction	should	
be	considered,	if	the	temperature	is	below	35°C.	The	large-scale	application	
of	aluminum-based	cryogenic	exchangers	is	an	important	factor	contributing	
to	the	success	of	modern	gas	processing	and	LNG	plants.	

There	are	two	common	methods	in	constructing	the	aluminum-based	
cryogenic	exchangers:	spiral-wound heat exchangers (SWHEs)	and	plate-fin	heat	
exchangers	(PFHEs).	Sometimes	PFHEs	are	also	called	brazed-aluminum	heat	
exchangers	(BAHEs).	Spiral-wound	designs	can	be	traced	to	the	early	devel-
opment	of	cryogenic	processes	for	air	liquefaction	by	Dr.	Carl	von	Linde	in	
May	1885.	In	the	early	days,	three	important	manufacturers	were	Linde	and	
Hampson	in	Europe,	and	Tripler	in	the	U.S.	The	brazed-aluminum	method	
was	developed	relatively	late,	after	World	War	II.	This	method	revolutionized	
the	cryogenic	exchanger	design	because	it	made	possible	the	complex	mul-
tipass	arrangements	and	narrow	temperature	approaches	(Scurlock,	1992).	

In	today’s	competitive	commercial	environment,	several	players	in	each	
manufacturing	method	are	competing	for	the	market.	The	first	two	subsec-
tions	below	will	discuss	the	two	methods	separately.	The	third	subsection	
will	describe	an	 insulation	 technique	called	“cold	box,”	which	can	house	
several	pieces	of	cryogenic	equipment	items.	This	method	of	insulation	is	
common	in	cryogenic	plants.

6 
Major 
Equipment in 
LNG Industry
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There are many functional units inside an LNG plant besides the core 
cryogenic and liquefaction units covered in Chapter 3. Figure 7.1 pres-

ents a schematic showing the relations between different functional units. 
Those units covered in Chapter 3 are highlighted in the figure. This chapter 
will cover the other supporting functions, including gas pretreatment, natural 
gas liquid (NGL) recovery, nitrogen rejection, and helium recovery. 

There are four sections in this chapter. The first section covers the gas 
pretreatment unit, which includes gas receiving, NGL stabilizing, gas sweet-
ening, gas precooling, and gas dehydrating. Inlet gas must be sweetened and 
dried before it can be directed to the cryogenic unit. The second section cov-
ers the NGL recovery operation, the purpose of which is to meet a specified 
LNG heating value as well as compositional specifications. The third section 
discusses the nitrogen rejection unit (NRU), the purpose of which is to meet 
nitrogen composition specifications. Finally, the fourth section discusses he-
lium recovery. In some LNG plants, where inlet gases contain relatively high 
proportions of helium, helium recovery can enhance the economic attractive-
ness of an LNG project.

These operations are not unique to the LNG industry and also are stan-
dard operations in gas processing industries. There are many good technical 
references (GPSA, 2000; Kohl and Nielsen, 1997; Dinh et al., 2005) to help explain 
more about these operations in publications and on the Web. This chapter will 
only provide brief functional descriptions for these supporting units to give 
readers a complete picture of typical LNG plants. 

GAS PRETREATMENT

This section describes the following units: gas reception, NGL stabilization, 
acid gas removal, molecular sieve dehydration, and sulfur and mercury 
removal. The first two units sometimes are referred to as upstream facilities. 

Slug Catcher
A slug catcher is a buffering apparatus at the end of a pipeline, which includes 
a storage vessel sized to hold periodic in-flows of large volumes of liquids 
created by pigging or liquid surges. The slug catcher also acts as a means of 
ensuring steady outlet flows to downstream liquid handling facilities. Figure 
7.2 shows a photo of the slug-catching facilities (foreground) of the Statoil 
Snøhvit LNG plant in Melkøya Island, Norway. 

The initial separation of gas, liquids, and chemicals takes place in the 
slug catcher. Sometimes chemicals are injected into upstream pipelines to 
control corrosion or to prevent formation of hydrates or solids. Gas continues to 
downstream pretreatment facilities while hydrocarbon liquids are processed 
in the NGL stabilization plant. Chemicals, such as hydrator inhibitor, need 
to be reclaimed in specially designed regeneration facilities.

Structurally, a slug catcher may be a single large vessel or a collection of 
manifolded pipelines. The finger-type slug catching facilities shown in Figure 7.2 
are visible in the foreground. When this LNG facility was under construction, 
the slug catcher was fabricated in a construction yard elsewhere and barged 

7  
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The U.S. has a long history of working with LNG starting with 
peak shaving applications. Today there are more than 100 LNG 

facilities scattered around the country, as shown in Figure 2.1, page 
4. Baseload LNG applications have not proliferated since being intro-
duced in the U.S. in the early 1970s. Rapid growth of U.S. LNG-import 
capacity began in the early 2000s because of dwindling domestic gas 
production.

Overall, the LNG industry has demonstrated an excellent safety record 
(Foss, 2003). In addition, dedicated journals address safety issues and con-
cerns periodically to propagate awareness among industrial players (West 
and Chiu, 2005). 

LNG safety, security, and environmental imperatives changed pro-
foundly after the terrorist attack on the World Trade Towers in New York 
City on September 11, 2001. An LNG ship or storage tank contains a tremen-
dous amount of energy. Upon sudden breach of the containment system, 
the released LNG poses a real safety concern. How to mitigate the potential 
hazard is still actively debated. 

As a source of energy, LNG will play an evermore important role in 
U.S. domestic gas markets. With current public focus on mitigating CO2 
emissions and energy efficiency, the LNG industry is proactively respond-
ing to these concerns.

This chapter is divided into three sections: industrial safety, security, 
and environmental issues.

Safety Design of LNG Facilities 
In the safety domain, LNG has the following advantages over other industries:

1. The physical and chemical properties of LNG are well understood. 
LNG exists only under cryogenic conditions. In order to manufac-
ture LNG on a large scale, these properties are required to support 
industrial designs.

2. The industry has evolved around a tradition of safe designs and 
operations which includes rigorous personnel training. To create 
and preserve cryogenic conditions economically, it is of utmost im-
portance to minimize unscheduled process interruptions. Short-cuts 
lead to increased plant downtime contrary to economic principles. 
Hence, the LNG industry intrinsically self-regulates toward safe 
designs and operations.

3. Codes and regulations have been evolving synchronously with the 
LNG industry rather than being developed only after major indus-
trial accidents. 

8  
Safety, 
Security, and 
Environmental 
Issues
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INDEXaboveground membrane tank materials, 72
acid gases, 90
acid gas removal unit (AGRU), 90–92
alkanolamines, 90
aluminum plate-fin heat exchangers (PFHE), 22
ambient air

with direct heating, 82
direct heating with, 82
with indirect heating, 84
indirect heating with, 84

ambient air vaporizers (AAVs), 82–85
amine solution, 90, 92
AP-X process, 14
atmospheric storage tank designs, 69
axial compressors, 17, 61

barg, 30
baseload fuel, 1
baseload liquefaction plant, 13–25
baseload LNG, 5-7
batch management vs. methane content, 35
Bishop Process, 110
Bluewater Big Sweep technology, 111
BOG reliquefaction units, 49
boil-off gas (BOG), 32
boil-off gas (BOG) facilities, 30
boil-off vapors, 17
Boom to Tanker (BTT) technology, 111
bottoms, 16, 22
bottoms pentanes-plus product, 22
brazed aluminum, plate-fin heat exchangers (PFHE), 20
brazed-aluminum heat exchangers (BAHEs), 51

C2+ extraction schemes, 37
C3MR process, 14
canned LNG pumps, 32
canned pumps, 64–65
capacity, global
historical and projected, 4
of LNG receiving terminals, 27
capacity trends of LNG trains, 23–24
capital cost (CAPEX), 38
carbonyl (COS), 92
Cascade Process, 17
centrifugal compressors, 17, 60
Chiksan LNG swivel joint, 68
codes, 102
cold boxes, 20, 51, 58
combined cycle gas turbine (CCGT), 33
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commodity market, 10
compander, 95
Composite System (CS1), 46
compositional adjustment comparison, 38
compositional adjustments, 27, 38
compressors and drivers, 59
ConocoPhillips Optimized CascadeSM Process 

(COPOC), 13, 17-19
constant speed liquid expanders, 67
construction phase, 11
containment tanks, 37
contracts, 10
core-in-kettle configuration, 56
cryogenic exchangers, 51
cryogenic liquefaction unit, 13

debottlenecking, 10, 25
debutanizer, 16
deethanizer, 16
demethanizer (DeC1), 38
depropanizer, 16
desuperheated propane vapor, 16
development phases, 11
development strategy for grassroots plant, 24–25
diesel-electric propulsion systems, dual-fuel, 49
diethanolamine (DEA), 90
diglycolamine (DGA), 90
direct heating

with ambient air, 82
with seawater, 78

discharge pressure, 32
double-containment tanks, 70–71
double mixed refrigerant (DMR) process, 20
double nitrogen expander loop process, 20
downstream equipment pluggage, 14
dual-fuel diesel-electric propulsion systems, 49

economics, breakeven, 8
emergency release systems (ERSs), 68
emissions, 104
Energy Bridge, 110
environmental agencies and organizations, 100–101
environmental issues, 105 
equipment, major, 51–84

cold boxes, 51, 58
compressors and drivers, 59
cryogenic exchangers, 51
liquid expanders, 66–67
LNG pumps, 64
LNG tanks, 69
LNG vaporizers, 74–85
loading arms, 68

equipment, supporting functional, 87–92

gas pretreatment, 87–91
helium recovery, 96
NGL recovery, 93–96
nitrogen reinjection, 95–96

ethylene glycol (EG), 80
Eurodim technology, 111
exchangers, 14
expander based NGL recovery, 94
expanders, 17
expansion phase, 11
exporting and importing countries, 9
extraction of C2+ components, 37-38

Federal Energy Regulatory Commission (FERC) 
rulings, 28

feed gas, 14
flaring, 108
flash and storage, 17, 20
flash vapors, 17
floating production, storage, and operations (FPSO) 

vessels, 107
formation phase, 11
fractionation column, 89
fractionation unit, 16
freon, 80
front-end design NGL plant, 94
full-containment tanks, 70
functional units schematic, 88

gas interchangeability, 27, 34–35
gas liquefaction, 3, 7,14
gas monetization chain, 3, 6
gas odorization, 30
gas pretreatment, 87–91
Gas Processors Association (GPA), 100
gas production, 6–7
gas recovery LPG, 22
gas reservoirs, 96
gas sweetening, 13
gas turbines, 62–63
Gaz Transport (GT) No. 96, 46–47
global consumption, 7
global gas market, 8
grassroots plant strategy, 24–25
greenhouse gas emissions, 49, 104

handholes, 52
heat exchangers, 20
heat transfer fluids, 80
heavy hydrocarbons, 14
heavy removal unit, 22
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helium recovery, 96
high heating values (HHV), 34–35
high heating values (HHV) vs. methane content, 35
high-pressure gaseous nitrogen (GAN), 36
hydrates, 87
hydrocarbon recovery step, 14

	
importing, exporting countries, 9
indirect heating

with ambient air, 84
with seawater, 80–81

inground tanks, 69
in-tank pumps, 32, 64–65
intercooling, 17
intermediate fluid vaporizer (IFV), 81
isobutane, 80

	
jacket-insulated pipelines, 111

	
Kvaerner’s Moss design, 44–46

	
life cycle cost (LCC) analysis., 38
Linde MFC process, 20–22
liquefaction, 7, 6, 17, 20
liquefaction, gas, 7, 3, 14
liquefaction and subcooling, 23
liquefaction facilities, 1
liquefaction flow schemes

C3MR process, 15
COPOC process, 18
Linde MFC process, 21, 22

liquefaction processes, 20
liquefaction technologies, 13
liquefied plant, 13
liquefin process, 20
liquid expanders, 15, 66–67
LNG (liquefied natural gas), described, 2
LNG fleet, global

numbers of, 42
sizes of, 41
types of, 43

LNG industry history, 1, 3–4
LNG pumps, 64-65
LNG receiving terminals

process descriptions, 32
storage capacity of, 31–32

LNG ships, 5, 41
LNG tanks, 69-74
LNG trains, 10, 23–24
LNG vaporizers, 74–85

loading arms, 51, 68
long-term operating cost (OPEX), 38
LPG recovery. See NGL recovery

	
MFC process, 21-22
main cryogenic heat exchanger (MCHE), 14
manifolded pipelines, 87
marine facilities, 30–31
membrane designs, 108
membrane materials, 72
membrane ships, 41
membrane tank designs, 46–47
membrane tank materials, 72
mercaptans, 90, 92
mercury and sulfur removal unit, 92
methane loop, 18
methyldiethanolamine (MDEA), 90
mid-train design NGL plant, 95
mixed refrigerant (MR) loops, 14
molecular sieve dehydrator, 92
monetization, 3
monoethanolamine (MEA), 90
Moss design, 108
Moss ships, 41, 44–46
multi-fluid cascade process (MFC), 13
Mustang design, 84

	
National Fire Protection Association (NFPA), 100
natural gas liquid (NGL), 2
NGL and LNG plants integration, 94-95
NGL recovery, 93–96

expander based, 94
schematic of, 93

NGL Stabilizer, 89–90
nitrogen injection, 36–37
nitrogen rejection., 2, 95–96
nonconventional LNG, 113
noncorrosive (NC) fluids, 51
non-dedicated ships, 41
NOx, 75

odorization, 30
Offshore Cryogenic Loading (OCL) technology, 111
offshore design considerations, 107–111
offshore LNG production, 111
offshore LNG transfer, 111
offshore receiving terminal, 110–111
Oil and Gas Journal (OGJ), 1
open rack vaporizers (ORVs), 75, 76–77
operational capacity of receiving terminals, 27
operation phase, 11
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overhead, 16
overhead butanes product, 22

peak shaving facilities, 1, 4, 74, 75
pigging, 87
pipeline grid, 7
pipeline transmission, 7
pipeline vs. LNG economics, 8
plate-fin heat exchangers (PFHEs), 51, 55–57
positioning monitoring systems, 68
precooling and liquefied petroleum gas (LPG) recovery, 

22
pressurized LNG, 113
prestressed concrete (PC) containment tanks, 73
primary containment, 100
primary containment materials, 72
prismatic (SPB) design, 48
prismatic ships, 41
prismatic tank design, 108
process descriptions, 32
process trains, 52
project development, 10
project risk-based analysis, 113
propane precooled mixed refrigerant (C3MR) 

liquefaction process, 13
propane precooled-mixed refrigerant process, 14
pumps

canned, 64–65
canned LNG, 32
canned LNG pumps, 32
in-tank, 32, 64–65
LNG, 64
send-out, 32
submerged electric motor, 64
vessel-mounted (canned), 64

quick connect/disconnect couplers (QCDC), 68

reboiler, 89
receiving terminals, 1, 27–38

existing and proposed, 29
main components and process descriptions, 30
operational capacity of, 27
potential, 30
in the U.S., 28-29

reciprocating compressors, 62
recondenser, 32
refrigeration loops, 18
refrigeration needs, 59
regasification facilities, 1, 7
regasification terminal, 33

regulations, 100–101
regulatory authorities, 100
rejection of refrigeration in seawater, 33
reservoirs, 96
risk-based analysis, 113

safeguard systems:, 100
safety agencies and organizations, 100–101, 102
safety design and issues, 99–102
SBM Soft Yoke technology, 111
scoping phase, 11
scrub column, 16, 22
seawater

direct heating with, 78
with indirect heating, 80–81
indirect heating with, 80–81
rejection of refrigeration in, 33

secondary containment, 100
secondary containment materials, 72
security agencies and organizations, 100–101
security issues, 103–104
self-supporting prismatic (SPB) design, 48
self-supporting prismatic (SPB) ships, 44
send-out pumps, 32
separation, 16
separation distance:, 100
September 11, 2001 terrorist attacks, 99, 103
shell and tube vaporizers (STVs), 78–79
shipping, 7
shipping industry, 41–48
ships

LNG, 5, 41
membrane, 41
Moss, 41, 44–46
non-dedicated, 41
prismatic, 41

self-supporting prismatic (SPB), 44
single-containment tanks, 37, 70
slug catcher, 87–88
Society of International Gas and Tanker and Terminal 

Operators (SIGTTO), 100
solvents, 90
Soot Index, 36
sparging, 74
spiral-wound heat exchangers (SWHEs), 22, 51, 52–55
standards, 102
steam turbine propulsion, 49
storage, regasification, and send-out, 7
storage boil-off recovery system, 17
storage capacity, 27, 31–32
storage facilities, 4, 7
straddle design NGL plant, 95
stranded gas, 7, 113
subcooling, 14

Petr
ole

um
 Exte

ns
ion

-The
 U

niv
ers

ity
 of

 Tex
as

 at
 Aus

tin



Index	 141

submerged combustion vaporizers (SCVs), 74–75
submerged electric motor pump, 64
subsea cryogenic LNG pipelines, 111
sulfur removal unit, 92
superheaters, 80
swivel joint, 68

tanks
aboveground membrane materials, 72
atmospheric storage designs, 69
containment, 37
double-containment, 70–71
full-containment, 70
inground, 69
LNG, 69
membrane designs, 46–47
membrane materials, 72
prestressed concrete (PC) containment, 73
prismatic design, 108
single-containment, 37, 70
type A and B, 43

Technigaz Mark III, 46–47
The Deep Water Ports Act (DWPA), 100
thermal integration, 33–34
trains, LNG, 10, 23–24
type A and B tanks, 43

unloading arms, 30–31
upstream facilities., 87
U.S. Coast Guard (USCG), 100, 103, 104
U.S. Department of Transportation (DOT), 100
U.S. Environmental Protection Agency (EPA), 100
U.S. Federal Energy Regulatory Commission (FERC), 

100, 103, 104
U.S. LNG market, 27

vacuum-insulated pipelines, 111
vaporization heat, 33
vaporizers, 30
variable speed liquid expanders, 67
vessel-mounted (canned) pumps, 64

 
Waterway Suitability Assessment (WSA), 103
weather-vane effect, 108
Wobbe Index, 36

Yellow Tip Factor, 36
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To obtain additional training materials, contact:

PETEX
The University of Texas at Austin

Petroleum extension service
10100 Burnet Road, Bldg. 2

Austin, TX 78758

Telephone: 512-471-5940
or 800-687-4132

FAX: 512-471-9410
or 800-687-7839

E-mail: petex@www.utexas.edu
or visit our Web site: www.utexas.edu/ce/petex

To obtain information about training courses, contact:

PETEX
learning and assessment center

The University of Texas
4702 N. Sam Houston Parkway West, Suite 800

Houston, TX 77086

Telephone: 281-397-2440
or 800-687-7052

FAX: 281-397-2441
E-mail: plach@www.utexas.edu

or visit our Web site: www.utexas.edu/ce/petex
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