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ANALYSIS OF MODERN NATURAL GAS
LIQUEFACTION TECHNOLOGIES

N. G. Kirillov

Liquefied Natural Gas — Energy Carrier of XXI Century

Over the past 30 years, a whole industry for production of liquefied natural gas (LNG) has come up and has beer
successfully functioning abroad, producing 100%MLNG a year. Experts predict that the volume of global LNG trade
may grow by the year 2010 to 150 Band more a year [1]. Note that abroad LNG production was stimulated to a great
extent by export of huge quantities of natural gas (NG) from gas producing countries, such as Nigeria, Algeria, Indonesia
Libya, Malaysia, and others, to the countries of Western Europe, the USA, and Japan as well as by more economic supply t
sea in the form of LNG. In the USA and in Western Europe, the share of LNG in the total gas consumption is more than
20%. Japan imports as much as 85% (4§)BJﬁNG as LNG.

Also, a new segment of the fuel-energy branch of the industry associated with LNG production in mini-plants has
come up and has been growing vigorously in developed countries. For example, in the USA and in Canada, about 300 LN(
production and storage plants with outputs of 3—40 tons/h have been built and are in operation. The companies like Cry
opack, Cryogas Engineering Ltd., and others are leaders in the field of construction of such plants. Natural gas liquefied ii
these plants is used for gas supply to population centers and as fuel for motor vehicles. For example, in the USA, motor veh
cles are filled with LNG at numerous stationary gas stations, to which LNG from the mini-plants is delivered by specially
built cryogenic methane carriers. A wide network of such gas filling stations has been created in California, Arizona, Col-
orado, Texas, Pennsylvania, etc.

At present, in Russia, there is practically no industrial LNG plant. However, because of aggravation of fuel-ener-
gy crisis and development of new fields on sea shelves, active debate concerning large-scale LNG production has begun
Russia [2, 3]. This is associated, on the one hand, with technoeconomic benefits of use of NG for gas supply to populatio
centers and boiler houses far removed from gas networks, for use as motor fuel for various types of vehicles, and for creatic
of gas storage systems and, on the other, with proposed supply of NG by sea from the Ob Inlet and Sakhalin Island regior
to foreign consumers.

Conditions of NG Liquefaction

Natural gas (NG) has no color and smell, is poorly soluble in water, and is explosive if present in a mixture with
oxygen and air in 5.3-15% concentration. Under normal conditions, methane has a density ofiirﬁlicgfm state and
0.717 kg/rﬁ in gaseous state, its critical pressure is 45%Pa, critical temperature is —82.1°C, and boiling point at atmo-
spheric pressure is —=161°C. The viscosity of liquefied NG diminishes as the temperature rises. Its dynamic viscosity at th
boiling point is 116-10 Pa-sec.

Natural gas (NG) can be liquefied if it is cooled to or below the critical temperature. If NG is liquefied at the criti-
cal temperature, its pressure must not be below the critical. And if NG is liquefied below the critical pressure, its tempera-
ture must be below the critical.

For liquefaction of NG, use can be made of the principles of internal cooling when NG itself acts as the working
medium as well as of external cooling when auxiliary (boosting) cryogenic gases with a lower boiling point (oxygen, nitro-
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gen,helium,etc) are used to cool and condense .NIB the ldter casehed exchang betveen the NG and the boostingar
genic gas occus thiough the heaexchang surfice

Liquefaction of NG based on theipciple of intenal cooling can be &adeved as 6llows:

* by isoenthalpic xpansion of the compssed gs ( = const,wher | is the enthalp), i.e., by throttling (using
Joule—-Thomson dkct),in which the @s steam does not penfm ary work; and

* by isoentopic expansion of the compssed gs = constwher Sis the entopy) with perbrmance of gtemal
work whereby it is possilte to pioduce aditional cooling @er and dove wha is produced l the dule—Thomson
effect because theask for expansion of the as is perdrmed a the pense of its interal enegy.

In genesl, isoenthalpic gpansion of comm@ssed gs is used oglin small- and medium-gacity liquetction gppa
ratuses viere some werconsumption of engy can be ignad whereas isoentpic expansion is used in lge-cgacity lig
uefaction ppametuses.

Liquefaction of NG based on theipciple of extemal cooling can be a@eved as dllows:

« by using Stiling, VieulemierTaconis,and other types of gogeneetors where working media gneally are helk
um and lydrogen,which allows the tempeture on the hdaexchanger wall to fall belov the boiling point of NG
if the themodynamic gcle is dosed;

« by using cyogenic liquids with boiling points belothe boiling point of NGsud as liquid nitogen and &ygen;

« by using a cascadg/de with the help of arious ciyogenic cooling gents like popane ammoniamethaneetc,
in which a aqas easli liquefiable by compession poduces uponwaporation the cold equired for lowering of the
tempesture of another pody liquefiable gas.

Tedhnology of NG Liquefaction in Large LNG Plants
The global LNG poduction and consumption nkat has beenrgwing toward suppy of NG as an engy carier
from counties haing suplus esouces to counies peiliencing deitits in this fuel as wll as tavard huilding stoeges br
releasing peak loadslo dde, 15 lage LNG plants had beenitt and ae in opegtion éroad The output of the &s lique
faction plants hasrgwn over the past 20gais from 0.6 to 3.0 million tons ag@ar on account ofpplication of moe paverful
equipmentywhich helps cut den consumption of engy for liqguefaction. In g@neal, in large LNG plantsuse is made of cas
cade ycle (propane — etylene — methaneascade) or cooling/cle on a mixed coolant with prcooling with popane A mul-
ticomponent mixtug of hydrocarbonsrhethane — ethane —qgane — btane — pentarjeand nitogen is used as the coolant.
Of late, increasing use is being made of sindavfcascadeyele combining the thenodynamic adantages of the cas
cade gcle and the simplicity of design adgenestive thiottling ¢ycle. A binary or nulticomponent mixtug of gases hethane
— ethane — mpang with differing boiling points is used in thiyde as the coolantThe mixtue undegoes compession in a
compessoy passes tlmugh the ihal cooler vihere it is cooled with ater, and fnally flows into a sparting vessel. The con
denste containing essentigllpropane is geamted (after thottling) from the @s mixtue and is usedof being cooled to
233-203 K equired for cooling of the mixte and liquediction of ethaneThe liquefed ethane is used ther as the coolanof
cooling to 193-163 Kaquired for liquefaction of the esidue wose gaporation lowers the tempeture futther to 113-118 K.
The cooling #ained & different tempeature levels is used to cool the conggsed NG (methane) beé thiottling.
Constuction of lage NG liqueéction plantsequires hug investments. The cost of a single NG liquasstion line
with an LNG poduction caacity of 6 million tons aear & global pices is pughly US$3 billion. Because of the poortsta
of the Russian econgmconstuction of a lage rumber of similar LNG plants in Russia in the immésliutue is poblem-
atic. Moreover, studies hae shevn tha potential LNG consumerin Russia & rnumeous and sdgered acoss consideble
distances fim eat other Which is why constuction of lage LNG plants (gcept suppy of NG to foreign consumerby sea)
is not benetial on account of heightened cost @frispotation of this enagy carrier by land wver consideable distances.
For Russiathe most ppmising diection in indusial LNG production is constrction of small mini-plants [4].

Mini-LNG Plants
Mini-LNG plants based onag-distibuting stdaions (GDS) In kuilding mini-plants,depending on the type of

GDS intake pressue, and fow rate, diverse shemes and units @used ér getting the highest NG liqua€tion coeficient
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(efficiengy) and laver LNG cost.As the main units (liquérs) for plants liquefying NG fsim trunk pipelines topekting
GDS use is made of deces taditionally emplo/ed in cyogenic engneeing, namey, throttling derices,truboepandes,
and \ortex tubes.

Technolagy of LNG poduction based on thttling-vortex cyde. This tetnolagy is offered ty a rumber of enter
prises of the Ndhwesten region of the Russianddestion, sud as Sigma-Gaz 28, Lentrans@z OOQ Krionord ZAO,
etc Initially, the te@inolagy of LNG production a GDS was based on use abitex liquefier (Rank tube) A US.00.000 NG
liquefaction plant based on use of@tex cooler vas testedtahe Nilol'skoe GDS of Lentains@z. The ley technical dhar
acteistics (specitations) of the plant & minimum opesting pressue 3.5 MR, gas fow rate 2000-7000 fth, LNG out
put 100-500 kg/hmass 3700 kgand occupied aa 6 M. The test d& confrmed the opetional fitness of the plantut
presence in the NG of Ige quantities of moisterand other impities contibuting to buling of the heaexchangers do not
allow uninterupted LNG poduction pocess without special measarbr deaning and diing of the @s [6].

The adiantages of this teknology are: no enegy cost,the required cooling 6r NG liquefction being pyduced
only through utilizaion of the enagy of the pessue of the compmssed gs flom the tunk gas pipelinesimplicity, and el-
atively low capital investment.The disadantayes ae: low liquefaction codficient (2—4%) concentation of the taget piod-
uct, namey methanedoes not meet standarequittmentsand sevicing is labor- and time-consuming because of the need
for comnutation (reversal) of the ecupeative hea exchangers.

Later on,for raising liquefer eficiency, the expetts of Sigma-Gaz deloped a deeme 6r LNG production 4 GDS
making use of lassical thottling cycle and an aditional extemal forward-flow cooling loop thaiincludes a sgarating vor-
tex tube and tw reversible freezing heexchangers.

Note havever thd for wide goplication of this tetinolagy and pofitable LNG production,it is essential thahe ligr
uefaction coeficient be not less than 5% his means thahe s pessue & the plant inlet mast not be less than 6 MRnd
the fow rate over a year more than 30000 fh. In Russiagnly a small mmber of GDS has shqaametes. Lage GDSS
with a steay seasonalléw rate of hundeds of thousands of cubic metaf gas per hour ha an aerage inlet pessue of
3.5-4.5 MR and an\erage outlet pessue of 1.2 MR.. Gas-distbuting stdions haing sut paametes male it possibe
to get liqguekction codficients in the 0.5-2%ange by the thottling or thiottling-vortex cycle, which rendes LNG pioduc
tion by the poposed telenolaogy unpiofitable.

Technolagy of LNG poduction based on turbgpansion gde. The LNG poduction tebnology proposed § the
expetts of Sibkiotekhnika Q\O, is eficient from the cost point of vie This tedinology is based on use of theigting
GDS'’s and turbogpansion NG liquedction gcle [7]. Naural gas liquefers opesting on patial liquefaction pmciple and
realizing free pessue diop & GDS's ae connected in pallel to the pessue regulaing devices of the GDS in su a way
that the unliqueied pat of the NG being mrcessed Yothem is disbaged into the psduction @gs pipeline of the GDSThe
liquefaction codfficient is dout 10%.

The efectiveness of conaiction of mini-LPG plants making use ofegsue diop & the GDS with intusion of a
turboexpander in the témolagical circuit has been coimfmed ly the expeilience of vork of US gas companies. Uaftu-
naely, this pomising NG liquedction tebinolagy cannot be quidy put into pactice in Russiadr ladk of domestic sées-
produced gpandes with a cpacity of 70000 nh and an ¥pansion atio of 4-5. Also, a seious obstale to constuction of
mini-LNG plants 4 GDS based on turbrpansion gcle is their high cost (US$2.5-3.0 million).

Technolagy of LNG poduction based on congssion-gpansion gde. The epets of the Geliimash Scienitif Pro-
ductionAssocidion sugyest tha an altendive solution to the mhlem of LNG poduction could be constction of compact
NG liquefers with cgacities of up to 300 kg/h based on use of casgion-gpansion gcle, which is dassical in cyogenic
engneeing [8]. This tednology can be used both automobile gs-flling compressor sttons (AGFCS) anddr constuc-
tion of self-contained NG liquattion plants lodad fight on tunk gas pipelines. Six basic designs of NG ligewsf have
been vorked out. Application of eat of them dpends on the conditions of the input araetes of the NG The major
advantaye of sut liquefers is tha it is possile to emply existing equipment (compssos, expandes, hea exchangers,
accessoes,etc). However, as the gpetts of Geliimash point outhe leverse side of thegpaent simplicity of the basic NG
liquefier designs is v themodynamic eficiency, low liquefaction codficient, and high spedi (unit) cost. And wha is
more, in order to put this LNG mduction tebnolagy into practice it is essential to sobvthe poblem of seies-pioduction
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of reliable domestic comp@ssos as vell as the ppblem associged with lage wlume of vaste gs (dbout 97%). Without
solution of these phlems,the poposed basic NG liquief designsdr LNG production cannot be put intoamtice

Technolagy of LNG poduction based on tbttling-separation cyde with precooling In July 2001,the Lentans@z
compary put into opeation for the frst time in Russia a mini-NG liquasttion plant opeting on this gcle & anAGFCS
(automobile gs-flling compressor stion) in Retrodvorets (Leningad iegion). The capacity of this mini-LNG plant istzout
25 tons/dg a a plant cost of 20 millionubles and a cosecovery time of 4 yeass [9].

A loop for extemal cooling of high-pessue gas with a K-127 tw-stage Freon efrigerating madine made tathe
Moscawv plant Kompressor vas used as the equipmeaot faising LNG output based on titling-separation ¢ycle.

The epetts of Lenatogaz beliee thad the cost of LNG pyduced on the basis AIGFCS would oughly be the same
as the cost oA-92-grade @soline [10].

Technolagy of LNG poduction based on utilizimn of liquid nitiogen flom metallugical works. Domestic &peli-
ence shass tha for NG liquefction,liquid nitrogen can be usedfettively. In the brmer USSRwork in this dilection was
caried out & the Institute of Gas of thicadeny of Sciences of Ulaine Based on theesults obtained_NG plants with
cgoacities of up to 500 kg/hewe kuilt. In these plants\G was condensed with liquid nigen. Nitogen consumption as
2 tons/1 ton of the LNG pduced The incoming gs was d¢eaned and ded in two altenaely opegting low-tempegture
regeneetors from a KZh-300 gygen plantAbout 3% of the incomingas was withdewn for regenegtion. The pessue &
the plant inlet vas 0.6 MR.

Similar plants can baun efectively as a parof the GDS of intgrated metallugical works, where thee is a syplus
of liquid nitrogen poduced with the help of teoolagical plants ér separtion of air into &xygen used in metallgical pro-
cesses and ndgen.

Technolagy of LNG poduction based on heand electic power plants. Currently, there ae dout 490 hetaand
electic power plants (HEPP) in Russia. Mothan 80% of these use NG as the fuel. dnegl, these engy plants ae
hooled to gs mains hang a pessue not belav 2 MPa, which is excessie for nomal functioning of @s lurners. The @qs
pressue diops due to thottling with irreversible loss of engy for pressue diop. Thus,a unique possibility &es br uti-
lization of the &cess pessue of the incoming NGdir building mini-LNG plants athe curently opegting HEPPs.

The tetinolagy of LNG production 4 HEPPs using @ssue diops is being empled droad widey for more than
30 yeass [11]. In 1996the US companSan Digo Gas and Eledtr K° put into opeation an NG liquediction plant aithe
South Bg hed and elecic power plant (HEPP)taa cost of US$2.7 millionThe tetnical dhamacteistics of the HEPP ar
NG consumption 700,000%@/, pressue & the plant inlet 2.1 M& and pessue in the boiles (lurmers) 0.2 MR. Expan
sion g/cle was used as the liquedtion method The pupose of the plant &s to stokpile NG for opegtion in the peak load
petiod. Duiing this peiod, LNG is withdrawn from the stoages ly cryogenic pumps andefl into an eaporator, after which
it runs into the gs lurners in gaseous sta.

In Russiathere is expetience nav as to ha to use gcess pessue @ HEPPs not ol for LNG production lut also
for electic power genegtion by dropping the pessue of the supptline gas br its liquefction. In 1995for the frst time
in Russia an indus#d plant consisting of taw DGA-5000 &pandergenestor units with a cpacity of 5 MW eak was put
into opedtion & the HEPP-21 of Mosérgw (Moscav District Administration of Power Engneeiing Facilities). With the
help of this tehnolagy, it is virtually possile to recover a patr of the enggy consumed Ypthe gas pumping unitsofr build-
ing in the tunk gas pipeline the @ssue required for transpoting the @s as wll as of the engy irrecoverably lost upon its
throttling & the electic power plant. Opettional expelience has shvn tha in only one year of opeation this plant gner
ates 24 MkW:-h of aditional electic powver [12].

Use of this gpelience br NG liquefction a HEPP would male it possile to huild in Russia Bout 400 mini-LNG
plants with a high economicfefiency because no eleatrpower is consumed in this casa LLNG production.

Production of LNG pplying Stiling technolagies. Applicaion of Stiling technolagies jointly developed ly
A. F. Mozhaiskii Military and Outer Spac&cadeny and Stiling Technolagii Innovation and Reseah Center can signif
cantly enhance the gfiency of NG liquefhction plants [13-15].

In Stiling NG liquefction tebinolagies,the main units & cryogenic gas mabines (CGM) opeating on Stiling cycle,
which used to be empled ealier in plants br liquefaction of \arious industial gases andafr liquid nitrogen poduction.
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LNG plants based on Stirling CGM

— 4T

Small LNG filling stations Medium LNG filling stations Large flling complexes (mini-plants)
with capacities of up to 100 lit®h with capacities of up to 762000 lites’h with capacities ab@/1000 liteg/h

Fig. 1. Classitation of LNG plants based on Stirg CGM.

Stirling CGMs ae liquefers whose action is based gnbn ectemal cooling The NG liqueéction ppcess taés
place & amospheic pressue, which allovs NG liqueéction plants based on Jitig CGM to be compact and easier
viceeble. An imporitant feaure of Stiting CGMs is the possibility of 100% liquettion of the €d lov-pressue gas. The
efficiengy of the NG liquection gcle with gplication of Stiling CGMs is almost 2-2.5 times asich as the diciengy of
simple thottling and &pansion NG liquefction gcles.

Basing on Stiing technolagies, LNG plants \arying in function and output can beilh (Fig. 1).

At presentseveral versions of nulticylinder Stiting CGM ae being madetaoad Their cgacities allav them to
be useddr constuction of lage LNG complees.

For instanceat an incoming NG mssue of less than 2 Miea PPG-2500 CGM is pable of ensuing an LNG out
put of 5-6 tons/da If this CGM is installedonly electic enegy tha cools the vater and NG need to be suppliethe star-
up lasts 15 min and tek place autontigally. The mamfactuing compay guaantees a full opating pefod (mean-time-
between-tilures) of 8000 h and arverhaul peind (interepair sevice life) of not less than 20000 h.

Based on the designs (émeeing solutions) wrked out &the Stiting Tedhnolagii 1ITs, in 2001 a Russian enter
prise oganized a small-scale constition of garage LNG filling stations abund a domestic Sling CGM tha forms a par
of a ZIF-1000 air geamtion plant. According to a peliminary estimae, the cost of one liter of LNG obtained in issrpio-
duced modular NG liquattion plants based on ditig tedhnolagies is not higher than twrubles. The cost ecovery time
of the qarage stdions based on Sling CGM is not moe than 2.5 yr

Application of Stiling technolagies males it possile to huild LNG plants irespectire of wher thg are locded:
they can be hookd dilectly to trunk gas pipelinesGDS AGFCS low-pressue rrunicipal gas suppl networks, etc

The pospect of pplicaion of Stiling technolagies for kuilding mini-LNG plants has beemppraised aroad as wll.
For example the world’s most enavned Geman compay Linde AG, which is engged in cyogenic tetinologies, devel-
oped a liqueér with a Stiling CGM and a dwe from a @s enge for which trunk pipeline NG is used as the fuel.

In the futue, it is proposed to bild aund Stiling CGM having a dive from a Stiling engne fully automéaic LNG
plants tharequire no etemal electic enegy. Applicaion of Stiling engnes will help abieve reduced twicity in opee-
tions with oganic fuel,reduced noise and vifitons,and saing of up to 20% fuel in compigon with corentional intenal
comlustion engnes. In the @cent decadeéstirling engnes bgan to be widel used droad For instanceduring the years
1996-1998in Sweden a sées of submanes with 100 kW Stling engnes hae been put into opation, in Japan Mitsubishi
successfull tested Stiing engnes with a paer of moe than 600 k\Win Gemary MAN built a 700 kW Stiling engne,
and so on.
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